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Preface to the Series 
 

 
The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven National 
Laboratory*. It is funded by the "Rikagaku Kenkyusho" (RIKEN, The Institute of Physical and 
Chemical Research) of Japan and the U. S. Department of Energy’s Office of Science. 

 
The Memorandum of Understanding between RIKEN and BNL, initiated in 1997, has been 
renewed in 2002, 2007 and 2012. 

   
The Center is dedicated to the study of strong interactions, including spin physics, lattice QCD, and 
RHIC physics through the nurturing of a new generation of young physicists. 

 
In April 2013, Dr. Samuel Aronson was named Director of the Center, preceded by Nicholas 
Samios and T.D. Lee 

 
The RBRC has theory, lattice gauge computing and experimental components. It is presently 
exploring the possibility of an astrophysics component being added to the program. The RBRC 
Theory, Computing and Experimental Groups comprise a total of 42 researchers. Positions include 
the following:  full time RBRC Fellow, half-time RHIC Physics Fellow, and full-time post-doctoral 
Research Associate. The RHIC Physics Fellows hold joint appointments with RBRC and other 
institutions and have tenure track positions at their respective institutions. To date, RBRC has over 
101 graduates (Fellows and Post-docs) of whom approximately 67 have already attained tenure 
positions at major institutions worldwide.   

 
Beginning in 2001 a new RIKEN Spin Program (RSP) category was implemented at RBRC. These 
appointments are joint positions of RBRC and RIKEN and include the following positions in 
theory and experiment: RSP Researchers, RSP Research Associates, and Young Researchers, who 
are mentored by senior RBRC Scientists. A number of RIKEN Jr. Research Associates and Visiting 
Scientists also contribute to the physics program at the Center. 

 
RBRC has an active workshop program on strong interaction physics with each workshop focused 
on a specific physics problem. In most cases all the talks are made available on the RBRC website. 
To date there are over 100 proceedings volumes available.   
 
A series of high performance computers has been designed and built by individuals from Columbia 
University, IBM, BNL, RBRC, and University of Edinburgh, with the U.S. DOE Office of Science 
providing infrastructure support at BNL. QCDSP, a 0.6 teraflops parallel processor, dedicated to 
lattice QCD, was begun at the Center in February 1998, was completed in August 1998, and was 
decommissioned in 2006. It was awarded the Gordon Bell Prize for price performance in 1998. A 
10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was unveiled on May 26, 2005. 
QCDOC was decommissioned in May 2012. The next generation computer in this sequence, 
QCDCQ (600 Teraflops), is currently operational and is producing important simulations of 

fundamental processes in nuclear and particle physics. Recent K0
results were awarded the Ken 

Wilson Prize in 2012. 

 
      Samuel H. Aronson, Director 

 August 2014 
 

 
*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 



Introduction 
  

 
As penetrating probes, thermal dileptons and photons (which mostly figure at low transverse 

momentum (pT)) are prime observables to study the properties and evolution of the strongly 

interacting medium in heavy-ion collisions. The unique access to an in-medium spectral function 

(vector channel) is possibly the best window on signatures of chiral symmetry restoration and the 

expected change from hadronic to partonic degrees of freedom. Intermediate-mass dileptons and 

direct photons carry unique information about the temperatures attained in the collision. While very 

challenging, both theoretically and experimentally, there is a rapidly growing interest in thermal 

electromagnetic radiation in the heavy-ion community. This is reflected -- maybe even somewhat 

triggered -- by two earlier workshops of a similar type held at BNL (December 2011, organized by 

the Physics Department and December 2012, organized by RBRC), that brought together theorists 

and experimentalists from SIS and SPS to RHIC and LHC. This past year brought exciting new 

developments, including the dielectron results from the STAR beam energy scan exhibiting the 

energy dependence of the low-mass excess as well as the extension and corroboration of earlier 

PHENIX results on radial and elliptic photon flow by ALICE, which remain somewhat controversial 

in current theoretical models. 

 

Other important analyses are also finished, including the extension of the RHIC direct photon 

spectra to lower pT, and Fourier components higher than v2. There is also good progress on 

clarifying the low mass dielectron discrepancy between PHENIX and STAR with new PHENIX 

HBD results. Dielectrons remain a strong component in the mid-term future plans at STAR. For 

sPHENIX, the acquisition of the BABAR magnet means that the inner radius doubled. With the 

earlier design, any sensitive low pT photon and electron measurement was virtually impossible. 

Despite serious challenges even in the new geometry, it is no longer ab ovo excluded, and certainly 

worth starting an in-depth discussion (in very general terms it has already been discussed in an 

Appendix of the sPHENIX proposal). 

 

These very active developments warranted this low pT dielectron and photon workshop. During the 

workshop, we reviewed the latest experimental and theoretical developments, and we believe that we 

are moving forward and merging the understanding of available data. We believe the workshop has 

further solidified and expanded the group of scientists committed to contribute and push forward the 

field of soft electromagnetic probes. 
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To Mix or Not to Mix:
Vector and Axial Vector Spectral Densities

at Finite Temperature

Alejandro Ayala∗, C. A. Dominguez, M. Loewe, Y. Zhang
arXiv:1405.2228 [hep-ph], to appear in PRD

(*) Instituto de Ciencias Nucleares, UNAM

ayala@nucleares.unam.mx

Workshop on Thermal Photons and Dileptons in Heavy-Ion
Collisions, BNL, August 2014
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Spontaneous symmetry breaking

• Nambu & Goldstone (late 50’s) discovered a way through
which a symmetry of a system can be realized: spontaneous
breaking/restauration of the symmetry

• The symmetry is not realized in the particle mass spectrum.
Parity partners are non-degenerate in masses
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τ −→ hadrons

OPAL Collaboration
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Information on vector spectral density at finite T and µB from low mass
dileptons

• High-quality NA60
data

NA60, Eur. Phys. J. C 59, 607 (2009)
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Clear change in the ρ peak at SPS: Width grows, mass remains

X Spectral function
shows a clear peak at
the nominal ρ mass

X Peak broadens for
the most central
collisions

X Total dilepton yield
also increases with
centrality

NA60, Phys. Rev. Lett. 96, 162302 (2006)
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What about a1 at finite T and µB?

There is no equivalent experimental information on the thermal
properties of a1

Need theoretical link between QCD
and hadron properties
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Weinberg Sum Rules: Finite Temperature

• Relate vector and axial current correlators

Πµν(q
2
0 ,q

2) = i

∫

d4xe iq·x〈T [JµA,V (x)J
†
νA,V (0)]〉

= −q2
[

ΠT
A,V (q

2
0 ,q

2)PT
µν

+ ΠL
A,V (q

2
0 ,q

2)PL
µν

]

W1 =

∫ ∞

0
ds

1

π

(

ImΠT
V − ImΠT

A

)

= 2f 2
π

W2 =

∫ ∞

0
ds s

1

π

(

ImΠT
V − ImΠT

A

)

= 0
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To relate QCD properties to hadron properties
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GMOR on the lattice
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Quark-antiquark condensate

HotQCD Collaboration, Phys. Rev. D 85, 0545031 (2012)
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Finite Energy QCD Sum Rules

X Quantum field theory based on
OPE of current-current
correlators and Cauchy’s theorem
on complex energy squared-plane

X Relates hadron spectral function
to QCD condensates and
fundamental degrees of freedom
(quark-hadron duality)

X Finite Energy refers to finite
radius of integration s0 called the
energy squared-threshold for the
continuum
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Melting of resonances

X Hadron spectral
function made out of
resonances plus a
continuum

X At finite
temperature/density,
s0 decreases.
Resonances melt

X FESR allow exploring
how the resonance
parameters change
with
temperature/density
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Melting of resonances

X Hadron spectral
function made out of
resonances plus a
continuum

X At finite
temperature/density,
s0 decreases.
Resonances melt

X FESR allow exploring
how the resonance
parameters change
with
temperature/density
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Finite Energy QCD Sum Rules

• Current correlator at finite temperature

Πµν(q
2
0 ,q

2) = i

∫

d4xe iq·x〈T [Jµ(x)J
†
ν
(0)]〉

= −q2
[

ΠT (q20 ,q
2)PT

µν
+ ΠL(q20 ,q

2)PL
µν

]

• Work in the limit q → 0 where Πµν contains only spatial
components

• Integrating the function sN

π
ΠT (s ≡ q20) in the complex s–plane

along a contour with a fixed radius |s| = s0

1

2πi

∮

C(|s0|)
ds sNΠT (s) = −

1

π

∫ s0

0
ds sN ImΠT (s).
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Finite Energy QCD Sum Rules

• The integrand on the right-hand side can be written entirely in
terms of hadronic degrees of freedom.

• The integrand on the left-hand side can be written entirely in
terms of QCD degrees of freedom, using the OPE, as

ΠQCD(s) =
∑

M=0

C2M〈O2M〉

(−s)M
.

• The term with M = 0 corresponds to the perturbative (pQCD)
contribution. The FESR are

(−1)N+1C2N〈O2N〉 = 8π2

[

1

π

∫ s0

0
dssN−1ImΠhad

0 (s)

−
1

π

∫ s0

0
dssN−1ImΠpQCD

0 (s)

]
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Weinberg Sum Rules: Finite Temperature

W1 =

∫ ∞

0
ds

1

π
(ImΠV − ImΠA) = 2f 2

π

W2 =

∫ ∞

0
ds s

1

π
(ImΠV − ImΠA) = 0

• These become FESR

W1 =

∫ s0

0
ds

1

π
(ImΠV − ImΠA) = 2f 2

π

W2 =

∫ s0

0
ds s

1

π
(ImΠV − ImΠA) = 0
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Use Finite Energy QCD Sum Rules to describe Vector spectral density

• ρ-saturation and BW form

1

π
ImΠhad

0 (s) =
1

π

1

f 2
ρ

M3
ρ
Γρ

(s −M2
ρ
)2 +M2

ρ
Γ2
ρ

,

• Three leading FESR (N = 1, 2, 3)

(−1)N+1C2N〈O2N〉 = 8π2

[

1

π

∫ s0

0
dssN−1ImΠhad

0 (s)

−
1

π

∫ s0

0
dssN−1ImΠpQCD

0 (s)

]
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Finite Energy QCD Sum Rules: Finite Temperature

• Three leading FESR, six unknowns

• Strategy: provide expected behavior of three unknowns based
on experience from other channels

• Choose Γρ(T ), Mρ(T ) and C6〈O6〉(T ) as inputs

Γρ(T ) = Γρ(0)
[

1− (T/Tc )
3
]−1

,

C6〈O6〉(T ) = C6〈O6〉(0)
[

1− (T/T ∗
q )

8
]

,

Mρ(T ) = Mρ(0)
[

1− (T/T ∗
M)10

]

,

Γρ(0) = 0. 145 MeV, C6〈O6〉(0) = −0. 951667 GeV6 and
Mρ(0) = 0. 776 GeV, Tc = 0. 197 GeV, T ∗

q = 0. 187 GeV and
T ∗
M = 0. 222 GeV

• Solve for f ρ(T ), s0(T ) and C4〈O4〉(T ) [A.A., C.A. Dominguez, M.
Loewe, Y. Zhang, Phys. Rev. D 86, 114036 (2012)]
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Mρ(T , µ)
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Γρ(T , µ)
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fρ(T , µ)
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Test: computing dilepton rate at the ρ peak

• Consider processes where pions anhilate into ρ’s which in turn
decay into dimuons by vector dominance
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Comparison with NA60 data



24

Use Finite Energy QCD Sum Rules to describe Axial spectral density

• a1-saturation and Gaussian piece-wise form

1

π
ImΠA(s) = Cfa1 exp



−

(

s −M2
a1

Γ2a1

)2




(0 ≤ s ≤ 1.2 GeV2)

1

π
ImΠA(s) = Cfa1 exp



−

(

1.2 GeV2 −M2
a1

Γ2a1

)2




(1.2 GeV2 ≤ s ≤ 1.45 GeV2)

1

π
ImΠA(s) = Cfa1 exp



−

(

s −M2
a1

Γ2a1

)2




(1.45 GeV2 ≤ s ≤ m2
τ
)

Ma1 = 1.230GeV Γa1 = 0.560GeV C = 0.662 fa1 = 0.073
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Fit to ALEPH data
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Finite temperature a1 parameters

• Solving the FESR’s s0 turns out to be identical to the one in
the vector channel

s0 = 1.44 GeV2

• The finite temperature results for s0(T ), fπ(T ), fa1(T ) and
Γa1(T ) are written generically as

Y (T ) = Y (0)
(

1 + a1(T/Tc)
b1 + a2(T/Tc )

b2
)
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a1 width as a function of temperature



28

a1 weak coupling as a function of temperature
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Weinberg Sum Rule 1
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Combining WSR1 and WSR2 obtain WSR with pinched kernel

WP =

∫ s0

0
ds

(

1−
s

s0

)

1

π
(ImΠV − ImΠA) = 2f 2

π
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DISCUSION

• Is there any sign of mixing of vacuum spectral densities?

ΠV (q,T ) = (1− ǫ(T ))ΠV (q, 0) + ǫ(T )ΠA(q, 0)

ΠA(q,T ) = (1− ǫ(T ))ΠA(q, 0) + ǫ(T )ΠV (q, 0)

ǫ(T ) =
T 2

6f 2
π

from χPT

[M. Dey, V. L. Eletsky, and B. L. Ioffe, Phys. Lett. B 252, 620 (1990); J. I. Kapusta and E.V.

Shuryak, Phys. Rev. D 49, 4694 (1994); N. P. M. Holt, P. M. Hohler and R. Rapp, Phys.

Rev. D 87, 076010 (2013); P. M. Hohler, R. Rapp, Nucl. Phys. A 892 (2012) 58.]

• Our findings show that the parameters describing the vector
and axial spectral densities evolve independently from each
other at finite T

• What seems to matter is general features such as diverging
widths and vanishing s0 at Tcas well as constant mass up to
T close to Tc

• Important to further elaborate on these issues to clarify
properties of spectral densities and thus for the detailed
understanding of the approach to chiral symmetry restoration



Direct-photon spectra and flow in Pb–Pb collisions
at the LHC measured with the ALICE experiment

Friederike Bock
for the ALICE collaboration

Lawrence Berkeley National Laboratory

August 21st, 2014

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 1



Outline

1 Introduction to Direct Photon Measurements

2 Measurement of Direct Photon Spectrum

3 Direct Photon v2 Measurement

4 Alternative Representation of Direct Photon Flow

5 Inclusive Photon v3 Measurement

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 2



Direct Photons in pp and Pb–Pb Collisions
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pT (GeV/c)
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100

101

dN
/d

2 p T
dY

 (G
eV

-2
c3 )

Thermal (FIC, σ=0.4 fm)
prompt photons

2.76A TeV Pb+Pb@LHC

Compton+annihilation

Fragmentation

ideal hydro th. photon v2 for different QGP formation times τ0
arXiv:0809.0548 [nucl-th]

Additional sources Pb–Pb collisions pp & Pb–Pb collisions

Thermal Photons

Scattering of
thermalized particles

Exponentially
decreasing but
dominant at low pT

Jet-Medium Interactions

Scattering of hard
partons with
thermalized partons

In-medium (photon)
bremsstrahlung emitted
by quarks

Prompt Photons

Calculable within NLO pQCD

Dominant at high pT

γ leaves medium unaffected
⇒ ideal probe

Test of binary scaling in
Pb–Pb

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 3



Direct Photon Flow
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arXiv:0809.0548 [nucl-th]

Initial azimuthal asymmetry in coordinate space in non-central A+A
⇒ asymmetry in momentum space

dN
dϕ = 1

2π

(
1 + 2

∑
n≥1 vn cos(n(ϕ−ΨRP

n ))
)

v2: elliptic flow, collective expansion
at low pT

v3: triangular flow

Thermal Photon v2

Constrains onset of direct photon
production

Early production → small v2

Late production → hadron-like v2

Thermal Photon v3

Allows to distinguish different initial
conditions & exotic models

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 4



Direct Photon Transverse Momentum
Spectrum

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 5



Direct Photon Extraction

Subtraction Method:

γdirect = γinc − γdecay = (1− γdecay

γinc
) · γinc

= (1− 1

Rγ
) · γinc

Inclusive photons: measure all photons that are produced

Decay photons: calculated from measured particle spectra with photon decay
branches (π0, η, ...)

Double Ratio:

Rγ = γinc

π0 /
γdecay

π0
param

u γinc

γdecay
if > 1 direct photon signal

→ advantage of ratio method: cancellation of uncertainties

Numerator: Inclusive γ spectrum per π0

Denominator: Sum of all decay photons per π0

Decay photons are obtained by a cocktail calculation

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 6



Measuring photons, π0 and η Mesons in ALICE

TPC

ITS

PHOS

TOF

VZERO

EMCAL

ZDC

ZDC

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 7



Measuring Photons, π0 and η Mesons with PCM

Photon Conversion Method (PCM)

pp→ η +Xn
γγ

e+e-e+e-

pp→ π0 +Xn

e+e-e+e-
γγ

(mπ0 = 0.135 GeV/c2, BR   = 0.988)  (mη = 0.548 GeV/c2, BR   = 0.393)  γγ γγ

)2) (GeV/cγγM(
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ts
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3
10×

=7 TeVsALICE pp 

PCM

<0.8 GeV/c
T

γγ
0.6<p

signal+bkg
signal
fit

ALI−PUB−72614

π0

Perf. of the ALICE Experiment at the CERN LHC
arXiv:1402.4476 [nucl-ex]

run 104792, event 2248

γ
γ

High resolution (σπ0 < 2 MeV/c2)
at very low pT

(0.3 < pT < 2 GeV/c)

High momentum reach limited only
by statistics

Conversion probability (∼ 8.5%),
acceptance: |η| < 0.9, 0 < ϕ < 2π

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 8



γ - Ray Tomography of ALICE
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Performance of the ALICE Experiment at the CERN LHC
arXiv:1402.4476 [nucl-ex]Very useful tool to check the material budget:

Effective radiation length: X/X0 = 0.114± 0.005 (|η| < 0.9, R < 180 cm)

Final systematic error is ∼ 4.5%

Cuts on the decay topology of photons and electron track properties
→ Purity at 90% at 2GeV/c for 0-40% Pb–Pb events

Background is mainly combinatorial - Strange particle contribution negligible
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π0 Transverse Momentum Spectra & RAA
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arXiv:1405.3794

π0 measurement needed as input for Rγ ,

Statistical & systematic uncertainties of π0

measurement dominate uncertainties on the Rγ

Size of excess in Rγ depends on RAA of π0

→ suppression of main source of decay γ

Extraction of direct photons easier in more
central events
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Direct photons in pp collisions at
√
s = 7 TeV

Inclusive γ spectrum corrected for:

purity (P), efficiency (E),
conversion probability (C),
secondary photon candidates

In the ratio uncertainties related to:

normalization, π0 measurement,
rec. efficiency

partially or exactly canceled

The NLO double ratio prediction is
plotted as RNLO = 1 +

γdirect,NLO

γdecay
cocktail

Measurement is consistent with the
expected direct photon signal

Integrated luminosity for
measurement ∼ 5 nb−1

Direct photon signal in pp at 7 TeV is
consistent with zero
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Double Ratio - Pb–Pb 2.76 TeV

40-80%
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Double Ratio - Pb–Pb 2.76 TeV
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3.0

Direct photon double ratio
)

decay
γ/

direct,pp,NLO
γ

coll
NLO prediction: 1 + (N

T
 = 0.5,1.0,2.0 pµfor 

 = 2.76 TeVNNs040%  PbPb, 

ALI−PREL−27956

Nucl.Phys. A904-905 (2013) 573c-576c

Excess of 20%± 5%stat ± 10%syst for
pT < 4GeV/c

Ncoll scaled pp NLO in agreement
with high pT direct photons
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Definition of Excess in Central Pb–Pb collisions

Experimental definition of Direct
Photons:

Every photon which is not directly
produced by:
π0, η, ω, η′, φ, ρ0 and Σ0

Decay photons simulated via a
cocktail calculation based on
measured yield of π0 (Pb–Pb, pp)
and η (pp), remaining spectra are
obtained from mT scaling of
measured π0  (GeV/c)

T
p

0 2 4 6 8 10 12 14

)0 π/
de

ca
y

γ
)/

(
0 π/

in
c

γ(

0.5

1.0

1.5

2.0

2.5

3.0

Direct photon double ratio
)

decay
γ/

direct,pp,NLO
γ

coll
NLO prediction: 1 + (N

T
 = 0.5 to 2.0 pµfor 

 = 2.76 TeVNNs0-40%  Pb-Pb, 

Nucl.Phys. A904-905 (2013) 573c-576c

Experimental measurement of π0:

Published π0 measurements contain feed-down from higher mass particles
going to π0, except π0 from K0

s

Measured spectra are taken as input for cocktail calculation
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Cocktail Generation

 (GeV/c)
T

p
0 2 4 6 8 10 12 14

0 π
 / 

de
ca

y
γ

-510

-410

-310

-210

-110

1

10

210

310
γall decay 

)γ-e+ (eγγ → 0π
)γγ0π,γ-e+,eγ-π+π (γγ → η

)γη (γ0π → ω
)γγ, γω (γρ →’ η
)γω, γ0π (γη → φ

)γη, γ0π (γ-π+π → ρ

 = 2.76 TeVNNs0-40%  Pb-Pb, 

26/07/2012

Nucl.Phys. A904-905 (2013) 573c-576c

π0 ≈ 88%

η ≈ 10%

ω ≈ 1-3%

Decay photon spectra are obtained via calculation

Based on a fit to measured π0 (Pb–Pb, pp) and
η (pp)

Other particle spectra obtained via
mT-scaling of measured π0

Incorporated mesons: π0, η, η′, ω, φ, ρ0

and the Σ0 baryon

mT -Scaling:
Same shape of cross sections,
f (mT), of various mesons

E d3σm
dp3 = Cm · f (mT)

Meson (Cm) meas. Mass Decay Branch B. Ratio

π0 pp, 134.98 γγ 98.789%

Pb–Pb e+e−γ 1.198%

η pp 547.3 γγ 39.21%

π+π−γ 4.77%

(0.48) e+e−γ 4.9 · 10−3

ρ0 770.0 π+π−γ 9.9 · 10−3

(1.0) π0γ 7.9 · 10−4

ω pp 781.9 π0γ 8.5%

(0.9) ηγ 6.5 · 10−4

η′ 957.8 ρ0γ 30.2%
ωγ 3.01%

(0.25) γγ 2.11%

φ pp, 1019.5 ηγ 1.3%

Pb–Pb π0γ 1.25 · 10−3
(0.35) ωγ < 5%

Σ0 (1.0) 1192.6 Λγ 100%

Phys. Rev. C (arXiv:1110.3929)
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Test of Assumptions for Cocktail

)c (GeV/
T

p
0 2 4 6 8 10 12 14

0
π/

η

0.0

0.2

0.4

0.6

0.8

1.0

 = 7 TeVsALICE, pp 

Phys.Lett. B717 (2012) 162172

Cocktail Calculations

 = 7 TeV as inputs from pp η
0π scaled 

T
 from mη

 scaled 
s

0
 from Kη = 2.76 TeV, 

NN
s020% PbPb 

ALI−DER−68282

≈ 10% of decay photons

η & ω meson only measured in pp,
ϕ meson measured in pp &
0-10% Pb–Pb collisions

mT scaling overestimates yield at low pT

consistently for all 3 mesons

Collective flow in Pb–Pb collisions modifies
shape of spectra, thus mT scaling might not be
a valid approximation especially at low pT

Systematic uncertainties on cocktail 5-10%

Aim to measure η & ω meson at low pT in Pb–Pb collisions

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 15



Test of Assumptions for Cocktail

)c (GeV/
T

p
0 2 4 6 8 10 12 14

0
π/

η

0.0

0.2

0.4

0.6

0.8

1.0

 = 7 TeVsALICE, pp 

Phys.Lett. B717 (2012) 162172

Cocktail Calculations

 = 7 TeV as inputs from pp η
0π scaled 

T
 from mη

 scaled 
s

0
 from Kη = 2.76 TeV, 

NN
s020% PbPb 

ALI−DER−68282

≈ 10% of decay photons

)c (GeV/
T

p
0 2 4 6 8 10 12 14 16 18 20

0
π/

ω

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 = 7 TeVsALICE preliminary, pp 

Cocktail Calculations

0π scaled 
T

 from mω

ALI−PREL−68342

≈ 1-3% of decay photons

η & ω meson only measured in pp,
ϕ meson measured in pp &
0-10% Pb–Pb collisions

mT scaling overestimates yield at low pT

consistently for all 3 mesons

Collective flow in Pb–Pb collisions modifies
shape of spectra, thus mT scaling might not be
a valid approximation especially at low pT

Systematic uncertainties on cocktail 5-10%

Aim to measure η & ω meson at low pT in Pb–Pb collisions
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Test of Assumptions for Cocktail

)c (GeV/
T

p
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0
π/

η

0.0
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0.6

0.8

1.0

 = 7 TeVsALICE, pp 

Phys.Lett. B717 (2012) 162172

Cocktail Calculations

 = 7 TeV as inputs from pp η
0π scaled 

T
 from mη

 scaled 
s

0
 from Kη = 2.76 TeV, 

NN
s020% PbPb 

ALI−DER−68282

≈ 10% of decay photons

)c (GeV/
T

p
0 2 4 6 8 10 12 14 16 18 20

0
π/

ω

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 = 7 TeVsALICE preliminary, pp 

Cocktail Calculations

0π scaled 
T

 from mω

ALI−PREL−68342

≈ 1-3% of decay photons

)c (GeV/
T

p
0 1 2 3 4 5 6

π/
φ

0.0

0.1

0.2

0.3

0.4

0.5 )) ALICE preliminary+π + 


π/(0.5 (φ

 = 7 TeVspp 

)) ALICE, +π + 


π/(0.5 (φ

 = 2.76 TeV
NN

s010% PbPb 

arXiv:1404.0495

Cocktail Calculations

0π scaled 
T

 from mφ, 
0

π/φ

ALI−PREL−68291

≈ 0.04-0.06%
of decay photons

η & ω meson only measured in pp,
ϕ meson measured in pp &
0-10% Pb–Pb collisions

mT scaling overestimates yield at low pT

consistently for all 3 mesons

Collective flow in Pb–Pb collisions modifies
shape of spectra, thus mT scaling might not be
a valid approximation especially at low pT

Systematic uncertainties on cocktail 5-10%

Aim to measure η & ω meson at low pT in Pb–Pb collisions
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Results of Pb–Pb Direct Photons at 2.76 TeV

Direct Photon Spectrum
for central Pb–Pb events

Spectrum derived from
double ratio by:

γdirect =
(

1− 1
Rγ

)
· γinc

Systematic uncertainties on the double ratio are partially correlated in pT,
Significance of direct photon signal depends on degree of correlation

Easiest example for fully correlated uncertainties:
Material bugdet uncertainty (absolute 4.5% of double ratio)

)c (GeV/
T

p
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p
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Direct Photon

/T)
T

p exp(×Exponential fit: A 

 MeV
stat+syst

 51±T = 304 

 = 2.76 TeVNNs040% PbPb, 

ALICE preliminary

ALI−PREL−75692

Nucl.Phys. A904-905 (2013) 573c-576c
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Direct Photon Flow

vdirect γ
2 =

Rγ ·v inc γ
2 −vdecay γ

2

Rγ−1

Rγ · v inc γ
2 : weighted inclusive photon v2 due to extra photons compared to

background

vdecay γ
2 : calculated decay photon v2 from cocktail calculation
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Inclusive Photon v2 Analysis Method

Initial azimuthal asymmetry in coordinate space in non-central A+A
⇒ asymmetry in momentum space

dN
dφ = 1

2π

(
1 + 2

∑
n≥1 vn cos(n(φ−ΨRP

n ))
)

v2 given by photon production with respect to event
plane

v2 = 〈cos(2(φ−ΨRP
2 ))〉

Event Plane angle determined by using the VZERO
detector

VZEROA: 2.8 < η < 5.1

VZEROC: −3.7 < η < −1.7

Reaction plane resolution obtained by the three
sub-event method
Resolution correction for EP:

v2 =
vEP

2

〈cos(2ΨEP
2 −ΨRP

2 ))〉 =
vraw

2

resolution

φ

φ

ALI-PERF-43616

NN
s

φ

Centrality (%)
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R
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n
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0.8

17/07/2012

=2.76 TeVNNsPb-Pb, 

V0A 3-subevent
V0C 3-subevent

ALI−PERF−31433

J.Phys.Conf.Ser. 446 (2013) 012028
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Cocktail Simulation of Decay Photon v2

Decay photon v2:

KET scaling: v2 of mesons scales with KET

KET = mT −m =
√

p2
T + m2 −m

⇒ vπ
0

2 ≈ vπ
±

2 (mπ
0
≈ mπ

±
)

→ v2 of various mesons (X) calculated via KET

(quark number) scaling from vπ±
2

vX
2 (pX

T ) = vπ±
2

(√
(KEX

T + mπ±)2 − (mπ±)2

)
Decay photon v2 from different mesons obtained
from cocktail calculation

)c(GeV/
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|>1}η∆{SP, |2v

π
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s
0K

|>2}η∆{EP, |2v

π

Phys. Lett. B 719, 18

= 2.76 TeV 10-20%
NN

sPb-Pb

ALI-PERF-43620

J.Phys.Conf.Ser. 446 (2013) 012028
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Comparison of Inclusive and Decay v2

Above 3 GeV/c inclusive photons
significantly smaller than decay
photons

→ Direct photon v2 contribution with
vdirect

2 < vdecay
2

Below 3 GeV/c consistent within
uncertainties

→ Either contribution of direct
photons with similar v2 or no direct
photons

)c (GeV/
T

p
0 1 2 3 4 5 6

2γ
v

0.00
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0.12
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0.18

0.20 ,decayγ

2v

,inclγ

2v

ALICE preliminary

 = 2.76 TeV
NN

s040% PbPb, 

V0 event plane

ALI−PREL−68452

J.Phys.Conf.Ser. 446 (2013) 012028
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Direct Photon v2 0-40%

Direct photon v2:

vdirect γ
2 =

Rγ ·v inc γ
2 −vdecay γ

2

Rγ−1

Rγ · v inc γ
2 : weighted inclusive photon v2 due to

extra photons compared to background

vdecay γ
2 : calculated decay photon v2 from

cocktail calculation

ALI-PREL-43588

J.Phys.Conf.Ser. 446 (2013) 012028

Large direct photon v2 for
pT < 3GeV/c measured

Magnitude of v2 comparable to
hadrons

Result points to late production
times of direct photons after flow is
established
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Direct Photon Yield and Flow - Puzzle ?

)c (GeV/
T
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,d

ir
γ

v

0.1

0.0

0.1

0.2

ALICE preliminary
thermal(Shen et al.)
NLO (Vogelsang) + thermal(Shen et al.)
thermal(Holopainen et al.)
NLO (Vogelsang) + thermal(Holopainen et al.)

ALICE preliminary
 = 2.76 TeV

NN
s040% PbPb, 

V0 event plane

ALI−PREL−75925

J.Phys.Conf.Ser. 446 (2013) 012028
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 = 2.76 TeVNNs040% PbPb, 
ALICE preliminary

NLO Vogelsang et al.

 (scaled pp)
T

p = 0.5 to 2 µfor 

Phys.Rev. D50 (1994) 19011916

 
T

pextrapolation of NLO to low 

c
 (1+x/b)π2

ausing 

Thermal Shen et al.
arXiv:1308.2111
Thermal Holopainen et al.
Phys.Rev. C84 (2011) 064903

ALI−PREL−75697

Nucl.Phys. A904-905 (2013) 573c-576c

Central points for direct photon
yield and v2 underestimated by
most theoretical calculations by
factors of 2-10

No significant deviation beyond 2σ

Both measurements are coupled via Rγ ,
critical assessment of uncertainties and
their correlations needed

Theory curves composed out of different
sources, experimentally not possible to
distinguish those
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Propagation and Correlation of Errors on the Rγ
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Direct photon double ratio

ALICE preliminary

 = 2.76 TeV
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s040% PbPb, 

)
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NLO prediction: 1 + (N

thermal (Shen et al., arXiv:1308.2111)

thermal (Holopainen et al., Phys.Rev. C84 (2011) 064903)
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< 1.6 GeV/c
T

p≤1.4

= 2.76 TeV0-40%, Pb-Pb,

ALICE preliminary

NNs

,dirγ

2vALI-SIMUL-75817

Measured Rγ less than 2σsys deviation from 1

Gaussian error propagation only applicable if:

a) Relation between observable and input
observables is linear or

b) Uncertainties sufficiently small

both conditions not fulfilled

∂vγ, dir
n

∂Rγ
=

vγ, decay
n − vγ, inc

n

(Rγ − 1)2

Errors for vγ, dir
n (pT) calculated using MC

simulation with probability distributions
according to Rγ(pT), vγ, decay

n (pT), vγ, inc
n (pT)

within 4 σ(pT) of respective uncertainties

pT correlated uncertainty, like material budget
(4.5%),
complicates error propagation

→ Evaluation of significance of Rγ and vγ, dir
n under

investigation
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Alternative Representation of
Direct Photon Flow
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              Phys.Rev. D50 (1994) 19011916
decay + NLO + thermal (Shen et al.)
                         arXiv:1308.2111
decay + NLO + thermal (Holopainen et al.)
                         Phys.Rev. C84 (2011) 064903

ALI−PREL−75753

Comparison of

(v incl γ
n, measured − vmodel γ

n )/σtot.

for various models, where model could be:

vn, decay based on measured π data

vn, decay based on measured π data · wγ, decay

+ vn, NLO · wγ,NLO
+ vn, thermal · wγ, thermal

vn, incl from full theory calculation

Allows decoupling of measured Rγ from compari-
son, large discrepancy of central points in Rγ be-
tween theory and data taken out
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Comparison of Inclusive Photon v2
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Deviations from 0 for data, mainly
explained by contribution from
prompt photons

Region of interest for thermal
sources: 1-3 GeV/c
Large systematic uncertainties

No statement on the existence of
direct photon puzzle can be made
by ALICE at this stage
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New Measurement: Inclusive Photon v3
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First measurement of inclusive
photon v3 at LHC

Above 3 GeV/c inclusive
photons consistently smaller
than decay photons, with large
statistical uncertainties

→ Direct photon v3 contribution
with vdirect

3 < vdecay
3 as

expected for prompt photons

Below 3 GeV/c mostly
consistent within uncertainties

→ Either contribution of direct
photons with similar v3 or no
direct photons
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Comparison of Inclusive Photon v3
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Summary

Rγ ≈ 1.2± 0.05stat ± 0.1syst has been measured by ALICE in 0-40% Pb–Pb
collisions

Direct photon yield extracted with an exponential slope of
T = 304± 51stat+syst MeV

Direct photon v2 which is of similar size as the charged hadron flow has been
measured in 0-40% Pb–Pb collisions

First measurement of inclusive photon v3 at the LHC in 0-40% Pb–Pb
collisions

Current uncertainties on Rγ , v
γincl
n & vγdecay

n do not allow statement on the
existence of a direct photon puzzle at LHC energies
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Backup Slides
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Closer Look at the Central Barrel - ITS and TPC

SSD +

SDD
SPD

Lout = 97.6 cm

Inner Tracking System - ITS

Full azimuth coverage, six cylindrical layers

Three different detector types:
silicon pixel / drift / stripes

Designed for primary / secondary vertex
finding (inner radius RBP = 2.94 cm)

Tracks charged particles down to
pT = 100MeV/c

Time Projection Chamber - TPC

Main tracking and PID detector

Full azimuth coverage, R = 84.8 cm up
to 246.6 cm

Tracking: 100 MeV/c (primary) or
50 MeV/c (secondary) up to 100 GeV/c
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Electron Selection Criteria

Global Electron Selection Criteria

Both tracks originate from the
same V0 candidate

No kinks

Opposite charge

Small R cut (R < 5 cm)

TPC refit condition

Minimum momentum of 50 MeV/c

Minimum fraction of the TPC
clusters with respect to findable
clusters due to conversion radius
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18/05/2011

TeV 2.76 = NNsPbPb 

ALI−PERF−3849

PID Based Selection Criteria

nσ around electron energy loss
hypothesis in the TPC dE/dx

TOF electron nσ selection
(if information available)

After PID ∼ 80% pure photon sample
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Photon Selection Criteria
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ALICE Performance

 = 5.02 TeVNNspPb @ 
1 = 30 nbintL

 May 2014th7

ALI−PERF−69400

Photon χ2/ndf:

Based on a Kalman-Filter
(AliKFParticle package)

Measure for conversion likelihood:
includes: zero V0 mass, pointing to

primary vertex, correct electron mass,

mutual secondary vertex

Photon qT:

Transv. mom. component of
daughter relative to the V0
qT = p × sin(Θmother−daughter)

Clear separation of γ, Λ and K 0
s

Further Photon Selection Criteria:

Crosschecks for std. photon criteria

Psi-Pair angle
opening angle perpendicular to B field

Cosine of pointing angle
pointing to the primary vertex
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Cocktail for peripheral Pb–Pb and pp collisions
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 = 2.76 TeVNNs40-80%  Pb-Pb, 

26/07/2012

F. Bock (LBNL Berkeley) Direct Photons in Pb–Pb August 21st, 2014 33



Inclusive Photon Invariant Yield in Pb–Pb
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 = 2.76 TeVNNs  PbPb, 

ALI−PREL−34236

Nucl.Phys. A904-905 (2013) 573c-576c

Two centrality selections: 0-40% and 40-80%(central and peripheral)

Inclusive γ spectrum
corrected for:

purity (P),

efficiency (E),

conversion probability (C),

secondary photon
candidates
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Combined Fit for Direct Photons
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 51 MeV±T = 299 

 = 2.76 TeVNNs040%  PbPb, 

ALI−PREL−27972

Combined fit (Hagedorn + Exponential) gives similar result for the inverse
slope parameter T as for the exponential only fit
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Systematic Error Sources Rγ pp

Cut Variations for γ and π0:

Cut Name Std. value Variation 1 Variation 2 Variation 3

Electron dEdx -4,5σ -4,4σ -3,4σ -

Pion dEdx 1,-10σ 2,1σ 2,0.5σ 2,0.5σ

Min. p e+/e− 0.4 GeV/c 0.4 GeV/c 0.4 GeV/c 0.3 GeV/c

Find. Cls. TPC 0.35 0.6 - -

Photon χ2 20 30 10 -

qt 0.05 0.07 0.03 -

min. pt e+/e− 50 MeV/c 75 MeV/c 100 MeV/c -

photon η, π0 y 0.9, 0.8 0.8, 0.7 1.2, 0.9 -

min. R 5 cm - 180 cm 2.8 cm - 180 cm 10 cm - 180 cm -

V0s with shared electrons rejected
Purity for different centralities used
TOF and α cut not used for pp
R cut already considered for material budget

π0 yield extraction:

Three different integration windows
Different Numbers of mixed events for bg, different mixed event bins
(n V0s, n tracks)

Cocktail simulation:

Two different fits
Variation of the mt scaling factors (η measured)
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Systematic Error Sources Rγ Pb–Pb

Cut Variations for γ and π0:

Cut Name Std. value Variation 1 Variation 2 Variation 3

Electron dEdx -3,5σ -4,5σ -2.5,4σ -

Pion dEdx 3,-10σ 2.5,-10σ 3.5,-10σ 3,-10σ

Min. p e+/e− 0.4 GeV/c 0.4 GeV/c 0.4 GeV/c 0.3 GeV/c

Find. Cls. TPC 0.6 0.7 0.35 -

Photon χ2 10 5 20 -

qt 0.05 0.03 0.07 -

min. pt e+/e− 50 MeV/c 75 MeV/c 100 MeV/c -

photon η, π0 y 0.75, 0.7 0.9, 0.8 0.8, 0.7 -

min. R 5 cm - 180 cm 2.8 cm - 180 cm 10 cm - 180 cm -

α meson central 0.65 1.00 - -

α meson peripheral 0.8 1.00 - -

TOF -5,-5σ -3,-5σ -2,-5σ -

V0s with shared electrons rejected
Purity for different centralities used

π0 yield extraction:

Three different integration windows
Different Numbers of mixed events for bg, different mixed event bins
(n V0s, n tracks)

Cocktail simulation:

Two different fits, with and without blast wave
Variation of the mt scaling factors
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Joey Butterworth [for the STAR collaboration]

Rice University

August 20th, 2014

Thermal Photons and Dileptons in Heavy-Ion Collisions, BNL, Upton, NY



 Motivation

 Experiment

 STAR

 Particle Identification

 Background

 Cocktail

 Model Comparisons

 Mee

 pTee

 Summary

8/20/2014J.Butterworth : Rice University 2



 Excellent Probe
 Minimal final state interactions

 Generated at all stages of the collision

 Chronological Phases [Early to Latest]
 High Mass Region [HMR]

 Drell-Yan

 J/ +  Supression

 Intermediate Mass Region [IMR]

 Heavy flavor modification

 QGP (thermal) radiation

 Low Mass Region [LMR]

 Vector meson modification

 Possible link to chiral symmetry restoration

8/20/2014J.Butterworth : Rice University 3

A. Drees



NA60, AIP. Conf. Proc.

1322 (2010) 1-10.

 NA 60

 Vacuum  is insufficient [dash-dot]

 Excludes mass-dropping [dash]

 Supports broadening of  spectral function [solid]

8/20/2014J.Butterworth : Rice University 4

 CERES

 Cocktail  is insufficient [solid]

Phys. Let B, 666, 425(2008)

17 GeV



 RHIC Beam Energy Scan Program [2010-2011, 2014]

 Au+Au @19.6, 27, 39, & 62.4 GeV [14.5 GeV Collected]

 Same colliding species & detector

 Opportunity to extensively study  spectral function

 Connect between SPS & RHIC Au+Au 200 GeV

 Dependence on 𝑠𝑁𝑁 ?

 Compare to models

8/20/2014J.Butterworth : Rice University 5

𝒔𝑵𝑵 (GeV) 19.6 27 39 62.4

Events (M) 36 70 130 67



 Time Projection Chamber [TPC]

 Tracking

 Ionization energy loss

 Full azimuthal coverage

 Time of Flight [TOF]

 Precise time ( resolution < 90 ps)

 Improves TPC’s PID purity

 Full azimuthal coverage

8/20/2014J.Butterworth : Rice University 6



 Use TPC+TOF in tandem

 TPC provides particle identification

 TOF enables slow hadron rejection

 Improves identification

 Typical identified e+/- purity ~95%

J.Butterworth : Rice University 7

e
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27 GeV Data e



K p

27 GeV Data

e



K p

27 GeV Data

 Selection Criteria for 27GeV data [𝐯𝐚𝐫𝐢𝐞𝐬 𝐟𝐨𝐫 𝒔𝑵𝑵]

 TPC

 nσel > -0.663 w/ p[GeVc-1]  > 0.637  OR   nσel > ( 1.604∙p – 1.685) w/ p[GeVc-1] < 0.637

 nσel < -0.687 ∙ p[GeVc-1] + 2.1 

 TOF

 |-1-1| < 0.03

 Selects ~40M e+/-



 Pair Background Sources

 Combinatorial, Correlated, Conversion

 Like-Sign Same Event Method

 Combine all like-sign pairs and average

 Removes combinatorial & correlated

 Acceptance correction w/ mixed event method

 Unlike-Sign Mixed Event Method

 Combine e+/- from different events w/ similar properties*

 Z Vertex, Ref. Mult., and Event Plane Angle

 Pools of 20 events

 Removes combinatorial

 Conversion Rejection*

 Selection based on pair’s orientation in 𝐵

8

V
M

e
e

[G
e

V
c

-2
]

Conversion Rejection

𝟐 𝑵++𝑵−−

𝐌𝑬+−

𝟐 𝐌𝑬++𝐌𝑬−−

∗ 𝑪𝒓𝒊𝒕𝒆𝒓𝒊𝒂 𝒗𝒂𝒓𝒚 𝒇𝒐𝒓 𝒆𝒂𝒄𝒉 𝒔𝑵𝑵



 Contributions
 0, , ’, , , J/, c c [Note: no ]

 Input
 Flat  [0, 2]

  [-1,1]

 Flat for 39 & 62 GeV.

 GENESIS for 19 & 27 GeV

 pT from Tsallis Blast Wave [TBW] fits

 Decay
 Breit-Wigner/Kroll-Wada Formalism

 Yield
 Meson-to-0 ratio from NA45 w/ +/- dN/dy from STAR

 c c Contributions
 PYTHIA; Scaled by Nbinary

8/20/2014J.Butterworth : Rice University 9

STAR Preliminary

Meson 0    ’ J/

Meson/0 1.0 0.085 0.069 0.018 0.078 6.2E-6



 Au+Au 19.6 GeV MB

 pTe > 0.2 GeV/c, |e| < 1, |yee| < 1

 Broad excess over LMR

  contribution missing

8/20/2014J.Butterworth : Rice University 10

STAR Preliminary



8/20/2014J.Butterworth : Rice University 11

 Au+Au 19.6, 27, 39, 62.4, 

& 200 GeV MB

 pTe > 0.2 GeV/c, |e| < 1, 

|yee| < 1

 Broad excess over LMR

  contribution missing



 Complete evolution (Hadron Gas + QGP)

 In-medium modified  spectral function—“ melts”

 Dependent on total baryon density

 QGP emission rates that are lattice QCD inspired

8/20/2014J.Butterworth : Rice University 12

arXiv:0901.3289

 Run 10 AuAu 200 GeV MB

 Vacuum  gives an insufficient description

 Model agrees within uncertainties

PRL 113 022301 



 gcfd
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Rapp + Wabach, private communication

Adv. Nucl. Phys. 25, I (2000), Phys. Rept. 363, 85(2002), 

PRC 63 (2001) 054907, Adv. High Energy Phys. 2013 148253
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Rapp + Wabach, private communication

Adv. Nucl. Phys. 25, I (2000), Phys. Rept. 363, 85(2002), 

PRC 63 (2001) 054907, Adv. High Energy Phys. 2013 148253

 Au+Au 19.6, 27, 39, & 62.4 GeV MB

 pTe > 0.2 GeV/c, |e| < 1, |yee| < 1

 Cocktail + Model contributions consistent 

with Data as a function of Mee & pTee



 BES: Phase II

 Build upon the success of Phase I

 Enhanced statistics

 Eg.: 19 GeV with 200 GeV MB Stat. Uncert.

 Detector upgrades –

 iTPC, Muon Telescope Detector

 Test total baryon density dependence

 Total baryon density dependence

 In-medium modification of ’s spectral function

 Excess yield of e+e-

 Statistics allow testing

8/20/2014J.Butterworth : Rice University 15

O. Linnyk, private communications

W. Cassing, E.L. Bratkoskaya, S. Juchem,

Nucl. Phys. A 674 (2000) 249.



 e+e- continuum measurements across 𝑠𝑁𝑁 of 19.6, 27, 39, and 62.4 GeV

 At each 𝑠𝑁𝑁, there is an excess with respect to the hadronic cocktail

 No strong 𝑠𝑁𝑁 dependence

 Excess consistent w/ model calculations involving a medium modified  spectral function

 Demonstrated for the excess as a function of Mee & pTee!

 Beam Energy Scan Program: Phase II enables further understanding of the low mass region

8/20/2014J.Butterworth : Rice University 16
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Dielectron Mass Spectrum  

& Elliptic Flow at Au+Au 200 GeV 

Xin Dong 
Lawrence Berkeley National Laboratory 

(for the STAR Collaboration) 
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Heavy Ion Frontiers 

Deconfinement 

Chiral symmetry restoration 

2 
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Dileptons – A Penetrating Probe to Medium 

Advantages:      EM probe / penetrating – not suffer strong interactions 

                          (pT, M) – additional mass dimension, sensitive to different dynamics   

Challenges:      Production rate is rare, over many background sources 

                         integral over time, sensitive to system evolution  

3 

Facility 

 

Energy (√sNN) Experiments 

BEVALAC/SIS ~ 2 – 5 GeV DLS, HADES, CBM 

SPS ~ 5 – 17 GeV CERES, NA60 

RHIC ~ 19 – 200 GeV PHENIX, STAR 

LHC ~ 2760 – 5500 GeV ALICE 
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SPS Success 

NA60, PRL 96 (2006) 162302, PRL 100 (2008) 022302 

           Eur. Phys. J. C 61 (2009) 711,  AIP Conf. Proc. 1322 (2010) 1.  

Precision di-muon mass spectrum  

 – favor r broadening through interactions with hadronic medium 

Slope parameter of mT spectrum (Teff) at intermediate mass region 

 - indicative of thermal radiation from partonic medium 

4 

LMR IMR 
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Opportunities and Challenges at RHIC 

significantly increased comb. background 

   - S/B ~ 0.003 in central Au+Au 200 GeV 

Expect significantly increased partonic 

source contribution at RHIC 

5 

RHIC Beam Energy Scan (7.7 – 200 GeV) 

 A unique opportunity to systematically investigate 

  in-medium r broadening and on-set of QGP thermal radiation 
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STAR at RHIC 

6 

TPC MTD Magnet BEMC BBC EEMC TOF 

HFT 

• Large acceptance at mid-rapidity  

• Excellent particle (electron) identification (TPC+TOF+EMC) 

• Fast DAQ to accumulate high statistics 
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p+p Reference 

7 

Improved measurement with 2012 p+p 200 GeV 

• Consistent with published p+p 

result based on year 2009 data 

   - statistics improved by x5 

 

• Dielectron mass spectrum in p+p 

collisions well described by the 

hadronic cocktail simulations. 

 

   - charm scc= 0.80 mb 
          PRD 86 (2012) 072013 
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Dielectron Production in Au+Au 200 GeV 

8 

STAR, PRL 113 (2014) 022301 

• Clear enhancement w.r.t. the 

hadronic cocktail w/o r at LMR 

• Model calculations with in-

medium broadened r spectrum 

function describe the LMR excess 

• IMR spectra dominated by the 

correlated charm contributions.   

Model calculations 

Rapp:  many-body effective theory 
     R. Rapp, PoS CPOD 2013  

                    private comm.           

PHSD:  parton-hadron string dynamics 
    O. Linnyk et al. PRC 85, 024910 (2012) 

                   private comm. 

H.J. Xu et al., PRC 85 (2012) 024906 

G. Vujanovic et al., NPA 904 (2013) 557c           

Green band – cocktail uncertainty 
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Centrality / pT Dependence 

9 

Year 2010/2011 combined statistics 

• Enhancement ratio w.r.t the hadronic cocktail – no strong dependence on centrality and pT 

• Model calculations reasonably describe the centrality and pT dependence  
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Low-mass Excess 

10 

STAR, PRL 113 (2014) 022301 

• Low-mass excess described better by in-medium broadened r rather than a vacuum r    

      - Future improvements on both statistics and systematics 

• Low-mass dielectron yield increases with centrality approximately as 

       Npart
a   with a = 1.54 ± 0.18 

 

A:  0.3-0.76 GeV/c2 

B:  0.76-0.80 GeV/c2 

C:  0.98-1.05 GeV/c2 
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First Measurement of Dielectron v2 

11 

cocktail simulation 

• Cocktail simulations based on published v2 measurements of light hadrons 

• v2 of dielectrons from p0 Dalitz decay consistent with simulations based on the 

published p0 v2 

STAR, arXiv: 1402.1791 
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Dielectron v2 Compared to Cocktail / Model 

12 

Dielectron v2 consistent with cocktail simulations given the current precision 

STAR, arXiv: 1402.1791 

- cocktail 

v2 of dielectrons accepted in the STAR acceptance, pT integrated 
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Possible Modifications at Intermediate Mass 

• Central mass spectrum 

systematically steeper than 

minbias spectrum at IMR 

 (2s at 1.8-2.8 GeV/c2) 

 

    - indicative of either charm 

modifications or other sources 

(thermal radiation?) 

13 

STAR, PRL 113 (2014) 022301 
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Azimuthal Corr. between e+e- at IMR 

14 

pT>0.2 GeV/c 

pT>0.5 GeV/c 

pT>1 GeV/c 

PYTHIA Simu. 

• Azimuthal correlation described by PYTHIA in p+p 

collisions 

• Limited sensitivity with current statistics and acceptance 

cut in Au+Au collisions 

    - to be improved with more statistics and higher pT cut  

 



X. Dong Aug. 20-22, 2014                TPD RBRC Workshop, BNL 

Evidences of Charm-Medium Interactions 

• Significant suppression of high pT D
0 / “bump” structure in low pT D

0 RAA  

• Finite non-photonic electron v2 

 

Significant charm-medium interactions in Au+Au collisions at 200 GeV 

15 

RAA of D0 
v2 of NPE 

STAR, arXiv: 1404.6185 STAR, arXiv: 1405.6348 
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Importance of Charm at High Energy Collisions 

16 

• Charm contribution to total cocktail 

in the mass region of 0.4-0.7 GeV/c2:   

                                     ~ 60%  

 

• Correlated charm component is 

important in both IMR and LMR 

region in high energy HI collisions 
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Control Correlated Charms 

• HFT - topological separation of charm decay electrons from prompt 

• MTD - unique measurement of e-m correlation – clean to D-D correlation 

• HFT+MTD help to measure the charm correlation directly.: D-D, e-D, m-D, e-m  
 

L. Ruan et al., JPG 36 (2009) 095001   

STAR Upgrades 

17 
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To Quantify Thermal Dilepton Properties 

Polarization (angular distribution) to probe the degree of thermalization 

Partonic or Hadronic thermal source – Elliptic flow 

 

qq ll-

 

pp ll-

 

v2(ll)  2v2(q)

 

v2(ll)  2v2(p)  4v2(q)

Initial Drell-Yan,   fully polarized               a=1   

Completely thermalized,  isotropic           a=0  

 

ds /dcos 1acos2 E. Shuryak, 1203.1012 

Cross section, v2, a (M, pT) 

Thermal dileptons at IMR (1.1 < M < 3. GeV/c2) 

2014-2016, With combined L ~ 20 nb-1 @ 200 GeV 

                 x15 compared to the statistics collected in 2010/2011   

for 400 MeV/c2 bin, sv2= 0.01, sa= 0.05  

18 
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Summary & Future 

STAR observed low mass enhancement w.r.t. hadronic cocktail at 200 GeV Au+Au collisions 

     - excess yield well described by the in-medium broadened r 

     - to reach the NA60 precision at RHIC – challenging with the current detector 
                  - need dedicated trigger system, specially for heavy ion collisions 

 

First measurement of dielectron v2 at 200 GeV Au+Au collisions. 

 

Near future goal: 

 

        Onset of sQGP thermal radiation and measuring its properties 

 

        RHIC (BES) is well suited in carrying out systematic measurements towards this goal 

19 

Other STAR Presentations at this workshop 

J. Butterworth .......... STAR dielectron at BES energies 

B. Huang .................. Direct virtual photons at 200GeV AuAu 

F. Geurts .................. Future dilepton measurements at STAR 
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Acceptance Effect 

1 -1 

0 

2π 

rapidity 

ϕ 

STAR data after PHENIX f acceptance: LMR enhancement factor still ~ 2! 

21 

STAR, HP 2012 



X. Dong Aug. 20-22, 2014                TPD RBRC Workshop, BNL 

Cocktail Comparison 

STAR in PHENIX acc. p+p 200 GeV 

Different generators with the same detector acceptance give consistent cocktails 
        - some small differences due to decay form factors and detector resolutions  

22 
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LMR enhancement with PHENIX HBD 

HBD result in 20-92% centrality bins consistent with previous PHENIX 

result and also STAR preliminary result 

       -  Looking forward to the HBD result in 0-20% centrality bin 

23 
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Cocktail Simulation 

24 

STAR p±: PRL 92 (2004) 112301, PRL 97 (2006) 152301 

PHENIX p0: PRL 91 (2003) 072301, PRC 69 (2004) 034909 

PHENIX h: PRC 75 (2007) 024909 

STAR f: PLB 612 (2005) 181 

PHENIX J/y: PRL 98 (2007) 232301 

STAR charm: PRD 86 (2012) 070313 

Tsallis Blast-Wave: PRC 79 (2009) 051901 

Simultaneous Tsallis Blast-Wave 

(TBW) model fit to parameterize light 

hadron spectra 

 

J/y input from PHENIX measurement 

 

Correlated charm, bottom and Drell-

Yan contributions obtained from 

PYTHIA simulations, then scaled with 

Nbin to Au+Au collisions 



The Thermal Photon Puzzle 

Experimental Issues 

Introduction 
 

Thermal Photons 
High photon yield 

Centrality dependence 

Angular anisotropy  
 

Theoretical Models 
Thermal Photon Puzzle 

B-fields and flowing glasma 
 

Summary and Outlook 

Axel Drees, April 20th, RIKEN-BNL Research Center  



Black Body Radiation  

Real or virtual photons 

Spectrum and yield sensitive to temperature   

Avg. inv. slope  T,  Yield  T3   

Space-time evolution of matter 

  collective motion   Doppler shift 

    anisotropy  

 

 

 

Microscopic view of thermal radiation 

 

 

 

 

QGP:   hadron gas:  

  

 

 

  photons  low mass lepton pairs 

 

Thermal Radiation from Hot & Dense Matter 

g 

p 

r 

p 

q 

q g 

g 

Axel Drees 2 

g 

g g* 

e+ e- 

Need realistic model simulation for 

rates and space-time evolution for 

quantitative comparison with data 

High yield  high T  early emission 

Large Doppler shift  late emission 



Experimental Issue: Isolate Thermal Radiation 

Axel Drees 3 

                    1                                    10                              107            log t (fm/c) 

g, g*   from A+A 

Direct 

Hadron Decays 
“Prompt”  

hard scattering  

Pre-equilibrium  

Quark-Gluon Plasma 

Hadron Gas 

Thermal Non-thermal 
Need to subtract decay 

and prompt 

contributions 



g 

g 

PC1 

DC 

magnetic field & 

tracking detectors 

e- 

e+ 

Axel Drees 

Thermal Radiation at RHIC Energies: PHENIX 

Photons, 

  neutral pion  

   p0  g g 

Calorimeter 

e+e- identification 

 

4 

E/p and RICH 

Photons 

HBD 

g 



 

Searches for thermal photons ongoing since late 1980’s at SPS 

WA80 & successors, HELIOS, CERES …  

Established mostly upper limits  

 

Breack through at RHIC: Measuring direct photons via virtual 

photons 

Method originally proposed by UA1 for prompt photons 

 

Using virtual photons: 

any process that radiates g  will also radiate g*  

for  m<<pT  g* is “almost real” 

extrapolate g*  e+e-  yield to m = 0   direct g yield  

m > mp removes 90% of hadron decay background 

S/B improves by factor 10: 10% direct g  100% direct g* 

 

 

Using g* to Measure Direct Photons 
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Fit e+e-  Mass Distribution to Extract the Direct Yield:  

Example: one pT bin for Au+Au collisions 

 and 

normalized to da
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Direct g* yield fitted in range 120 to 300 MeV 
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access above cocktail

fraction or direct photons:  

                dir dir

incl incl

r
g g

g g

*

*
 



Direct Photons from Virtual Photons 

Axel Drees 7 

Prompt photon consistent with pQCD in p+p 

Significant additional yield in Au+Au 

PHENIX Phys.Rev.C87 (2013) 054907 PHENIX Phys.Rev.Lett 104 (2010) 132301 

2006 data 



pQCD 

g* (e+e-) 

     m=0 
g 

T ~ 220 MeV 

 First Measurement of Thermal Radiation 

Direct photons from real photons: 

Measure inclusive photons 

Subtract p0 and h decay photons at
  S/B < 1:10 for pT<3 GeV 

 

Direct photons from virtual photons: 

Measure e+e- pairs at mp < m << pT 

Subtract h decays at S/B ~ 1:1  

Extrapolate to mass 0 
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First thermal photon measurement:  

Tini > 220 MeV > TC  

 

large photon yield! 



Direct Photons from Photon Conversions 

Double ratio tagging method 
Clean photon sample with photon conversion  

Explicit cancelation of  systematic uncertainties 
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Almost 20% direct photons!  

Approx. independent of pT 

Extended range to 400 MeV 

measured raw yields 

PHENIX arXiv:1405.3940 
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“pQCD-fit” 

Teff ~ 220 MeV 

g* (m0) 

g 

g  e+e- 

 Direct Photons Au+Au Collisions 

10 Axel Drees 

PhD thesis Bannier & Petti,  

PHENIX arXiv:1405.3940 



Centrality Dependence of Thermal Component 
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Collective Behavior: Elliptic Flow 

initial state of non-central Au+Au collision 

spatial asymmetry  

asymmetric pressure gradients 

momentum anisotropy in final state 

expressed as elliptic flow “v2” 
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Non-central Collisions 

in-plane 

out-of-plane 
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Au nucleus 
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                      Anisotropy 
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Thermal Photon Show Large Anisotropy 
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Rg  (pT) ~ constant > 1  

At 2 GeV v2
inc ~ v2

dec 

Large v2~ 0.2  at  2 GeV/c 

Insensitive to sys. uncertainty 

IF there are direct photons 

v2
dir ~ v2

inc 

PHENIX Phys.Rev.Lett 109 (2012) 122302 



Thermal Photon Anisotropy Update 
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Two new independent analysis 

Calorimeter measurement 

photon conversions g→e+e- 

 
for v3 discussion see T.Sakaguchi’s talk 

Consistent with published results 

Large v2~ 0.2  at  2 GeV/c 

Indication for const. v2 at low pT 



Theory Comparison: Thermal Photon Puzzle (I) 

Reasonable agreement with: 

 Tini = 300 to 600 MeV 

 

Shape similar, but 

yield is underestimated  

Transport model: Linnyk, Cassing, 

Bratkovskaya, PRC89 (2014) 0034908 

 

Fireball model: van Hees, Gale, Rapp,  

     PRC84 (2011) 054906 

 

Hydrodynamic model: Shen, Heinz, Paquet, 

Gale,  PRC89  (2014) 044910 

       



Theoretical Models Underestimate Yield 

About factor of 2 at high pt – with large errors 

Factor 5-10 at lower pt (central collisions) 
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Theory Comparison: Thermal Photon Puzzle (II) 
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Models fail to describe simultaneously 

photon yield, T and v2! 



Large B-field Enhances Thermal Radiation 

Large magnetic field 

Enhanced thermal emission 

Anisotropy with respect to reaction plan 
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in-plane 

Magnetic 
B-field 

nucleus  
+ 

nucleus 
+ 

Basar, Kharzeev, Skokov PRL 109 (2012) 202303 

B.Müller, S.Y.Wu, D.LYang PRD 89 (2014) 026013 



Radiation from Flowing Glasma 

Geometrical scaling behavior of 

direct photon yield 

Describes centrality dependence 
of Au+Au data 

Describes pp, dAu, AuAu at 
RHIC 

Describes scaling of spectra 
RHIC-LHC 

 

Ideal fluid (hydrodynamic 

expansion) prior to thermal QPD 

may result in observed 

anisotropic “flow” 
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C.Klein-Bösing, McLerran, Phys. Lett.B734 (2014) 282 



Flow vs B Field Effect 

Look at different collision systems 
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Au+Au 

central 
U+U 

central 

Cu+Au 

semi-central 

B = 0 

v2 = 0 

B = 0 

v2 ≠ 0 

B ≠ 0 

v2 = 0 

U+U and Cu+Au data sitting on tape 

waiting to be analysis 



Summary and Outlook 

Well established measurement of “thermal” photon in Au+Au 

at 200 GeV from PHENIX 

Large yield above expected contribution from pQCD 

Centrality dependence of yield ~ Npart
3/2 

Large anisotropy v2 with respect to reaction plan 

 

Thermal photon puzzle 

Models based on standard rates and time evolution fail to 
describe simultaneously photon yield, T and v2 

New additional sources early in collision 

Enhanced emission due to large B fields 

Emission from flowing glasma state 

 

Additional experimental measurements from RHIC 

Vary collision geometry  U+U and Cu+Au 

62.4 (and 39 GeV) Au+Au 

New large Au+Au data samples to measure vn  
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Introduction

I Many (real-time) observables are linked to spectral functions.
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Dileptons and the EM spectral funtion

I Dileptons are produced at every
stage of a heavy-ion collision.

I Their production rate
dNl+l−/dω is accessible via
experiments .

I Their production rate is also
available from theory:

dNl+l−

dωd3p
= ...

...Cem
α2
em

6π3

ρ(ω, ~p,T )

(ω2 − ~p2)(eω/T − 1)

I ρ(ω, ~p,T ) is the SPF of the electromagnetic current
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A first look: The vacuum

In vacuum, i.e. in the cold system, the EM SPF can be measured directly
in experiment via R(s) ∝ σ(e+e− → hadrons).

I Optical theorem:

σ(s) =
R(s)

12π
=
ρ(ω2)

ω2

I HICs also include contributions from the hot stage of the event.

[0902.3360]
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Cold and hot systems: The lattice perspective

What can we learn about the real-time physics encoded in the
spectral functions from the Euclidean formulation of thermal field
theory and especially lattice QCD?

How well can we control the reconstruction of the spectral
function from non-perturbative lattice input data?

I Here, I review a number of recent lattice studies using
different approaches.
[1012.4963], [1109.3941], [1204.4945], [1212-2.4200], [1301-2.7436], [1307.6763], [1310.7466], [1402.6210]

I The meson masses covered will range from bottomonia to light
vector mesons, i.e. the ρ.
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Cold and hot systems: The lattice perspective

What can we learn about the real-time physics encoded in the
spectral functions from the Euclidean formulation of thermal field
theory and especially lattice QCD?

How well can we control the reconstruction of the spectral
function from non-perturbative lattice input data?

I Connected observables in the vacuum...
I ...LO hadronic contribution to (g − 2)µ [1306.2532].
I ...Time-like pion form factors [1105.1892].
I not covered here.

I Connected observables at finite temperature...
I ...Quarkonium dissociation [1402.1601], [1204.4945].
I ...HQ diffusion and electrical conductivity [1311.3759], [1307.6763], [1212-2.4200].
I ...Dilepton rates [1012.4963].
I covered here.

A. Francis EM Spectral Functions from Lattice QCD



Cold and hot systems: The lattice perspective

I The current-current correlator is given by

Gµν(τ,T ) =

∫
d3x〈Jµ(τ, ~x)Jν(0,~0)†〉

with the isospin current1:

Jµ(τ, ~x) =
1√
2

(ūγµu − d̄γµd)

I For the lattice vector correlator Gii (τ, ~p,T = 1/β) the connection to
the spf ρ(ω) is:

Gii (τ, ~p,T ) =

∫ ∞
0

dω

2π

cosh(ω(β/2− τ))

sinh(ωβ/2)
ρ(ω)

I The T > 0 correlator based on the T = 0 spf can be computed
directly from the T = 0 correlator:

G rec(τ,T ;T ′ = 0) =
∑
m∈Z

G (|τ + mβ|,T ′ = 0)

1Isospin ≈ EM: The disconnected part is negligible up to ∼ 1.5fm, Lat’14
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Noise, lattice effects and the convolution integral

I T = 0, the signal is often lost before the
ground state dominates ⇒ Noise increases
∝ exp(mπ) while signal goes ∝ exp(mρ).

I T > 0, lattice extent is often too short.

I Most lattice setups do not allow for an
unstable ρ-meson.

I Correlator is only sensitive to
area under SPF.

I Low peak region at midpoint:
∼85% for dissociated,
∼90% for bound states.

[Wissel’06]
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Expectations: Transport phenomena and bound-state dissociation

I A simple T = 0 SPF is the minimal hadronic Ansatz (MHA)
ρMHA(ω)
ω2 ∼ Aδ(ω −m) + BΘ(ω − s0)

I At finite T : Modification of bound states and continuum threshold
ρ
gB>0

MHA (ω)

ω2 ∼ A′ g tanh(ωβ)3

(ω−m)2+g2
B

+ B ′Θ(ω − s ′0) tanh(ωβ)

I Also, emergence of transport peaks around ω = 0
ρ
T&Tc
MHA (ω)

ω2 ∼ A′ g tanh(ωβ)3

(ω−m)2+g2
B

+ B ′Θ(ω − s ′0) tanh(ωβ) + C ′

ω2
tanh(ωβ)

(ω/g ′)2+1
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Basics of SPF reconstruction
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Basics of SPF reconstruction

The process of reconstruction is an ill-posed problem

I Only a finite number of points is available to approximate a
continuous function.

I Recall, in a typical spline interpolation2:
⇒ Approximate F with Ik =

∑
k c(k)B(k) by searching for

[D − Ik ] = min.

I In the reconstruction only the transformed data D = L[F ] is known:
⇒ Minimize [D − Ik ] = min with Ik = L[

∑
k c(k)B(k)] and

approximate F = L−1[F ′] given the known un-transformed basis
functions and weights.

I Two possibilities:

1. Fix the basis functions and minimize Ik =
∑

k c(k)L[B(k)].
2. Define the basis functions by specific Ansätze A(c(k ′)) that depend

on a certain number of parameters, IAnsatzk′ = L[A(c(k ′))].

2F= True function; D = Data; I = Approximation to F; B(k) = Basis function;
c(k) = weights
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Basics of SPF reconstruction

I The maximum entropy method (MEM) uses the first epproach.
I Based on Bayes theorem.
I The minimization is extended to incorporate a

Shannon-Jaynes-Entropy term.
I The basis functions are fixed to

ρ(ω)

ω
= m(ω) exp

∑
k

c(k)B(k, ω)

where the prior information (or default model) m(ω) is introduced.

I Caveats and problems in the past:
I Past: Divergent kernel.
I Past: small lattice sizes, often staggered (further reduction of

points).
I Impact of default model?
I Accuracy of data enough to converge close to true solution?
I Interpretation of MEM artefacts in SPF result?
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Basics of SPF reconstruction

I Recent analyses started using also the second approach.
I The minimization is done as highlighted above.
I The spectral function is determined by a fixed Ansatz depending on

a number of parameters c(k ′)

ρ(ω) = ρAnsatz(ω, c(k ′))

I Caveats:
I Choice of Ansatz?
I Dependence on Ansatz?
I Insensitivity of correlator (deviation from δ-functions is very small)?
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An incomplete review of recent lattice studies
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An incomplete review of recent lattice studies

Lattice calculations have studied the SPF using EFT methods
(NRQCD, HQET) and direct computations.

I Access to different phenomena in the SPF’s:

I Bound-states only (color: orange).
I Transport only (color: brown).
I Transport and bound-states (color: red).

I In the following recent lattice studies in all three categories are
highlighted3.

3Naturally incomplete, my sincere apologies to everybody not mentioned.
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Bottomonia and very heavy systems
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Bottomonia from NRQCD [1402.1601]

Bottomonium correlators are calculated using NRQCD on dynamical,
anisotropic Nf = 2 + 1 Wilson-Clover ensembles.

I Not including energies below the bound-state mass excludes
transport phenomena.

I Reconstruction method: MEM.

I Pros:
I Clean probe for bound-state dissociation of very heavy mesons
I Temperature is varied via fixed-scale approach (Nt is changed in

T = 1
aNt

).

I Cons:
I Cannot go down in mass to reach e.g. charmonia.
I Bottomonium masses close to the typical lattice cut-offs, entangled

results?
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Bottomonia from NRQCD [1402.6210]

0
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Exponential fits

0

0.1
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ρ
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Exponential fits

I NRQCD has to be tuned: Υ and χb1 results in the vacuum.

I Reconstruction via MEM.
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Bottomonia from NRQCD [1402.6210]
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Results at finite T:

I Υ exhibits ground state
peak throughout.

I χb1 seems to dissociate
⇒ but cut-off close and
large.

I Reconstruction via
MEM.

A. Francis EM Spectral Functions from Lattice QCD



HQ diffusion from EFT [1311.3759], QM’14

The correlator of the electric field is computed on quenched ensembles
and extrapolated to the continuum limit.

I The operator is purely gluonic and is defined only in HQET context
⇒ No bound-states.

I Reconstruction method: Ansatz.

I Pros:
I Clean probe for heavy-quark diffusion.
I Multi-level algorithm can be used to beat exponential noise increase.

I Cons:
I No clear way to extend to finite quark mass.
I How to extend to dynamical QCD? How to renormalize different

discretizations of the E -field?
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HQ diffusion from EFT [1311.3759], QM’14

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0  0.1  0.2  0.3  0.4  0.5

τT

Gimp/Gnorm

continuum
 192

3
x48

 144
3
x36

 96
3
x24

 64
3
x16

NNLO
NLO

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0  0.1  0.2  0.3  0.4  0.5

τT

Gimp/Gnorm

continuum
κ/T

3
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A*NNLO+B*ω
3

NNLO
κ ω/2T

E -field correlator is extrapolated to
the continuum limit.

Gnorm is the tree-level (lattice
spacing) improved, free correlator.

Ansatz for diffusion coefficient κ:

ρ(ω) = max
[
AρNNLO(ω)+Bw3,

ωκ

2T

]

I Ansatz based on NNLO and
constant contribution for κ.

I Very good description of data.

I κ/T 3 = 2.5(4).
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Charmonia
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Direct computation of charmonia [1204.4945]

Charmonium correlators are calculated using full QCD on large, quenched
ensembles.

I The calculation includes both transport and bound-state phenomena.

I Reconstruction method: MEM.

I Pros:
I Full non-perturbative calculation.
I Temperature is varied via fixed-scale approach (Nt is changed in

T = 1
aNt

).

I Cons:
I Lattice spacing has to be fine enough to resolve charmonia.
I Small lattice spacing requires large lattice volume ⇒ Expensive.

I Either: Live with quenched.
I Or: Anisotropic lattices ⇒ Entanglement with cut-off?

I Have to disentangle transport and bound-state effects.
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Direct computation of charmonia [1204.4945]

I Careful MEM with Ansatz based cross-checks (not shown here).

I Dissociation of J/Ψ around 1.46T quench
c .

I Emergence of transport peak with κ/T 3 ∼ 4− 7.

I Open question: How to reconcile with EFT computation?
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Light mesons
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Electrical conductivity accross the phase transition [1307.6763], [1310.7466]

Conserved current correlators are calculated on anisotropic Nf = 2 + 1
Wilson-Clover ensembles with mπ ∼ 400MeV in T/Tc ∈ [0.63 : 1.90]

I The calculation includes both transport and bound-state phenomena.

I Reconstruction method: MEM.

I Pros:
I Full non-perturbative calculation.
I Temperature is varied via fixed-scale approach (Nt is changed in

T = 1
aNt

).

I Cons:
I Large anisotropy ξ = 3.5.
I Still small time extent Nt ∼ 24 at T ∼ Tc .
I Have to disentangle transport and bound-state effects from small

number of points (Nt/2).
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Electrical conductivity accross the phase transition [1307.6763], [1310.7466]
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I High statistics correlator data.

I Analysis can track σel/T
accross the phase transition.

I No detailed info on
ρ-dissociation.
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Electrical conductivity in the quenched continuum [1012.4963], [1301-2.7436], Lat’14

Local current correlators are calculated on quenched ensembles and the
continuum limit is taken in T/Tc ∈ [1.1 : 1.45].

I The calculation includes both transport and bound-state phenomena.

I Reconstruction method: Ansatz.

I Pros:
I Full non-perturbative calculation.
I Continuum limit is taken.
I Very large lattices Nt ∈ [48 : 64] and Ns/Nt ∈ [2.5 : 3].

I Cons:
I Quenched.
I Only temperatures above Tc available and feasible.
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Electrical conductivity in the quenched continuum [1012.4963], [1301-2.7436], Lat’14

First study to use the Ansatz at T/Tc ∼ 1.45 in the continuum [1012.4963].
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Ansatz for SPF:

ρ(ω) = ρpeak(ω) + kρfree(ω).

I Reliable calculation of σel/T .
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Electrical conductivity in the quenched continuum [1012.4963], [1301-2.7436], Lat’14

Extended to larger lattices with T ∼ 1.1Tc and T ∼ 1.2Tc [1301-2.7436], Lat’14
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Figure 5.19: Electrical conductivity for temperatures 1.1 Tc, 1.2 Tc and 1.4 Tc, with sys-
tematic error estimates as laid out in section 5.6.2, with a maximal ω0 = 1.5 and
∆ω = 0.1, see also tables 5.5 and 5.6. To compare the temperature dependence, re-
sults are given in units of temperature T (left) and in units of the critical temperature
Tc (right).

correlators normalized by the quark number susceptibility as T 2 ·Gii(τT )/χq ·Gfree
V (τT ).

The ratios are smooth so they allow for a cubic spline interpolation on the coarser
lattices. The continuum extrapolation is well behaved and removes lattice cutoff effects
down to distances τT = 0.125 at 1.1 Tc and τT = 0.142 at 1.2 Tc.
Spectral functions have been extracted successfully from the continuum extrapolated

correlators at all three temperatures by using a phenomenologically motivated ansatz.
This rather simple ansatz, consisting of a Breit-Wigner peak and a continuum contri-
bution, see eq. (5.7), is found to provide a good descriptions of the data set at all three
temperatures.
A systematic error analysis was performed via a parametrized modification of the

ansatz, by truncating the continuum contributions, see eq. (5.19). It is found that an
increasing continuum cutoff can not be fully compensated by an enhanced Breit-Wigner
peak, thus the truncated ansatz yields an inferior description of the data set. This allows
to find an upper limit for the Breit-Wigner contribution.
The spectral function is linked to the dilepton rate, which thus can be calculated for

all three temperatures. A summarizing plot of the spectral functions and associated
dilepton rates is provided in fig. 5.13.
In the low frequency limit, the spectral function also gives access to the electrical

conductivity as an important transport coefficient. With the systematic error estimates
in place, lower and upper bounds for the electrical conductivity have been calculated.
Within these limits, the conductivity shows no clear temperature dependence, see

fig. 5.19. The systematic error analysis – as currently employed – implies a low limit
for the electrical conductivity at each temperature. The upper limit is influence by

108

Ansatz for SPF:

ρ(ω) = ρpeak(ω) + kρfree(ω).

I Reliable calculation of σel/T .

I No clear signature of ρ-meson.
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EM current and sum rules [1212-2.4200]

Local current correlators are calculated on Nf = 2 Wilson-Clover
ensembles with mπ = 270MeV and T ∼ 1.2Tc .

I The calculation includes both transport and bound-state phenomena.

I A sum rule and T = 0 lattice data used to constrain the SPF.

I Reconstruction method: Ansatz.

I Pros:
I Thermal modification directly in terms of deviation from vacuum(!)
I Very large lattices Nt = 16 and Ns/Nt = 4 (for dynamical).
I Low mπ, large mπL ∼ 4.

I Cons:
I Only one lattice spacing.
I So far, only one temperature (T > Tc) analyzed.

A. Francis EM Spectral Functions from Lattice QCD



EM current and sum rules [1212-2.4200]

Local current correlators are calculated on Nf = 2 Wilson-Clover
ensembles with mπ = 270MeV and T ∼ 1.2Tc .

I The subtracted vector spf obeys the sum rule:

0 ≡
∫ ∞
−∞

dω

ω
(ρii (ω,T )− ρii (ω, 0)) =

∫ ∞
−∞

dω

ω
∆ρ(ω,T )

I The spf, ρ(ω,T = 0), in the reconstructed correlator constrains the
shape of the finite temperature spf, ρ(ω,T > 0).

I Use this sum rule as additional constraint and fit to:

∆ρ(ω,T ) = ρtransport(ω,T )− ρparticle(ω,T ) + ∆ρfree(ω,T ;T = 0)

I At this point: All thermal modification of the ρ-meson is forced into
ρparticle(ω,T ) ⇒ Will be extended soon.

A. Francis EM Spectral Functions from Lattice QCD



EM current and sum rules [1212-2.4200]
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I Use the reconstructed correlator
to form difference ∆G (τ,T ).

I In the fit: Width and mass of
ρparticle(ω,T ) is fixed from
T = 0 data.

I Reliable determination of
σel/T .

I Significant spectral weight in
the ρ-region, model-dependent!
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Summary

Status

I A number of lattice groups are attacking the problem of spf
reconstruction (at finite temperature).

I Electrical conductivities show good agreement over a number of
lattice setups and reconstruction methods.

I HQ diffusion needs to be further explored, but new studies are
underway.

I First results on bottomonium dissociation from lattice (NR)QCD.

Caveats

I SPF reconstruction is the central difficulty.

I Need high accuracy data and a large lattice sizes.

I Large scale (, expensive) lattice calculations required.

A. Francis EM Spectral Functions from Lattice QCD



Summary

Perspectives

I New calculations on larger lattices are under way:
I anisotropic Nf = 2 + 1, charmonia, shown at Lat’14.
I quenched, isotropic bottomonium using full QCD, shown at Lat’14.
I Nf = 2, Nt = 24, 20, 12 shown at QM’14.

I New reconstruction methods are being developed, shown at QM’14
and Lat’14.

I Improved codes to boost accuracy at reasonable computational cost.

I Theoretical understanding of finite momentum SPF is extending,
shown at MITP 07 2014 ⇒ Extend also lattice calculations.

I Also: Updates in vacuum vector spectroscopy from lattice QCD.

A. Francis EM Spectral Functions from Lattice QCD



Lots to do!
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Tetyana Galatyuk  for the HADES Collaboration 
Technische Universität Darmstadt / GSI 

MADAI.us 

l- 

γ* 

l+ 

RESULTS ON VIRTUAL-PHOTON 
PRODUCTION WITH HADES: 

 
RESUME AND PROSPECTS 



THE HADES MISSION 

ü  Stage I (2002 – 2008) 

ü  light collision systems à limited 
granularity of time-of-flight system 

ü  Stage II (2012 - 2015) 
ü  Heavy collision-systems 
ü  π-induced reactions 

q  Stage III (2020 - …) 

¨  Lepton pair excitation function up to 
8 GeV/u (medium-heavy systems) 
and (multi-)strange particle 

he
at

in
g 

compression 

Search 
(in this region) 
for new states of matter with 
rare and penetrating probes 

+ Various aspects of 
 baryon-resonances physics 



ELEMENTARY COLLISIONS 
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Phys.Rev. C85 (2012) 054005  Eur.Phys.J. A48 (2012) 64  Phys.Lett. B 690 (2010) 118 

pp 2.2 GeV pp 3.5 GeV pp/np 1.25 GeV 

q  Reference to study in-medium effects 
q  Probe for time-like electromagnetic structure of hadronic transitions! 

q  Simultaneous measurements of hadronic channels 
(ppàNNπ, ppàNNππ) à Cross-checks on known channels, 
detailed information on baryonic resonance production 



LOW-MASS DILEPTONS AT 1 – 2A GeV 

q  C+C: After η subtraction, coincides with (pp+np) 
q  Ar+KCl: First evidence for radiation from the “medium” 

in this energy regime! 

q  Rapid increase of relative yield reflects the number of 
Δ‘s/ N*’s regenerated in fireball 

Phys.Lett. B 690 (2010) 118 Phys.Rev.C 84 (2011) 014902 HADES PRELIMINARY 



REFERENCE FOR FAIR 
Vacuum: p+p 3.5 GeV 

Effect of electromagnetic form factors

à  Treatment of Dalitz decays of broad 
resonances is not well understood 

q  Clear “excess” over p+p below VM pole 

q  Interplay: In-medium ρ modifications 
 vs. secondary π reactions  

à Important constraint πN data (2014)! 

Cold matter: p+Nb 3.5 GeV Hot and dense matter: Nb+Nb 3.5 GeV 

Answer at SIS100 



THE HADES AT GSI, DARMSTADT, GERMANY 

q  HADES strategy: 

¨  Excitation function for low-mass lepton pairs and 
(multi-)strange baryons and mesons 

¨  Various aspects of baryon-resonance physics 

q  Beams provided by SIS18: π, proton, nuclei 

q  Full azimuthal coverage, 18 to 85 degree in polar angle 

q  Hadron and lepton identification 

q  Event-plane reconstruction 

q  e+e- pair acceptance 35% 

q  Mass resolution 2 % (ρ/ω region) 

q  ~ 80.000 channels 

q  50 kHz event rate (400 Mbyte/s peak data rate) 

p+p 3.5 GeV 

SIS 



HADES EVENT RECONSTRUCTION 

Operational at GSI since 2002 
Upgrade 2008 – 2010 

Recorded data sets 

e+ e- 

π- π+ 

Κ+ 
p 

d,4He 

t 

3He 

Particle identification by means of: 

Velocity vs. momentum 
dE/dx in the MDC and ToF 

Vertex reconstruction 

RICH rings 



FIXING IMPORTANT COMPONENTS OF THE HADRONIC COCKTAIL 
π0 and η from full conversion method 

q  HADES low mass spectrometer 
¨  Segmented target 

¨  RICH: X/X0 < 1%! 

¨  MDC: X/X0 ≈ 0.42% 

à specially optimized to minimize 
conversion and multiple scattering 

HADES p+Nb Phys. Rev. C 88, 024904 (2013) 

q  Crucial component of the cocktail	


q  η cross section provides constraint 
on Δ and N* contributions 

π0 

meson mT-scaling 



FIXING IMPORTANT COMPONENTS OF THE HADRONIC COCKTAIL 
π0 and η from full conversion method 

q  HADES low mass spectrometer 
¨  Segmented target 

¨  RICH: X/X0 < 1%! 

¨  MDC: X/X0 ≈ 0.42% 

à specially optimized to minimize 
conversion and multiple scattering 

HADES p+Nb Phys. Rev. C 88, 024904 (2013) 

q  Crucial component of the cocktail	


q  η cross section provides constraint 
on Δ and N* contributions 

π0 η 



π0/η  pT  DISTRIBUTION / YIELDS COMPARED TO TRANSPORT 

HADES p+Nb 3.5 GeV: 
π0  
η 



VIRTUAL PHOTON RADIATION FROM HOT AND DENSE QCD MATTER 
T 

µB 

Model: Ralf Rapp 
STAR: QM2014, 

NA60: EPJC 59 (2009) 607, 
CERES: Phys. Lett. B 666 (2006) 425, 
HADES: Phys.Rev.C84 (2011) 014902 

The HADES mission: 
verify the ρ-baryon coupling mechanism 
 



IN-MEDIUM SELF ENERGY OF THE RHO 

π 

N-1 

Δ 
> 

> 

N* 

N-1 

ρ	
 ρ	
 l+ 

l- 

π+ 

π- 

SPS, RHIC, LHC 

ρ - Δ/N*  couplings play substantial role in ρ melting observed in UrHIC 
à connection to elementary process of baryon-resonance Dalitz-decays  

Resonance Dalitz-decays 
NN bremsstrahlung 

N* 

N 

ρ	
 l+ 

N 

N 

SIS18 N 

l- 



q q q 
l+ 

l- 

γ* 
„meson cloud” 

time-like region q2 > 0 

space-like region q2 < 0 

Goal 

q  Understand Δ à Nγ* transition 

¨  Known from γN à Δ à πN 
 (exact QED calculation, Krivoruchenko et al. PRD 65 (2001) 017502) 

¨  Unknown at q2 >0! 

à  use models fitted to the space like data 
 G. Ramalho and T. Pena arxiv: 1205.2575v1 (2012) 

 

q  Excitation of a baryon can be carried by the meson cloud 

¨  Precise data from Jlab / MAMI / MIT 

¨  Strong hint for dominant contribution to the GM(Q2) 
from the meson cloud (30% at GM(0)) 
I.G. Aznauryan, V.D. Burkert Prog. Part. Nucl. Phys. 67, 1 (2012)) 1846 
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NN REFERENCE: e+e- IN p+p COLLISIONS AT 1.25 GeV	




q  First direct access to the Δ transition 
form factor in the time-like region 

¨  Data agree with QED calculation! 

¨  Branching ratio (Δ+àpe+e-) = 4.42×10-5 

NN REFERENCE: ppàppe+e- COLLISIONS AT 1.25 GEV	

Mass of 
missing 
particle 

(Mmiss = Mp) Invariant mass of e+e- 

Helicity angle 

Δ+→pe+e- 



ELEMENTARY REACTIONS VS. OBE MODEL 

One Boson Exchange calculations!
reproduce p+p, but not (yet) n+p !!
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q  Remarkable isospin effects 

¨  Role of the momentum distribution of 
the neutron inside the deuteron? 

¨  NN bremsstrahlung 
 
OBE models: different approaches to 
restore the gauge invariance 
à different types of the FF 
à different results 

 HADES : PLB 690 (2010) 118 
L.P. Kaptari and B. Kampfer, Phys. Rev. C 80 (2009) 064003; 
R. Shyam and U. Mosel, Phys. Rev. C 82 (2010) 062201 



NN REFERENCE: e+e- IN QF n+p COLLISIONS √s - 2mN ≈ mη	


γ*	


ρ	


N N 

N N 
R. Shyam and U. Mosel, 
PRC 82:062201, 2010 

Much better agreement with data 
when including π EM form factor 
à 
Sensitivity to hadronic 
electromagnetic structure  

Double Δ excitation plus "final 
state" interaction 

M. Bashkanov, H. Clement, 
Eur. Phys. J. A50, 107, (2014) 



ELEMENTARY REACTIONS IN TRANSPORT MODELS 

q  NN bremsstrahlung are calculated within the SPA model, 
restricting the emission process to elastic NN collisions 
(appr. is valid if Eγ < τ-1

NN ≈ 100 - 200 MeV) 

q  Δ contribution is treated explicitly by producing and decaying the 
resonance within a Dalitz-decay model in inelastic collisions 

q  The interference of elastic and inelastic channels is neglected. 



ELEMENTARY REACTIONS IN TRANSPORT MODELS pp 3.5 GeV 

HADES energy range is clearly in the 
resonance regime! 

J. Weil et al., Eur. Phys. J. A 48 (2012) 111 E.L. Bratkovskaya et al., Phys. Rev. C 87 (2013) 6, 064907 



ELEMENTARY REACTIONS IN TRANSPORT MODELS pp 3.5 GeV 

Many uncertainties: 
q  inclusive cross sections π, Δ, η, 

ω/ρ (fixed now by HADES) 

q  Δ à pe+e- transition (Dalitz 
decay), rates, EM transition form 
factors 

q  ρ - spectral function  

Check resonance 
contribution with πN data 



BARYON RESONANCES IN pp AT 3.5 GeV 

Recepie: 

q  Resonance model: production 
amplitude is given by incoherent sum of 
R contributions, isospin relations 

q  Starting point: R parametrization 
S. Teis et al., Z. Phys. A356 (1997) 421 

q  Take 4* resonances + empirical angular 
distributions  

q  BR(Ràpe+e-): point-like R-γ* vertex 
M. Zetenyi and Gy. Wolf., Heavy Ion Phys. 17 
(2003) 27 

q  For the overlaping R only one R with 
largest BR(Nπ) selected 

HADES Collab.: Eur. Phys. J. 50 A (2014) 82 



EXCLUSIVE ANALYSIS OF pp à pnπ+ AND pp à ppπ0 

q  Δ++ (1232) dominates 

q  Excelent description of Δ-line shape 
(„Moniz” FF) 

q  Δ+(1232), N*(1440), N*(1520),… 

q  N*1535: independent estimate by 
analysis of the pp à ppη Dalitz plot 
(K. Teilab Int.J.Mod.Phys.A26 (2011) 
694-696) 



RESONANCE MODEL DECOMPOSITION 
GiBUU 
UrQMD 

J. Weil et al., Eur. Phys. J. A48 (2012) 111 
S.A. Bass et al., Prog. Part. Nucl. Phys. 41 (1998) 255 

HADES Collab.: Eur. Phys. J. 50 A (2014) 82 



EXCLUSIVE DILEPTON PRODUCTION pp à pp e+e- 

]2 [GeV/c
-e+e

invM
0.2 0.4 0.6 0.8

)]2
 [b

ar
n/

(G
eV

/c
ee

/d
M

σd

-1010

-910

-810

-e+eγ→η
-e+e→ω
-e+e→ρ

-e+pe→(1232)Δ
-e+pe→R

total

-e+ ppe→pp 
 = 3.5 GeVkinE

ρ 

HADES Collab.: Eur. Phys. J. A (2014) 50: 82 

R assumes no ρ contribution 

q  Significant contribution from higher 
(than Δ) mass resonances 
(„QED”: point like RàNγ* vertex ) 

à  Fixed through decomposition of the 
exclusive π production: ppàppπ0 
and ppànpπ+ 

R 

N 

γ* 
e+ 

e- 



q  Supported by GiBUU (Janus Weil) 

à  large contributions from 
several Ν* and  Δ* resonances 

INCLUSIVE DILEPTON PRODUCTION 

R 

N 

γ* 
e+ 

e- 

ρ 

J. Weil et al., Eur. Phys. J. A 48 (2012) 111 



 
COLD MATTER 

EFFECTS 



pp AND pNb REACTIONS AT 3.5 GeV 

HADES: Phys.Lett. B715 (2012) 304-309  

q  First measurement of in-medium vector 
meson decays in the relevant momentum 
region (Pee down to 200 MeV/c) 

PDG Entry 2012, 2014 
BR(ηàe+e-) < 2.5x10-6 (90% CL) 

Still far above theoretical 
expectations: BR ≃ 5x10-9 



OMEGA IN COLD MATTER 
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q  High-momentum ω mesons 
“decouple”  from the medium 

 



OMEGA IN COLD MATTER 
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q  High-momentum ω mesons 
“decouple”  from the medium 

q  Reduced ω yield à strong absorption 
in the medium? 

q  Clear excess over p+p à role of the 
secondary ρ from N(1520), Δ(1700) 
à supported by transport GiBUU 
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FROM COLD TO 
HOT AND DENSE MATTER 

LOW-MASS EXCESS 



SYSTEMATICS OF DILEPTON MEASUREMENTS WITH HADES 
Ratio of e+e- yield from pNb to pp 

Reference spectra 
à  Measurement of NN reference 

spectra (pn at 1.25 GeV, pp at 1.25, 
2.2, 3.5 GeV) 
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SYSTEMATICS OF DILEPTON MEASUREMENTS WITH HADES 
Ratio of e+e- yield from pNb to pp 

Reference spectra 
à  Measurement of NN reference 

spectra (pn at 1.25 GeV, pp at 1.25, 
2.2, 3.5 GeV) 

Cold nuclear matter  
à  No differences observed for 

Pee > 0.8 GeV/c 

à  Additional e+e- yield for 
Pee < 0.8 GeV/c (F = 1.7) 
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SYSTEMATICS OF DILEPTON MEASUREMENTS WITH HADES 
Ratio of e+e- yield from pNb to pp 

Reference spectra 
à  Measurement of NN reference 

spectra (pn at 1.25 GeV, pp at 1.25, 
2.2, 3.5 GeV) 

Cold nuclear matter  
à  No differences observed for 

Pee > 0.8 GeV/c 

à  Additional e+e- yield for 
Pee < 0.8 GeV/c (F = 1.7) 

Hot and dense matter  
à  Excess yield scales with system 

size ~Apart
1.4  

à  Life time of the fireball? ]2 [MeV/ceeM
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HADES “RESONANCE CLOCK” 

Rapid increase of relative yield 
reflects the number of ρ‘s 
regenerated in fireball 

“ρ clock” 

Na60 data:  EPJC 61 (2009) 711 

“R clock” 

■  p+Nb (Apart=2.7): F = 1.7 
■ Ar+KCl (Apart=38): F = 2.5 – 3 
■ Au+Au (Apart=180): F = 8 – 10 
à Δ/Ν* regeneration 

HADES: Phys.Rev.C84:014902,2011  
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ISOLATION OF EXCESS BY A COMPARISON WITH 
A MEASURED HADRONIC COCKTAIL 



ACCEPTANCE-CORRECTED µ+µ- EXCESS SPECTRUM 

Data: EPJC 59 (2009) 607 
R.Rapp: NPA806 (2008) 339   

In+In 158 GeV/u  

q  Isolation of excess by subtraction of 
measured decay cocktail (without ρ), 
based solely on local criteria for the 
major sources η, ω and φ	


	


 

q  Strength of dilepton yield at low 
masses is due to coupling to baryons! 



DIELECTRONS FROM HADES 

q  Dilepton “excess” isolated by comparison 
to measured decay cocktail (same recipe 
as NA60) 

q  Systematic uncertainties due to accuracy 
on η multiplicities (-15%)  

à  Coupling to baryon resonances: 
introduces strong deviations from 
Breit-Wigner shape (already in pp!) 



VIRTUAL PHOTON EMISSION IN A+A COLLISIONS - TRANSPORT 

GiBUU with vac. SF misses 
data à room for medium 
modifications! 

HSD & iQMD 
“…the dilepton enhancement observed in Fig. 32 (and hence 
also in the experimental spectra) is due to bremsstrahlung and 
due to the Δ dynamics in the medium. Both are not related to 
collective effects like the in-medium modifications of spectral 
functions but are a mere consequence of the presence of other 
nucleons in the nuclei”. 

J. Weil et al., Eur. Phys. J. A 48 (2012) 111 

Phys. Rev. C 87 (2013) 6, 064907 



IN-MEDIUM RHO FROM HADES  

UrQMD-medium evolution + RW-QFT rates 
S. Endres et al. 



DILEPTONS, HADRONIC RESONANCES AND PHASE DIAGRAM OF MATTER 

In-medium ρ spectral function 

P. Hohler and R. Rapp, PLB 731 (2014) 103 

Temperature dependence of the 
chiral quark condensate 

•  Thermal Lattice QCD 
--  Hadron resonance gas 
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effective hadronic theory 

1. Σh = mq 〈h|qq|h〉  > 0    contains   quark core + “pion cloud”  

2. Excitation of the vacuum (melting of condensate) matches spectral medium effects 

π 
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”IF YOU ARE OUT TO DESCRIBE THE TRUTH, LEAVE ELEGANCE TO THE TAILOR” 
A. EINSTEIN 

PERSPECTIVES OF THE π BEAM EXPERIMENTS 



FROM pp TO π-p EXPERIMENTS 
Dilepton emission in pp 

¨  sensitivity to the coupling of  vector mesons to 
baryonic resonances / time-like EM structure 

¨  complementary information in hadronic channels 

¨  useful constraints to study in-medium effects 

à  Limitations: 
¨  uncertainties due to pp interaction 

¨  many resonances contributing with broad mass distributions 

¨  small acceptance for exclusive channels  

 

π-p→ne+e-  below ρ/ω production threshold 

à  Advantages: 
¨  interaction better known  

¨  fixed mass of the resonance in s channel 

¨  much larger acceptance for exclusive channels 

o  electromagnetic   π-p→ne+e- 

o  hadronic π-p→ pπ-, nπ+π-, pπ0π- 
ω	
η	




PION BEAM RUN IN 2014 
q  πA experiments: 

¨  In-medium effects 
(strange and vector mesons)  

q  πp experiments 
¨  Resonance-Dalitz decays 

¨  Special interest to sub-threshold 
vector meson production 

à  Crucial to control the interpretation 
of medium effects from SIS to LHC 

à  Unique chance to study Time-Like 
electromagnetic structure of 
higher lying resonances 

Primary beam: 
1011 N (2A GeV) /spill 
 
SIS fast ramping 
 
Spill: 4s cycle 
 
Stable run for 3 weeks! 
 
 
Secondary π beam: 
§  Intensity I=106 π-/s 
§  Momentum: 

0.6 < p < 1.5 GeV/c 

à  Successful test of the pion tracker and 
beam optics in May 2014! 

à  First beam in July, pπ = 1.7 GeV 
à  August-September, pπ = 0.69 GeV  



ONLINE SPECTRA FROM JULY 

Measurement combined with 

machine developments 

for SIS100 
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THE HADES COLLABORATION 

➺  Catania, Italy 
➺  Coimbra, Portugal 

➺  Cracow, Poland 
➺ GSI Damstadt, Germany 

➺  TU Darmstadt, Germany 
➺ Dresden, Germany 
➺ Dubna, Russia 
➺  Frankfurt, Germany 
➺ Giessen, Germany 
➺  Lisboa, Portugal 
➺ München, Germany 
➺ Milano, Italy 

➺ Moscow, Russia 
➺ Nicosia, Cyprus 

➺ Orsay, France 
➺ Rez, Czech Rep. 

➺ Santiago de Compostela, Spain 

18 institution partners 
~100 collaborators 



SUMMARY 

HADES provides a high-quality data on dilepton emission from A+A and elementary 
collisions, including exclusive analysis.   

q  Unique possibility of characterizing properties of baryon rich matter 
with rare probes: 

o  Contributions from the dense/early phase a quite featureless 
à strong broadening of in-medium states!(?) 

o  Interesting observations in strangeness production 

q  Urgent need of pion induced reactions 

o  Elementary reactions are very important to control the interpretation of 
medium effects (lesson from HADES dilepton experimental program) 

o  Unique chance to study time-like electromagnetic structure of higher lying 
resonances/coupling to ρ/ω mesons 

o  GSI pion beam is unique in world at present to provide these data. 



THANK YOU! 



IN-MEDIUM VECTOR MESON MODIFICATIONS 

In-medium spectra function 
depends on ρNN* coupling! 

Main contributions: N(1520), 
N(1720), Δ(1910) 

π 

N-1 

Δ 
> 

> 

N* 

N-1 

ρ	
 ρ	
ρ	
 ρ	

+

R. Rapp, J. Wambach, Eur. Phys. J. A 6 (1999) 415 
V.L. Eletsky, M. Belkacem, P.J. Ellis, J.I. Kapusta, Phys. Rev. C 64 (2001) 035202 

T = 0 MeV 

T = 100 MeV 



IS THE DLS DATA WRONG? 

HADES data in the acceptance of DLS, 
compared to DLS data."

C+C p+p d+p 

DLS Data: 
R.J. Porter et al.: PRL 79 (1997) 1229  

 
HADES data: 

PLB 663 (2008) 43, 
arXiv:1203.2549, PLB 690 (2010) 118 

 

HADES and DLS data agree ! 



SEARCHING FOR THE LANDMARKS OF THE PHASE DIAGRAM OF MATTER 

SIS18 (1 – 2A GeV): 
moderate densities but long lifetime 

q  T < 80 MeV 

q  ρmax/ρ0 ≅ 1 - 3, τ > 15 fm/c 

q  <qq> substantially depleted 

q  Nπ/Apart ≈ 10% 

SIS18 (proton beam at 3.5 GeV): 

q  Reference for FAIIR 

 

Critical point? (Lattice QCD) 
Cross over 

E
ar

ly
 U

ni
ve

rs
e 

Neutron Stars Nuclei 

Quark-Gluon Plasma 

Hadron gas 

€ 

< qq >T ,µB

< qq >T =0,µB =0

Chiral? 
Quarkyonic? 

1st order phase boundary? 

Andronic et al., Nucl. Phys. A 837 (2010) 65 
J. Cleymans and K. Redlich, Phys. Rev. C 60 (1999) 054908 
Condensate: B.J. Schaefer and J. Wambach 
HADES data (green): M. Lorenz et al. [HADES Collaboration], Nucl. Phys. A  (2014) QM14 
FOPI data (lila):  X. Lopez et al. [FOPI Collaboration], Phys. Rev. C 76 (2007) 052203 



“EXCESS” VS. BEAM ENERGY AND SYSTEM SIZE 

q   baryonic contrib. in Ar+KCl  >> C+C 

q   scales with Ebeam like π production 

q   scales with ≈ <Apart>1.4  

Yield/Apart 

e+e- „excess” pairs: 
HADES                 (LVL1) 
DLS                      (min. bias) 

 π0 and η from TAPS            (min. bias) 



THE INTERFERENCE EFFECS 

Minv distribution of e+e− in pp and pn collisions as a 
coherent sum (solid lines) vs. an incoherent 

summation (dashed lines) 

The interference effects become significant at higher values of the di-electron 
invariant mass and reduce the cross section by a factor of about 2 − 2.5! 
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Electromagnetic Observables and Hydrodynamics

Charles Gale

¢Sources & EM emissivity: Rates

¢Modelling the evolving system: 


� 3D viscous hydro

� Fluctuating initial states


¢How are the photon yield and v2 
dependent on the dynamics?


¢Photons as a characterization tool: 
Temperature (& shear viscosity)


¢Status of our interpretation of the 
data

McGill University

Figure: K. Reygers (2014)



Charles Gale

Why study photons and dileptons in relativistic 
nuclear collisions?

¢Penetrating probes: negligible final state effects 
(   ) 

¢Real and virtual photons are complementary, 
and they supplement hadronic observables 

¢Thermal photon emission rate favours hotter 
zones of the colliding system 

¢Emitted throughout the collision history 
¢Low emission rates 
¢Procedure: Calculate thermal emission rates & 
use hydrodynamics to model the evolution. 
Integrate rates over whole history 2

α



Charles Gale

Sources of photons in a relativistic 
nuclear collision:

Hard direct photons. pQCD with shadowing 
Non-thermal

Fragmentation photons. pQCD with shadowing 
Non-thermal

Thermal photons 
Thermal

 Jet in-medium bremsstrahlung 
Thermal

 Jet-plasma photons  
Thermal

3

Pre-equilibrium?



Charles Gale

INFO CARRIED BY THE THERMAL RADIATION 

4

Emission rates:

(photons)

E+E−

d 6R
d 3p+d

3p−
=
2e2

(2π )6
1
k 4
Lµν ImΠµν

R (ω ,k) 1
eβω −1

(dileptons)

ω d 3R
d 3k

= − gµν

(2π )3
ImΠµν

R (ω ,k) 1
eβω −1

dR = −
gµν

2ω
d 3k
(2π )3

1
Z

e−βKi (2π )4δ (pi − pf − k)
f
∑

i
∑

× 〈 j | Jµ | i〉〈i | Jν | j〉

Thermal ensemble average of the current-current correlator

Feinberg (76), McLerran, Toimela (85) 
Weldon (90), Gale, Kapusta (91) 



Charles Gale

(FOR DILEPTONS:)

5

Im < JµJν >T ⇒
VMD

Im < ρµρν >T⇒ ImDµν
T ⇒ Vector spectral density

and similar expressions for the pseudoscalar resonance P ′. For the f1(1285) an additional integration over the mass
distribution of the ρ from the heat bath has to be performed:

ΣL,T
ρρf1

(q0, q) = G2
ρρf1

∫

M2dM2

π
Aρ(m2)

∫

p⃗2d|p⃗|dx

(2π)22p0

[fρ(p0) − fρρ(p0 + q0)] Fρρf1
(qcm)2

× Df1
(s) vL,T

f1
(p, q) , (29)

where M2
2 = p2

0 − p⃗2.
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FIG. 1. The real and imaginary parts of the polarization-averaged ρ self-energy (lower and upper panel, respectively). The
different channels are labelled explicitly and explained in the text. Note that the ππ channel is absent for the sake of clarity.

In Fig. 1 the real and imaginary parts of the individual spin-averaged self-energy contributions,

ΣρhR(M, q) =
1

3

[

ΣL
ρhR(M, q) + 2ΣT

ρhR(M, q)
]

, (30)

(h = π, K, ρ) are shown at fixed three-momentum modulus |q⃗| = 0.3 GeV in the lower and upper panel, respectively.
Around and above the free mass mρ, the strongest absorption is caused by a1(1260) resonance formation, which is
about as large as the sum of all other channels, shared to roughly equal amounts between K1(1270), h1(1170) and
π′(1300). The K1(1270) curve acquires its maximum at lower M than the pion-resonances due to the higher thermal
energies of the kaons (including their rest mass). In the low-mass region M ≤ 0.6 GeV, the dominant contribution
is due to the ω-meson, which, however, barely leaves any trace in the resonance region. It is also seen that the
effect of the f1 is very small. In the real part of the total self-energy we observe appreciable cancellations, until

7

with the longitudinal and transverse self-energy parts

ΣL
ρ = Σρππ +

∑

α

ΣL
ρα

ΣT
ρ = Σρππ +

∑

α

ΣT
ρα , (34)

where the summation is over the mesonic excitation channels α=πω, πh1, πa1, ππ′, KK1, K̄K̄1, ρf1, as discussed,
and Σρππ now contains the Bose-Einstein factors through Eq. (31). We find that the thermal ρ spectral function
undergoes a broadening (defined as the full width at half maximum) of about 80 MeV at T = 150 MeV (with little
three-momentum dependence, see also, e.g., Ref. [15]), which almost doubles to ∼ 155 MeV at T = 180 MeV. Those
values are a factor of 2 larger than the collisional broadening found in Ref. [22] based on on-shell scattering amplitudes.
In Ref. [18] the ρ meson self-energy has also been evaluated for on-shell ρ mesons using the Tρh-ϱh approximation (i.e.,
the self-energy being proportional to the ρ-h scattering amplitude and the matter particle density ϱh). For a pion gas
of density nπ = 1.5 fm−3 a broadening of 400 MeV has been quoted, which, when rescaling to a density of 0.12 fm−3

(corresponding to thermal equilibrium at T = 150 MeV) gives ∼ 30 MeV, again about a factor 2 smaller than our
results; this is not surprising as the meson resonances included in ref. [18] were the a1(1260), π′(1300), a2(1320) and
ω(1420), the latter three contributing rather little at the free ρ mass M = mρ. On the other hand, the recent kinetic
theory treatment performed in Ref. [19] does agree with our findings. However, we would like to stress again that
our approach consistently accounts for the empirical radiative decays at the same time, which is crucial for reliable
predictions of low-mass dilepton production to be addressed in the next section. The shift of the pole mass, defined
by the zero crossing in the real part of the propagator, turns out to be negligible, moving from M = 773 MeV in
vacuum to M = 776 MeV at T = 150 MeV.
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FIG. 3. Imaginary part of the ρ-propagator (spectral function) in the vacuum (dotted curve), and in a thermal gas including
the full in-medium self-energies, Eq. (34), for fixed three-momentum q = 0.3 GeV at temperatures T = 120 MeV (long-dashed
curve), T = 150 MeV (dashed curve) and T = 180 MeV (dotted curve).

V. DILEPTON PRODUCTION

The differential dilepton production rate per unit four-volume and four-momentum in hot matter can be decomposed
as [20]

9

Rapp and Gale, PRC (1999)
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Fig. 5. Spectral function of the ρ meson in hot hadronic matter; left panel: in hot
and dense matter for temperatures T=120, 150 and 180MeV and at fixed baryon
chemical potential of µB=330MeV, corresponding to baryon densities of 0.1ϱ0,
0.7ϱ0 and 2.6ϱ0, respectively (ϱ0=0.16 fm−3); right panel: in a hot meson with all
baryon-induced medium effects switched off.

heavy-ion collisions at the CERN-SPS is displayed in the left panel of Fig. 5.
The ρ resonance peak undergoes a strong broadening, indicative for its ul-
timate “melting” close to the phase transition. The medium modifications,
especially the low-mass enhancement, are much reduced if baryon-induced
effects are switched off, see right panel of Fig. 5.

Let us briefly allude to medium effects in the dip region, i.e., for masses
between 1 and 1.5GeV. In this regime the continuum starts to develop,
characterized by multi-meson contributions in the spectral function whose
interactions with a medium are difficult to assess microscopically. Fortu-
nately, one can make a more simple yet elegant argument based on chiral
symmetry to estimate the medium effects on the spectral function. It was
first developed in Ref. [22] for the finite-temperature case. Using current
algebra in the chiral limit (mπ = 0), the interactions of the vector and axi-
alvector correlators with a lukewarm pion gas were shown to result in their
mutual mixing as

ΠV (q) = (1− ε) Πvac
V (q) + ε Πvac

A (q) (10)

(and likewise for the axialvector upon exchanging V ↔ A), with the mixing
parameter ε=T 2/6f2

π
. The model-independent leading-temperature effect

on the vector spectral function is an interaction with a thermal pion which
reduces the strength at its resonance and moves it into the axialvector res-

R. Rapp, Act. Phys. Pol. (2011)

ρB / ρ0 = 0.1, 0.7, 2.6



Charles Gale

Thermal Photons from hot QCD: HTL program (Klimov 
(1981), Weldon (1982), Braaten & Pisarski (1990); 

Frenkel & Taylor (1990))

Kapusta, Lichard, 
Seibert (1991) 
Baier, Nakkagawa, 
Niegawa, Redlich (1992)

Going to two loops:  Aurenche, Kobes, Gélis, Petitgirard (1996) 
                    Aurenche, Gélis, Kobes, Zaraket (1998) 

Co-linear singularities:

6

2001: Results complete at O(α s )
Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)!
Incorporate LPM; Inclusive treatment of collinear enhancement, 

photon and gluon emission!



Charles Gale

Going beyond LO AMY rates?

7

•Approach is LO, but  
!

!
•Integral equation can be 
written in terms of a Dyson-
Schwinger type iteration... 
!

which contains a scattering 
kernel: 

 α s ∼ 0.2 − 0.3

Aurenche, Gélis, Zaraket (2002)

The techniques used to derive this - and all results in perturbative, 
finite-temperature field theory - rely on the scale separation:
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Figure 3: Tree and one-loop diagrams contributing to C(q⊥).
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Each bracket includes the contributions of one fish and one tadpole diagram, while the
last one also includes the ghost loop.

The (linear) ultraviolet divergences in (11) are to be canceled by matching counter-
terms that can be unambiguously calculated within the framework of dimensional re-
duction [37, 38]. They merely represent the (hard thermal loop) coupling of the n ̸= 0
gluons to the soft n = 0 ones, e.g. the gluon contribution to the A0 mass squared
m2

D. The fact that the direct coupling to exchange gluons with q0 = q3 ̸= 0 does not
contribute to the divergences can also be checked explicitly, from the convergence, with
respect to q3, of the real-time integral (22) (this justifies making the soft approximation
on q0). Thus the divergences in (11) do not signal the presence of “new contributions”
beyond the EQCD effective theory, as discussed in section 3.2.

Employing dimensional regularization, the divergences simply go away8 and the
counter-terms are zero to O(g) [38]. This way we obtain (all our arctangents run from
0 to π/2):
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7
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⊥
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)

8πq4⊥
(12)

8 The dimensionally-regulated integrals (11) have poles in dimensions 2 and 4 but are finite and
unambiguous in dimension 3.
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Charles Gale

The LO-NLO scattering kernel(s)

8

Clue that NLO effects might be important: Heavy quark diffusion 

C(q⊥ ) LO →C(q⊥ ) NLO Simon Caron-Huot PRD (2009)
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Figure 3: Tree and one-loop diagrams contributing to C(q⊥).
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last one also includes the ghost loop.

The (linear) ultraviolet divergences in (11) are to be canceled by matching counter-
terms that can be unambiguously calculated within the framework of dimensional re-
duction [37, 38]. They merely represent the (hard thermal loop) coupling of the n ̸= 0
gluons to the soft n = 0 ones, e.g. the gluon contribution to the A0 mass squared
m2

D. The fact that the direct coupling to exchange gluons with q0 = q3 ̸= 0 does not
contribute to the divergences can also be checked explicitly, from the convergence, with
respect to q3, of the real-time integral (22) (this justifies making the soft approximation
on q0). Thus the divergences in (11) do not signal the presence of “new contributions”
beyond the EQCD effective theory, as discussed in section 3.2.

Employing dimensional regularization, the divergences simply go away8 and the
counter-terms are zero to O(g) [38]. This way we obtain (all our arctangents run from
0 to π/2):
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Figure 1: LO and NLO collision kernels C(q⊥) ≡ (2π)2dΓ/d2q⊥ for a fast quark in QCD
(with Nf = 3), for αs = 0.1 and αs = 0.3. For gluons the curves are to be multiplied
by a (Casimir) factor 9/4.

The “leading order curves” is based on the full (unscreened) expression (22) at hard
momenta, multiplied by q2⊥/(q

2
⊥+m2

D) to make it merge smoothly with the analytic
result (10) at low momenta, following the prescription given in [26]. The “next-to-
leading order” curves use the leading order curves plus C(q⊥)(NLO) given in (20).

The NLO correction is already quite large for αs = 0.1, giving nearly a factor
of 2 around q⊥ ≈ T . As discussed in the Introduction, this is consistent with the
behavior observed for O(g) effects in other quantities. At αs = 0.3, a typical value
used in comparisons with RHIC data (see e.g. [27]), it is clear that the strength of
the correction has grown out of control, meaning that (presently unknown) yet higher-
order corrections are most certainly also important (though our results suggest that
the value of αs needed to fit the data might be significantly smaller than the estimate
of [27]).

An interesting by-product of the approach used in this paper is that it extends
naturally to higher orders: it makes perfect sense to evaluate the gauge-invariant Wil-
son loop (9) nonperturbatively within the Euclidean three-dimensional EQCD theory,
for instance using the lattice. Although this may not include all O(g2) corrections to
C(q⊥) (contributions from the hard scale 2πT will be missed), by analogy with the
works on the pressure discussed in the Introduction, these missing contributions can
be expected to be numerically suppressed1. We leave to future work the study of this
interesting possibility.

1Their description could turn out be very complicated, though, because jet evolution at O(g2)
should contain, among other things, the analog of the NLO vacuum DGLAP splitting amplitudes in
the presence of the LPM effect (described below). Also, various effects involving the scale evolution
of the medium constituents and coupling constant evolution should arise.

3

Possible large effects on photon production!?
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The LO-NLO scattering kernels

9

The two main contributions:

Ghiglieri, Hong, et al., JHEP (2013)

g

Simon Caron-Huot PRD (2009)
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ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills: 
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

Parameters and form factors are constrained by  
hadronic phenomenology: 
•Masses & strong decay widths 
•Electromagnetic decay widths 
•Other hadronic observables: 

• e.g.   
10

a1 ! ⇡⇢ D/S (See also, Lichard and Vojik, Nucl. Phys. (2010); 
Lichard and Juran, PRD (2008))

EM emissivities computed: Turbide, Rapp, Gale, PRC (2004); 
Turbide, McGill PhD (2006)
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ELECTROMAGNETIC RADIATION FROM HADRONS
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All allowed s-, t-, and u- Born graphs of the reactions:

X +Y → Z + γ
ρ →Y + Z + γ
K * →Y + Z + γ}X,Y ,Z ∈{ρ,π ,K *,K}

main. Also, results obtained with SU!3" chiral reduction for-
mulas [28], coupled with an expansion in temperature,
suggest that the strangeness contribution is not large. Here,
we seek to quantify the latter relative to the !"a1 emissivi-
ties within the same effective Lagrangian framework as en-
coded in the SU!3" extension implicit in Eq. (6). To opti-
mally reproduce the (measured) hadronic phenomenology,
we are, however, lead to decouple the nonstrange axial vec-
tor meson a1 from the strangeness sector. This allows to
simultaneously satisfy the (electromagnetic) Ward identities
and fix both the strange vector mass mK*=895 MeV indepen-
dent of the " mass, and the universal coupling constant as to
match the empirical value [22] of the K* width, #!K*
→K!"#50 MeV.
The specific channels included are: !K*→K$, K"→K$,

!K→K*$, KK*→!$, KK→"$, and K*→!K$. Again, all
possible isospin combinations are accounted for in the rate
calculations, which have been parametrized in functional
form in the Appendix. For a temperature of 200 MeV, the
leading production channels are shown in Fig. 2, with had-
ronic form factors implemented following the same proce-
dure, Eq. (11), as before (the last two contributions enumer-
ated above have been omitted, as they represent negligible
increments). At all energies of practical relevance !q0
%0.5 GeV" and including form factors, the K*!→K$ reac-
tion, mediated by t-channel ! exchange, turns out to be the
main emission source, which is in complete analogy to the
!"→!$ reaction in the nonstrange sector. In line with esti-
mates in Ref. [29], the former constitutes $40% of the latter
around q0=1 GeV, being reduced to about 20% at q0
=3 GeV.

C. In-medium self-energies with baryons

It is important to realize that thermal emission rates of
dileptons and photons are intimately connected, both being
based on the e.m. current-current correlator, albeit evaluated

in distinct kinematical domains, i.e., timelike !M2=q0
2

−q2&0" vs lightlike !M2=0", respectively. The latter may
imply the prevalence of different processes in the corre-
sponding observable, but consistency can and should be
tested. In particular, we recall that baryonic sources are very
important [16,30] for understanding the observed excess in
low-mass !M'1 GeV" dilepton production in (semi) central
Pb-Au collisions at both full !160A GeV" [31] and lower
!40A GeV" [17] SPS energy. It is therefore mandatory to
scrutinize the role of baryons in photon production, espe-
cially since most investigations thus far not revealed substan-
tial contributions [32–34].
We here make use of the hadronic many-body calcula-

tions of the in-medium "!770" spectral function [35–37],
which, when evaluated for M2→0, directly yield pertinent
photon emission rates via Eq. (4). Within the VDM, one has
(schematically)

Im (em = %
V=",),*

mV
4

gV
2 Im DV !12"

!mV, gV, and Im DV: vector-meson masses, coupling con-
stants, and spectral functions, respectively". In the follow-
ing we focus on contributions arising from the " meson,
which are dominant since g"

2/g)
2 #10. In addition to in-

medium effects in the pion cloud of the " meson !encoded
in a modified two-pion decay width +"!!", resonant
"-h!h=!, K, ", N, ,, . . ." interactions are incorporated
through self-energy expressions of type

+"h
-.!q0, q! ;T" =& d3p

!2!"3
1

2)h!p"
'fh„)h!p"…

− f"h„)h!p" + q0…(M"h
-.!p, q" , !13"

where the isospin averaged " scattering amplitude M"h is
integrated over the thermal distribution fh!)h!p""
= (exp')h!p"/T(±1)−1 of the corresponding hadron species
h with )h!p"=)mh

2+p!2. The advantage of writing the self-
energy in terms of the forward scattering amplitude is that
in-medium resonance widths, accounting for higher order
effects in temperature and density, are readily imple-
mented without facing problems of double counting. The
latter becomes more difficult to keep track of when evalu-
ating higher order topologies in the kinetic-theory ap-
proach represented by Eq. !5" '38(. All of the resonances
used in constructing the " self-energy are enumerated in
Refs. '26,36(, which also contains more details on how the
interactions are constrained by hadronic phenomenology.
The results from the hadronic many-body approach are

compiled in Fig. 3 for two temperature-density values char-
acteristic for meson-to-baryon ratios at full CERN-SPS en-
ergy !160A GeV".
The solid curve is the net photon spectrum obtained by

taking the full ("-meson) spectral density to the photon point,
whereas the long-dashed curve represents the nonbaryonic
(sub) component. One observes that the low-energy regime,
q0/1 GeV, of the photon emissivity is dominated by bary-
onic effects (quite reminiscent to what has been found for

FIG. 2. (Color online) Photon-producing reaction rates involv-
ing strange mesons at a temperature T=200 MeV with form factor
effects included.
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low-mass dileptons). These are mostly due to direct !N reso-
nances such as "!1232", N!1520", as well as "!1232"N−1
and NN−1 excitations in the two-pion cloud of the ! (which,
to leading order in density, correspond to t-channel one-pion
exchange in processes of type #N→$N). These contribu-
tions should be rather reliable for baryon densities up to at
least normal nuclear matter density, !0=0.16 fm−3, being
constrained by photoabsorption spectra on nucleons and nu-
clei [37] (including hadronic vertex form factors with rather
soft cutoff parameters around 600 MeV). At comparable
baryonic densities this approach yields about a factor of two
more photons than the results obtained in Ref. [32], where
only nucleonic degrees of freedom were accounted for within
the (on-shell) chiral reduction formalism (see Ref. [39] for an
update including "!1232" and N!1520" resonances).
Beyond #1 GeV, mesonic (resonance) states become the

dominant source of photons in the many-body approach,
which includes radiative decays of %!782", h1!1170",
a1!1260", f1!1285", #!1300", a2!1320", %!1420", %!1650",
K*!892", and K1!1270". In particular, the %→#$ decay ex-
hibits an appreciable low-energy strength, consistent with the
early results of Ref. [25]. Note that all hadronic vertices
carry (dipole) form factors with typical cutoff parameters of
around 1 GeV, as extracted from an optimal fit to measured
hadronic and radiative branching ratios within VDM [26];
t-channel exchange processes between mesons as discussed
in Sec. II B (e.g., OPE or a1 exchange in #!→#$) are not
implicit in the spectral densities leading to the results of Fig.
3. They are mostly relevant at photon energies beyond
1 GeV and therefore do not significantly figure into bulk
(low-mass) dilepton production, the latter being dominated
by (transverse) momenta qt&M. As mentioned above, the
underlying VDM coupling to the photon exclusively pro-
ceeds through the !!770" which implies that the strength in
the pertinent e.m. correlation function beyond mass/energy
scales of #1 GeV is no longer correctly saturated, as it is
restricted to two-pion-type states. The construction of the
total emission rate will be discussed in the following section.

D. ! t-channel exchange and total rate

Before combining the various contributions to the thermal
photon rate we investigate one more process of potential im-
portance which is not present in the above and, to our knowl-
edge, has not been addressed before. Within the SU!2" flavor
symmetry, the % is a chiral singlet, but is known to exhibit a

large coupling to #! and thus, via VDM, to #$ states. Its
s-channel decays have indeed been calculated as early as in
Ref. [25] (and are included above), but its t-channel ex-
change in the reaction #!→#$ has not. We here have cal-
culated the pertinent contribution to the thermal emission
rate using Eqs. (5) and (11) with the same coupling and form
factor type as for the s-channel graph [26] (corresponding to
Fig. 3), see below.
In Fig. 4 we summarize our results for the thermal photon

emissivities from hadronic matter as evaluated in the preced-
ing sections.
At low energies, q0'1 GeV, the emission rate from the

hadronic many-body approach (! spectral function) [36],
with major contributions from baryonic sources, dominates.
Between energies of 1 and 2 GeV, meson gas emissivities
become competitive and eventually dominate the rates at
high energies. Remarkably, the % t-channel exchange in #!

FIG. 3. (Color online) Thermal
photon production rate (under
conditions resembling CERN-SPS
Pb!158A GeV"+Pb collisions) in
the hadronic many-body approach
of Refs. [26,35,36] based on an
in-medium ! spectral function.
Left panel: for temperature and
baryon chemical potential !(B, T"
= !340, 150" MeV, right panel:
!(B, T"= !220, 200"MeV.

FIG. 4. (Color online) Compilation of thermal photon produc-
tion rates from hot and dense hadronic matter computed in the
present work at temperature T=200 MeV and baryonic chemical
potential (B=220 MeV (translating into total-pion to net-baryon
ratio of #5). Dashed and dotted lines correspond to the non/strange
MYM meson gas emissivities of Sec. II B using the parametriza-
tions given in the Appendix, solid line to the ! spectral function
approach including baryons, and the dashed-dotted line is solely
due to % t-channel exchange in #!→#$.

HADRONIC PRODUCTION OF THERMAL PHOTONS PHYSICAL REVIEW C 69, 014903 (2004)
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Turbide, Rapp, and Gale, PRC (2004)
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COMPARING RATES
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∼ 2 over essentially all (relevant) energies below 3 GeV might not be a mere coincidence. A similar behaviour has
been found before for dilepton production rates [36], perhaps suggesting a type of “quark-hadron duality” for e.m.
emission close to the expected phase boundary. It would be most valuable to shed further light on this issue from
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FIG. 5: (Color online) Comparison of HG and QGP photon production rates at T=200 MeV. Solid line: hadronic many-body
approach of Refs. [26, 35, 36] (solid curve), dashed line: mesonic contribution including hadronic form factors, dotted line:
simple pQCD result [25] according to Eq. (14), dashed-dotted line: complete leading-order QGP emission [40].

first principle lattice calculations, which, at the moment, are only reliable at sufficiently large invariant masses where
they are, as expected, close to perturbative results [41].

III. PHOTON SPECTRA IN ULTRARELATIVISTIC HEAVY-ION COLLISIONS

A. Hard Photons and Thermal Fireball Evolution

For a realistic comparison with direct photon spectra as extracted in heavy-ion collisions two further ingredients
are required.

First, the thermal rates of the previous sections have to be convoluted over the space-time history of the reaction.
Assuming that thermal equilibrium can be established and maintained, hydrodynamic simulations are the method of
choice, see e.g. Ref. [10]. Here we employ a more simple fireball model [36, 42], which incorporates essential elements
of hydrodynamic calculations. The fireball evolution is started at a ”formation” (or thermalization) time τ0 ≤ 1 fm/c,
which relates to the initial longitudinal extent of the firecylinder as ∆z ≃ ∆yτ0 with ∆y ≃ 1.8 corresponding to the
approximate rapidity coverage of a thermal distribution. The subsequent volume expansion, VFB(τ), is carried through
QGP, mixed and hadronic phases until ”thermal” freezeout at Tfo=100-120 MeV, where hadrons cease to interact.
The equations of state (EoS) for QGP and HG are modelled via thermal quasiparticles and a resonance gas (including
about 50 species), respectively. Based on the conservation of net baryon-number, NB, and total entropy, S, one is able
to extract the temperature and baryon chemical potential at any given (proper) time, thereby defining a trajectory in
the µB-T plane. The transition from the QGP to HG phase is placed at ”chemical freezeout” points extracted from
hadron ratios in experiment [43]. Consequently, in the HG evolution from chemical to thermal freezeout, hadrons
stable under strong interactions (pions, kaons, etc.) have to be conserved explicitly by introducing associate chemical
potentials (µπ , µK , etc.). This has not been done in previous calculations of thermal photon production [8, 9, 10],
and induces a significantly faster cooling in the hadronic phases [29]. In addition, at collider energies (RHIC and
LHC), the conservation of the observed antibaryon-to-baryon ratio (which at midrapidities is no longer small) in the
hadronic evolution becomes important [44]. An accordingly introduced (effective) chemical potential for antibaryons
has been shown to impact the chemistry at later stages appreciably [44] (in particular, it is at the origin of large
meson-chemical potentials, again implying faster cooling). For each collision energy, the value of the specific entropy,
S/NB, is fixed to reproduce observed hadron abundances. The total yield of thermal photons in an A-A collision then

Turbide, Rapp, and Gale, PRC (2004)

Integrate rates with 
hydro evolution
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¢At low pT, spectrum dominated by thermal 
components (HG, QGP) 

¢At high pT, spectrum dominated by pQCD 
¢Window for jet-QPG contributions at mid-

pT? 
¢All hydro calculations undershoot low pT 

photons

13Turbide, Gale, Frodermann, Heinz, PRC (2008);

Higher pT: G. Qin et al., PRC (2009)

Photon Production in Hot and Dense Strongly Interacting Matter 23

4 6 8 10 12 14 16
PT [GeV]

10-9

10-8

10-7

10-6

10-5

10-4

10-3

dN
γ 
/d

2 p Tdy
 [G

eV
-2

] Sum
prompt-direct
jet-QGP (non-coll)
jet-QGP (coll)
prompt-frag.
Thermal QGP
PHENIX

Au+Au at RHIC
0 - 10 % Central

Fig. 18. The spectrum of real photons measured in Au - Au collisions at RHIC. The top panel
data is extracted following the same technique (identifying low mass dileptons with a virtual
photon) as that used for the low momentum part of Figure 13, and is for a centrality class of
0 - 20%. The data set “PHENIX (1)” is from [65], while the data set “PHENIX (2)” is from
[67]. The latter supersedes the former. The bottom panel is for a centrality class of 0 - 10%;
the higher momentum data there corresponds to a direct measurement and is from Ref. [68].
The different contributions are discussed in the main text.

RγAA(b, pT ,y) =

∫ 2π
0 dφdNγ (b)/d2pT dy

2πTAB(b)dσ pp
prompt/d2pTdy

(33)

we only consider y = 0 in this work. Also, as advertised previously, the azimuthal anisotropy
coefficient might help disentangle some of the photon sources. Both these projections of the
data are examined. In what concerns RγAA, it is first useful to isolate some of the cold nuclear
matter effects; this is done in the left panel of Figure 19. In these estimates, a considerable
effect on the nuclear modification factor is caused by neglecting the jet-plasma photons. This
amounts to a reduction of approximately 30% (at intermediate values of pT ), as seen in the
right panel of Fig. 19. The two extreme cases - where jet-plasma photons are present or not -
bracket the experimental data; the current large error bars do not permit a choice. The apparent
downward trend of the data is intriguing. Isospin contributes to this as noticed in Ref. [70], and
seen in the left panel. Notably, in the calculations presented here, the additional suppression in
RγAA originates from the fact that jets fragmenting into photons have lost energy. This consti-

PHOTONS @ RHIC: RATES ARE INTEGRATED USING 
“STANDARD” RELATIVISTIC HYDRODYNAMIC MODELLING

2

FIG. 1: (Color online) Measured and calculated photon spectra in 0−20% centrality Au+Au collisions at RHIC (a) and 0−40%
centrality Pb+Pb collisions at the LHC (b). Photons from thermal sources and from pQCD are shown separately, as well as
their sum. The Au+Au collisions data at RHIC (a) are from the PHENIX Collaboration [6], those for Pb+Pb collisions at the
LHC (b) from the ALICE Collaboration [7]. See text for a detailed discussion.

initially “dim” gluon plasma and a QGP that reaches
chemical equilibrium very quickly? In an attempt to
start answering questions such as these, and to exploit
the penetrating nature of the electromagnetic radiation,
the space-time history of photon emission is explored.
We show that strategic cuts on the photon transverse
momentum have the potential to make their thermomet-
ric nature even more explicit.

The dynamical evolution of the radiating fireball is
modeled with the boost-invariant hydrodynamic code
VISH2+1 [15], using parameters extracted from pre-
vious phenomenologically successful studies of hadron
production in 200AGeV Au+Au collisions at RHIC
[16, 17] and in 2.76ATeV Pb+Pb collisions at the LHC
[18, 19]. We here use ensemble-averaged Monte-Carlo
Glauber (MCGlb) initial conditions which we propagate
with η/s=0.08 [16–19] and the lattice-based equation of
state (EoS) s95p-PCE-v0 [20] which implements chemi-
cal freeze-out at Tchem=165MeV. We start the hydro-
dynamic evolution at τ0 =0.6 fm/c, corresponding to a
peak initial temperature (energy density) in the fire-
ball center of T0 =452MeV (e0 =62GeV/fm3) at the
LHC (Pb+Pb at 0−40% centrality), and of T0=370MeV
(e0 =35GeV/fm3) at RHIC (Au+Au at 0−20% central-
ity). We end it on an isothermal hadronic freeze-out sur-
face of temperature Tdec=120MeV.

Photons are emitted from the fireball using photon
emission rates that are corrected [10] for deviations from
local thermal equilibrium caused by the non-zero shear
viscosity of the medium. We keep all terms linear in
the viscous pressure tensor πµν , both in the in- and out-
going distribution functions and in the self-energies of
the particles exchanged in the radiative collision pro-
cesses. At this point we include only 2→ 2 scatter-
ing processes; in the QGP our 2→ 2 rates are accu-
rate to leading order of the strong coupling constant

[10]. (A complete leading-order calculation including
soft collinear gluon emission and its viscous corrections
is under way.) We focus on photons with pT < 4GeV
and ignore the contributions from hard pre-equilibrium
processes which do not significantly affect the extrac-
tion of the inverse photon slope in this pT -region [21].
The hadronic phase (HG) is modeled as an interact-
ing meson gas within the SU(3)×SU(3) massive Yang-
Mills approach (see Refs. [22–24] for details), with non-
equilibrium chemical potentials to account for chemical
decoupling at Tchem=165MeV. Both approaches to com-
puting the emission rates are expected to break down in
the phase transition region. To avoid discontinuities, the
QGP and HG emission rates are linearly interpolated in
the temperature window 184MeV<T < 220MeV where
our employed EoS [20] interpolates continuously between
the lattice QCD data and the hadron resonance gas
model in such a way that the smooth crossover character
of the phase transition seen on the lattice is preserved.

As a prelude to the temperature studies to be reported
in this work, it is useful to compare the results of our
calculations with the photon spectra measurements per-
formed at RHIC and at the LHC by the PHENIX and
ALICE collaboration, respectively. The calculated spec-
tra shown in Figure 1 include the thermal rates corrected
for shear viscosity effects integrated over the viscous hy-
drodynamical space-time evolution, and also the prompt
photons resulting from the very early interactions of the
partons distributed inside the nucleus. The photon rates
used for these spectrum calculations differ slightly from
what is used in the rest of this paper, due to the sensi-
tivity of the photon spectra to details of the rates that
are not relevant for the study of effective temperatures.
For the QGP rate, the full leading order ideal rate is
used instead of the 2 → 2 one, together with the vis-
cous correction to the 2 → 2 rate. This is justified by

Shen, Heinz, Paquet, Gale, 

PRC (2014)
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT 
MATTER CREATED AT RHIC
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FIG. 3: (color online) The fraction of the direct photon com-
ponent as a function of pT . The error bars and the error band
represent the statistical and systematic uncertainties, respec-
tively. The curves are from a NLO pQCD calculation (see
text).

distorted within the systematic uncertainties, and the
fitting procedure is applied to the distorted spectrum to
determine the systematic uncertainties in r. The sys-
tematic uncertainty due to the variation of mlow is also
included. The dominant uncertainty is the particle com-
position in the hadronic cocktail, namely the η/π0 ratio
which is 0.48±0.03(0.08) at high pT for p+p (Au + Au)
based on PHENIX measurements [17]. This corresponds
to a ≃ 7% (≃ 17%) uncertainty in the p + p (Au + Au)
cocktail for 0.1 < mee < 0.3 GeV/c2. Other sources
cause only a few percent uncertainty in the data to cock-
tail ratio.

Figure 3 shows the fraction r of the direct photon com-
ponent determined by the two-component fit in (a) p + p
and (b) Au + Au (Min. Bias). The curves represent
the expectations from a next-to-leading-order perturba-
tive QCD (NLO pQCD) calculation [18]. For p + p,
the curves show the ratio dσNLO

γ (pT )/dσincl
γ (pT ), where

dσNLO
γ (pT ) is the direct photon cross section from the

NLO pQCD calculation and dσincl
γ (pT ) is the inclusive

photon cross section. For Au + Au, the curves represent
TAAdσNLO

γ (pT )/dN incl
γ (pT ), where TAA is the Glauber

nuclear overlap function and dN incl
γ (pT ) is the inclusive

photon yield. The three curves correspond, from top to
bottom, to the theory scale µ = 0.5 pT , pT , and 2 pT ,
respectively, showing the scale dependence of the theory.
While the fraction r is consistent with the NLO pQCD
calculation [18] in p + p, it is larger than the calculation
in Au + Au for pT < 3.5 GeV/c.

The direct photon fraction r in Fig. 3 is converted to
the direct photon yield as dNdir(pT ) = r × dN incl(pT ).
The inclusive photon yield dN incl(pT ) for each pT bin
is determined from the yield of e+e− pairs for mee <
0.03 GeV/c2 using Eq. (1). Here we use the fact that in
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FIG. 4: (color online) Invariant cross section (p + p) and in-
variant yield (Au + Au) of direct photons as a function of pT .
The filled points are from this analysis and open points are
from [19, 20]. The three curves on the p + p data represent
NLO pQCD calculations, and the dashed curves show a modi-
fied power-law fit to the p+p data, scaled by TAA. The dashed
(black) curves are exponential plus the TAA scaled p + p fit.
The dotted (red) curve near the 0–20% centrality data is a
theory calculation [7].

this mass range the process dependent factor S is unity
within a few percent for any photon source.

Figure 4 compares the direct photon spectra with pre-
viously measured direct photon data from [19, 20] and
NLO pQCD calculations [18]. The systematic uncer-
tainty of the inclusive photon (14% from the uncertainty
in the e+e− pair acceptance correction[12]) is added in
quadrature with the systematic uncertainties of these
data. The p + p data are shown as an invariant cross
section using dσ = σinel

pp dN .
In this analysis we have converted the yield of excess

e+e− pairs to that of real direct photons using Eq. (1), as-

suming S = 1. This implies d2nee

dmee
= 2α

3π
1

mee
dnγ . Thus the

yield of the excess e+e− pairs for 0.1 < mee < 0.3 GeV/c2

before the conversion can be obtained by multiplying the
direct photon yield by a factor of 2α

3π
log 300

100
= 1.7×10−3.

The pQCD calculation is consistent with the p+p data
within the theoretical uncertainties for pT > 2 GeV/c. A
similarly good agreement is observed for π0 [21]. The
p+p data can be well described by a modified power-law
function (App(1+p2

T /b)−n) as shown by the dashed curve
in Fig. 4. The Au + Au data are above the p+p fit curve

Texcess = 221±19 ±19MeV

PHENIX, PRL 104 (2010)

Flow effects will be important

•van Hees, Gale Rapp,PRC (2011) 
•Shen, Heinz, Paquet, Gale, PRC (2014)



Charles Gale

BEYOND SIMPLE SPECTRA: FLOW AND CORRELATIONS 

• Soft photons will go with the flow 
• Jet-plasma photons: a negative v2 

• Details will matter: flow, T(t). . .

Turbide, Gale, Fries PRL (2006) 
Low pT: Chatterjee et al., PRL (2006) 
All pT: Turbide et al., PRC (2008) 
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FIG. 5: (Color online) Nuclear modification factor of direct photon in central Au+Au collisions at RHIC in 2D+1 hydro, with
a scale Q = pT /

√

2 in the prompt contribution. Left panel: effect of shadowing and isospin on the prompt contribution without
medium effects. Righ panel: the effect of QGP and the scale is studied. The effect of a scale Q = pT is shown by the double
dash-dotted line, while the effect of removing all photons produced from jet-medium interactions is shown by the dashed line.
The result obtained without isospin effects is shown by the dot-dashed line. Data points are from PHENIX [29].

curve shows the nuclear modification factor evaluated with all sources described in this paper, together with the
relativistic hydrodynamics evolution. Recall that the relativistic hydrodynamics modeling is constrained by a set of
soft hadronic data [11]. The larger visible effect on the nuclear modification factor appears when jet-plasma photons
are neglected (dashed line), causing a 30% reduction at pT = 8 GeV. The jets are however allowed to loose energy
before fragmentation (like all cases in this panel). Because of the large errors, the data does not currently permit
to choose between the cases where the jet-plasma photons are present or absent. However, it is important to realize
that Rγ

AA < 1 at higher values of pT , is a direct consequences of the fragmentation photons being affected by the
energy loss of the fragmenting jet, as well as isospin effect in the nucleus-pdf. Should this trend, apparent in Figure
5, be confirmed experimentally, a quantitative link would exist between the high momentum nuclear modification
factor of photons, and that of strongly interacting particles also born out of jet fragmentation. It is important for the
same approach to reproduce both observables. Also, the large values of Rγ

AA observed at pT < 6GeV/c (right panel
of Fig. 5) are directly attributable to thermally-induced channels, in our approach. Our calculated results appear
to overestimate the central values of the measured quantities (note however that the denominator of Rγ

AA is slightly
underestimated at low pT by pQCD: correcting this will make our result correspondingly smaller), but smaller error
bars would go a long in quantifying the medium-related processes.
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model. Dashed line : jet-plasma contributions; dot-dashed line: jet-fragmentation contribution; double dot-dashed line: thermal
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We turn now to calculations and measurements of photon azimuthal anisotropy. This was discussed for low pT

photons in Ref. [28], and for high pT photons in Ref. [5]; both regions are treated here. Using Eq. (25), vγ
2 (for real
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FIG. 1: (Color online) (a,b,c) v2 in minimum bias collisions,
using two different reaction plane detectors: (solid black cir-
cles) BBC and (solid red squares) RXN for (a) π0, (b) inclu-
sive photon, and (c) direct photon. (d) direct photon fraction
Rγ for (solid black circles) virtual photons [5] and (open blue
squares) real photons [8] and (e) ratio of direct photon to π0

v2 for (solid black circles) BBC and (solid red squares) RXN.
The vertical error bars on each data point indicate statistical
uncertainties and shaded (gray and cyan) and hatched (red)
areas around the data points indicate sizes of systematic un-
certainties.

inclusive photon v2 measurements are largely immune to
energy scale uncertainties which are typically the domi-
nant source of uncertainty in an absolute (invariant yield)
measurement. The uncertainties on v2 are dominated by
the common uncertainty on determining σRP and by un-
certainties on particle identification. Uncertainties from
absolute yields enter indirectly via the hadron cocktail
(normalization) and more directly at higher pT (where
the real photon measurement is used) by the Rγ(pT )
needed to establish the direct photon v2. Note that due
to the way vγ,dir2 is calculated, once Rγ is large, its rela-

tive error contributes to the error on vγ,dir2 less and less.
Figure 1 shows steps of the analysis using the mini-

mum bias sample, as well as the differences between re-
sults obtained with BBC and RXN. The first v2 of π0 and
inclusive photons (vπ

0

2 ,vγ,inc2 ) are measured, as described

above (panels (a) and (b)). Then, using the vγ,bg2 of pho-
tons from hadronic decays and the Rγ direct photon ex-

cess ratio, we derive the vγ,dir2 of direct photons (panel
(c)). Panel (d) shows the Rγ(pT ) values from the di-
rect photon invariant yield measurements using internal
conversion [5] and real [8] photons, with their respective

uncertainties. Panel (e) shows the ratio of vγ,dir2 /vπ
0

2 .
We observe substantial direct photon flow in the low pT

region (c), commensurate with the hadron flow itself (e).
However, in contrast to hadrons, the direct photon v2
rapidly decreases with pT ; and starting with 5 GeV/c
and above, it is consistent with zero (c). The rapid tran-
sition from high direct photon flow at 3 GeV/c to zero
flow at 5 GeV/c is also demonstrated on panel (e), since
the π0 v2 changes little in this region [4].
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FIG. 2: (Color online) (a,c,e) Centrality dependence of v2
for (solid black circles) π0, (solid red squares) inclusive pho-
tons, and (b,d,f) (solid black circles) direct photons measured
with the BBC detector for (a,b) minimum bias (c,d) 0-20%
centrality, and (e,f) 20-40% centrality. For (b,d,f) the direct
photon fraction is taken from [5] up to 4 GeV/c and from [8]
for higher pT . The vertical error bars on each data point
indicate statistical uncertainties and the shaded (gray) and
hatched (red) areas around the data points indicate sizes of
systematic uncertainties.

A major issue in any azimuthal asymmetry measure-
ment is the potential bias from where in pseudorapidity
the (event-by-event) reaction plane is measured. At low
pT – where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior – there is no difference between the flow derived
with BBC and RXN. However, at higher pT we observe
that the v2 values using BBC and RXN diverge, particu-
larly for π0 (panel (a) in Fig. 1), less for inclusive photons.
For direct photons (panel (c)) the two results are appar-
ently consistent within their total errors, including the

(2008)

(2011)
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3D VISCOUS RELATIVISTIC HYDRODYNAMICS

¢MUSIC: 3D relativistic hydro 
� Ideal: Schenke, Jeon, and Gale, PRC 

(2010) 
� FIC and Viscous: Schenke, Jeon, Gale, 

PRL (2011)

16

MUSIC:
(3+1)D HYDRODYNAMIC SIMULATION OF . . . PHYSICAL REVIEW C 82, 014903 (2010)

particle spectra. However, it turns out that for computing
anisotropic flow and especially higher harmonics than v2 it
is essential to determine the freeze-out surface much more
precisely. To do so, within MUSIC we employ the following
method:

We define a cube in four dimensions that may reach over
several lattice cells in every direction and over several τ
steps, and determine if and on which of the cube’s 32 edges
the freeze-out surface crosses. In this work we let the cube
extend over one lattice cell in each spatial dimension and
over ten steps in the time direction. If the freeze-out surface
crosses this cube, we use the intersection points to perform
a 3D-triangulation of the three dimensional surface element
embedded in four dimensional space. This leads to a group of
tetrahedra, each contributing a part to the hypersurface vector.
This part is of the form

d"n
µ = εµαβγ AαBβCγ /6, (59)

where A, B, and C are the three vectors that span the
tetrahedron n. The factor 1/6 normalizes the length of
the vector to the volume of the tetrahedron. We demand
that the resulting vector points into the direction of lower
energy density, i.e., outwards. The vector-sum of the found
tetrahedra determines the full surface-vector in the given
hypercube.

Depending on where the freeze-out surface crosses the
edges, the structure may be fairly simple (e.g., eight crosses,
all on edges in x direction) or rather involved (crossings on
edges in many different directions). The current algorithm is
close to perfect and fails to construct hyper-surface elements
only in very rare cases. Typically these are cases when the
surface crosses the cube in many different directions, e.g., in
the ηs , x, and τ direction. However, even for these cases a
full reconstruction can usually be achieved and the algorithm
was found to succeed in determining the volume element
in ∼99% of the cases for the studied systems. The ∼1%
of surface elements that could not be fully reconstructed
usually miss only one tetrahedron. Because one typocally
needs between eight and 20 tetrahedra to reconstruct a cell,
the error introduced by missing one tetrahedron in the 1%
of the cells lies between 5 and 15%. Considering the high
complexity of the triangulation procedure in four dimensions,
this is a very satisfactory result.

VII. RESULTS

To obtain results for particle spectra, we first compute the
thermal spectra of all particles and resonances up to ∼2 GeV
using Eq. (48) and then perform resonance decays using
routines from AZHYDRO [21,85,92,93] that we generalized
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FIG. 1. (Color online) pT spectra for π−, K−, and p̄ at
central collisions using different equations of state [thin lines:
AuAu-1 (EOS-Q), thick lines: AuAu-3 (EOS-L)] compared to
0–5% central PHENIX data [95]. The used impact parameter was
b = 2.4 fm.

to three dimensions. Unless indicated otherwise, all shown
results include the resonance feed-down. Typically, the used
time step size is )τ ≈ 0.01 fm/c, and the spatial grid spacings
are )x = )y = 0.08 fm, and )ηs = 0.3. This is significantly
finer than in previous 3+1D simulations: [94] for example uses
)τ = 0.3 fm/c, )x = )y = 0.3 fm, and )ηs = 0.3. The
possibility to use such fine lattices is an improvement because
it is mandatory when computing higher harmonics like v4 as
demonstrated below. Another advantage of using large lattices
is that in the KT scheme the numerical viscosity decreases
with increasingly fine lattices (see the Appendix). The spatial
extend of the lattice used in the following calculations is 20 fm
in the x and y direction, and 20 units of rapidity in the ηs

direction.

A. Particle spectra

In Fig. 1 we present the transverse momentum spectra for
identified particles in Au+Au collisions at

√
s = 200 GeV

compared to data from PHENIX [95]. The used parameters
are indicated in Table I. They were obtained by fitting the data
at most central collisions.

We reproduce both pion and kaon spectra well. The model
assumption of chemical equilibrium to very low temperatures
leads to an underestimation of the antiproton spectrum. The
overall shape is however well reproduced, even more so with
the EOS-L that leads to flatter spectra [86].

One way to improve the normalization of the proton and
anti-proton spectra (as well as those of multistrange baryons)
is to employ the partial chemical equilibrium model (PCE)
[32,85,96], which introduces a chemical potential below a
hadron species dependent chemical freeze-out temperature.
Note that the initial time was set to τ0 = 0.4 fm/c when using

TABLE I. Parameter sets.

set EoS τ0 [fm] ε0 [GeV/fm3] ρ0 [1/fm3] εFO [GeV/fm3] TFO [MeV] α ηflat ση

AuAu-1 EOS-Q 0.55 41 0.15 0.09 ≈130 0.25 5.9 0.4
AuAu-2 EOS-Q 0.55 35 0.15 0.09 ≈130 0.05 6.0 0.3
AuAu-3 EOS-L 0.4 55 0.15 0.12 ≈137 0.05 5.9 0.4
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FIG. 2. (Color online) Centrality dependence of pseudorapidity
distribution compared to PHOBOS data [97]. From top to bottom,
the used average impact parameters are b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm.

the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by

10-4

10-2

100

102

104

 0  0.5  1  1.5  2  2.5  3

(1
/2

π)
 d

N
/d

y 
p T

 d
p T

pT [GeV]

 PHENIX π- 0-5%
 PHENIX π- /5 10-15%
 PHENIX π- /25 15-20%
 PHENIX π- /150 20-30 %
 π-  b=2.4 fm
 π- /5 b=4.5 fm
 π- /25 b=6.3 fm
 π- /150 b=7.5 fm

FIG. 3. (Color online) Centrality dependence of π− transverse
momentum spectra compared to PHENIX data [95]. The curves (both
data and hydro) for 10–15%, 15–20%, and 20–30% centrality are
scaled by a factor of 5, 25, and 150, respectively. Thick lines are for
parameter set AuAu-3 (EOS-L), thin lines for AuAu-1 (EOS-Q).
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BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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FIG. 5. (Color online) pT dependence of the elliptic flow coeffi-
cient v2 for π− and p̄ using parameter set AuAu-1 (EOS-Q, thin lines)
and AuAu-3 (EOS-L, thick lines) compared to STAR data from [99].
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the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by
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BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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Tideal
µν = (ε + P)uµuν − Pgµν

T µν = Tideal
µν +π µν Israël & Stewart, Ann. Phys. (1979), Baier et al., 

JHEP (2008), Luzum and Romatschke, PRC (2008)
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FIG. 8. (Color online) Ratio of charged hadron flow harmo-
nics in viscous simulations to the result from ideal hydrody-
namics. Results are averages over 200 single events each.

port coefficients of the quark-gluon plasma significantly.
The analysis of only elliptic flow is not sufficient for this
task, because it depends too weakly on both the initial
state granularity and η/s.
We present v2 and v3 as a function of pseudo-rapidity

in Fig. 11. The v2(ηp) result from the simulation is flat-
ter than the experimental data out to ηp ≈ 3 and then
falls off more steeply. A modified shape of the initial
energy density distribution in the ηs-direction, the inclu-
sion of finite baryon number, and inclusion of a rapidity
dependence of the fluctuations will most likely improve
the agreement.
In Fig. 12 we show results of vn(pT ) for different cen-

tralities using η/s = 0.08. Overall, all flow harmonics
are reasonably well reproduced. Deviations from the ex-
perimental data, especially of v3(pT ) in the most central
collisions indicate that our rather simplistic description
of the initial state and its fluctuations is insufficient. Im-
provements can be made by a systematic study with al-
ternative models for the fluctuating initial state based
on e.g. the color-glass-condensate effective theory (along
the lines of [60]).
Finally, the higher flow harmonics integrated over a

transverse momentum range 0.2GeV < pT < 2GeV
are shown in Fig. 13 as a function of centrality. v2 has
the strongest dependence on the centrality because it is
driven to a large part by the overall geometry. The odd
harmonics are entirely due to fluctuations as we have
discussed earlier, and hence do not show a strong depen-
dence on the centrality of the collision.

VII. SUMMARY AND CONCLUSIONS

We have demonstrated that the analysis of higher flow
harmonics within (3+1)-dimensional event-by-event vis-
cous hydrodynamics has the potential to determine trans-
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single events each (200 events for σ0 = 0.4 fm).

port coefficients of the QGP such as η/s much more pre-
cisely than the analysis of elliptic flow alone. We pre-
sented in detail the framework of (3+1)-dimensional vis-
cous relativistic hydrodynamics and introduced the con-
cept of event-by-event simulations, which enable us to
study quantities that are strongly influenced or even en-
tirely due to fluctuations such as odd flow harmonics.
Parameters of the hydrodynamic simulation were fixed
to reproduce particle spectra both as a function of trans-
verse momentum pT and pseudo-rapidity ηp. The studied
flow harmonics v2 to v5 were found to depend increas-
ingly strongly on the value of η/s and also on the initial
state granularity. This work does not attempt an exact
extraction of η/s of the QGP but our quantitative results
hint at a value of η/s not larger than 2/4π. The reason is
the strong suppression of v3 to v5 by the shear viscosity.
A higher granularity of the initial state counteracts this
effect, but our results indicate that this increase is not
large enough to account for η/s ≥ 2/4π. We will report
on a detailed analysis of higher flow harmonics at LHC
energies and a comparison to the experimental data in a
subsequent work.

Schenke, Jeon, Gale, PRC (2012)
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One considers all the reaction and radiative decay channels of external  
state combinations of:

{π ,K ,ρ,K *,a1} With hadronic form factors
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from equilibrium) appeared in Ref. [33], and a viscosity-corrected rate (to first order in �f) was obtained recently in
[34], assuming forward-scattering dominance of the photon-producing reaction. The rates reported here are obtained
through a numerical integration of Eq. (8) with out-of-equilibrium distribution functions (Eq. (7)). The integrations
span the entire accessible phase space, carefully avoiding divergences as prescribed in Ref. [32]. Appropriate quantum
statistics have been used.

B. Photon emission from the hadronic gas

As the ensemble of partons thermalizes (totally or partially) and then expands and cools, it hadronizes into an
ensemble of colorless hadrons called here the hadronic gas (HG) which continues to expand and to cool even more.
The HG thermal electromagnetic emissivity has been characterized in Ref. [35]. Following that reference, a Massive
Yang-Mills (MYM) model is used to model the interactions between light pseudoscalars, vector and axial vector
mesons. The set we consider contains the elements {⇡,K, ⇢,K

⇤
, a

1

}, and the most important photon-producing rates
are ⇡ + ⇢ ! ⇡ + �, ⇡ + ⇡ ! ⇢ + �, ⇡ + K

⇤ ! K + �, ⇡ + K ! K

⇤ + �, ⇢ + K ! K + �, K⇤ + K ! ⇡ + �.
Two-body photon-production processes dominate the phase space for photon transverse momenta above 0.5 GeV [35].
All isospin-allowed channels are considered.

The viscous corrections also demand a complete recalculation of the HG photon rates, by including the corrected
distribution functions - see Eq. (7) - in all the relevant rate equations. Note that corrections of order �f2 are neglected
for consistency, as are corrections to Pauli-blocking or Bose-enhancement e↵ects. These corrections are found to be
small. The Appendix outlines the procedure for correcting the electromagnetic emissivities, allowing for viscous e↵ects
in the hadronic distribution functions.

IV. RESULTS

A. Viscous corrections: generalities

For both cases discussed in the previous section (QGP and HG), rates for “viscous photons” were not shown. In
fact, those require detailed dynamical information as they depend on the details of ⇡µ⌫ and of its time evolution as
specified by Eqs. (7) and (5). It is thus appropriate to examine this quantity here, and this is done in Figure 4, in
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FIG. 4. (Color online) Left panel: The time evolution of di↵erent components of the local ⇡µ⌫ tensor, divided by ⌘. Right
panel: The time evolution of the diagonal elements of ⇡ij (scaled by ⌘), and also that of the trace of the viscous tensor. The
calculations are done for a fluid cell at x = y = 2.5 fm, and z = 0, and the impact parameter is b = 4.47 fm.

the rest frame of a fluid cell; note that there ⇡

tt is 0. At the initial time, the viscous corrections are non-existent,
as we initialize the viscous pressure tensor to zero. They build up quickly, and then decay back to zero. Right after
the initial time, the magnitude of the zz component is larger than the other two diagonal ones by roughly a factor of
2, and this fact persists up to late times. The relative sign of ⇡

zz

can be understood from the fact that ⇡

ij

should
be traceless in the fluid rest frame (c.f. Eqs. (5, 6)). Note that this requirement was not enforced explicitly at each
step of the calculation. The preservation of this trace then reflects the stability of the numerics: see the right panel
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•Large at early times 
•Small at later times: viscosity corrections to the 

distribution functions will also vanish
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THE NET THERMAL PHOTON YIELD & V2

¢Viscous corrections make 
the spectrum harder, ≈100% 
at pT = 4 GeV.


¢Increase in the slope of 
≈15% at pT = 2 GeV.


¢Once pQCD photons are 
included: a few % effect 
from viscosity


¢The net elliptic flow is a 
weighted average. A larger 
QGP yield will yield a 
smaller v2.
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FIG. 7. (Color online) The net thermal photon yield, from QGP and HG sources. The ideal spectrum (i.e. using an ideal
hydrodynamics background), and the viscous spectrum (using a viscous hydrodynamics background and corrected microscopic
distribution functions) are shown as a solid and dotted line, respectively.
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FIG. 8. (Color online) Left panel: The thermal photon elliptic flow, considering only the photons originating from the QGP. As
in previous figures, the results of using ideal hydrodynamics (solid line), viscous hydrodynamics with equilibrium rates (dotted
line), and viscous hydrodynamics with �f corrections (dash-dotted line) are shown separately. Right panel: The thermal photon
elliptic flow, considering only the photons originating from the HG. The lines have the same meaning as those in the left panel.

v

2

is shown in the right panel of Figure 8 and there, all viscous corrections make the elliptic flow smaller, unlike the
case for the QGP. This is again a reflection of the richness of the dynamics contained in the time-dependence of ⇡µ⌫ .
Further note that the small structure at low momenta signals a crossover between two di↵erent hadronic channels
[40]. The net photon v

2

is then calculated and shown in Figure 9. Importantly, the total v
2

is a weighted average of
the individual (QGP, and HG) coe�cients, the weight being the value of the appropriate single-photon distribution.
Hence, in the computation of the final v

2

, the small QGP v

2

will get multiplied by a large emission rate, whereas
the smaller emission rate of the HG phase gets partially compensated by the larger flows. Both phases therefore
contribute to the final profiles shown in Figure 9.

D. Fluctuating initial conditions (FIC)

The recent years have witnessed a paradigm-shift in the analysis of heavy ion collision data. Up until recently,
smooth initial state distributions were mostly used in hydrodynamics analyses of relativistic nuclear collisions. These,
together with conservation laws, imply that odd-numbered expansion coe�cients in Eq. (1) vanish identically. As
discussed in the Introduction, this situation has changed with the work of Ref. [15] linking odd-numbered flow
harmonics to initial state fluctuations. The hydrodynamic simulation music with viscous corrections has recently
been modified to include FICs [8]. This has been used to make a prediction for size and momentum dependence of
the hadronic v

3

at RHIC. This prediction has been recently confirmed [41]. Here we seek to assess the importance of
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FIG. 9. (Color online) The net thermal photon elliptic flow. The curves have the same meaning as in Figure 7.

the event-by-event fluctuations on photon observables.
For initial conditions that are not smooth, it is important to specify how the reaction plane is determined. The

“participant plane” [42] is used here. Namely, one calculates event-by-event the angle  
2

with respect to the reaction
plane defined by the impact parameter:

 

2

=
1

2
arctan

✓

hr2 sin(2�)i
hr2 cos(2�)i

◆

(10)

where the averages are over wounded nucleon positions, (r,�), in the transverse plane. The angle  
2

then goes into
the evaluation of v

2

, with  
2

replacing  
r

in Eq. (1). Note that the initial eccentricity is maximized by the choice of
this participant plane. The studies performed here used ensembles of 50 events, leading to uncertainties of the order
of 5% on thermal photon spectra, and of the order of 15% on thermal photon v

2

. The precise value of these variations
is of course p

T

-dependent, but we find that elliptic flow does depend more strongly on the initial structure of the
energy density distribution than the momentum spectrum.

As already observed for hadrons [43] and more recently for photons [44], the lumpy initial states lead to a yield
enhancement. Again, the QGP and HG contributions are calculated separately. They are shown in the two panels
of Figure 10, and the quantitative importance of the enhancement can be judged there. As done previously, only
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FIG. 10. (Color online) The thermal photon yield, showing the e↵ect of FICs. The left panel shows the contribution from the
QGP, the right panel that of the HG. Note that the curve labeled “FIC” also includes all viscous corrections (time evolution
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this time with FICs, we plot the thermal photon v

2

for QGP and HG. This is shown in Figure 11. Finally, the net
photon spectrum and v

2

are shown in Figure 12. Clearly, in the centrality range studies in this work, the hot spots
and large gradients generated by the fluctuating initial conditions lead to a harder photon spectrum and to a larger
elliptic flow, and this remains true with the inclusion of a finite shear viscosity to entropy density ratio.

M. Dion et al., PRC 2011
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Lumpy MUSIC
Flow results from e-b-e viscous MUSIC
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FIG. 6. (Color online) Positive pion average pT as a function
of rapidity y for 20-30% central Au+Au collisions from ideal
and viscous (η/s = 0.08) including resonances up to the φ-
meson.

ics are substantially more affected by the system’s shear
viscosity than v2 and hence are a much more sensitive
probe of η/s. This behavior is expected because diffu-
sive processes smear out finer structures corresponding
to higher n more efficiently than larger scale structures,
and has been pointed out previously in [18].
So far all results were obtained using initial conditions

with a Gaussian width σ0 = 0.4 fm. We now study the
effect of the initial state granularity on the flow harmon-
ics by varying σ0. Decreasing σ0 causes finer structures
to appear and hence strengthens the effect of hot spots.
This results in a hardening of the spectra as previously
demonstrated in [17]. Because we want to compare to ex-
perimental data, we readjust the slopes to match the ex-
perimental pT -spectra by modifying the freeze-out tem-
perature (see Table I).
Fig. 9 shows the dependence of vn(pT ) on the value of

σ0, which we vary from 0.2 fm to 0.8 fm. While v2 is
almost independent of σ0, higher flow harmonics show a
very strong dependence. In Fig. 10 we present the depen-
dence of the pT -integrated vn on the initial state granu-
larity characterized by σ0.
Higher flow harmonics turn out to be a more sensi-

tive probe of initial state granularity than v2. While we
are not yet attempting an exact extraction of η/s using
higher flow harmonics, our results give a first quantita-
tive overview of the effects of both the initial state gran-
ularity and η/s on all higher flow harmonics up to v5.
Comparing Figs. 7 and 9, we see that v4(pT ) obtained
from simulations using η/s = 0.16 is about a factor of 2
below the experimental result, and that decreasing σ0 by
a factor of two does not increase it nearly as much. Note
that σ0 = 0.2 fm is already a very small value given that
we assign this width to a wounded nucleon. It is hence
unlikely that a higher initial state granularity will be able
to compensate for the large effect of the shear viscosity.
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200 events each. Experimental data from PHENIX [58].

Similar arguments hold for v3(pT ).

A detailed systematic analysis of different models for
the initial state with a sophisticated description of fluc-
tuations is needed to make more precise statements on
the value of η/s. It is however clear from the present
analysis that the utilization of higher flow harmonics can
constrain models for the initial state and values of trans-
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ics by varying σ0. Decreasing σ0 causes finer structures
to appear and hence strengthens the effect of hot spots.
This results in a hardening of the spectra as previously
demonstrated in [17]. Because we want to compare to ex-
perimental data, we readjust the slopes to match the ex-
perimental pT -spectra by modifying the freeze-out tem-
perature (see Table I).
Fig. 9 shows the dependence of vn(pT ) on the value of

σ0, which we vary from 0.2 fm to 0.8 fm. While v2 is
almost independent of σ0, higher flow harmonics show a
very strong dependence. In Fig. 10 we present the depen-
dence of the pT -integrated vn on the initial state granu-
larity characterized by σ0.
Higher flow harmonics turn out to be a more sensi-

tive probe of initial state granularity than v2. While we
are not yet attempting an exact extraction of η/s using
higher flow harmonics, our results give a first quantita-
tive overview of the effects of both the initial state gran-
ularity and η/s on all higher flow harmonics up to v5.
Comparing Figs. 7 and 9, we see that v4(pT ) obtained
from simulations using η/s = 0.16 is about a factor of 2
below the experimental result, and that decreasing σ0 by
a factor of two does not increase it nearly as much. Note
that σ0 = 0.2 fm is already a very small value given that
we assign this width to a wounded nucleon. It is hence
unlikely that a higher initial state granularity will be able
to compensate for the large effect of the shear viscosity.
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Similar arguments hold for v3(pT ).

A detailed systematic analysis of different models for
the initial state with a sophisticated description of fluc-
tuations is needed to make more precise statements on
the value of η/s. It is however clear from the present
analysis that the utilization of higher flow harmonics can
constrain models for the initial state and values of trans-
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port coefficients of the quark-gluon plasma significantly.
The analysis of only elliptic flow is not sufficient for this
task, because it depends too weakly on both the initial
state granularity and η/s.
We present v2 and v3 as a function of pseudo-rapidity

in Fig. 11. The v2(ηp) result from the simulation is flat-
ter than the experimental data out to ηp ≈ 3 and then
falls off more steeply. A modified shape of the initial
energy density distribution in the ηs-direction, the inclu-
sion of finite baryon number, and inclusion of a rapidity
dependence of the fluctuations will most likely improve
the agreement.
In Fig. 12 we show results of vn(pT ) for different cen-

tralities using η/s = 0.08. Overall, all flow harmonics
are reasonably well reproduced. Deviations from the ex-
perimental data, especially of v3(pT ) in the most central
collisions indicate that our rather simplistic description
of the initial state and its fluctuations is insufficient. Im-
provements can be made by a systematic study with al-
ternative models for the fluctuating initial state based
on e.g. the color-glass-condensate effective theory (along
the lines of [60]).
Finally, the higher flow harmonics integrated over a

transverse momentum range 0.2GeV < pT < 2GeV
are shown in Fig. 13 as a function of centrality. v2 has
the strongest dependence on the centrality because it is
driven to a large part by the overall geometry. The odd
harmonics are entirely due to fluctuations as we have
discussed earlier, and hence do not show a strong depen-
dence on the centrality of the collision.

VII. SUMMARY AND CONCLUSIONS

We have demonstrated that the analysis of higher flow
harmonics within (3+1)-dimensional event-by-event vis-
cous hydrodynamics has the potential to determine trans-
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port coefficients of the QGP such as η/s much more pre-
cisely than the analysis of elliptic flow alone. We pre-
sented in detail the framework of (3+1)-dimensional vis-
cous relativistic hydrodynamics and introduced the con-
cept of event-by-event simulations, which enable us to
study quantities that are strongly influenced or even en-
tirely due to fluctuations such as odd flow harmonics.
Parameters of the hydrodynamic simulation were fixed
to reproduce particle spectra both as a function of trans-
verse momentum pT and pseudo-rapidity ηp. The studied
flow harmonics v2 to v5 were found to depend increas-
ingly strongly on the value of η/s and also on the initial
state granularity. This work does not attempt an exact
extraction of η/s of the QGP but our quantitative results
hint at a value of η/s not larger than 2/4π. The reason is
the strong suppression of v3 to v5 by the shear viscosity.
A higher granularity of the initial state counteracts this
effect, but our results indicate that this increase is not
large enough to account for η/s ≥ 2/4π. We will report
on a detailed analysis of higher flow harmonics at LHC
energies and a comparison to the experimental data in a
subsequent work.
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ALL TOGETHER NOW: FICS + VISCOSITY

¢Combined with viscous 
corrections, FIC yield an 
enhancement by ≈5 @ 4 GeV, 
and ≈2 @ 2 GeV 

¢Temperature estimated by 
slopes can vary considerably 

¢A combination of hot spots and 
blue shift hardens spectra 

¢FICs enhance v2 in this 
centrality class (0-20%), as for 
hadrons 

¢Net v2 is comparable in size to 
that with ideal medium, in 
this centrality class
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V. CONCLUSION

In this work we have sought to establish the quantitative importance of a finite shear viscosity coe�cient and of
fluctuating initial conditions on two real photon observables: the one-body spectrum and the transverse momentum
dependence of the elliptic flow coe�cient. This was done using music, a realistic 3+1D relativistic hydrodynamical
simulation. Importantly, comparisons between cases with and without viscous corrections were done using conditions
tuned to hadronic experimental data, and this was the case also for studies involving FICs. Results obtained here show
that the combined e↵ects of the viscosity and of the FICs are large enough to make their inclusion mandatory in any
attempt to quantitatively extract transport coe�cients of the hot and dense matter from thermal photon data. It was
not the point of this work to explicitly compare with experimental measurements just yet. Firstly, 3+1D relativistic
viscous hydrodynamics models are in their infancy, and systematic studies of all parameter dependences, in the spirit
of that in Ref. [45] for example, will be useful to establish a more precise quantitative link between observables and the
underlying hydrodynamics. Secondly, in what concerns the photon sources, an inclusive and consistent treatment of
all of them (pQCD photons, photons from jets interacting and fragmenting while losing energy . . . ) with and without
viscosity is still to be done. Finally, exploring the consequences of what has been found here on electromagnetic
observables at the LHC should prove interesting and relevant.

In closing, it is worth mentioning that recently the PHENIX collaboration at RHIC has extracted a direct photon
v

2

from measured data [46]. Interestingly, this analysis concludes that the direct photon elliptic flow is comparable
in magnitude to that of the ⇡

0. This large photon elliptic flow is a challenge to most approaches, but may contain

Dion et al., PRC (2011) [FIC+Visc.] 
Chatterjee et al., PRC (2011) [FIC]
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fluctuating initial conditions on two real photon observables: the one-body spectrum and the transverse momentum
dependence of the elliptic flow coe�cient. This was done using music, a realistic 3+1D relativistic hydrodynamical
simulation. Importantly, comparisons between cases with and without viscous corrections were done using conditions
tuned to hadronic experimental data, and this was the case also for studies involving FICs. Results obtained here show
that the combined e↵ects of the viscosity and of the FICs are large enough to make their inclusion mandatory in any
attempt to quantitatively extract transport coe�cients of the hot and dense matter from thermal photon data. It was
not the point of this work to explicitly compare with experimental measurements just yet. Firstly, 3+1D relativistic
viscous hydrodynamics models are in their infancy, and systematic studies of all parameter dependences, in the spirit
of that in Ref. [45] for example, will be useful to establish a more precise quantitative link between observables and the
underlying hydrodynamics. Secondly, in what concerns the photon sources, an inclusive and consistent treatment of
all of them (pQCD photons, photons from jets interacting and fragmenting while losing energy . . . ) with and without
viscosity is still to be done. Finally, exploring the consequences of what has been found here on electromagnetic
observables at the LHC should prove interesting and relevant.
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PHOTON V2 DATA?

!Data is higher than calculation, even with e-b-e initial 
state fluctuations, and ideal hydro 

!Size comparable with HG v2
!28
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PHOTON V2 DATA?

¢Data is higher than calculation, even with e-b-e initial 
state fluctuations, and ideal hydro 

¢Size comparable with HG v2
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FIG. 7: (Color online) Thermal photon pT spectra for 200A
GeV Au+Au collisions at RHIC from fluctuating and smooth
IC and comparison with PHENIX experimental data [16].
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FIG. 8: (Color online) [Upper panel] Direct photon spectra
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thermal (fluctuating (FIC) and smooth (SIC) initial density
distributions) contributions. [Lower panel] v2 with (solid) and
without (dotted) the prompt photon contribution for smooth
and fluctuating IC.

C. Inclusion of prompt photons

As discussed earlier, the presence of prompt photons
in the direct photon spectrum decreases the elliptic flow.
The corrected spectra and elliptic flow taking also the
prompt photons into account are shown in Figure 8. The
PHENIX direct photon data for 200A GeV Au+Au colli-
sions at RHIC and for 20–40% centrality bin [28] is com-
pared with the prompt and thermal contributions (from
smooth and fluctuating IC) in the upper panel of Fig-
ure 8. We see from the figure that the prompt photons
from the NLO pQCD calculation start to dominate the
direct photon spectrum for pT > 4 GeV/c. The direct
(Compton+annihilation) and the fragmentation parts of
the prompt photons are shown separately.2 The fragmen-
tation part dominates over the direct part for pT < 3.5
GeV/c. We see that the thermal photons from fluctu-
ating IC (σ = 0.4 fm) added together with the prompt
photons explain the data really well in the region pT > 2
GeV/c.
The elliptic flow is now calculated by adding the

prompt contribution using the relation

v2 =
vth2 . dN th + vpr2 . dNpr

dN th + dNpr
=

vth2 . dN th

dN th + dNpr
as vpr2 ∼ 0.

(9)
In Eq. 9 vth2 and vpr2 are the elliptic flow of thermal and
prompt photons, respectively, and dN th and dNpr are
the thermal and prompt yields. Addition of prompt con-
tribution reduces the v2 from the fluctuating IC by ∼25%
at pT = 2 GeV/c and more than 50% at pT = 4 GeV/c.
The effect is larger for the v2 from smooth IC than for
the fluctuating IC, because fluctuations also increase the
total thermal photon yield at high-pT .

D. Elliptic flow and spectra at LHC

The elliptic flow of thermal photons for 2.76A TeV
Pb+Pb collisions at LHC and for 0–40% centrality bin
is shown in upper panel of Figure 9. Elliptic flow re-
sults from the fluctuating IC (v2(PP) and v2(RP)) are
compared with the result obtained from a smooth initial
state averaged IC. Similar to RHIC, fluctuations in the
IC increase the elliptic flow significantly compared to a
smooth IC in the region pT > 2 GeV/c at LHC. Thermal
photon v2 from 200A GeV Au+Au collisions at RHIC
using smooth IC is also shown for comparison. The ellip-
tic flow at LHC is little larger than at RHIC for 0–40%
centrality bin using smooth IC.
Our results for thermal photon elliptic flow from the

fluctuating IC at LHC are compared with the ALICE
preliminary direct photon v2 data [17] in the lower panel

2 Understanding that such a separation conceptually depends on
the scale choices.

Chatterjee et al. (2013)

RHIC
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PHOTON V2 DATA?

25

Pb+Pb, 2.76 TeV 0-40%

Paquet et al., (2014)
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SOME FACTS AND SOME LEADS

¢FICs are here to stay. “Initial temperature” is ill-defined. 
¢Some room to explore systematically hydro initialization and 

parameters. This requires consistency with the hadronic data. 
¢Making the QGP signal larger will decrease the v2. The T=0 

photons, decrease v2. Suppose 2 sources: 
!
!
!

¢For each source: 
!
!
!

¢Tension between rates and elliptic flow for QGP signal 
¢Missing strength in the hadronic sector(?)

26
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SOME FACTS AND SOME LEADS

¢Can we improve on the hadronic rates? Baryons? Baryons 
+mesons? How important is bremsstrahlung? 

¢Early-times magnetic field effects? (Basar, Kharzeev, 
Skokov, PRL (2012); Basar, Kharzeev, Shuryak, arXiv:
1402.2286) 

¢Non-perturbative effects? Glasma effects (McLerran, 
Schenke, arXiv:1403.7462). See L. McLerran’s talk. Semi-
QGP: see S. Lin’s talk. 

¢Is the large photon elliptic flow telling us about the 
dynamics? 

¢Non-zero initial shear tensor? Primordial flow? Can we 
improve on the hydro initial states? 

¢Can we improve on the hydrodynamic evolution? Is the 
pQCD contribution really well-known?

27
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THE “PQCD PHOTONS”4
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Fig. 3 Transverse-momentum distribution of inclusive pho-
tons as predicted by three different FFs and compared to
PHENIX data with statistical errors only at low (insert) and
high pT [10].

logµR/µD), we have chosen to freeze all three scales
(µR, µF and µD) at Q0 in the short- and long-distance
parts of our calulation. The error committed in this way
is then at least of next-to-next-to-leading order, coming
only from the uncompensated parts in the PDF and FF
evolutions, and it affects all three FFs in a similar and
only logarithmic way, ensuring a subdominant impact
on our comparison with data. The goodness of our fit
and its independence of the choice of FF can also be
observed in the high-pT region of Fig. 3.

We can then perform a χ2 test of the three dif-
ferent FFs in the signal region (pT < 5 GeV, see in-
sert of Fig. 3), finding an acceptable minimal value
of χ2/d.o.f. of 2.8 for BFG II, while the BFG I and
GRV NLO hypotheses lead to significantly larger val-
ues of 5.2 and 4.5, respectively, and can be rejected
at a confidence level of 99%. Looking at Fig. 3, these
values of χ2/d.o.f. are obviously dominated by the ex-
ceptionally high point at pT = 4.25 GeV, which to-
gether with the point at pT = 4.75 GeV comes from the
real photon analysis. Although the other data points
from the nearly real photon analysis overlap with these
two real photon data points within their respective pT -
correlated systematic errors (see Fig. 2 of Ref. [10]), the
systematic errors differ among the two analyses. If we
omit the two real photon data points from the fit, we
then find values of χ2/d.o.f. of 0.68 for BFG II, 0.61 for
BFG I and 0.63 for GRV. The current level of statisti-
cal (nearly real photons) and systematic (real photons)

precision thus does not yet allow to obtain stringent in-
formation on the photon FF. An improvement of about
a factor of five in the statistical error would still be
needed to apply our method successfully.

5 Conclusions

In this paper, we have seen that the combined virtual
and real photon data from PHENIX seem to favor the
BFG II parameterization with its relatively large gluon
distribution over BFG I and GRV. This observation is,
however, driven by an exceptionally high real-photon
data point, which overlaps with the virtual photon data
only within its large systematic error. The published
virtual photon data from PHENIX alone do not yet al-
low for a conclusive distinction of the three available
photon FFs and would require a reduction in their sta-
tistical error of at least a factor of five.

In the absence of new e+e− data, e.g. from a Lin-
ear Collider, our study shows nevertheless the poten-
tial of future inclusive photon measurements at BNL
RHIC and CERN LHC to constrain the photon FFs
with hadron collider data. In fact, much higher lumi-
nosities of 574 and 526 pb−1 have already been recorded
in 2013 by PHENIX and STAR, respectively, in pp col-
lisions at BNL RHIC and 5−10 pb−1 by the ALICE
experiment at CERN LHC with

√
s = 7 − 8 TeV. Un-

fortunately, at the LHC limitations of band width im-
pede to trigger on low-pT data. For the suppression of
meson decays, it seems crucial to exploit new experi-
mental techniques such as electron triggers for nearly
real photon detection.

In the future it might be possible to also exploit
photon-jet correlations at BNL RHIC [17]. Indeed, photon-
hadron correlations have already been studied, and the
component of the photon momentum perpendicular to
a trigger hadron has been extracted [18]. For decay and
fragmentation photons, it was shown to be with about
0.5 GeV significantly smaller than the one for directly
produced photons (∼ 0.8 GeV).
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by the BFG [6] and GRV collaborations [7].

Dγ/h̄(z,m
2
h) = 0. As can be seen from Fig. 1, these

assumptions lead to good agreement on the (mostly
pointlike) quark FFs, but the gluon FFs differ widely
(by up to an order of magnitude), even among BFG I
and BFG II. The factorization scale Q = µD = 2 GeV
has been chosen here in accordance with the typical
transverse momenta to be analyzed below.

3 Subprocess contributions

In proton-proton collisions, photons are not only pro-
duced by fragmentation of the colliding quarks and glu-
ons, but also directly in processes like quark-antiquark
fusion, qq̄ → γg, and QCD Compton scattering, qg →
γq. Since we want to separate the PHENIX data set into
a signal and a control region, dominated by fragmenta-
tion and direct production, respectively, we must first
establish the corresponding pT regions. To this end, we
compute the fractional subprocess contributions assum-
ing a fixed set of parton densities given by the CT10
parameterization [8], which are well constrained in the
region of xT = 2pT /

√
s = 0.01 − 0.1 relevant here,

and identifying the renormalization scale µR, the pro-
ton factorization scale µF and the photon fragmenta-
tion scale µD with the central hard scale of the process,
the photon transverse momentum pT . Fig. 2 then shows
that fragmentation processes dominate for pT ≤ 5 GeV
in pp collisions at

√
s = 200 GeV, while for pT > 10

GeV direct processes account for 60 − 75% of the to-
tal cross section, depending on µD. If one wants to
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Fig. 2 Fractional contributions of direct and fragmentation
processes to inclusive photon production at BNL RHIC as a
function of pT for three different choices of the photon frag-
mentation scale µD.

fix the fragmentation-independent parts of the NLO
QCD calculation [9], it is therefore preferable to choose
µD = 0.5 pT in order to minimize the fragmentation
contribution.

4 Comparison with PHENIX data

Having fixed our signal and control regions as described
above, we next allow all three scales to vary indepen-
dently among the choices (0.5; 1; 2) pT in the control re-
gion (pT > 10 GeV) and fit them to the PHENIX data,
using geometrical binning and statistical errors only, as
the systemtatic errors are dominated by hadron decay
uncertainties and largely correlated among different pT -
bins [10]. We find a mimimal value of χ2/d.o.f. of 1.2 for
the combination µR = µD = 0.5 pT and µF = 2 pT for
the BFG I and II FFs and somewhat larger for GRV
NLO, which is in good accordance with our observa-
tion above that µD = 0.5 pT should be preferred. Al-
though higher-order QCD corrections are of course in
principle important, in particular at low pT , they can
be subsumized by an appropriate choice of scale. We
have exploited this freedom by normalizing the theory
to the data, in this way effectively fitting the higher-
order terms. Note also that when µD falls below the
starting scale Q0 =

√
2 GeV, numerical results from

the BFG parameterizations of the FFs are no longer
available and µD must at least be frozen there. In or-
der to avoid the appearance of large logarithms (like
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assumptions lead to good agreement on the (mostly
pointlike) quark FFs, but the gluon FFs differ widely
(by up to an order of magnitude), even among BFG I
and BFG II. The factorization scale Q = µD = 2 GeV
has been chosen here in accordance with the typical
transverse momenta to be analyzed below.

3 Subprocess contributions

In proton-proton collisions, photons are not only pro-
duced by fragmentation of the colliding quarks and glu-
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γq. Since we want to separate the PHENIX data set into
a signal and a control region, dominated by fragmenta-
tion and direct production, respectively, we must first
establish the corresponding pT regions. To this end, we
compute the fractional subprocess contributions assum-
ing a fixed set of parton densities given by the CT10
parameterization [8], which are well constrained in the
region of xT = 2pT /
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and identifying the renormalization scale µR, the pro-
ton factorization scale µF and the photon fragmenta-
tion scale µD with the central hard scale of the process,
the photon transverse momentum pT . Fig. 2 then shows
that fragmentation processes dominate for pT ≤ 5 GeV
in pp collisions at

√
s = 200 GeV, while for pT > 10

GeV direct processes account for 60 − 75% of the to-
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Fig. 2 Fractional contributions of direct and fragmentation
processes to inclusive photon production at BNL RHIC as a
function of pT for three different choices of the photon frag-
mentation scale µD.

fix the fragmentation-independent parts of the NLO
QCD calculation [9], it is therefore preferable to choose
µD = 0.5 pT in order to minimize the fragmentation
contribution.

4 Comparison with PHENIX data

Having fixed our signal and control regions as described
above, we next allow all three scales to vary indepen-
dently among the choices (0.5; 1; 2) pT in the control re-
gion (pT > 10 GeV) and fit them to the PHENIX data,
using geometrical binning and statistical errors only, as
the systemtatic errors are dominated by hadron decay
uncertainties and largely correlated among different pT -
bins [10]. We find a mimimal value of χ2/d.o.f. of 1.2 for
the combination µR = µD = 0.5 pT and µF = 2 pT for
the BFG I and II FFs and somewhat larger for GRV
NLO, which is in good accordance with our observa-
tion above that µD = 0.5 pT should be preferred. Al-
though higher-order QCD corrections are of course in
principle important, in particular at low pT , they can
be subsumized by an appropriate choice of scale. We
have exploited this freedom by normalizing the theory
to the data, in this way effectively fitting the higher-
order terms. Note also that when µD falls below the
starting scale Q0 =

√
2 GeV, numerical results from

the BFG parameterizations of the FFs are no longer
available and µD must at least be frozen there. In or-
der to avoid the appearance of large logarithms (like

See J.-F. Paquet’s talk
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ELLIPTIC FLOW AND SPACE-TIME DYNAMICS

29

•In a thermal fireball picture, the net photon yield is sensitive to the value of the 
acceleration parameter, and to details of the initial state. The photons do report 
on the details of the dynamics. 
•How uniquely determined are these? How unique is the entire evolution?
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FIG. 6: (Color online) Same as Fig. 5 for 0-20% Au-Au collisions, but with a QGP contribution evaluated for a reduced
thermalization time of τ0 ≃ 0.17 fm/c translating into an average initial temperature of T0 ≃ 445 MeV.

emission only sets in at Tc when there is already substan-
tial flow in the system, and thus even at high momenta
the hadronic spectra are sensitive to the fireball flow field.
In the 20-40% centrality bin, the discrepancy between

the theoretical yields and the data becomes somewhat
more severe, hinting at a missing relatively soft source
(and therefore suggestive for the later hadronic phase).
One speculation at this point could be related to ω → π0γ
decays. These have been subtracted by the PHENIX col-
laboration employing mt scaling of the ω spectra with
π0’s [27], assuming ω/π0 = 1, as found in pp mea-
surements [37], as well as in 0-92% Au-Au collisions for
pt > 4 GeV. If, however, ω mesons at lower pt become
part of the chemically equilibrated medium in heavy-ion
collisions, one expects their multiplicity at given mt to
be up to 3 times larger, due their spin degeneracy. In
this case there might be a direct-photon component in
the Au-Au data at low qt ≤ 2 GeV due to some frac-
tion of final-state ω → π0γ decays which have not been
subtracted (and which would carry large v2). This possi-
bility may be worth further experimental and theoretical
study.
It is quite remarkable that the hadronic yield domi-

nates over the QGP one over the entire plotted range.
This will have obvious ramifications for the v2 of the
direct photons, which is larger in the hadronic phase.
The sub-leading role of the (early) QGP component fur-
ther implies that the effects of initial-state fluctuations
on thermal-photon production [20, 21] are diminished.
To examine the dependence of the QGP yield on the

thermalization time, we have conducted calculations with
a factor-2 reduced initial longitudinal size, z0 = 0.3 fm,
corresponding to τ0 ≃ 0.17 fm/c as used, e.g., in Ref. [14],
cf. Fig. 6. The QGP spectra in 0-20% Au-Au collisions
increase over the z0 = 0.6 fm calculation by a factor of
1.6, 2.7 and 4.8 at qt = 2, 3 and 4 GeV, respectively, and
turn out to be in fair agreement (within ca. 30%) with
the hydrodynamic calculations reported in Ref. [14] (us-

ing smooth initial conditions). The significance of this
increase mostly pertains to momenta, qt > 2 GeV, where
a small “QGP window” reopens, but it does not signifi-
cantly affect the description of the experimental yields.
To further characterize the nature of the direct-photon

excess (i.e., beyond the pp-scaled primoridial emission),
we evaluate the effective slope parameters, Teff , of our
thermal spectra. We recall that PHENIX extracted the
effective slope of the excess radiation in their data as
Teff = 221±19stat±19syst MeV [7]. In Fig. 7 we compare
this range with the temperature evolution, T (τ), of our
fireball; they only overlap inside the QGP phase. How-
ever, when accounting for the flow-induced blue shift, as
estimated by the schematic expression for a massless par-
ticle,

Teff ≃ T

√

1 + ⟨β⟩

1− ⟨β⟩
, (1)

the overlap with the experimental window is shifted to
significantly later in the evolution, mostly for a flow-
ing hadronic source with a restframe temperature of
T ≃ 100-150 MeV. This suggests a reinterpretation
of the experimental slope as mainly hadronic in origin,
which, as we will see in Sec. V below, is further sup-
ported by the v2 data. An explicit fit of the slope to our
total thermal spectrum from the elliptic fireball (with
T0 = 355 MeV) in the range qt ≃ 1 − 3 GeV yields
Teff ≃ 240-250 MeV, which is at the upper end of the data
(consistent with the slight underestimate of the lowest-qt
datum; also note that the use of the average, ⟨β⟩ = 0.7βs
in Eq. (1), tends to underestimate the actual slopes, es-
pecially at high qt and βs; we noted that already when
going from the spectra in the lower panel of Fig. 4 to
the full results in the upper left panel of Fig. 5). Higher
initial temperatures are less favorable, since they result
in a further increase of the slope, e.g., by 10-15 MeV for
T0 = 445 MeV.
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FIG. 2: (Color online) Snapshots of pt spectra and v2 for pions and protons (upper panels), as well as φ mesons (lower
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√
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respectively. The π and p curves are for direct emission only (no resonance feeddown) with absolute normalization while the φ
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within our fireball model, evaluated with either constituent-
quark or pion content of the medium.

sion at temperatures between Tch and Tfo. We do this as
described in Ref. [35], which was adopted in our previ-
ous work [9]. Most of the hydrodynamic evolutions used
for photon calculations at RHIC to date assume chem-
ical equilibrium throughout the hadronic phase. This
assumption likely leads to an appreciable underestimate
of the thermal hadronic component in the observed pho-
ton spectra, and thus of its contribution to the direct-
photon elliptic flow. For example, typical meson anni-
hilation processes such as π + ρ → π + γ (proceeding
through t- and s-channel π, ω and a1 exchanges), are
augmented by an initial pion fugacity, z3π = exp(3µπ/T )
(in Boltzmann approximation), where µπ ≃ 100 MeV in
the vicinity of thermal freezeout, Tfo ≃ 100 MeV. This
implies a significantly larger enhancement in photon pro-
duction in the later hadronic stages relative to the con-
servation of the hadron ratios for which the chemical po-
tentials are introduced. In other words, the faster cool-
ing of the fireball in chemical off-equilibrium relative to
the equilibrium evolution is overcompensated in the lead-
ing photon-production channels due to a “high” power of
pion densities.

van Hees, Gale, Rapp, PRC (2011)
¢Smooth fireball, Primordial flow, a slightly different set of resonances, baryons

See H. van Hees’ talk
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BEYOND GLAUBER: IP-GLASMA + MUSIC 
EFFECT ON HADRONIC OBSERVABLES

¢Flow harmonics reproduced up to v5 at RHIC and LHC 
¢Distributions of vn at LHC:
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FIG. 8. (Color online) v1(pT ) compared to experimental data
from the ALICE [37] and ATLAS [38] collaborations.

not necessarily the only explanation. In fact, for RHIC
energies, calculated pion spectra also underestimate the
data for pT < 300MeV but v1(pT ) is well reproduced.
We present event-by-event distributions of v2, v3, and

v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
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FIG. 9. (Color online) Scaled distributions of v2, v3, and v4
(from top to bottom) compared to experimental data from
the ATLAS collaboration [40, 41]. 1300 events. Bands are
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tion, we scaled the distributions by their respective mean
value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn
end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the εn
distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4.

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 43–47]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that

¢IP-Glasma + MUSIC provides 
consistent flow systematics at 
RHIC & LHC 

¢Contains an initial flow: 
Investigating the effects on 
EM variables

Gale, Jeon, Schenke, Tribedy, Venugopalan 
PRL (2013)

3

where ta are the generators of SU(Nc) in the fundamental
representation (The cell index j is omitted here). The
N2

c −1 equations (4) are highly non-linear and for Nc = 3
are solved iteratively.
The total energy density on the lattice at τ = 0 is given

by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [32, 34].
We note that the boost-invariant CYM framework ne-
glects fluctuations in the rapidity direction. Anisotropic
flow at mid-rapdity is dominated by fluctuations in the
transverse plane but fluctuations in rapidity could have
an effect on the dissipative evolution; the framework to
describe these effects has been developed [35] and will
be addressed in future work. Other rapidity dependent
initial conditions are discussed in Ref. [36].
In Fig. 1 we show the event-by-event fluctuation in

the initial energy per unit rapidity. The mean was ad-
justed to reproduce particle multiplicities after hydro-
dynamic evolution. This and all following results are for
Au+Au collisions at RHIC energies (

√
s = 200AGeV) at

midrapidity. The best fit is given by a negative binomial
(NBD) distribution, as predicted in the Glasma flux tube
framework [37]; our result adds further confirmation to a
previous non-perturbative study [38]. The fact that the
Glasma NBD distribution fits p+p multiplicity distribu-
tions over RHIC and LHC energies [24] lends confidence
that our picture includes fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. 2. We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 8]. In the latter, for ev-
ery participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particular,
fluctuations in the IP-Glasma occur on the length-scale
Q−1s (x

⊥
), leading to finer structures in the initial energy

density relative to the other models. As noted in [25],
this feature of CGC physics is missing in the MC-KLN
model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[39], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

√

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2

⟨rn⟩
, (6)

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [8] models.

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing well with the MC-Glauber model using binary
collision scaling (Nbinary). We note however that this
agreement is accidental; binary collision scaling of eccen-
tricities, as shown explicitly in a previous work applying
average CYM initial conditions [40], does not imply bi-
nary collision scaling of multiplicities.
The triangularities are very similar, with the MC-KLN

result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.
We have checked that our results for ε2, ε3 are insensi-
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Is the hydrodynamic modelling complete?

¢In the last ~5-8 years, relativistic hydrodynamics has 
undergone a revolution 
� 3D 
� 3D - Shear viscosity 
� 3D - Shear viscosity - Fluctuating initial conditions 
� 3D - Shear viscosity - Fluctuating initial conditions also in y 
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T µν = −Pgµν +ωuµuν + ΔT µν

The dissipative terms:

ΔT µν =η Δµuν + Δνuµ( ) + 2
3
η −ζ⎛

⎝⎜
⎞
⎠⎟ H

µν ∂ρu
ρ − χ(H µαuν + H ναuν )Qα

No simulation incorporates all of these
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ζ ≈15η 1
3
− cs

2⎛
⎝⎜

⎞
⎠⎟
2

S. Weinberg, Ap. J (1971)

 
ζ ! 2η 1

3
− cs

2⎛
⎝⎜

⎞
⎠⎟ A. Buchel, Phys. Lett. (2008)

Bulk viscosity vanishes in conformal fluids. QCD is only very 
approximately conformal:

 2
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FIG. 5: The trace anomaly calculated in lattice QCD with p4 and asqtad actions on Nτ = 6 and
8 lattices compared with the parametrization given by Eqs. (4.2) and (4.3). The solid, dotted

and dashed lines correspond to parametrizations s95p−v1, s95n−v1 and s90f−v1 respectively, as
discussed in the text.
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FIG. 6: The pressure, energy density (left panel) and speed of sound (right panel) in the equations

of state obtained from Eqs. (4.2) and (4.3). The vertical lines indicate the transition region (see
text). In the right panel we also show the speed of sound for the HRG EoS and EoS with first
order phase transition (thin dotted) line, the EoS Q

hadron gas, and its minimum value is that of HRG speed of sound3. It is quite simple to
understand why this happens: To achieve smaller speed of sound than the speed of sound in
hadron gas, the trace anomaly should be larger than in HRG. As one can see in Fig. 4, the
present lattice data clearly disfavors such a scenario. In Figure 6 we indicate the transition
region from hadronic matter to deconfined state by vertical lines. We define the transition

3 Similar EoS was presented already in Refs. [45, 46].
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Figure 4.12: Chi-square curves to fit the IP-Glasma initial condition model.
Lighter curves have a higher value of bulk viscosity (from darkest to lightest:
b = 0, 15, 30, 45, 60, 75). TFO = 140 MeV

4.3.1 Comparison with CMS data and event by event

calculations

In a similar fashion as what was done in previous sections, let us now construct

chi square curves for all bulk viscosity values; this is shown in figure 4.12. In

the case of IP-Glasma, increasing bulk viscosity leads to lower minima, which

leads to conclude that in this specific case, bulk viscosity improves the fit with

data. An important di↵erence between this plot and the ones presented on

figures 4.8 and 4.9 is that while, in the latter, varying bulk changed the ⌘/s

position of the minimum, in the current case, varying bulk here appears not

to strongly a↵ect the position of the minimum; this is an interesting feature

of these calculations at earlier starting times. The optimal fit for IP-Glasma

according to this plot is situated at ⌘/s = 0.17 and b = 75.

On another line of thought, one could also wonder how well the fits that

were presented thoughout this chapter predict actual event by event calcula-

tions results. In order to bring an answer to this, one must of course perform

said event by event calculations. Since IP-Glasma showed such promising re-

sults in other centralities, it was chosen to be the model with which those

61
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MORE ON THE HYDRO MODELLING AND PHOTON 
PRODUCTION

¢Can the relaxation time be changed? Does 
this affect anything? 

¢What about        ?
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τπ !π
〈µν 〉 +π µν == 2ησ µν − 4

3
τππ

µνθ

Vujanovic et al., arXiv:1404.3714

π 0
µν

G. Vujanovic, J.-F. Paquet, G. S. Denicol, M. Luzum, B. Schenke, S. Jeon, C. Gale / Nuclear Physics A 00 (2014) 1–4 2

where the Navier-Stokes limit of the shear-stress tensor is πµνNS = 2ησ
µν = 2η∆µναβ∂

αuβ, with ∆µναβ =
(

∆
µ
α∆
ν
β + ∆

µ
β∆
ν
α

)

/2−
∆αβ∆

µν/3 being the double, symmetric, traceless projection operator. There are two coefficients, the shear viscosity
η, also present in Navier-Stokes theory, and the shear relaxation time, τπ, which only exists in Israel-Stewart theory.
These are the only terms considered in this study. Furthermore, we assume the existence of an effective shear viscosity
coefficient that is proportional to the entropy density: η/s = 1/4π. The relaxation time is assumed to be of the form
τπ = bπ

[

η
ε+P

]

, and we will choose here bπ = 3, 5, and 10. Physically, τπ governs the rate at which πµν evolves and
relaxes towards the Navier-Stokes value. The coefficient bπ is constrained by causality to bπ ≥ 4/

[

3
(

1 − c2s
)]

, where
cs is the velocity of sound [4].

To investigate the sensitivity of EM probes to the initial conditions of the medium, we start the fluid dynamic
evolution in and out of equilibrium by introducing an initial πµν0 = c × 2ησµν where c = 0, 2, and σµν is computed
using initial flow uµ0 = (cosh ηs, 0, 0, sinhηs), with the space-time rapidity given by ηs = (1/2) ln [(t + z)/(t − z)]
where t is time and z is the longitudinal coordinate. A practical set of coordinates is hyperbolic space-time variables:
τ =
√
t2 − z2 and ηs; in these coordinates uµ0 = (1, 0, 0, 0).

3. Electromagnetic production rates and their viscous corrections

Viscous corrections to EM thermal production rates are introduced by including asymmetric corrections of the
form δn = C n(p)(1 ± n(p))pαpβπαβ/[2T 2(ε + P)] to the spherically-symmetric, thermal distribution functions n(p)
present in the rate calculations [5]. The constant C may be species-dependent [6]; here we shall set C = 1. With this
formulation, thermal rates become dependent on the out-of-equilibrium hydro-evolution of T µν. For dileptons, we
use the quark-antiquark annihilation rate into dileptons at leading order (Born approximation) to describe the virtual
photon emission of the QGP phase. In the hadronic sector, our rates are based on the Eletsky et al. [7–9] forward
scattering amplitude model, where vector mesons interact with a bath of pions and nucleons. The Vector Dominance
Model (VDM) [10] couples the vector mesons to virtual photons. Viscous corrections to these rates are presented in
[11]. For photons, the emission from the QGP sector consists of 2-to-2 processes q+q̄→ g+γ and q(q̄)+g→ q(q̄)+γ,
along with their Hard Thermal Loop corrections [12]. The QGP photon rates have been extended to include viscous
anisotropicmomentumdistributions. The hadronicmedium (HM) photon-producing reactions are described by kinetic
theory, using Massive-Yang-Mills Lagrangian meson-meson interactions [13]. Viscous extensions are derived in [5].

4. Results
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Figure 1. The effects of τπ (left panel) and π
µν
0 (right panel) on elliptic flow of charged hadrons created in collisions of Au + Au at 200 A GeV, in

the 20–40% centrality class. In the left panel we set πµν0 = 0, and in the right panel, τπ = 5η/(ε + P).

It is important to first verify whether the new hydrodynamic parameter space explored in this work modifies the
interpretation of hadronicmeasurements performed over several years. Charged hadrons are expected to have a limited
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Au+Au, 200 AGeV

20-40% 
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sensitivity to the early dynamics of the strongly interacting medium created in heavy ion collisions because they are
created at the hydrodynamic freeze-out hyper-surface. Our calculations do show that the variations in τπ and πµν0
studied here have little effect on the v2 of charged hadrons, and this is illustrated in Fig. 1.
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Figure 2. The effects of τπ on EM probes for collisions of Au + Au at 200 A GeV, in the 2040% centrality class. The dilepton (left panel) and
photon (right panel) net elliptic flows are shown, for a choice of πµν0 = 0 and different values of the shear relaxation time τπ.

We find that the elliptic flow of QGP photons and dileptons is indeed considerably more sensitive to the relaxation
time of viscous hydrodynamics than that of hadrons. Recall that τπ is in effect the relaxation time of the shear
pressure tensor to its Navier-Stokes value. Fixing η/s and starting from πµν0 = 0, a large τπ will therefore postpone
the development of viscous hydrodynamics. In this limit, the value of the elliptic flow of EM probes should become
closer to what it is for inviscid hydrodynamics, i.e. v2 should be larger. This is was is seen in these estimates, and
this is shown in Figure 2, where the net elliptic flow (i.e. that coming from both QGP and HM phases) is shown.
Interestingly, the effect is more pronounced for thermal photons than it is for thermal dileptons. Thermal dilepton
radiation is dominated by HM in the low invariant mass sector, hence the larger effects of τπ on the QGP dilepton v2
[14] are barely visible in the net thermal invariant mass spectrum. For thermal photons, the turnover in v2 for higher
values of pT shown in Fig. 2 is QGP-driven1. As mentioned previously, the initial coordinate-space configuration
is chosen from an optical Glauber calculation: an upcoming study [14] will re-examine the effects studied here with
event-by-event fluid dynamics and with IP-Glasma initial states [15]. With these cautionary words in mind, the right
panel of Figure 2 shows that varying the shear relaxation time within the limits considered here leads to an increase
of thermal photon elliptic flow of 30% at pT = 3 GeV.

In what concerns variations of the initial viscous shear pressure tensor, we find that the elliptic flow of dileptons
increases regardless of the phase of origin. Figure 3 shows the net elliptic flow of dileptons; this includes lepton pairs
emitted from both phases. The hydro evolution does provide the dynamics that supports this interpretation: during
the first few fm/c – when the elements of the shear pressure tensor go through their maxima – viscous hydrodynamics
introduces a non-linear coupling between the large longitudinal gradients and the transverse gradients by reducing the
longitudinal pressure and augmenting the transverse one [16]. Increasing πµν0 (especially πzz0 ) therefore enhances the
pressure transfer rate. The v2 of EM probes from the QGP is thus expected to increase because of a non-vanishing
value of the initial shear-stress tensor. The effect is observed in the case of dileptons but the reverse is observed in
the case of photons. This can be understood as follows: the integration over momenta needed to get to a dilepton
invariant mass distribution suppresses the effect of the asymmetric viscous correction, δn(p): the dilepton invariant
mass spectra thus only carry a signature of viscosity through the bulk evolution. The photon transverse momentum
yield, on the other hand, will be proportional to pµpνπµν. The photons therefore also feel the consequence of the δn(p)
viscous correction which is known to reduce the elliptic flow [5, 17–19]. Those effects partially cancel in the case of
real photons. Therefore, dilepton (invariant mass) and photon elliptic flow carry complementary information in what

1Note however that pQCD photons are not included in this study and they will have a non-negligible effect at transverse momenta of ∼ 3 GeV.
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Figure 3. The effects of πµν0 on EM probes for 20–40% centrality class at RHIC. The left panel shows the dilepton elliptic flow whereas the right
panel shows that of real photons.

concerns the out-of-equilibrium physics in play. This illustrates well the richness of the fluid dynamical problem; a
careful analysis is needed to extract all of the physics.

5. Conclusion

Our calculations show that EM probes are indeed sensitive to the initial conditions of hydrodynamics, i.e. πµν0 in
this work, as well as to the early-time dynamics as represented by the value of the shear relaxation time, τπ. Within
the parameter space adopted in this study, the charged hadrons are shown to be mostly unaffected by these aspects,
as their characteristics are determined by the conditions existing at the hydrodynamic freeze-out hyper-surface. A
more detailed account of our explorations will include the virtual photon emissivities beyond the Born rate, and will
feature IP-Glasma initial states along with other aspects not considered here. Importantly, this work reasserts the vast
potential of electromagnetic radiation as a penetrating probe of hot and dense strongly interacting matter. In more
practical terms, photons and dileptons open up a window in the fluid dynamical evolution that has remained closed
for hadrons. This in turn may well entail a recalibration of the parameters that currently constitute the hydrodynamics
modelling paradigm of relativistic heavy-ion collisions.
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Suppose a static source at temperature T:

E d
3n

d 3p
= Ee−βE

Read off the temperature from the exponent
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Suppose an expanding source at local temperature T:

Page 1

E d
3n

d 3p
≈ Ee−βγ E+βγ vE

Te =
1+ v
1− v

T Doppler shift

The effective temperature (deduced from the slope) 
is not the true temperature
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STUDYING THE DIFFERENTIAL TEMPERATURE DISTRIBUTION 
WITH A REALISTIC FLUID-DYNAMICAL CALCULATION

5

FIG. 4: (Color online) Contour plots of the normalized differential photon yield dN
γ
(T,τ)/(dy dT dτ)

dNγ/dy
(panels (a) and (c)) and

dN
γ
(Teff ,τ)/(dy dTeff dτ)

dNγ/dy
(panels (b) and (d)) for Au+Au collisions at RHIC at 0-20% centrality (panels (a) and (b)) and for

Pb+Pb collisions at the LHC at 0-40% centrality (panels (c) and (d)). The color bars translate the colors into absolute values
(in c/(GeV fm)) for the quantities plotted. See text for discussion.

peratures close to the quark-hadron transition. Aver-
aged over time, these photons from the transition region
are strongly affected by radial flow, resulting in inverse
slopes (“effective temperatures”) that are much larger
than their true emission temperatures. These findings
can even be put on a firmer quantitative basis, by consid-
ering the following: At each value of proper time, τ , pho-
tons are emitted with a distribution of thermodynamic
temperatures. This distribution is shown in Figs. 4a
(for Au+Au at RHIC) and 4c (for Pb+Pb at the LHC),
where the color-coding of the contour plots reflects the
differential photon yield (normalized to the total yield
dNγ/dy) per time and temperature (in c/(GeV fm)) in
the T−τ plane. The corresponding distribution of flow-
blue-shifted effective temperatures Teff (inverse slopes)
is shown in Figs. 4b (for RHIC) and 4d (for the LHC).
Comparing the left and right panels one observes, after
a proper time τ ∼ 2 fm/c, a clear shift to higher effective
temperatures, owing to the development of radial hydro-
dynamic flow. Furthermore, the dependence of the effec-
tive temperature on the flow velocity (which depends on

radial position) leads to an additional broadening of the
distribution of Teff at any given time.

In order to further quantify the connection between
the photon spectrum and the emission temperature, a
model calculation allows to dissect the photon contribu-
tion in terms of transverse momentum. Figure 5 shows
the relative photon yield in different transverse momen-
tum regions, as a function of the temperature at which
those photons were radiated. The photon yield is ob-
tained by integrating the flow-boosted photon emission
rate over the space-time volume. The rate is large at high
temperatures, but the corresponding space-time volume
is small. As the system cools and the rate drops, the
decrease in the rate is (partially) offset by the increasing
fireball volume, and the shift to lower photon energies re-
sulting from the cooling is counteracted by the increasing
radial flow. The combination of these effects can create
a bi-modal distribution of the thermodynamic tempera-
tures that contribute to photon production in a given pT
window. The relative size of the two peaks correspond-
ing to emission from very hot cells with little flow and
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differential photon yield (normalized to the total yield
dNγ/dy) per time and temperature (in c/(GeV fm)) in
the T−τ plane. The corresponding distribution of flow-
blue-shifted effective temperatures Teff (inverse slopes)
is shown in Figs. 4b (for RHIC) and 4d (for the LHC).
Comparing the left and right panels one observes, after
a proper time τ ∼ 2 fm/c, a clear shift to higher effective
temperatures, owing to the development of radial hydro-
dynamic flow. Furthermore, the dependence of the effec-
tive temperature on the flow velocity (which depends on

radial position) leads to an additional broadening of the
distribution of Teff at any given time.

In order to further quantify the connection between
the photon spectrum and the emission temperature, a
model calculation allows to dissect the photon contribu-
tion in terms of transverse momentum. Figure 5 shows
the relative photon yield in different transverse momen-
tum regions, as a function of the temperature at which
those photons were radiated. The photon yield is ob-
tained by integrating the flow-boosted photon emission
rate over the space-time volume. The rate is large at high
temperatures, but the corresponding space-time volume
is small. As the system cools and the rate drops, the
decrease in the rate is (partially) offset by the increasing
fireball volume, and the shift to lower photon energies re-
sulting from the cooling is counteracted by the increasing
radial flow. The combination of these effects can create
a bi-modal distribution of the thermodynamic tempera-
tures that contribute to photon production in a given pT
window. The relative size of the two peaks correspond-
ing to emission from very hot cells with little flow and

The 3rd dimension is dN
γ / dydTdτ
dN γ / dy

RHIC

PHENIX
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FIG. 4: (Color online) Contour plots of the normalized differential photon yield dN
γ
(T,τ)/(dy dT dτ)

dNγ/dy
(panels (a) and (c)) and

dN
γ
(Teff ,τ)/(dy dTeff dτ)

dNγ/dy
(panels (b) and (d)) for Au+Au collisions at RHIC at 0-20% centrality (panels (a) and (b)) and for

Pb+Pb collisions at the LHC at 0-40% centrality (panels (c) and (d)). The color bars translate the colors into absolute values
(in c/(GeV fm)) for the quantities plotted. See text for discussion.

peratures close to the quark-hadron transition. Aver-
aged over time, these photons from the transition region
are strongly affected by radial flow, resulting in inverse
slopes (“effective temperatures”) that are much larger
than their true emission temperatures. These findings
can even be put on a firmer quantitative basis, by consid-
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where the color-coding of the contour plots reflects the
differential photon yield (normalized to the total yield
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temperatures, owing to the development of radial hydro-
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tive temperature on the flow velocity (which depends on
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aged over time, these photons from the transition region
are strongly affected by radial flow, resulting in inverse
slopes (“effective temperatures”) that are much larger
than their true emission temperatures. These findings
can even be put on a firmer quantitative basis, by consid-
ering the following: At each value of proper time, τ , pho-
tons are emitted with a distribution of thermodynamic
temperatures. This distribution is shown in Figs. 4a
(for Au+Au at RHIC) and 4c (for Pb+Pb at the LHC),
where the color-coding of the contour plots reflects the
differential photon yield (normalized to the total yield
dNγ/dy) per time and temperature (in c/(GeV fm)) in
the T−τ plane. The corresponding distribution of flow-
blue-shifted effective temperatures Teff (inverse slopes)
is shown in Figs. 4b (for RHIC) and 4d (for the LHC).
Comparing the left and right panels one observes, after
a proper time τ ∼ 2 fm/c, a clear shift to higher effective
temperatures, owing to the development of radial hydro-
dynamic flow. Furthermore, the dependence of the effec-
tive temperature on the flow velocity (which depends on

radial position) leads to an additional broadening of the
distribution of Teff at any given time.

In order to further quantify the connection between
the photon spectrum and the emission temperature, a
model calculation allows to dissect the photon contribu-
tion in terms of transverse momentum. Figure 5 shows
the relative photon yield in different transverse momen-
tum regions, as a function of the temperature at which
those photons were radiated. The photon yield is ob-
tained by integrating the flow-boosted photon emission
rate over the space-time volume. The rate is large at high
temperatures, but the corresponding space-time volume
is small. As the system cools and the rate drops, the
decrease in the rate is (partially) offset by the increasing
fireball volume, and the shift to lower photon energies re-
sulting from the cooling is counteracted by the increasing
radial flow. The combination of these effects can create
a bi-modal distribution of the thermodynamic tempera-
tures that contribute to photon production in a given pT
window. The relative size of the two peaks correspond-
ing to emission from very hot cells with little flow and

A summary: 

LHC

7

this may indicate that our hydrodynamic calculations un-
derestimate the photon production rate in the HG phase
and/or near the quark-hadron phase transition. This ob-
servation invites further scrutiny in terms of its sensitiv-
ity to variations in the initial conditions and the trans-
port coefficients the expanding hydrodynamic fluid.
We also investigated the centrality dependence of the

inverse slope of the thermal photon spectra in Au+Au
collisions at RHIC (see Table I). For the hydrodynamic

Centrality PHENIX preliminary Teff

results (MeV) (MeV)

0-20% 237± 25± 29 267

20-40% 260± 33± 31 259

40-60% 228± 28± 27 246

60-92% 254± 53± 25 225

TABLE I: Preliminary results for the inverse slope param-
eters extracted from thermal photon spectra for 200AGeV
Au+Au collisions obtained by the PHENIX Collaboration
[38], compared with those from the hydrodynamic model, for
different collision centralities. To facilitate comparison with
the experimental data, the theoretical spectra where fitted
to exponentials in pT in the same interval as used in [38],
0.6<pT < 2.0GeV.

runs on which Fig. 6 is based, our results show a
very weak centrality dependence, with Teff being slightly
smaller in peripheral than central collisions.
Returning to Figs. 2 and 3, we see that the large mea-

sured values for the inverse photon slope reflect, on av-
erage, true emission temperatures that lie well below the
observed effective temperature. This raises an interesting
question: Could it be that in the experiments we don’t
see any photons at all from temperatures well above Tc,
and that all measured photons stem from regions close to
Tc and below, blue-shifted by radial flow to effective tem-
perature values above Tc? To get an idea what the answer
to this question might be we performed a schematic study
where in Fig. 2 we turned off by hand all contributions
to the photon spectrum from cells with true tempera-
tures above 220MeV at RHIC and above 250MeV at the
LHC (corresponding to about 1/3 of the total photon
yield in both cases), and in Fig. 3 all contributions from
τ < 2 fm/c (corresponding to 26% and 28.5% of the total
photon yield for RHIC and LHC collisions, respectively,
see Table II).3 We show as arrows pointing to the right

3 This implements, in a very rough way, the idea that the initial
fireball state might be purely gluonic, and that chemical equili-
bration of quarks can be characterized by a time constant taken
to be about 2 fm/c. It ignores, however, that an initial suppres-
sion of quarks must be compensated by an increase in the gluon
temperature [11, 14], in order to maintain the same total entropy
and final multiplicity. As quarks are being produced from glu-
ons, these quarks thus radiate more strongly than in chemical

range of photon fraction of total photon yield

emission AuAu@RHIC PbPb@LHC

0-20% centr. 0-40% centr.

T = 120-165MeV 17% 15%

T = 165-250MeV 62% 53%

T > 250MeV 21% 32%

τ = 0.6− 2.0 fm/c 28.5% 26%

τ > 2.0 fm/c 71.5% 74%

TABLE II: Fractions of the total photon yield emitted from
the expanding viscous hydrodynamic fireball from various
space-time regions as indicated, for the two classes of colli-
sions considered in this work.

vertical axes in Figs. 2 and 3 the inverse slopes of the fi-
nal space-time integrated hydrodynamic photon spectra:
Solid black and red lines correspond to calculations as-
suming full chemical equilibrium from the beginning and
using thermal equilibrium and viscously corrected pho-
ton emission rates, respectively. The dashed black and
red arrows show the same for calculations with delayed
chemical equilibration, as described above. The (over-
estimated) effects of our schematic handling of delayed
chemical equilibration on the final inverse photon slope
are seen to be roughly of the same order of magnitude
as those from viscous corrections to the photon emission
rates (∼ 10% for Teff), and thus too small to be experi-
mentally resolved with the present experimental accuracy
of Teff . We note that, for both RHIC and LHC energies,
the calculated inverse slopes are consistent (within er-
rors) with the experimentally measured values, although
near the high end of the observationally allowed band for
RHIC.
We conclude that thermal photons can indeed be used

as a thermometer in relativistic nuclear collisions, but
that their interpretation requires a dynamical model
which has the sophistication demanded by the wealth of
hadronic data that currently exist at RHIC and at the
LHC. We observe that the large observed effective tem-
peratures of thermal photons emitted from heavy-ion col-
lisions, and their significant increase from RHIC to LHC
energies, reflect mostly the strong radial flow generated in
these collisions and do not directly prove the emission of
electromagnetic radiation from quark-gluon plasma with
temperatures well above Tc. In particular, they are not
representative of the initial temperature of the QGP gen-
erated in the collision. We hasten to say, however, that
a hot and dense early stage of the expanding medium
is necessary to generate (either hydrodynamically or by

equilibrium, leading to a cancellation that leaves the total pho-
ton spectrum almost unchanged [11]. Our simplified treatment
ignores this increase in temperature and thus overestimates the
effect of early-time quark suppression on the photon spectrum.
In this sense, our conclusion from this study is conservative.

¢Photons can be used as a 
thermometer 

¢T>Tc is reached 
¢A model is needed to 

extract the details

LHC

STUDYING THE DIFFERENTIAL TEMPERATURE DISTRIBUTION 
WITH A FLUID-DYNAMICAL CALCULATION
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FIG. 1. (Color online)
Direct photon (prompt+
thermal(QGP+HG)) ani-
sotropic flow coefficients
v2−v5 for 200AGeV
Au+Au collisions at 0−20%
and 20−40% centrality
(left four panels) and for
2.76ATeV Pb+Pb colli-
sions at 0−40% centrality
(right two panels). The
upper (lower) row of panels
shows results using MCGlb
(MCKLN) initial conditions
with η/s=0.08 (0.2). Solid
(dashed) lines depict re-
sults that include (neglect)
viscous corrections to the
photon emission rates.
The shaded bands indicate
statistical uncertainties.

The smaller ratio πµν/(e+P ), when averaged over the
fireball history, explains the smaller difference between
dashed and solid lines (reflecting the photon emission rate
anisotropy) at LHC energies compared to RHIC.

The direction Ψγ
n of the nth-order photon flow is ob-

tained by computing the phase of ⟨einφp⟩ (where the av-
erage is taken with the pT -integrated photon spectrum)
[2]. We found that the flow angles Ψγ

n for photons from
the hadronic phase are tightly correlated with the pion
flow angles Ψn. However, the pT -dependent viscous cor-
rection to the distribution functions in Eq. (2) leads to
a decorrelation between the pion flow angle Ψn and the
pT -dependent photon flow angle Ψγ

n(pT ) of photons with
momentum pT . This decorrelation increases with pT and
with the shear viscosity η/s and is largest at early times
when πµν/(e+P ) is big; it fluctuates from event to event
and is responsible for the negative v4,5(pT ) at high pT in
the two left bottom panels of Fig. 1. It becomes weaker at
LHC energies where the viscous corrections are smaller,
and v4,5(pT ) remain positive even for the larger η/s value
of 0.2 (right bottom panel).

Similar to what has been done for hadrons [40], one
can form the ratio of the integrated elliptic to triangular
flow coefficients, v2{SP}/v3{SP}, for photons and study
its centrality dependence. This is shown and compared
with the same ratio for thermal pions in Figure 2. Note
that, in the limit were prompt and pre-equilibrium pho-
tons carry near-vanishing vn, this ratio is insensitive to
their multiplicity. It is larger and shows a stronger cen-
trality dependence for photons than for pions, and both
of these trends increase with the value of shear viscos-
ity coefficient: the photons can report on regions of the
shear pressure tensor that are inaccessible to hadrons.
This highlights again the uniqueness of thermal photons

FIG. 2. (Color online) The ratio of the integrated elliptic
flow to the integrated triangular flow, for 2.76ATeV Pb+Pb
collisions, as a function of collision centrality. MCGlb initial
conditions are used, and results with two values of the η/s
ratio (0.08 and 0.2) are shown, both for thermal photons (solid
lines) and for thermal pions (not including resonance decays,
dashed lines).

as penetrating probes and demonstrates their privileged
status in the extraction of transport coefficients of QCD.

In summary, we have presented the first viscous calcu-
lation for higher order anisotropic flows of thermal pho-
tons. We find sizable triangular flow v3 for thermal pho-
tons at both RHIC and LHC energies which (by symme-
try) cannot be due to the initial magnetic field. Viscous
effects on the anisotropic flows of thermal photons are
larger than for hadrons, due to large viscous anisotropies
in the photon emission rate. A comparison of v2/v3 for
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Slope of ratio vs centrality grows 
with viscosity  

The ratio has stronger centrality 
dependence than for hadrons: 
photons access earlier times with 
larger viscous tensor 

This ratio is insensitive to sources 
with a vanishing vn such as pre-
equilibrium & pQCD
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FIG. 1. (Color online)
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and 20−40% centrality
(left four panels) and for
2.76ATeV Pb+Pb colli-
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shows results using MCGlb
(MCKLN) initial conditions
with η/s=0.08 (0.2). Solid
(dashed) lines depict re-
sults that include (neglect)
viscous corrections to the
photon emission rates.
The shaded bands indicate
statistical uncertainties.

The smaller ratio πµν/(e+P ), when averaged over the
fireball history, explains the smaller difference between
dashed and solid lines (reflecting the photon emission rate
anisotropy) at LHC energies compared to RHIC.

The direction Ψγ
n of the nth-order photon flow is ob-

tained by computing the phase of ⟨einφp⟩ (where the av-
erage is taken with the pT -integrated photon spectrum)
[2]. We found that the flow angles Ψγ

n for photons from
the hadronic phase are tightly correlated with the pion
flow angles Ψn. However, the pT -dependent viscous cor-
rection to the distribution functions in Eq. (2) leads to
a decorrelation between the pion flow angle Ψn and the
pT -dependent photon flow angle Ψγ

n(pT ) of photons with
momentum pT . This decorrelation increases with pT and
with the shear viscosity η/s and is largest at early times
when πµν/(e+P ) is big; it fluctuates from event to event
and is responsible for the negative v4,5(pT ) at high pT in
the two left bottom panels of Fig. 1. It becomes weaker at
LHC energies where the viscous corrections are smaller,
and v4,5(pT ) remain positive even for the larger η/s value
of 0.2 (right bottom panel).

Similar to what has been done for hadrons [40], one
can form the ratio of the integrated elliptic to triangular
flow coefficients, v2{SP}/v3{SP}, for photons and study
its centrality dependence. This is shown and compared
with the same ratio for thermal pions in Figure 2. Note
that, in the limit were prompt and pre-equilibrium pho-
tons carry near-vanishing vn, this ratio is insensitive to
their multiplicity. It is larger and shows a stronger cen-
trality dependence for photons than for pions, and both
of these trends increase with the value of shear viscos-
ity coefficient: the photons can report on regions of the
shear pressure tensor that are inaccessible to hadrons.
This highlights again the uniqueness of thermal photons

FIG. 2. (Color online) The ratio of the integrated elliptic
flow to the integrated triangular flow, for 2.76ATeV Pb+Pb
collisions, as a function of collision centrality. MCGlb initial
conditions are used, and results with two values of the η/s
ratio (0.08 and 0.2) are shown, both for thermal photons (solid
lines) and for thermal pions (not including resonance decays,
dashed lines).

as penetrating probes and demonstrates their privileged
status in the extraction of transport coefficients of QCD.

In summary, we have presented the first viscous calcu-
lation for higher order anisotropic flows of thermal pho-
tons. We find sizable triangular flow v3 for thermal pho-
tons at both RHIC and LHC energies which (by symme-
try) cannot be due to the initial magnetic field. Viscous
effects on the anisotropic flows of thermal photons are
larger than for hadrons, due to large viscous anisotropies
in the photon emission rate. A comparison of v2/v3 for
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WHAT ABOUT DILEPTONS?
¢Additional degree of freedom: M and pT may 
be varied independently 

¢Same approach as for photons: integrate rates 
with hydro
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Why Electromagnetic Probes?
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THERMAL DILEPTON SOURCES, QGP

¢HTL at finite momentum:

TURBIDE, GALE, SRIVASTAVA, AND FRIES PHYSICAL REVIEW C 74, 014903 (2006)

space-like region is [31]

Disc!(ω, |q⃗|) = −iπCF g2
s

∫
d3p2

(2π )3E2E3
p/3

{
δ(ω − E3 + E2)

× fFD(E3)(1 + fBE(E2)) + δ(ω + E3 − E2)

× fBE(E2)(1 − fFD(E3))
}
f −1

FD (ω). (32)

Equations (30), (31) and (32) lead to

E
dR

γ ∗

ktbc

d3p
= 3ie2

∑

f

(ef

e

)2
∫ ∞

−∞
dω

∫
d3q

8(2π )6E1

× δ(ω − E + E1)f q+q̄(E1)fFD(ω)

× Tr[4p/1S
∗
D(q)Disc!(ω, |q⃗|)SD(q)] (33)

We can use the relation

S∗
D(q)Disc!(ω, |q⃗|)SD(q) = Disc (−iSD(q)) (34)

which holds given that D±(q) = D∗
±(q∗). This is indeed the

case as can be inferred from the definition of D±, Eqs. (6)
and (8). For ω2 − |q⃗|2 < 0, we use Eqs. (11), (12), and (22) to
express the right hand side as

Disc (−iSD(q)) = − (γ 0 − γ̂ · q̂)
2

Disc
1

D+(q)

− (γ 0 + γ̂ · q̂)
2

Disc
1

D−(q)

= −i(γ 0 − γ̂ · q̂)Im
1

D+(q)

− i(γ 0 + γ̂ · q̂)Im
1

D−(q)
= −iπ (γ 0 − γ̂ · q̂)β+(ω, |q⃗|)

− iπ (γ 0 + γ̂ · q̂)β−(ω, |q⃗|). (35)

Using the latter result in Eq. (33) and carrying out the trace,
we find that

E
dR

γ ∗

ktbc

d3p
= 3e2

∑

f

(ef

e

)2
∫ ∞

−∞
dω

∫ ∞

ω

|q⃗|2d|q⃗|
(2π )5

×
∫

d'δ(ω − E + E1)f q+q̄(E1)fFD(ω)

× [β+(ω, |q⃗|)(1 − q̂ · p̂1)

+β−(ω, |q⃗|)(1 + q̂ · p̂1)]((E1 − |q⃗|) (36)

As before, we have introduced the term ((E1 − |q⃗|) as we
consider only the region where HTL may be important.
The dilepton pair production rate for the process shown in
Figs. 4(b) and 4(c) is

dRe+e−

ktbc

d4p
= 2α

3πM2
E

dR
γ ∗

ktbc

d3p

= 2α2

π2M2

∑

f

(ef

e

)2
∫ ∞

−∞
dω

∫ ∞

ω

|q⃗|2 d |q⃗|
(2π )3

×
∫

d'δ(ω − E + E1)f q+q̄(E1)fFD(ω)

× [β+(w, |q⃗|)(1 − q̂ · p̂1)

+β−(w, |q⃗|)(1 + q̂ · p̂1)]((E1 − |q⃗|). (37)

Upon adding Eqs. (28) and (37), we reproduce the result
from Eq. (18), when the particle associated to E1 is thermal,
i.e., f q+q̄(E1) → 2fFD(E1). This proves that both methods,
finite-temperature field theory and the relativistic kinetic
formalism, lead to the same result.

We now briefly compare our approach with the method
used by Thoma and Traxler in Ref. [25]. They have calculated
the photon self-energy shown in Fig. 3 with an imposed
cutoff ks ≪ T on the momentum |q⃗| in the loop-integral,
such that 0 ! |q⃗| ! ks . They then added the Compton scattering
and annihilation processes coming from cutting the two-loop
photon self-energy without HTL propagators or HTL vertices.
Those two latter process have an infrared divergence, which
is regulated by imposing a low value cutoff ks for the
exchange momentum. When adding all those processes, the
final production rate is infrared safe and independent of
ks . They have also calculated the α2αs contribution coming
from the pole of the effective quark propagator in Fig. 3.
However in their approach, the information about the parton
phase space distribution is lost, i.e., it is not possible at the
end to make the substitution f q+q̄ → f

q+q̄
jet . Here, we only

consider the one-loop diagram from Fig. 3, but we use the
dressed propagator SD(q) up to the scale |q⃗| = kc, where kc

corresponds to E1 due to the θ (E1 − |q⃗|) function. With this
method we do not have to specify the shape of f q+q̄ until
the end of the calculation. We have verified that our numerical
result depends only weakly on the scale kc. For example, taking
kc = 0.6 × E1 reduces the production rate by ∼20%.

Figure 6 shows, for f q+q̄(E1) → 2fFD(E1), the different
sources of dileptons at a temperature T = 300 MeV. In all
cases, the particle with energy E1 corresponds to a pole with
positive χ . The pole-pole contributions are shown by the
dot-dashed and the short-dashed lines. They correspond to
the diagram in Fig. 4(a). The annihilation of two partons with
positive helicity over chirality ratio, χ = 1, (dotted-dashed
line) dominates at high invariant mass. For M > 1 GeV
it converges toward the Born term (dotted line) obtained
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FIG. 6. (Color online) Production rate of dileptons with momen-
tum p = 4 GeV, from thermally induced reactions, at a temperature
T = 300 MeV and for αs = 0.3. Dotted line: Born term; short-dashed
line: pole-pole contribution with particles having negative helicity
over chirality ratio χ and dot-dashed line: pole-pole contribution with
particles having positive helicity over chirality ratio χ ; long-dashed
line: cut-pole contribution; solid line: sum of all processes; and double
dot-dashed line: Born term plus α2αs contributions from Ref. [25].
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Turbide, Gale, Srivastava, Fries PRC (2006)

¢ Non-perturbative calculation:

In Fig. 12 we show the thermal dilepton rate calculated
from Eq. (2.14) for two massless ðu; dÞ flavors. We use the
results obtained with our Breit-Wigner plus continuum fit
ansatz, Eq. (5.2), as well as results obtained with a trun-
cated continuum term. For the latter we use the case,
!0=T ¼ 1:5, !!=T ¼ 0:5, which gave a !2=d:o:f of about
1. These results are compared to a dilepton spectrum
calculated within the hard thermal loop approximation
[12] using a thermal quark mass mT=T ¼ 1. Obviously
the results are in good agreement for all!=T * 2. For 1 &
!=T & 2 differences between the HTL spectral function
and our numerical results is about a factor two, which also
is the intrinsic uncertainty in our spectral analysis. At
energies !=T & 1 the HTL results grow too rapidly, as is
well known.

In the limit ! ! 0 the results for "iið!Þ=!, and thus
also for the electrical conductivity, are sensitive to the
choice of fit ansatz. Within the class of Ansätze used by
us a small value of "iið!Þ=! seems to be favored. Our
current analysis suggests

2 & lim
!!0

"iið!Þ
!T

& 6 at T ’ 1:45Tc: (6.1)

This translates into an estimate for the electrical conduc-
tivity

1=3 &
1

Cem

#

T
& 1 at T ’ 1:45Tc: (6.2)

Using Eq. (2.15) this yields for the zero energy limit of the
thermal photon rate:4

lim
!!0

!
dR$

d3p
¼ ð0:0004–0:0013ÞT2

c ’ ð1–3Þ $ 10%5 GeV2

at T ’ 1:45Tc: (6.3)

VII. CONCLUSIONS

At a fixed value of the temperature, T ’ 1:45Tc, we have
performed a detailed analysis of vector correlation func-
tions in the high temperature phase of quenched QCD. A
systematic analysis at different values of the lattice cutoff
combined with an analysis of finite volume and quark mass
effects allowed us to extract the vector correlation function
in the continuum limit for a large interval of Euclidean
times, 0:2 & %T & 0:5. In this interval the correlation
function has been determined to better than 1% accuracy.
Furthermore, we determined its curvature at the midpoint
of the finite temperature Euclidean time interval,
%T ¼ 1=2.
We analyzed the continuum extrapolated vector corre-

lation functions using several fit Ansätze that differ in
their low momentum structure. We find that the vector
correlation function is best fitted by a simple ansatz
that is proportional to a free spectral function plus a
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FIG. 12 (color online). Thermal dilepton rate in 2-flavor QCD (left). Shown are results from fits without a cutoff on the continuum
contribution (!0=T ¼ 0) and with the largest cutoff tolerable in our fit ansatz (!0=T ¼ 1:5). The HTL curve is for a thermal quark
mass mT=T ¼ 1 and the Born rate is obtained by using the free spectral function. The right-hand part of the figure shows the spectral
functions that entered the calculation of the dilepton rate.

4Here we used Tc ’ 165 MeV. This is a value relevant for
QCD with 2 light quarks rather than the critical temperature for a
pure SU(3) gauge theory.

THERMAL DILEPTON RATE AND ELECTRICAL . . . PHYSICAL REVIEW D 83, 034504 (2011)

034504-15

Ding et al.,  PRD (2011)

No single calculation covers the entire dilepton kinematical phase space 
!

M. Laine, JHEP 11, 120 (2013)

¢HTL at zero momentum: Braaten, Pisarski and Yuan, PRL (1990) 

¢2-loop, p=0, E>>T: Majumder and Gale, PRC (2002) 

¢HTL, M~gT, E>T: Aurenche, Gélis, Moore, Zaraket, JHEP (2008)

M 2 ! (πT )2, p ≠ 0
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THERMAL DILEPTON SOURCES, HG
¢ HG contribution: calculate the in-medium vector 

spectral density: 
!
� Many-Body approach with hadronic effective Lagrangians 

¢Rapp and Wambach, ANP (2000) 
!

� Empirical evaluation of the vector mesons forward-
scattering amplitudes 
!
!
¢E. Shuryak, NPA (1991) 
¢Eletsky, Ioffe, Kapusta (1999) 
¢Vujanovic, Gale (2009) 
!

� Chiral Reduction formulae 
¢Yamagishi, Zahed (1996) 

!

Πab (E, p) = −4π d 3k
(2π )3

nb (ω )
s

ω
fab
c.m.∫ (s)
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FIGURE 5. Left panel: theoretical calculations of thermal dielectron spectra in Au-Au collisions at
RHIC using in-medium [8] (upper solid line) or vacuum (dash-dotted line) vector-meson spectral func-
tions, added to QGP radiation and the cocktail of hadronic decays after thermal freezeout (including
correlated charm decays) [24], and compared to PHENIX data [23]. Right panel: studies of QGP emis-
sion [25] including an improved photon limit with EM spectral functions fitted to recent lattice-QCD
computations [26] (middle solid lines) and variations in the equation of state (dashed line).

compared to SPS (T0 ≃ Tc). However, in the low-mass region, the thermal dilepton yield
is not very sensitive to the Boltzmann factor, but rather to the 4-volume of emission.
The latter is much smaller in the QGP than in the hadronic phase, and this is the
ultimate reason that QGP emission cannot compete with thermal hadronic emission at
masses around 0.3 GeV. This is illustrated in the right panel of Fig. 5, where several
attempts have been made to augment the QGP contribution. None of these reaches
the size of the hadronic yield [25]. Thus, one is led to conclude that the origin of the
PHENIX enhancement must be a “cool”, long-lived hadronic source with little flow
(as dictated by the small slope of the corresponding qt spectrum, Tslope ≃ 100 MeV).
Together with further theoretical analysis, the upcoming PHENIX data for low-mass
dileptons, which have been a priority of the recent RHIC run-10, will hopefully shed
light on this “anomalous” excess.

Interesting results for dielectron spectra are also obtained at low energies, Elab = 1-
2 AGeV [27]. For light-ion projectiles (e.g., 12C), the dominant role seems to be played
by elementary processes, i.e., primordial N-N Bremsstrahlung and final-state Dalitz
decays of η , Δ(1232), etc. Heavier projectile-target configurations are hoped to reveal
the long-awaited results on vector-meson modifications in a low-T high-ρB medium.

THEORETICAL INTERPRETATION

Let us put the above findings into a broader perspective. Resonance melting in the
medium is a general phenomenon. It is visible in cold nuclei, where photo-absorption
spectra exhibit the disappearance of the second and third resonance region (recall left
panel of Fig. 2; the Δ(1232) width is “protected” by Pauli blocking in the πN final
state). Even the JLab data on the FN2 structure function on the deuteron indicate a

van Hees, Rapp (2010) Dusling, Zahed (2009)

Bratkovskaya, Cassing, Linnyk 
(2012)

DILEPTONS, THE STORY AS OF A FEW YEARS AGO
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Dileptons, some recent results from STAR

J. Zhao Hard Probe 2012,  Cagliari 11 

~ 150M Au+Au Central (0-10%) 

  Clearer LMR enhancement in 
central collisions compared to 
minbias collisions  

  - ρ contribution not included in 
the cocktail  

  - charm = PYTHIA*Nbin (0.96mb) 
overpredicts the data at IMR 
    indicating charm modifications 
in central Au +Au collisions 

Di-electron production in Au + Au collisions 

10

0-10% centrality class. Note that the STAR acceptance requires the electron candidates candidates to have |ηe| < 1
and peT > 0.2 GeV, and dileptons to have |yee| < 1. Many ω, ρ and φ mesons are produced in these collisions and
decay into dileptons; the data from STAR includes thermal dileptons as well as dileptons from in the decays of the
many hadrons produced in heavy-ion collisions. For this reason, we include the “cocktail” yield, as evaluated by
the experimental collaboration: an extrapolation of hadron yields decaying to dilepton yields. The solid green line
represents the sum of the thermal rates, the cocktail, and the contribution of charm without evolution in the medium,
while the solid purple line represents the sum of the thermal rates and the cocktail with the charm contribution
after evolving according to relativistic Langevin dynamics. The energy exchange of charm quarks with the medium
leads to a depletion in dN/dM at large M , and the charm contribution alone can differ by an order of magnitude at
M = 2.1 GeV, depending on whether Langevin evolution is considered or not. The data has a slight preference for
Langevin evolution,but the size of the error precludes a stronger conclusion at this point. However, the inclusion —
or not — of the possibility of charm energy variation will affect any determination of the cross sections using data
for dilepton yields. At lower invariant masses, the STAR data seems compatible with this theoretical calculation.
However, it is clear that acceptance-corrected data will make a much more compelling case for model compatibility.
The right panel of Figure 6 investigates the importance of thermal radiation to describe the STAR data. In the

low invariant mass region, the cocktail systematically underestimates the data and including charmed hadrons (with
Langevin dynamics) is not enough to raise the calculation to the level of the measurements: the inclusion of thermal
radiation is crucial. For intermediate dilepton invariant masses, the situation is less clear given STAR’s current
experimental uncertainties. However, the trend does suggest that thermal radiation from the QGP is present and
must participate in the interpretation of the data.
The STAR collaboration also has preliminary measurements of minimum bias v2(M) of dileptons (albeit with still

large error bars) over a large momentum range, and this also includes the dileptons produced by semi-leptonic decays
of charmed mesons. A comparison with these data requires knowledge of the elliptic flow of the hadronic cocktail,
which we leave for a future work. The theoretical results for this observable are shown in Fig. 7, not including the
contribution of the cocktail. Including the charm contribution to v2 has two important effects: first, it reduces the v2
in the 0 - 1 GeV invariant mass range by about a factor of two, and it increases the v2 in the 1.5 - 2 GeV invariant
mass range where the charm contribution dominates the dilepton yields. The flow of the charm contribution is smaller
than the flow of the hadronic matter contribution and it is larger than the flow of the QGP contribution, but also
bear in mind that the net elliptic flow is a weighted average of its individual components. Notably, the absolute
magnitude of the final elliptic flow is small. But let it be made clear again: no efforts have been made here to search
for conditions that will maximize this signal, such as going to a higher centrality class, including fluctuating initial
states, etc. This is left for a future systematic investigation of these effects.
Before leaving this section on results and moving to a conclusion, it is pertinent to recall that electromagnetic

radiation samples the entire space-time history of the colliding system, not just the freeze-out stage. The validity
for all times of the viscosity correction linear in the viscous pressure tensor (see Eq. (6)) to the thermal distribution
functions can then be questioned. This investigation was performed in Ref. [5], those results still hold and will not
be repeated here. Suffice it to say that improved versions of δn will be explored in an upcoming work.
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FIG. 6. Left panel: Dilepton invariant mass yields compared with experimental data at 0-10% centrality: importance of
Langevin dynamics. Right panel: Dilepton invariant mass yields compared with experimental data at 0-10% centrality: impor-
tance of thermal radiation. The experimental acceptance cuts are indicated on the figures.
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V. CONCLUSION

In this paper, we have conducted a systematic study of viscosity effects on dilepton spectra in heavy-ion collisions; (a)
in the microscopic emission rates (b) in the macroscopic evolution and (c) in the semileptonic contribution. Viscosity
affects the net thermal dilepton spectrum by first inducing a correction to the hadronic distribution functions. These
corrections will mostly be seen in the part of the signal that is attributable to the QGP, as the shear pressure tensor,
πµν is maximal in this phase. After describing the dilepton radiation in a hadronic ensemble gas and in a quark-
gluon plasma and the viscous effects on the rates, those have been integrated with music, in order to consistently
investigate how the viscous dynamics affects the dilepton yield and elliptic flow. Note that viscosity will also affect
the cooling rate of the hydrodynamic medium, which in turn will influence both the QGP and HM thermal dileptons.
For essentially all conditions considered here, the effects of the viscous dynamics are numerically not large, but are
non-negligible. Moreover and importantly, the viscous corrections are required to ensure theoretical consistency.

For the purpose of comparing with recent experimental data, the calculations presented in this work include a
Langevin evolution of charmed quark distributions in a viscous hydrodynamics background. The dilepton signal
originating from the charm decays was then added to that of thermal sources. These results compared well with
preliminary data on Au - Au collisions from the STAR collaboration at RHIC, suggesting that the data is consistent
with the viscous corrections on both microscopic rates and macroscopic dynamics. As argued previously by many
authors, the intermediate invariant mass region opens a possibility to measure the energy shift of heavy quarks
that interact with the hot and dense evolving medium, and the results shown here also support this assertion. Our
calculations also suggest that it should be possible to access the QGP dilepton radiation in the intermediate mass
region — from 1.2 GeV to 2.5 GeV — provided that precise experimental tagging of heavy flavor exists. In that
case, it may be experimentally possible to remove the lepton pairs originating from open charm and beauty decays,
thus exposing direct radiation from the QGP. A simultaneous analysis of yield and v2 of the high-mass lepton pairs,
coupled with a removal of non-photonic electrons, would produce a clear picture of the early stages of the nuclear
collision. As written earlier in this paper, future work will include a study of varying the initial states existing prior to
the hydrodynamical evolution, as well as an exploration of the effects of the different QCD transport coefficients. In
what concerns measurements, the program at RHIC together with dileptons measurements at the LHC will produce
the necessary beacons of the QCD phase diagram.
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๏ High mass region and v2, 
sensitive to heavy quark energy 
loss in the plasma

G. Vujanovic et al.,PRC (2014)



Charles Gale
Charles Gale

DILEPTON V2? [R. CHATTERJEE ET AL., PRC (2007)]

¢ Low M: HG-dominated 
¢ High-M: QGP dominated 

!
¢ No open charm here 
¢ v2(pT) for different M’s contain 
info on the transition regime 

¢ Viscous effects are moderate
47
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CONCLUSIONS

• The status of EM rates and their integration in fluid 
dynamical models is still in flux

• The fluid dynamical paradigm is not yet established

• Photon v2 is sensitive to the EOS, and to various 
hydro parameters such as viscosity, and initial 
conditions (time and FICs). One must be consistent 
with hadronic data

• Photons and dileptons are sensitive to non-equilibrium 
effects (in addition to shear viscosity)

• Current v2 data: new physics? Measuring photon v3, vn 
at RHIC and LHC will help complete this picture

• Physics in dilepton vn

• Jet-plasma photons need to be included: MARTINI

• Known unknowns: pre-equilibrium radiation

48



Thanks to
G. Denicol (McGill) 
U. Heinz (OSU) 
S. Jeon (McGill) 
I. Kozlov (McGill) 
M. Luzum (LBNL/McGill) 
J.-F. Paquet (McGill)

R . Rapp (Texas A&M) 
B. Schenke (BNL) 
C. Shen (OSU) 
H. van Hees (Frankfurt) 
G. Vujanovic (McGill)



Future Dilepton Measurements 
at STAR 

Frank Geurts 
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Outline 

• STAR dielectron results: a brief summary 

• Immediate Future: 2014-2016 

– STAR detector upgrades 

– dilepton physics 

• Beam Energy Scan, 2nd Phase: 2018-2019 

– dilepton measurements 

– proposed detector upgrades 

• Outlook 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 2 



The STAR experiment 

Large & uniform acceptance electron ID 
 |η|< 1  and 0< φ< 2π 

• Time Projection Chamber 
– tracking, dE/dx PID 

• Time-of-Flight detector 
– removal of “slow” hadrons 
– improves electron purity 

• Electromagnetic Calorimeter 
– high-pT trigger 

• Fast data acquisition 
 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 3 

STAR Experiment 

Hard Probes 2013, Z.Ye 5 

RHIC 

NSRL 
LINAC 

Booster 

AGS 

Tandems 

STAR 
6:00 o clock 

PHENIX 
8:00 o clock 

(PHOBOS) 

10:00 o clock 

Jet Target 

12:00 o clock 

RF 

4:00 o clock 

AnDy 

2:00 o clock 

EBIS 

p 

TPC 

TOF 

e, µ 

π 
K     p      d 

BEMC 

e, µ 

π 

K     p 

TPC 

TOF 

TPC+TOF 



Brief Summary 

Current state of dielectron measurements at STAR 
 
• At this workshop 

 
– dielectron production and elliptic flow at 200 GeV (Xin Dong) 
– direct virtual photon production at 200 GeV (Bingchu Huang) 
– dielectron production from RHIC BES (Joey Butterworth) 

 
 
• At QM’14 

 
– 3 parallel talks (Patrick Huck, Chi Yang, Wangmei Zha) 
– 8 posters (Joey Butterworth, Yi Guo, Kefeng Xin, Ota Kukral, Barbara 

Trzeciak, Robert Vertesi, Qian Yang, Guannan Xie,)  
•  incl. low-mass dimuons based on TPC+TOF! 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 4 



Dielectron Production at 200GeV 
p+p baseline: 2012 -
much improved statistics 

Au+Au: 2010+2011 
combined statistics 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 5 

X. Dong Aug. 20-22, 2014                TPD RBRC Workshop, BNL 

Centrality / pT Dependence 

9 

Run 10/11 combined statistics 

•  Enhancement ratio w.r.t the hadronic cocktail – no strong dependence on centrality and pT 

•  Model calculations reasonably describe the centrality and pT dependence  

X. Dong Aug. 20-22, 2014                TPD RBRC Workshop, BNL 

Centrality / pT Dependence 

9 

Run 10/11 combined statistics 

•  Enhancement ratio w.r.t the hadronic cocktail – no strong dependence on centrality and pT 

•  Model calculations reasonably describe the centrality and pT dependence  

 good description by hadron 
cocktails 

 no strong pT or centrality dependence 
of the low-mass enhancement 

 indications of modified charm in 
intermediate mass range 

Q
M

2
0

1
4

 



Dielectron Elliptic Flow at 200GeV 

Combined statistics of Au+Au 
runs in 2010 and 2011 (760M) 

–  precision still limited 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 6 

  v2(Mee) is consistent with cocktail 
simulations 

• Increase statistics 
• Disentangle charm contributions 

X. Dong Aug. 20-22, 2014                TPD RBRC Workshop, BNL 

Dielectron v2 

12 

Dielectron v2 consistent with cocktail simulations given the current precision 

STAR, arXiv: 1402.1791 

STAR arXiv:1402.1791 

 v2(pT) consistent with 
simulations & measurements 

STAR arXiv:1402.1791 



Comparison 

Bingchu Huang TRD workshop at BNL, Aug 20-22, 2014 

In the high pT range (5~10GeV/

c): 

" the yield is consistent with 

a TAA scaled fit function to 

PHENIX pp data. 
[A. Adare et al. Phys.Rev.C.81:034911, (2010)] 

[S.S. Adler et al. Phys.Rev.Lett., 98:012002, (2007)] 

 

In the pT range 1~5GeV/c: 

" Compared to the pp 

reference,  

      an excess is observed. 

QM 2014 

Direct Virtual Photon at 200GeV 

STAR measurements compared 
to PHENIX p+p TAA-scaled fit: 

 
• Consistent with high-pT p+p 

reference 
– dominated by initial hard 

scattering 

 
• Excess for 1 < pT < 5 GeV/c  

– dominated by QGP 

 
 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 7 

 Large uncertainties for pT < 2GeV/c 
– Lack of η measurements at low pT 

 



8/20/2014J.Butterworth : Rice University 14

Rapp + Wabach, private communication

Adv. Nucl. Phys. 25, I (2000), Phys. Rept. 363, 85(2002), 

PRC 63 (2001) 054907, Adv. High Energy Phys. 2013 148253

Au+Au 19.6, 27, 39, & 62.4 GeV MB

pTe > 0.2 GeV/c, | e| < 1, |Yee| < 1

Cocktail + Model contributions consistent 

with Data as a function of Mee & pTee

8/20/2014J.Butterworth : Rice University 14

Rapp + Wabach, private communication

Adv. Nucl. Phys. 25, I (2000), Phys. Rept. 363, 85(2002), 

PRC 63 (2001) 054907, Adv. High Energy Phys. 2013 148253

Au+Au 19.6, 27, 39, & 62.4 GeV MB

pTe > 0.2 GeV/c, | e| < 1, |Yee| < 1

Cocktail + Model contributions consistent 

with Data as a function of Mee & pTee

QM201
4 

BES Dielectron Production 

Systematic measurement of dielectron production from top RHIC 
energies down to SPS energies 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 8 

 Cocktail + Model contributions consistent with measurements (Mee and pT) 

Complete evolution (HG + QGP)

In-medium modified spectral function—“ melts”

Dependent on total baryon density

QGP emission rates that are lQCD inspired

8/20/2014J.Butterworth : Rice University 12

arXiv:0901.3289

Run 10 AuAu 200 GeV MB

Vacuum gives an inadequate description

Model agrees within uncertainties

PRL 113 022301 

200 GeV 

PRL 113 
022301 



Immediate Future: 2014-2016 

• RHIC upgrades 
– fully implemented stochastic cooling 

• STAR upgrades 
– Heavy Flavor Tracker 

– Muon Telescope Detector 
dedicated muon triggers: e.g. e-muon 

• 2014: Au+Au statistics 
– 200 GeV: 1.2B events 

– 14.6 GeV: 20M events 

• 2015: p+p (9wks), p+Au,Si (5+2wks) 

• 2016: Au+Au (10wks) 

 
 TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 9 

Muon Telescope 

Detector 

Heavy Flavor 

Tracker 



Heavy Flavor Physics 
Open Heavy Flavor 
• HFT optimized for D0 reconstruction in 

the pT range where hydro flow is 
dominant  
– RAA for D0 from fully topological 

reconstruction (cτ≈120μm) 

Charmonium 
• MTD Dimuon trigger 
• Combination of HFT and MTD 

significantly improves direct J/ψ 
measurements 
– measure B→J/ψ→μμ by combining HFT, 

TPC, and MTD  (cτ≈500μm) 

• MTD Υ(1S, 2S, 3S) measurements 
– Υ->e+e- significant bremsstrahlung losses 
 large tail 

– Υ->μ+μ- channel less affected 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 10 
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Patrick Huck / 13Quark Matter 2014, Darmstadt

Dielectron Production in Au+Au Collisions at BES Energies

05/19/2014

Summary & Outlook

‣ STAR BES provides a unique opportunity to address 

long-standing questions regarding the consequences 

of in-medium modifications on dielectron spectra!

‣ comprehensive data serves the better understanding 

of LMR enhancement (pT & energy dependence)!

‣ in-medium modifications to ρ spectral function 

consistently account for LMR excess at all energies 
no strong energy dependence due to ~constant total baryon density? 
can high-statistics BES-II confirm trend with total baryon density?

11

Thanks

ccbar contribution to total cocktail 

for 0.4 < Mee < 0.7 GeV/c2

Outlook!

‣ BES II [~2018+2019] 
iTPC, Enhanced Statistics, Dimuons!

‣ HFT & MTD upgrades allow for study of 
- possibly medium-modified charm continuum 
- QGP radiation 

MTD Dilepton Physics 
Significant charm contribution spanning both 
intermediate and low mass range 

– especially relevant in LMR at high energies 
– Distinguish thermal and charm production 
 use e-μ correlation to get a handle on charm 

contributions 

Dimuon continuum: 
 LMR: vector meson in-medium modifications 
 IMR: radiation from QGP 
 Dimuon elliptic flow 
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red: PYTHIA ccbar-> eμ 
black: de-correlated + energy loss 
 S/B >2 for M(eμ)>3GeV/c2 

MTD Simulations 



STAR Beam Energy Scan Program 

Objectives: 
 search for threshold energies for QGP 

signatures 
 search for signatures of 1st order phase 

transitions 
 search for a Critical Point 
 
Vary beam energy ⟹ vary (T, μB) 
 
STAR: a mid-rapidity collider experiment 
• uniform acceptance 
• uniform particle ID 
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BES Phase 1: 2010-2011, 2014 

Many BES Phase-1 results published or shown at QM’14 
cf. Nu Xu’s plenary presentation 

 
 Large μB gap between 7.7 and 11.5GeV 
 For some results, however, strength of conclusions limited to 

uncertainty in measurements 
– RCP, φ-meson v2, proton v1, net-proton kurtosis, CME, asHBT 
– LMR and IMR dielectrons 
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BES Phase 1: Dielectrons 
• LMR (Mee<1GeV/c2): in-

medium broadened ρ, model 
results consistent with data 
– driven by the baryon density 

• IMR (1 <Mee<3 GeV/c2): 
thermal radiation 
– not enough statistics for 

meaningful results 

 

 Need more statistics! 
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BES Phase 2 Proposal 

• Proposed statistics mainly driven 
by φ-meson v2 and dilepton 
measurements 

 Dilepton statistics should reach 
similar uncertainties as at 
√sNN=200 GeV 
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https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598 



BES Phase 2: Dileptons 

• LMR :: study total baryon density dependence 
– CERES: Pb+Au @ 40 AGeV 

• IMR ::  determine how this range may 
transition and match to the LMR pT slopes 
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CERES 

Precision Measurements for √sNN<20GeV  



BES: Critical Point? 
• Dilepton yields sensitive to life time of the 

system 
– close to Critical Point, expect increase in correlation 

lengths 

– critical slowing down? anomalous increase in the 
lifetime of the fireball? 

 Can we observe this in an increase of the rates? 

Rapp, Adv. High Energy Phys. 2013 148253 

NA60 life time measurement with 
  uncertainty ±1 fm/c (ρ clock) 

 
 STAR BES (19.6 – 200 GeV) 

– no critical slowing-down in calculations 
– smooth increase from 8–10 fm/c 
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squares: BES-I 

BES Phase 2: Upgrades 
• RHIC e-cooling for low 

energy operation 

➾ higher luminosity 

– at 7 GeV : 2-5x 

– at 20 GeV: 8-20x 

 

• Proposed STAR detector 
upgrades 

– Event Plane Detector 

 iTPC 
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iTPC Upgrade 

• STAR TPC: 

– 24 sectors (12 on each side) 

– design choice (1990s): 
• small pads for good 2-track resolution in 

Inner Sector 

• large pads for good dE/dx in Outer 
Sector 

• Proposed Inner Sector 
upgrade: 

– more pad rows 

– larger pads 

 

Inner Sector 
1.3 < η < 2.0 

60 cm 190 cm 
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Physics Motivation 
• Increase η coverage for hadron acceptance and correlations 

– high-η coverage for fixed-target datasets 

• Improve low-pT coverage for hyperon reconstruction and weak-decay 
reconstruction 

• Improve dE/dx resolution for particle identification 
– improve high-pT identified hadron spectra and correlations (jet studies) 

• Spin structure measurements in polarized p+p 
– improve forward tracking with FGT/EEMC 
– interference fragmentation functions at high x 
– y-dependence of Λ hyperon polarization 

 
• But also 

– reduce space-charge distortion (induced by charge leak from Gating Grid) 
– eliminate concerns about wire-aging issues 
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iTPC & Dilepton Measurements (1) 

• Increase acceptance 
• Improve dE/dx resolution 
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iTPC & Dilepton Measurements (2) 
• Improve purity, efficiency 

– nσe distributions for increasing pT 
windows [0.2-0.3] – [1.4-1.5] GeV/c 
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blue = electrons 
red = pions 
dashed = typical dE/dx 
solid = typical iTPC improvement 



Outlook 
• The TOF detector, 2010, kicked off STAR’s dielectron program 

– e+e- top energy spectra, e+e- v2, direct virtual photon, systematic 
measurements of LMR excess 

– Beam Energy Scan Phase 1 allowed for a systematic measurement 
of the LMR excess from top RHIC down to top SPS energies 

• The MTD, now, marks the start of STAR’s muon detection 
capabilities 
– 2014 – 2016: high statistics Au+Au, p+p, and p+A 
– dilepton program: revisit top energies, disentangle charm, dimuon 

continuum, charmonium 

• BES Phase 2 (2018-2019): systematic dilepton measurements 
down to √sNN=7.7 GeV 
– measure baryon density dependence 
– measure pT slopes both in LMR and IMR 
– look for anomalous increases in yield, suggestive of a critical point 

TPD RBRC Workshop - BNL Aug.'14 F. Geurts (Rice Univ.) 23 



Vector Meson Spectral Functions in MediumVector Meson Spectral Functions in Medium

Sabyasachi Ghosh
Outline of the talk ………………

Motivation + meaning of spectral function

 RTF  (essence + calculations)

 Results of  in-medium spectral function ( + ) Results of  in-medium spectral function ( + )

 Application on dilepton



Experimental motivation :

D

In-medium modification
of  light vector mesons (specially ρ).

In-medium modification
of  light vector mesons (specially ρ).
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Diagonalization
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Self Energy of ρ formesonic loops :
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Physical interpretation of imaginary part
of in-medium self-energy :
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rate at which ρ try to be thermalized with the thermal bath
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Thermalized Hadronic matter with
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Real part
of self-energy

Baryonic loops

Mesonic loops



Effect  of various loops on low mass invariant mass space
in ρ spectral function :

(1232)N&(1520)NN, * 



Effect of baryonic chemical potential on ρ
spectral function in low mass region:
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Effect of temperature on ρ
spectral function in low mass region:
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Effect of momentum of ρ in off mass shell on its
spectral function in low mass region:
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Self Energy of  formesonic loops :

Landau cutLandau cut

Unitary cut
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S. Ghosh & S. Sarkar
Eur. Phys. J. A 49 (2013) 97
S. Ghosh & S. Sarkar
Eur. Phys. J. A 49 (2013) 97

Self Energy of  for baryonic  loops :



ρ meson spectral function ω meson spectral function
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Formalism of dilepton :
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Contribution of ω is down by a factor ~ 10



Effect of  mesonic as well as baryonic medium modification of ρ
on dilepton rate in low mass region :
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 contribution

Understanding low mass enhancement
in the language of  Thermal Field Theory :

Mesonic collision rate
(Landau cuts of H loops)

+

Hdronic Matter

Quark Matter

Total

+

+
Mesonic collision rate
(Landau cuts of H loops)

Baryonic collision rate

Bose enhancement
of decay rate ()

Vacuum decay rate
()

+

+

+

Baryon part from
Eltesky et. al.  [Phys. Rev. C 64, (2001) 035202 ]
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Low mass enhancement  at  SPS :

Phys.Rev. C85 (2012) 064906Phys.Rev. C85 (2012) 064906
J K Nayak, J Alam, T Hirano, S Sarkar and B SinhaJ K Nayak, J Alam, T Hirano, S Sarkar and B Sinha

Phys.Rev. C85 (2012) 064906
J K Nayak, J Alam, T Hirano, S Sarkar and B Sinha

Meson loop self-energies
(S.Ghosh, S.Mallik. S.Sarkar

Eur. Phys. C 70, (2010) 251)
+ Baryon part from Eltesky et. al.

(Phys. Rev. C 64, (2001) 035202)

S. Sarkar & S. Ghosh
J.Phys.Conf.Ser. 374 (2012) 012010

S. Sarkar & S. Ghosh
J.Phys.Conf.Ser. 374 (2012) 012010

Meson (S.Ghosh, S.Mallik. S.Sarkar
Eur. Phys. C 70, (2010) 251)

+ Bayon (S.Ghosh, S.Sarkar
Nucl. Phys. A 870, (2011) 94)

-loop self-energies

Meson loop self-energies
(S.Ghosh, S.Mallik. S.Sarkar

Eur. Phys. C 70, (2010) 251)
+ Baryon part from Eltesky et. al.

(Phys. Rev. C 64, (2001) 035202)



Analytic structure of ρ meson propagator at finite temperature
Eur. Phys. J. C 70, 251 (2010).
S.Ghosh, Sourav Sarkar, (VECC) , S. Mallik, (SINP)

ρ self-energy at finite temperature and density in the real-time formalism
Nucl. Phys. A 870, 94 (2011)
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Observing many-body effects on lepton pair production from low
mass enhancement and flow at RHIC and LHC energies
Eur. Phys. J. C 71, 1760 (2011).
S. Ghosh, Sourav Sarkar, Jan-e Alam, (VECC)

Analysis of  self-energy at finite temperature and density in the real-time formalism
Eur. Phys. J. A 49, 97 (2013).
S. Ghosh, Sourav Sarkar, Jan-e Alam, (VECC)

In-medium vector mesons and low mass lepton pairs from heavy ion collisions
J.Phys.Conf.Ser. 374 (2012) 012010
Sourav Sarkar, S. Ghosh , (VECC)

Elliptic flow of thermal dileptons as a probe of QCD matter
Phys.Rev. C (R) 85 (2012) 031903
Payal Mohanty, Victor Roy, S. Ghosh, Santosh K. Das, Bedangadas Mohanty,
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Outline

I. Motivate VSF and chiral symmetry restoration

II. Sum Rule Analysis

III. Hadronic Effective Field Theory –MYM

A. What is Massive Yang-Mills?

B. Calculation Scheme

C. Vacuum

D. Finite Temperature

IV. Summary



I. Motivation 

• Ideal probes are meson which are chiral

partners

• Iso-vector vector and axial-vector states (ρ

and a1 )

• Sensitive to chiral order parameters.

• In-medium ρ can be investigated by 

thermal dilepton spectra

• But a1 measurements prove difficult

• Need theory to connect rho and a1

properties.

Goal: Search for chiral symmetry restoration experimentally

In-In (17.3GeV)

Wuppertal-Budapest Collaboration

Borsanyi et al. (2010)

On the lattice:

SPS/NA60

Arnaldi et al 

(2006, 2009)



• Weinberg type sum rules:

– Moments of the difference between vector and axial-vector SFs

– Directly related to chiral symmetry breaking.

• QCD sum rules:

– Constrains  vector or axial-vector SFs individually.

II. Sum Rules: (A phenomenological approach) 

Relate dispersion integrals to condensates � connection between V and A

• Input

– Vector SF from RW � link to dilepton experiments

– Condensate T dependence from Lattice and HRG

– Excites states with “chiral mixing”

– Degenerate high-E continua (T independent)

– Phenomenological a1 SF with parameters determined by satisfying SRs



PMH and Rapp (2014)

Temperature evolution of SFs shows approach toward degeneracy

HI dileptons Rho melting                a1 mass reduction and broadening 

V - AV mass degeneracy � Chiral symmetry

Resonance melting � Deconfinement



III. Hadronic Effective Field Theory
III.A. What is Massive Yang-Mills?

• Consider a chiral non-linear sigma model to describe pions.

– Theory has chiral phase transition 

• Apply local gauging procedure

– Physical vector and axial vector mesons = gauge bosons.

• Include “non-minimal” terms.

• Break symmetries by an explicit mass term for the mesons.

Extensive history 

Lagrangian has 4 free parameters: m0, g, σ, ξ or  mρ , ma , gρππ,  gρππ
(3).

Chiral EFT with ρ, a1, and π d.o.f.

Amounts to a derivative expansion in chiral fields (but not gauge fields)



• Calculate vector and axial vector current-current correlators (self energies)

with fewest number of diagrams to preserve symmetries

III.B. General procedure

III.B1. Diagrams

ρ ρ

π

π

ρ ρ

π
ρ ρ

π

a1

ρ

π
a1 a1

π

a1 a1

ρ:

a1:

Regularized by dim-reg and counter terms. 

8 additional free parameters (3 for V and 5 for AV).



• Problems to overcome

– a1 width develops a zero followed by rapid growth at high energies

– EW coupling too weak to produce necessary strength.

– Prevent fits to vacuum data (AV SF).

• Solutions

– Include a fully dressed rho propagator in a1 loops.

• Need vertex correction diagrams to preserve chiral symmetry.

– Include a chirally invariant continuum.

III.B2. Problems and Solutions

Data: ALEPH



III.B3. Broad rho and Vertex Corrections

ρ

π

a1 a1 Partial resummation of rho propagator via self energy.

Violates chiral symmetry (PCAC) � Need vertex corrections.

• Identify relations between Σaa, Σaπ, and Σππ which preserve chiral symmetry 

• Include subset of vertex corrections consistent with partial resummation and symmetry.

• Control high energy behavior of vertex corrections with symmetry preserving cut-off



• For Vacuum, fit parameters to tau-decay

Data from ALEPH, (1998)

III.C. Vacuum Results

PMH and Rapp, (2014)

Continuum parameters are similar to sum rule study.

640±246 keV244 keV

-0.125

Expt.Calc.

-0.062±0.020 



Vacuum “Predictions” 

ππ-phase shift

Not used in fitting procedure

Pion Form factor

Both show satisfactory agreement with experimental data.

Data: Froggatt and Petersen, 1977 Data: NA7 and OLYA and CMD 

Vacuum V and AV SFs which agree with experiments can be constructed with aid of a 

broad rho and a chirally invariant continuum 

Re-establishes MYM as a viable model to study chiral restoration.



Гρ
T

Width broaden with no mass shift.

Gale and Rapp 1999Urban et al 2001

(Includes 

higher 

resonances)

T=0
T=100 MeV

T=120 MeV

T=140 MeV

T=160 MeV

III.D. Finite Temperature

III.D1. Vector Spectral Function



III.D2. Axial Vector Spectral Function

T=0
T=100 MeV

T=120 MeV

T=140 MeV

T=160 MeV

Mass shift towards lower energies.

Axial-”conductivity”

Thermal pion scattering

a1 peak

ρa1

π

Suggests possible trend toward spectral degeneracy 



III.D3. Chiral Symmetry Restoration?

Trend toward spectral degeneracy, but clearly not there.

T=100 MeV
T=120 MeV

T=140 MeV

T=150 MeV

T=160 MeV

Want a quantitative measure of a chiral order parameter

Pion mass shift and marked 

reduction of peak strength

Extraction of fπ to be done



Photon rates from Bremsstrahlung

Parameterizations available soon.

ρ SF (w/ baryons)

ππ Brems

Bremsstrahlung ~10% contribution



• Sum Rules (phenomenological study)

– Found V and AV SFs which satisfied both QCDSRs and WSRs

– Thermal evolution towards spectral degeneracy and chiral restoration

– Characterized by the V broadening and the AV mass shift

• Massive Yang-Mills (microscopic calculation)

– Vacuum:
• Achieved agreement with vacuum spectral data

• Included a broad rho and a chirally invariant continuum.

• Broad rho was implemented preserving chiral symmetry

• Re-established MYM as viable chiral model with V/AV mesons

– Finite Temperature:
• Vector SF consistent with only peak broadening without a mass shift

• Axial Vector SF has mass shift toward vector

• Quantitative chiral order parameter is still needed

IV: Summary

A picture of chiral symmetry restoration may begin to emerge 

but more work is still needed



Sum rules

MYM



Direct virtual photon production in  

Au+Au collision at 200 GeV at STAR 
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Outline 

1.  Motivation 

2.  eID and virtual photon extraction 

3.  Direct virtual photon production in Au+Au 

collisions at 200 GeV 

4.  Summary 

 

2 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 



Motivation 

3 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

Direct photon and virtual photon: 
• Created throughout evolution of system. 

• Very low cross-section with QCD medium. 

• Kinetic range reveals source of productions  

• High pT (>5 GeV/c) --- from initial hard scattering. 

• Low pT (1-5 GeV/c) --- from QGP. 



STAR detector 

4 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

TPC MTD Magnet BEMC BBC EEMC TOF 

HFT 



Dataset and key detectors 

5 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

Key detectors used in this analysis: 

 

Time Projection Chamber: 

 |η| < 1    0<Φ<2π 

 Main tracking detector:  track, 

momenta, ionization energy loss 

(dE/dx) 

 

Time Of Flight: 

 |η| < 0.9    0<Φ<2π 

 Intrinsic timing resolution ~ 75 ps 

 Time-of-flight measurement 

 Improves PID  

 

Barrel Electro-Magnetic Calorimeter: 

 |η| < 1    0<Φ<2π 

 Used for trigger and measure high-

pT processes 

 

Type Yea

r 

Min. Bias 

(0-80%) 

EMC trigger 

(energy 

threshold 

4.3GeV) 

Au+Au 

200 GeV 

201

0 

240M 

201

1 

490M 39M 

Combined 2010 and 2011 results. 



Electron identification (eID) 

6 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

Collision 

system 
Trigger 

Momentum 

range 
Purity 

Au+Au 

200GeV 

Min.Bias 0.2 – 2.0 GeV/c ~95% 

EMC trigger 3.5 – 6.0 GeV/c ~80% 

After βcut. 



Photon Conversion Removal 

7 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

- Conversion electrons (~99%) are removed from signal pair reconstruction. 

GEANT 



Background subtraction 

8 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

Background  sources 

– combinatorial background (non-

physical) 

– correlated background 

 e.g. double Dalitz decay, jet correlation. 

Background methods 

– mixed-event method: combinatorial 

only 

• improve statistics 

• used for correct unlike- and like-sign 

acceptance difference 

– like-sign method: combinatorial & 

correlated BG 

– pair cuts remove photon conversions 



Efficiency correction 

9 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

• TPC Tracking efficiency 

• TOF acceptance * 

matching efficiency  

• PID efficiency (TPC dE/dx 

and TOF beta/BEMC)  

• Pair cut efficiency 

physics acceptance:  

pT(e) > 0.2 GeV/c  

|η(e)| < 1 



Low mass dielectron continuum  

10 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

The statistical and systematic uncertainties are shown by the bars and bands, respectively. 

■ 0-5 GeV/c  

Run10+Run11 MB combined 

 

■ 5-10 GeV/c   

Run11 EMC triggered data 

ee pair pT 



Signal extraction 

11 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

PRC 81, 034911 (2010) 



Cocktail simulation 

12 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

N.M. Kroll, et al. Phys. Rev. 98, 1355 (1955). 

NA60: PLB677 (2009) 260. 

2 2

2 2 2 2 2

0

1
| ( ) |

(1 )
ee

ee

F m
m  


   

Flat rapidity (-1,1) , flat Φ (0, 2π)  

pT:  Tsallis Blast wave functions. 



Fraction of direct virtual photon 

13 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

fit range: 0.1-0.3 GeV/c2 



Direct virtual photon invariant yield  

14 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

No η measurement at pT<2 GeV/c. Most uncertainty comes from its yield.  



Comparison 

15 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

In the high pT range (5~10GeV/c): 

 the yield is consistent with a  

TAA scaled fit function to 

PHENIX pp data. 
[A. Adare et al. Phys.Rev.C.81:034911, (2010)] 

[S.S. Adler et al. Phys.Rev.Lett., 98:012002, (2007)] 

 

In the pT range 1~5GeV/c: 

 Compared to the pp reference,  

      an excess is observed. 



Theoretical calculation 

16 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 

Theoretical calculation including QGP,  ρ, meson gas, 

and primordial production contributions is consistent 

with the invariant yield at 1<pT<5 GeV/c within our 

uncertainty. 
1. 0-20%: initial temperature about 445MeV at 0.17fm/c, fireball life time 15fm/c.     
[Van Hees, Gale, and Rapp, Phys. Rev. C 84, 054906] 



Summary 

■ Measured direct virtual photon production in 

Au+Au collisions at 200 GeV at STAR. 

■ An enhancement is observed for 1<pT<5 

GeV/c compared to TAA scaled PHENIX p+p 

results.  

■ A model including QGP, ρ meson, meson gas, 

and primordial productions is consistent with 

the enhancement. 

 

17 Bingchu Huang TPD workshop at BNL, Aug 20-22, 2014 



Photon and dilepton production 
in semi-QGP 

Shu Lin 

RIKEN BNL Research Center 

RBRC, Aug 22, 2014 

Collaborators: 
• Photon/dilepton rate: Hidaka, SL, Satow, Skokov, Pisarski 
• Collinear photon rate: Hidaka, SL, Satow, Pisarski 
• Hadronic rate&hydrodynamics: Gales, Jeon, Paquet, Vujanovic  



Motivation: Puzzle of photon v2 

v2 of photons comparable with v2 of pions at pT < 4GeV 
 
Many photons produced at early stage, expect less v2 

PHENIX, PRL 2012 

Talk by A. Drees 



Different sources of direct photon 

• Prompt photon (pQCD) 

• Pre-equilibrium photon? 

• Thermal photon: QGP phase + hadronic phase 

Do we understand well photon rate in QGP phase?  

What is known: 
LO: Arnold, Moore and Yaffe JHEP 2001 
NLO: Ghiglieri, Hong, Kurkela, Lu, Moore and Teaney, JHEP 2013 
          20% increase for phenomenologically interesting coupling 

Any non-perturbative effect? 



Polyakov loop in QCD 
Semi-QGP in QCD, smooth rise of the loop 

Bazavov et al, PRD 2009 

T=0 

Tc 2Tc 

Hadronic Semi-QGP Complete-QGP 

loop 

RHIC: 350      180 MeV 
LHC: 450       180 MeV    



Effective matrix model 

Polyakov loop 

can be modeled by classical mean field ~ 1/g 

Non-perturbative 

high T limit 

Dumitru, Guo, Hidaka, 
Korthals Altes, Pisakrski, PRD 
2011, 2012 

Q as imaginary chemical potential, reduces quark number density by the loop 

Similar reduction for gluon number density 

1

1
 ~ 

1

11
/

1
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a
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Reduction of d.o.f. & transports 

QGP Semi-QGP 

less d.o.f. to scatter with Suppression of energy loss & viscosity 

Hidaka,Pisarski, PRD, 2008 
SL, Pisarski, Skokov, PLB 2014 

quark 

gluon 

probe 
quark 



Enhanced dilepton production 

Suppression of dilepton rate due to reduced of quark number density?  NO! 

Dilepton rate  ~ 

The effect of imaginary chemical potential cancels for a color singlet initial state. 
 
Moreover, the rate is even enhanced beyond Boltzmann approximation! 

Boltzmann approximation 

a 

a 

Effect of Q cancel out! 



Suppressed photon production: 2→2 
processes  

Compton scattering Pair annihilation 

b 

a 

a 

a b 

a b 

b 
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,
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Effect of imaginary chemical potential does not cancel out completely in the initial 
states.                                       
                               Suppression of photon rate from 2 → 2 processes. 

No cancellation! Partial cancellation 



Modification factors of dilepton & 
photon rate 

Dilepton rate 

Photon rate for leading log 2 →2 rate 

significantly below 1 

above 1, non-monotonous in T 

loop 

Dilepton in semi-QGP larger than QGP 

Photon in semi-QGP much smaller 
than QGP 

See also talk by Zahed 



Suppression of collinear photon rate 
bremsstrhalung pair annihilation 

Scattering with arbitrary number of soft gluons contributes at the same order 

Soft gluons in QGP give additional Bose-Einstein enhancement  

In semi-QGP 

Q ~ T hard, gluons soft only when a=b. Soft gluon density suppressed by 1/N  

Aurenche, Gelis, Zaraket, PRD 2000 
Arnold, Moore, Yaffe, JHEP 2001/2002 



Suppression of collinear photon rate 

bremsstrhalung 

Hard quark suppressed by loop 
Soft gluon density suppressed by 1/N  

suppressed by 
loop 

suppressed by 1/N 

Additional 1/N suppression in collinear (LPM) rate 

Quantitative study under way: leading order for 2 →2 rate plus collinear rate 



Prompt photon 
Prompt photon = hard scattering photon + collinear fragmentation photon 

hard scattering photon 
sensitive to nuclear PDF 
nPDF x nPDF ≠ pp scaled 

fragmentation photon sensitive to 
fragmentation function 

Klasen et al, JHEP 2013 

Long emission time 



Prompt photon uncertainty large 

Klasen et al, JHEP 2013 direct (hard scattering) 



Photon (RHIC): strong suppression 

Strong suppression in semi-QGP. 

less suppression at high T, 
Photons produced at high T experience less v2. 

increases with T 



Dilepton (RHIC): no significant change 

Modest enhancement in semi-QGP, no significant change to v2 



Photon (RHIC): QGP + hadronic matter 

Semi-QGP suppresses significantly NQGP, enhancing the overall v2 

Model of semi-QGP works in the right direction for photon v2 



Dilepton (RHIC): QGP + hadronic matter 

Semi-QGP enhances NQGP, lowering the overall v2 

Model of semi-QGP not in tension with available dielectron yield/v2 



Thank you! 



Medium dependence of fragmentation 
photon? 

FF can be modified by: 
• Jet-photon conversion 
• Photon bremsstrahlung 

Long emission time 

Fries, Muller, Srivastava, PRL 2003 
Zakharov, JETP Lett 2004 



Photon radiation from heavy ion collisions 

--Early Stage 

 
Fu-Ming LIU  

（刘复明）    

Thermal Photons and Dileptons， BNL， August 20-22 

 
 

• Motivations 

• Approach 

• Results 

• Conclusions 

 

     

    

Outline 



Photons carry us most information of our universe to us ! 
 
To understand the puzzles of our universe, we should 
 
understand photons from heavy ion collisions first. 

Our brilliant universe 

2 



Direct photon V2 

PHENIX, Phys. Rev. Lett. 109, 122302 (2012) 

 
 

 Observed as large as V2 of  pions! 

3 



 Too large V2 to explain 

Chatterjee et al, arXiv:1305.6443. 

Puzzle ? ! 

4 



pT (GeV/c) 

 

 

 

 

 

Direct photon v3 are observed as large as pions, too! 
 

 

           

PHENIX: S. Mizuno  QM2014 

Direct photon V3 
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More puzzling 

What’s hot, what’s not ? 
 
 
Talk by Rene Bellwied   
 
At 3rd International Symposium on  
 
Non-equilibrium Dynamics  
 
Crete Greece, June 2014. 
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Direct Photon Sources 
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Jets lose energy will effect! 

1. Leading Order (LO) contribution  

2. Fragmentation contribution (Frag.) 

3. Thermal contribution from QGP and HG 


upETExd

pdyd

dN

t

 
**

thermal

4

2

thermal

   ),,(

4. Jet-photon conversion  (JPC) 

 ),( *

JPC

4

2
TExd

pdyd

dN

t

JPC

 
Jet + Plasma  enhance photons 

Jet + Plasma  reduce photons 

FML, K.Werner,   J.Phys.G, 36(2009)035101.  

7 



Constrain jet energy loss 

: QGP fraction 

 : E-loss per unit distance 
 
  in BDMPS formulism 

A common  

D=1.5 

for various  

Centralities! 

DE(i, p0,r0 ) =D dt  e(i,t,r(t )) fQGP(t,r(t ))
t0

¥

òD 

fQGP

FML, T.Hirano, K.Werner, Y. Zhu, Phys.Rev.C79,014905(2009) 8 



Competition of sources 

      FML, T.Hirano, K.Werner, Y. Zhu,  J.Phys.G, 36 (2009) 064072. 

                                                            Phys.Rev.C79 (2009) 014905. 

Pt spectra are well understood with hadron date constrained hydro! 

Energy loss reduces frag., but JPC makes up. 

High pt photon data show almost a cancelation! 
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Simplify Direct Photon Sources 
 

 

 

 

 

 

 

1.Prompt photons 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
2. Thermal photons 

P 

P 

thermal
4 * *

thermal2
( ) ( , ),    

t

dN
d x E T E p u

dyd p



   

Based on High pt direct photon data 

ds Prompt

dyd 2 p
t

=  dx
a
dx

b
G
a/A

(x
a
,M 2 )

ab

å G
b/B

(x
b
,M 2 )

ŝ

p

ds

dt̂
(ab® cd )d(ŝ+ t̂ + û)

+ dz
cò

c=q,g

å
ds c

dyd 2 p
t

1

z
c

2
D

g /c

0 (z
c
,Q2 )

Dominant at high pt ,  zero v2. 

            Dominate at low pt ,      u, T      V2(pt) 
 
 
Emission rate : 
 
        QGP phase-- AMY2001 
         
        HG phase  -- TRG2004 
 
Question :   Photon emission Before QGP formation?   

10 



Hydro evolution ),,,,...(,,, zyxBsu  

Initial condition:   event generator NeXuS, EPOS   

0  
T

 T th ~100MeV

Freeze-out: 

Evolution: 
EoS from  Lattice  QCD   

Thydro

mn (t 0,r ) t 0

 EPOS         K.Werner, et al,  PRC85, 064907 (2012) 
     
                                            PRL112, 232301(2014) 
 
                                            PRC89.064903 (2014) ….. 
 
3+1 D hydro,                    viscosity effects: Q.Shen’s talk  
            

 T th ~155MeV + uRQMD for hadron production 
 

for photon production 

11 



Bulk Hadrons & Thermal Photons 

Hydro initial time 
 
•     Hadrons are not sensitive to it! 
 
•     Photons are extremely sensitive to it!       
  

 
Questions: 
 
• How big should be      ? 
 
• How is the system before        ? 

     

t 0

t 0

t 0

12 



From nPDF toward QGP  
• Thermalization 

 
 
 
 
 

 
 
 

 
• Chemical equilibrium – balance btw quarks and gluons 

                               from a gluon-dominant system to a QGP  

                                                  
                                         Glasma,  L.Mclerran 
 

 
     

   by Aleksi Kurkela, QM2014 

13 



My Treatment to Glasma 
• Thermal equilibrium     
 
• Chemical equilibrium 

 

      Quark distribution                           

       quark fugacity                           ,   

                        better to get from transport theory. 

 

              Modeling ξ:   increase from almost zero at 

                                                 saturate to unity  at  

                      at midrapidity. 

                      

                                                  

 
     

14 

x =x(t, x, y,h)

f ~ x f0



 Photon emission rate in non-eq. 

        Transport theory: 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
     
  
 
 
               Note:   EoS   
 
 
 
 
 
    
        arXiv: 1305.5284   A matter at high T  but low photon emission rate! 
 
                                         
 
                                    
 
 
 
 
             

Photon emission rate will be suppressed by a factor of                       
 
for diagrams with n-quark incoming lines:  

15 



  
  Is hydro evolution still valid, concerning to hadron data constraints? 
 
 
                                           
 
Yes, because   
 
 
 
1) QGP is formed before hadrons freeze-out : particle yields, v2/n scaling.. 

 
 

2) Before QGP formation, dynamical EoS  e=e(P) remains approximately  
 
      the same, no matter the value of quark fugacity. 
 
 
 
  

16 



The Whole Photon Emission 

 
        QGP phase-- AMY2001 
         
        HG phase  -- TRG2004    

17 



Spectrum, v2, v3, v4 ...   

• In E-b-E case,        vary with event, pt and PID. 

    However, it is easy to show 

 
 
 
 

 
• So we can get                                       
 
 
• Then take event average. 

 
One for all, based on 

 : average over all particles in each event 

dN

df
=
N

2p
1+ 2vn cosn(f -yn )

n

å
é

ë
ê

ù

û
ú

cosnf = vn cosnyn

sinnf = vn sinnyn

yn

vn = cosnf
2
+ sinnf

2

yn

thermal
4 * *

thermal2
( ) ( , ),    

t

dN
d x E T E p u

dyd p
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Two more reasons to distinguish 
 
 
1. Small        limit 

 
2. Lesson from pp at 7TeV   
 

19 

t 0



    Q:   If        is extremely small, what will happen? 
 
 
    A:  Very hot system! 
           Then…  
 
 

t 0
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Photon Spectrum 
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High tail from thermal photons, harder than prompt photons, 
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Small τQGP 
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A lesson from pp at 7TeV 

 
 
Motivated by Ridge in pp, 
 
hydro evolution was constructed. 
 
 
 
 
 
 
 ALICE Data tells us:  
 
 It’s necessary to distinguish 
 
 Otherwise, overestimate photons! 
 
 
 

FML, K.Werner, 

Phys.Rev.Lett.106:242301,(2011)        
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 Results: 
 
 
      (0.35fm/c) . Extract          with 
 
  1. Pb+Pb 2.76TeV  EPOS217v3 
 
 
   2. Au+Au 200GeV EPOS3102 
   
       
 
      
 
 
  
  

t 0
 ξ(τ,…).  

 
FML and Sheng-Xu Liu, Phys.Rev.C 89, 034906 (2014) 
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Pb+Pb 2.76TeV   EPOS217v3 
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Figure 1: (Color Online) Direct photons from PbPb colli-
sions at

√
sN N = 2.76 TeV, cent rality 0-40%. Four choices of

the beginning t ime for thermal photon emission, 0.35, 0.75,

1.15 and 1.55 fm/ c, correspond to four types of curves, solid,

dashed, dot ted dashed and dot ted, respect ively. Full squares

are ALICE data [1, 4]. (a): Transverse momentum spect rum
of direct photons. (b): Transverse momentum spect rum of
thermal photons and prompt photons. (c) The ellipt ic flow of
direct photons. (d) The ellipt ic flow of thermal photons.

pp collisions with direct photons [16]. Now we should in-
clude nuclear shadowing effect and EMC effect as in [10].

Convent ionally, thermal photon product ion is an inte-
grat ion of photon emission rate over the whole space and
t ime of the system evolut ion, c.f. [10], so that the t ime
integral begins at the τ0. In this paper, we will take some
later choices.

The ellipt ic flow of thermal photons comes from the
Lorentz boost from the local rest frame to the lab frame.
In the former frame, photons are emit ted isotropically.
The connect ion of the two frames is flow velocity uµ . So
both its st rength and asymmetry in the non-central colli-
sions, are crucial for the ellipt ic flow of thermal photons.
More details can be seen in [17] where we made some in-
vest igat ion on the ellipt ic flow of thermal photons based
on the same hydrodynamical model used here for AuAu
collisions at

√
sN N = 200 GeV.

For AuAu collision we st ill take the same hydro evo-
lut ion as previous work [10, 17], which was constrained
with hadronic data and the init ial t ime tau0 = 0.6 fm/ c.
The hydrodynamical evolut ion of PbPb collisions at
√

sN N = 2.76 TeV has been const rained with rapid-
ity dist ribut ion, t ransverse momentum spectrum and el-
lipt ic flow of charged hadrons [18] and the init ial t ime
tau0 = 0.35 fm/ c.

In Fig. 1(a) is shown the pt spectrum of direct pho-
tons at midrapidity y = 0 from PbPb collisions of 0-40%
centrality at

√
sN N = 2.76 TeV, where ALICE data are

shown as squared points. Results from different choices
of beginning thermal photon emission are presented as
different type of curves in Fig. 1, ie, τ = 0.35 fm/ c (solid
line), 0.75 fm/ c (dashed line), 1.15 fm/ c (dot ted dashed
line) and 1.55 fm/ c (dot ted line), respect ively. Except

the choice of τ0 = 0.35 fm/ c, all the rest three curves
are within the error of ALICE data. Clearly, too early
photon emission t ime can not work, but the observed pt
spect rum can not dist inguish the three later choices.

In Fig. 1(b), the calculated pt spect rum of direct
photons is decomposed into two parts, prompt photons
(black dashed line) and thermal photons (solid line). All
the four thermal curves meet each other and together
with ALICE data points at pt ∼ 1 GeV/ c. Why? Be-
cause the four curves have the same final state of the
collision system, such as system size, the dist ribut ion of
temperature and flow velocity, and so on. And those
quant it ies are constrained by the freeze-out of hadrons
from the bulk, with hadronic data such as rapidity dis-
t ribut ion, pt spectra and v2 of changed hadrons.

The solid thermal line is higher than the ALICE data
for a wide pt region, because the energy density at core
region at τ0 = 0.35 fm/ c is so high that thecorresponding
temperature is above 900 MeV when the system is inter-
rupted as QGP, much higher than 304 MeV, the temper-
ature obtained by ALICE fit t ing the measured pt spec-
t rum. Thus the earlier thermal photon emission is ruled
out by the pt spect rum observed by ALICE.

The pt spectrum observed by ALICE can not dist in-
guish the later threechoices. So wecheck theellipt ic flow.
In Fig. 1(d) is shown the ellipt ic flow of thermal pho-
tons. The ellipt ic flow of thermal emission begins from
0.35 fm/ c is lowest and vanishes at high pt . Because the
photons emit ted during τ ∈ [0.35, 0.75] fm/ c, c.f. the dif-
ferencebetween thesolid lineand dashed line in Fig. 1(b),
are almost isot ropically. This isotropic emission doesn’t
cont ribute later curves. Instead, the emission from the
last moment takesa bigger and bigger fract ion when ther-
mal photon emission begins later and later. With the
growth of expansion velocity of the lit t le bang, and the
asymmetry of flow velocity, bigger and bigger ellipt ic flow
of thermal photons appears, as seen in Fig. 1(d).

In order to compare with the ellipt ic flow measure-
ment , we should take into account of prompt photon
product ion, though this part has zero v2. As plot ted
in Fig. 1(c), ALICE data are shown as full squares, and
calculated ellipt ic flow of direct photons are shown with
different types of curves for the four choices of beginning
t ime. Due to the compet it ion between thermal photons
and prompt photons, it is nice to see that the calculated
ellipt ic flow increasewith pt , then decreaseat even higher
pt , and the highest value of v2 occurs at pt ∼ 2 GeV/ c
for all four beginning t imes. The increase and decrease,
and the turning point pt value, agree with ALICE data.
And the variat ion of beginning t ime, can change ellipt ic
flow much more than pt spect rum.

However, the calculated ellipt ic flow is st ill smaller
than the measurement . One may expect to delay the
thermal photon emission even more to meet the large el-
lipt ic flow observed by ALICE. But at one hand, a later
emission makes bigger v2 of thermal photons. At the
other hand, the percentage of thermal photons in direct
photons will decrease. So there is a limit of increasing

2

10
-7

10
-5

10
-3

10
-1

10

0 5 10
 p

t
 (GeV/c)

 d
N

/d
y

d
2
p

t 
(G

e
V

-2
)

(a)

Pb+Pb ® g    Ös
NN

=2.76TeV  0-40%

ALICE

    0.35

    0.75

    1.15

    1.55

0

0.05

0.1

0.15

0.2

0 2 4 6 8 10
 p

t
 (GeV/c)

 v
2

Pb+Pb ® g      Ös
NN

=2.76TeV  0-40%

ALICE

(c)

10
-7

10
-5

10
-3

10
-1

10

10
3

0 5 10
 p

t
 (GeV/c)

 d
N

/d
y

d
2
p

t 
(G

e
V

-2
)

Prompt

Pb+Pb ® g  (thermal)

ALICE

(b)

0

0.1

0.2

0 2 4 6 8 10
 p

t
 (GeV/c)

 v
2

Pb+Pb ® g  (thermal)

(d)

Figure 1: (Color Online) Direct photons from PbPb colli-
sions at

√
sN N = 2.76 TeV, cent rality 0-40%. Four choices of

the beginning t ime for thermal photon emission, 0.35, 0.75,

1.15 and 1.55 fm/ c, correspond to four types of curves, solid,

dashed, dot ted dashed and dot ted, respect ively. Full squares

are ALICE data [1, 4]. (a): Transverse momentum spect rum
of direct photons. (b): Transverse momentum spect rum of
thermal photons and prompt photons. (c) The ellipt ic flow of
direct photons. (d) The ellipt ic flow of thermal photons.

pp collisions with direct photons [16]. Now we should in-
clude nuclear shadowing effect and EMC effect as in [10].

Convent ionally, thermal photon product ion is an inte-
grat ion of photon emission rate over the whole space and
t ime of the system evolut ion, c.f. [10], so that the t ime
integral begins at the τ0. In this paper, we will take some
later choices.

The ellipt ic flow of thermal photons comes from the
Lorentz boost from the local rest frame to the lab frame.
In the former frame, photons are emit ted isotropically.
The connect ion of the two frames is flow velocity uµ . So
both its st rength and asymmetry in the non-central colli-
sions, are crucial for the ellipt ic flow of thermal photons.
More details can be seen in [17] where we made some in-
vest igat ion on the ellipt ic flow of thermal photons based
on the same hydrodynamical model used here for AuAu
collisions at

√
sN N = 200 GeV.

For AuAu collision we st ill take the same hydro evo-
lut ion as previous work [10, 17], which was constrained
with hadronic data and the init ial t ime tau0 = 0.6 fm/ c.
The hydrodynamical evolut ion of PbPb collisions at
√

sN N = 2.76 TeV has been const rained with rapid-
ity dist ribut ion, t ransverse momentum spectrum and el-
lipt ic flow of charged hadrons [18] and the init ial t ime
tau0 = 0.35 fm/ c.

In Fig. 1(a) is shown the pt spectrum of direct pho-
tons at midrapidity y = 0 from PbPb collisions of 0-40%
centrality at

√
sN N = 2.76 TeV, where ALICE data are

shown as squared points. Results from different choices
of beginning thermal photon emission are presented as
different type of curves in Fig. 1, ie, τ = 0.35 fm/ c (solid
line), 0.75 fm/ c (dashed line), 1.15 fm/ c (dot ted dashed
line) and 1.55 fm/ c (dot ted line), respect ively. Except

the choice of τ0 = 0.35 fm/ c, all the rest three curves
are within the error of ALICE data. Clearly, too early
photon emission t ime can not work, but the observed pt
spect rum can not dist inguish the three later choices.

In Fig. 1(b), the calculated pt spect rum of direct
photons is decomposed into two parts, prompt photons
(black dashed line) and thermal photons (solid line). All
the four thermal curves meet each other and together
with ALICE data points at pt ∼ 1 GeV/ c. Why? Be-
cause the four curves have the same final state of the
collision system, such as system size, the dist ribut ion of
temperature and flow velocity, and so on. And those
quant it ies are constrained by the freeze-out of hadrons
from the bulk, with hadronic data such as rapidity dis-
t ribut ion, pt spectra and v2 of changed hadrons.

The solid thermal line is higher than the ALICE data
for a wide pt region, because the energy density at core
region at τ0 = 0.35 fm/ c is so high that thecorresponding
temperature is above 900 MeV when the system is inter-
rupted as QGP, much higher than 304 MeV, the temper-
ature obtained by ALICE fit t ing the measured pt spec-
t rum. Thus the earlier thermal photon emission is ruled
out by the pt spect rum observed by ALICE.

The pt spectrum observed by ALICE can not dist in-
guish the later threechoices. So wecheck theellipt ic flow.
In Fig. 1(d) is shown the ellipt ic flow of thermal pho-
tons. The ellipt ic flow of thermal emission begins from
0.35 fm/ c is lowest and vanishes at high pt . Because the
photons emit ted during τ ∈ [0.35, 0.75] fm/ c, c.f. the dif-
ferencebetween thesolid lineand dashed line in Fig. 1(b),
are almost isot ropically. This isotropic emission doesn’t
cont ribute later curves. Instead, the emission from the
last moment takesa bigger and bigger fract ion when ther-
mal photon emission begins later and later. With the
growth of expansion velocity of the lit t le bang, and the
asymmetry of flow velocity, bigger and bigger ellipt ic flow
of thermal photons appears, as seen in Fig. 1(d).

In order to compare with the ellipt ic flow measure-
ment , we should take into account of prompt photon
product ion, though this part has zero v2. As plot ted
in Fig. 1(c), ALICE data are shown as full squares, and
calculated ellipt ic flow of direct photons are shown with
different types of curves for the four choices of beginning
t ime. Due to the compet it ion between thermal photons
and prompt photons, it is nice to see that the calculated
ellipt ic flow increasewith pt , then decreaseat even higher
pt , and the highest value of v2 occurs at pt ∼ 2 GeV/ c
for all four beginning t imes. The increase and decrease,
and the turning point pt value, agree with ALICE data.
And the variat ion of beginning t ime, can change ellipt ic
flow much more than pt spect rum.

However, the calculated ellipt ic flow is st ill smaller
than the measurement . One may expect to delay the
thermal photon emission even more to meet the large el-
lipt ic flow observed by ALICE. But at one hand, a later
emission makes bigger v2 of thermal photons. At the
other hand, the percentage of thermal photons in direct
photons will decrease. So there is a limit of increasing

Thermal photons with different  

1. Hadron FO constrains the spectrum of very low pt region. 
 

2.            modifies the slope and v2 of thermal photons!   
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Prompt + Thermal photons 

QGP formation time has strong effects on v2.  So does v3, v4, ….  
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Extract QGP formation time 

tQGP ~1.5 fm / c are extracted from data. 
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 Predict high order harmonics 

High order harmonics of direct photons are comparable of pions. 
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 Au+Au at 200GeV 0-20% 

EPOS 
 
3.102 

Right 

Left 
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Au+Au 200GeV 20-40% 

A little too hot! 
 
 

 
V3-c% dependence
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Predict high order harmonics 

tQGP ³ 0.95 fm / c
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Au+Au  at 200GeV 0-20% 

Made by  Sheng-Xu Liu 
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Conclusions 
            
 
• Glasma is the key to solve photon puzzles.  
 
 
• Photon data carry us unique information of the early stage ! 
 
 
• Early stage of HIC provides us a special example,  

 
    massive but “dark”,  useful for astrophysics and cosmology. 
 
 
  
 
 
 
 
  
     

Thank you for your attention!  
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Introduction 

Dielectron mass spectrum 
2004 Run (Au+Au) 
√sNN=200 GeV 

PRC 81, 034911 

 (2010) 

Large backgrounds due to p0  Dalitz and 

conversions  improve with the HBD 
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 Cherenkov detector 

 GEMs with CF4  

 Distinguishes pair opening 
angle 

 Can veto background e+e- 
pairs from p0 Dalitz and g 
conversions 

The Hadron Blind Detector 

Close 

pair 

Open 

pair 

p f 

Cherenkov  

     blobs  

e+ 

e- 

B≈0 

HBD charge 

single hit 

HBD charge 

double hit 

NIM A646, 35-58 (2011) 
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The preliminary result 
2009 p+p Run, sqrt(s)=200 GeV 

 Data consistent with 

the cocktail  

 Fully consistent with 

the published result 

 Provide the crucial 

proof of principle for 

understanding the HBD  
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The preliminary result 
2010 Au+Au Run, sqrt(sNN)=200 GeV 

20-40% 40-60% 60-92% 
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 2004 and 2010 Run results consistent 

  Large errors 

(Run-10 errors driven by strong fiducial cuts and conservative estimate 

of systematics) 
 

Data over cocktail 

LMR  (m = 0.15 – 0.75 GeV/c2) 
 

IMR  (m = 1.2 – 2.8 GeV/c2) 
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Statistics: 

 4.6B5.6B events, by relaxing the vertex cut  

Electron identification 

Background subtraction 

Recent progress 



PHENIX Time-of-flight 

 Time-of-flight information 

implemented for improved 

hadron rejection 

 EMCal (PbSc) 

 3/4 of acceptance 

 s=450 ps 

 ToF East  

 ~ 1/8 of acceptance 

 s=150 ps 
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Revised RICH reconstruction 

algorithm 

 Ring reconstruction in the Ring 

Imaging Cherenkov Detector 

(RICH) 

 Parallel tracks point to the 

same ring in RICH 

 Hadrons can leak in 

 New algorithm forbids a ring to 

be associated with multiple 

tracks 

 Associate only with signal 

electron candidate tracks 

 

π 
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Optimized electron identification 

 Use neural networks for: 

 Hadron rejection 

 Conversion rejection 

 HBD double hit rejection 

 Input for NNs: EmCal, HBD, 

ToF, modifed RICH  

 Hadron contamination factor of 

~1/3 as with 1D cuts, keeping 

similar efficiency  

 Electron sample purity in  

0-10% central events is ~95%  

(was ~70% in 2004 Run) 

 

 

 

DATA – black   HIJING – red 

HIJING signal  HIJING bckg 

Neural network output 

NN trained and monitored on 

HIJING simulation: 
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Background subtraction 

 Run-10 preliminary result - hybrid background 

subtraction 

 Subtract the mixed BG 

 Subtract the acceptance corrected residual like-sign spectra 

 Not enough precision for the central bins 

 Run-10 current effort - component-by-component 

subtraction:  

 Traditional approach: FG = mixed BG + jet + cross-pair   

  could not reproduce the like-sign data 

 New approach: FG = mixed BG with flow + jet + cross-pair + 

e-h hidden correlation 
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Mixed background with flow 

 Flow distorts the shape of the 
combinatorial background 

 RP binning does not correct the effect 
completely 

 To correct for the flow effect, each mixed 
background pair is weighted by an 
analytic factor: 

 w(Dj) = 1 + 2 v2(pT,1) v2(pT,2) cos(2Dj) 

 Single electron v2 derived from the data 

 The approach is verified by the 
simulation (plots on the left) 

 The weighting method reproduces 
correctly the combinatorial background 
shape 

 

E.g. simulation using single 

electron v2 from 20-40% data 

Simple mixed BG 

RP binning 

Weighting method 
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Cross-pairs 

 

 

 

 e+e-  pairs from the same primary particle, but different 

parent  correlated background 

 p0
e+e-g, p0

gg and he+e-g, hgg simulated with 

EXODUS generator 

 Passed through PHENIX acceptance and reconstruction 

 Normalization: absolute 

 p0  and h contributions scaled by dN/dy measured by PHENIX  

e- 

p0 e+ 

e- 
e+ 

g 
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Jet contributions 

 Correlated e+e-  pairs from jets 

 Simulated using PYTHIA 

generator (p+p jets) 

 Passed though PHENIX  acceptance and reconstruction 

 Normalization: absolute 

 Each ee pair scaled by:  

  Ncoll * RAA (pT
a) * IAA (pT

b,Df) 
 pT  and Df refer to primary particles 

 a – the particle with the higher pT, b – the particle with the lower pT 

 RAA is from PHENIX data for pions 

 IAA from PHENIX data from PRC 78,014901 (2008) 

 

π0 

π0 

e+ 
e- 

e+ 

e- 

γ 

γ 

π0 

e- 

γ 

e+ 
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e-h hidden correlation 

 Hadron (h-) parallel to e+ in RICH   h- is misidentified as electron 

 If e+ and h- are reconstructed, the RICH ring sharing cut will reject the event 

 If e+ is not reconstructed (efficiency or dead area), the ring sharing is not 

recognized, and the e-h- pair enters the event 

 The e-h-  pair is correlated, so cannot be removed by the mixed background 

 Simulate this contribution and subtract  
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Mixed background normalization 

 Mixed BG normalization (weighted with flow): 
 FG++ = Cross++ + Jet++ + e-h++ + nf++ * mixBG++ 

 FG- -  = Cross- - + Jet- - + e-h- -  + nf- - * mixBG- - 

Fit with nf++  and nf- - being the only free parameters 

 

A. Normalization using pair 
 opening angle (df0) 

 

 

 

 

 

B. Normalization using pair mass mee > 0.2 GeV/c2 

       A and B are consistent  

All correlated sources (MC) 

df0  
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Like-sign spectrum, 0-10% centrality 

 Understanding of the background 

verified by the like-sign spectra 

 Correlated components 

absolutely normalized 

 Combinatorial background - 

mixed background with flow 

 The ratio of the like-sign 

foreground to total background, 

for mee>0.15 is flat at 1 

 Very good qualitative and 

quantitative understanding of 

all background components 

mee GeV/c2 

Y
ie

ld
  
[a

.u
.]
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Like-sign spectrum, 10-20% centrality 

 Understanding of the background 

verified by the like-sign spectra 

 Correlated components 

absolutely normalized 

 Combinatorial background - 

mixed background with flow 

 The ratio of the like-sign 

foreground to total background, 

for mee>0.15 is flat at 1 

 Very good qualitative and 

quantitative understanding of 

all background components 

mee GeV/c2 

Centrality 10-20% 

  
 Y

ie
ld

  
[a

.u
.]
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Summary 

 Since QM2012 

 Significant progress on electron identification - 

95% sample purity achieved 

Good qualitative and quantitative understanding 

of the background component-by-component 

 Analysis closing completion 
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BACKUP 



Effect of flow on the combinatorial 

background (I) 

 Motivation:  

 Residual correlated yield in the FG/mixedBG like-sign ratio 

 This yield could not be explained by know sources (e.g. jets) 

 

 

 

 

 

 

 

 Suspect flow correlations 

 Only partially removed by the reaction plane binning 

 Cannot be completely eliminated due to finite RP resolution 

 

(DATA) 
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Effect of flow on the combinatorial 

background (II) 

 Explanation:  

 Due to flow, particle emission angles 

(j) are not uniformely distributed 

relative to the reaction plane (Y) 

 If single particles are generated ac-

cording to the distribution function:  

 1+2v2cos(2(j-Y))  

 It can be shown that random pairs 

are distributed according to: 

w(Dj) = 1 + 2v2(pT,1)v2(pT,2)cos(2Dj) 

 

 

 

Centrality 20-40% (DATA) 
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Effect of flow on the combinatorial 

background (III) 

 Study the effect with realistic MC:  

 Generate e+ and e- 

 pT distribution from data 

 Uniform in rapidity 

 Reaction plane (Y) uniformely from 

[-p/2,p/2] 

 Determine azimuth angle (j) 

by:1+2v2cos(2(j-Y))  

 v2 extracted from from 20-40% data 

 Pass PHENIX acceptance filter 

 Standard pair analysis 

 MC reproduced the residual shape 

compatible with the one seen in data 

 

 

 

Like-sign FG/mixed BG (MC) 
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Effect of flow on the combinatorial 

background (IV) 

 Study the weighting method with 
realistic MC:  

 Apply the weight for each pair in the 
generated mixed background: 

 w(Dj) = 1 + 2v2(pT,1)v2(pT,2)cos(2Dj) 

 Electron v2 extracted from the 
analyzed data 

 Reproduces the combinatorial 
background perfectly 

 Cross-check the reaction plane 
binning method with the same MC 
setup 

 Fails to reproduce the combinatorial 
background 

 

 

 

 

Like-sign FG/mixed BG (MC) 

Simple mixed BG 

RP binning 

Weighting method 
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e-h contribution simulation 

 Use p0 and h cross-pair simulation 

 Add MC tracks to DATA events 

 Merge MC and DATA hits in RICH 

 Filter only DATA tracks which used to fail eID cuts before 
merging, but pass eID cuts after merging (promoted 
hadrons) 

 Apply all the analysis cuts 

 Select the remaining MC-data pairs 

 Normalization of e-h contribution: absolute 

 Comes automatically since the cross-pairs are absolutely 
normalized 
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Like-sign spectra, 0-10% centrality  
(++, -- separately) 

mee GeV/c2 

e+e+ pairs e-e- pairs 

mee GeV/c2 
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Background normalization  

using the opening angle 

 Idea: normalize the 

combinatorial background in 

the region where the cor-

related components are 

minimal 

 Avoid the systematic error of 

the correlated components 

(MC) 

 Opening angle distribution 

of all correlated sources 

 Clear minium around  

 df0 ~ 90° 

All correlated sources (MC) 

df0  
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Jet normalization – Iaa extraction 

1. Select the centrality bin: 

• 0-20% 

• 20-40% 

• 40-60% 

• 60-92% 

2. Op. angle <90° or >90° ?  

3. Select pT range of the 

“trigger particle”  for 

pT<2.0, use the lowest pT bin 

(2-3 GeV/c) 

4. Select pT of the “associated 

particle”  take the closest 

point 

5. Get the corresponding Iaa 

 Most of the pairs 

example for 20-40%, away side 

“Trigger” 

particle 

“Associated

” particle 

pT GeV/c pT GeV/c 
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eID flow 

STEP0 

• Reject obvious hadrons – NN0 
(DCPC+EMCal+RICH+ToF) 

STEP1 

• Erase RICH PMTs of uninteresting electrons:  
- identified  conversions,  
- electrons with pt<0.2,  
- HBD double hits - NN SD (HBD) 

STEP2 
• Reject remaining hadrons – NN1 

(DCPC+EMCal+RICH+ToF+HBD) 

• Reject remaining backplane conversions – NN2 (HBD) 
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Combinatorial background in PHENIX 

 The main sources of the 
combinatorinal background: 

 

π0   g g   g e+ e-  

π0   g e+ e- 

 

 The magnetic field bends e+e- in 
opposite directions, one of them 
can go out of acceptance or can 
spiral in the magnetic field not 
reaching the tracking detectors  

e+ 

e+ 
e- 

e- 

comb. backg. 

pair 
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The Cocktail (QM2012) 

 Hadron decays simulated in EXODUS  

 Fit π0 and π± data p+p or Au+Au to 
modified Haggedorn function: 

 

 

 

 for other mesons η, ω, ρ, ϕ, J/Ψ  etc. use 
pion parametrization and replace: 

 

 The absolute normalization of each meson 
provided by meson to π0 ratio at high pT 

 Open heavy flavor (c,b) simulated with 
MC@NLO 

 The cocktail filtered through the PHENIX 
acceptance and smeared with detector 
resolution 

 J/Y from full detector MC, normalization: 
pp yield scaled by Ncoll * Raa 

 

 

 

222
0p

mmpp TT -
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Differences in runs with and without HBD 

Data: 

Different magnetic field configuration: 

  Run-9 (p+p) and Run-10 (Au+Au) 

with HBD: +- field configuration 

 all other runs: ++ field configuration 

 larger acceptance of low pT tracks 

in +- field 

 

More material due to HBD: 

 more J/Ψ radiative tail 

Cocktail: 

  MC@NLO  for open heavy flavor (c,b) 

contribution instead of PYTHIA  
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e+e

m
0 1 2 3 4 5

/G
eV

] 
IN

 P
H

E
N

IX
 A

C
C

E
P

TA
N

C
E

2
 [c

ee
 d

N
/d

m
ev

t
1/

N

-910

-810

-710

-610

-510

-410

-310 Total Cocktail using MC@NLO
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Parallel analysis efforts 

 Two parallel and independent analysis streams: provide 

crucial consistency check 

A. Weizmann + Tokyo + Zagreb group 

B. Stony Brook group 

Stream A 

HBD: reconstruction based on MinPad 

clusterizer  

Neural network for eID and for 

single/double electron separation 

Correlated background from e-h 

contributions by cross-pair simulation 

embedded into RICH data 

Stream B 

HBD: reconstruction based on LBS 

clusterizer 

Standard 1D cuts for eID and for 

single/double electron separation 

Correlated background from e-h 

contributions by full Central Arm 

embedding 
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Statistics 

 Relaxed vertex cut: 

 Preliminary: 

   -20 cm < z < 20 cm 

 4.6B Min. Bias events 

 Current: 

  -30 cm < z < 25 cm 

   5.6B Min. Bias events 
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The	  Glasma	  and	  Photons	  
L.	  McLerran,	  RBRC,	  BNL	  2014	  

CGC	   Glasma	  Ini?al	  
Singularity	  

Thermalized	  	  
QGP	  

Hadron	  Gas	  

 Strongly Interacting QGP!

The	  Glasma	  are	  highly	  coherent	  colored	  fields	  	  evolving	  to	  a	  thermalized	  QGP	  
The	  Glasma	  is	  weakly	  coupled	  but	  strongly	  interac?ng	  

↵S << 1 A ⇠ 1

g
Qsat

dN

dyd2rT
⇠ Q2

sat

↵S



Color	  Glass	  Condensate:	  	  	  
The	  High	  Density	  Gluonic	  States	  of	  a	  high	  energy	  hadron	  that	  dominate	  high	  energy	  scaPering.	  

	  
Glasma:	  	  

Highly	  coherent	  gluon	  fields	  arising	  from	  the	  Glasma	  that	  turbulently	  evolve	  into	  the	  
thermalized	  sQGP	  while	  making	  quarks	  

	  
Thermalized	  sQGP:	  

Largely	  incoherent	  quark	  and	  gluons	  that	  are	  reasonably	  well	  thermalized	  	  



The	  Glasma	  

1/Qs	  

random 

Typical configuration of a single event 
           just after the collision 

Highly	  coherent	  colored	  fields:	  
Stringlike	  in	  longitudinal	  direc?on	  

Stochas?c	  on	  scale	  of	  inverse	  satura?on	  momentum	  in	  transverse	  direc?on	  
Mul?plicity	  fluctuates	  as	  nega?ve	  binomial	  distribu?on	  	  



The	  Glasma:	  
	  

Weak	  coupling	  but	  strongly	  interac?ng	  due	  to	  coherence	  of	  the	  fields	  
In	  transport	  or	  classical	  equa?ons,	  the	  coupling	  disappears!	  

Two	  scales	  
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But	  it	  takes	  ?me	  to	  separate	  the	  scales	  and	  make	  a	  thermal	  distribu?on	  

How	  long	  does	  it	  take	  to	  thermalize?	  
	  

Are	  there	  Bose-‐Einstein	  Condensates	  formed?	  
	  

For	  how	  long	  is	  the	  system	  in	  homogeneous	  with	  longitudinal	  pressure	  not	  equal	  to	  
transverse?	  

	  
Can	  we	  measure	  a	  difference	  between	  longitudinal	  and	  transverse	  pressure?	  

Order	  parameters:	  	  Electric	  and	  magne?c	  confinement	  	  	  

Blaizot,	  Gelis,	  Liao,	  McLerran	  and	  Venugpalan	  



Recent	  results	  of	  Gelis	  and	  Eppelbaum	  using	  spectrum	  of	  ini?al	  
fluctua?ons	  derived	  from	  QCD:	  

	  
Find	  hydrodynamic	  behaviour	  a	  good	  approxima?on	  as	  coupling	  

constant	  gets	  bigger,	  but	  even	  for	  	  
	  

It	  is	  a	  good	  approxima?on.	  	  	  	  
For	  RHIC	  and	  LHC	  energy	  the	  coupling	  is	  even	  larger	  

⌘/S ⇠ 0.25 t
hydro

⇠ 3/Q
sat

	  	  The	  perfect	  fluid	  might	  not	  be	  a	  thermally	  equilibrated	  system!	  

Gelis	  and	  Epelbaum;	  
Berges,	  Schlich?ng,	  Sexty	  

and	  Venugopalan	  



The	  Glasma	  may	  be	  a	  nearly	  perfect	  fluid,	  even	  though	  it	  is	  not	  a	  thermalized	  sQGP.	  	  It	  
is	  certainly	  a	  sQGP	  



How	  Does	  the	  Glasma	  Evolve:	  

At	  an	  early	  ?me:	  

1

⌧⇡R2

dN

d3pT
= f(p)

f(p) ⇠ 1

↵s
, p  Qsat

f(p)  1, p � Qsat

System	  evolves	  by	  scaPering	  and	  two	  scales	  emerge	  

⇤IR, f(⇤IR) ⇠
1

↵S

⇤UV , f(⇤UV ) ⇠ 1



How	  do	  these	  scales	  evolve?	  

In	  transport	  equa?on:	  

df/dt ⇠ ↵2f3

The	  term	  with	  four	  factors	  of	  f	  cancels	  in	  the	  difference	  between	  
backwards	  and	  forward	  going	  processes	  

	  
If	  the	  process	  is	  dominated	  in	  the	  infrared:	  

df/dt ⇠ 1

⌧scat
f

The	  scaPering	  ?me	  can	  be	  evaluated	  in	  terms	  of	  the	  two	  scales	  by	  
explicitly	  evalua?ng	  the	  phase	  space	  integrals	  in	  the	  transport	  equa?ons	  

⌧scat ⇠
⇤UV

⇤IR

1

⇤IR

Note	  that	  factors	  of	  coupling	  strength	  have	  disappeared.	  	  The	  scaPering	  ?me	  is	  the	  
Lorentz	  ?me	  dila?on	  of	  the	  infrared	  scaPering	  scale	  when	  the	  coherence	  is	  maximal.	  	  This	  

result	  is	  true	  also	  when	  including	  inelas?c	  scaPering.	  

Assumes	  not	  dominated	  by	  a	  condensate	  



The	  equa?on:	  

⌧scat ⇠
⇤UV

⇤IR

1

⇤IR

Is	  true	  except	  close	  to	  a	  thermal	  fixed	  point.	  	  Near	  a	  thermal	  fixed	  
point,	  the	  right	  hand	  side	  of	  the	  transport	  equa?on	  vanishes.	  	  Near	  
the	  thermal	  fixed	  point,	  the	  evolu?on	  of	  the	  system	  slows	  as	  one	  

has	  approached	  equilibrium.	  	  	  
Far	  from	  equilibrium,	  we	  expect	  

⌧ ⇠ ⌧scat
We	  will	  soon	  see	  that	  the	  ?me	  evolu?on	  of	  both	  scales	  is	  determined	  by	  this	  
condi?on	  and	  the	  condi?on	  of	  energy	  conserva?on,	  assuming	  that	  in	  the	  

infrared,	  the	  distribu?ons	  func?ons	  are	  classical	  thermal	  distribu?on	  func?ons	  

f ⇠ 1

↵S

⇤IR

E
✏ ⇠

Z
d3p pf ⇠ 1

↵S
⇤IR⇤

3
UV



A	  simple	  model,	  assuming	  local	  equilibra?on	  in	  the	  infrared	  is	  

f(p) =
⇤IR

↵S⇤UV

1

eE/⇤UV � 1

This	  distribu?on	  is	  a	  classical	  thermal	  distribu?on	  in	  the	  infrared	  

f ⇠ 1

↵S

⇤IR

E

and	  goes	  to	  zero	  when	   E ⇠ ⇤UV

It	  is	  like	  a	  thermal;	  distribu?on	  with	  a	  temperature	  	  T ⇠ ⇤UV

It	  becomes	  a	  thermal	  distribu?on	  func?on	  when	  the	  over-‐occupa?on	  factor	  
⇤IR

↵S⇤UV
! 1

Or	  when	  	   ⇤IR = ↵S⇤UV

Then	  the	  infrared	  scale	  is	  that	  of	  the	  magne?c	  mass	  and	  the	  UV	  scale	  is	  the	  
temperature	  



Note	  that	  the	  entropy	  of	  the	  gluon	  distribu?on	  is	  

s ⇠
Z

d3p{(1 + f)ln(1 + f)� fln(f)} ⇠ ⇤3
UV ln

⇤IR

↵S⇤UV

But	  the	  number	  of	  gluons	  is	  

⇢ ⇠ 1

↵S
⇤IR⇤

2
UV

So	  the	  entropy	  to	  par?cle	  ra?o	  is	  less	  than	  one	  un?l	  thermaliza?on	  
due	  to	  the	  coherence	  

s/n ⇠ ↵S⇤UV /⇤IR



For	  fermions	  we	  can	  use	  

q =
1

eE/⇤UV + 1

The	  ra?o	  of	  the	  number	  of	  quarks	  to	  gluons	  is	  suppressed	  un?l	  thermaliza?on	  
due	  to	  the	  over-‐occupa?on	  of	  gluonic	  states	  

q/g ⇠ ↵S⇤UV /⇤IR

The	  advantage	  of	  this	  parameteriza?on	  of	  the	  gluon	  distribu?on	  func?ons	  is	  that	  
thermal	  results	  can	  be	  reproduced	  simply	  by	  replacing	  the	  temperature	  with	  the	  
ultraviolet	  scale,	  and	  mul?plying	  the	  gluon	  distribu?on	  func?on	  by	  the	  over-‐
occupa?on	  factor.	  	  An	  example	  of	  how	  this	  works	  is	  with	  photon	  produc?on.	  



The	  Problem	  with	  Photons	  at	  RHIC	  and	  LHC	  

Bratkovskaya:	  	  QM2014	  



It	  is	  not	  clear	  whether	  the	  photons	  seen	  are	  emiPed	  early	  or	  late,	  nor	  the	  source	  of	  these	  
photons:	  	  misiden?fied	  hadron	  decays,	  jet	  fragmenta?on,	  QGP	  or	  hadron	  gas.	  	  The	  photons	  
also	  have	  a	  large	  flow	  that	  is	  problema?c.	  	  There	  are	  problems	  both	  with	  absolute	  rates	  and	  

with	  the	  magnitude	  of	  v2	  

Eskola	  et	  al	  



There	  is	  geometric	  scaling	  of	  the	  p_t	  spectrum	  for	  pp,	  dAu,	  A-‐A	  at	  RHIC	  and	  LHC	  
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We	  also	  agree	  with	  the	  mul?plicity	  dependence	  seen	  in	  Phenix	  
	  	  LDM	  and	  Chris?an	  Klein	  -‐Boesing	  

Golec-‐	  Biernat,	  Statso	  Kwieczinski;	  Praszalowicz	  and	  
McLerran	  
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With	  Bjoern	  Schenke	  we	  computed	  spectrum	  of	  photons	  in	  1+1	  hydro.	  	  Shape	  
fits	  well,	  but	  the	  rate	  requires	  a	  large	  k	  factor	  of	  about	  7	  
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Because	  the	  Glasma	  decays	  
more	  slowly	  than	  the	  
thermalize	  QGP,	  we	  get	  
acceptable	  flow	  from	  

Glasma	  +	  QGP	  
	  

The	  rate	  problem	  remains,	  
but	  perhaps	  is	  solved	  by	  

properly	  doing	  jet	  
quenching	  plus	  

fragmenta?on	  photons.	  	  A	  
large	  uncertainty	  here	  is	  

associated	  with	  how	  the	  jet	  
contribu?on	  is	  computed.	  

Paquet,	  McLerran	  and	  Schenke	  
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IntroducBon	
n  Quark-‐gluon	  plasma	  (QGP):	  many-‐body	  system	  of	  deconfined	  

quarks	  and	  gluons	  

	  

IntroducBon	

Hadron	  phase	 QGP	  phase	

　	
(crossover)	 sQGP	 (wQGP?)	

Au-‐Au,	  Au-‐Cu	  (200	  GeV)	  and	  U-‐U	  (193	  GeV)	  at	  RHIC	  

It	  is	  a	  QCD	  phenomenon;	  what	  can	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
an	  electromagneBc	  probe	  tell	  us?	  

Graphics	  by	  AM	

Pb-‐Pb	  (2.76	  TeV)	  at	  LHC	  

The	  QGP	  created	  in	  high-‐energy	  heavy	  ion	  collisions	  is	  
quanBfied	  as	  a	  relaBvisBc	  fluid	  with	  extremely	  small	  viscosity	  	  

LHC	  

RHIC	  

2	
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Hadronic	  fluid	

Hadrons	

Freeze-‐out	
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IntroducBon	
n  Photon	  emission	  in	  heavy	  ion	  collisions	  (low	  pT)	  

	  	  

	  

Thermal	  photons	  (hadronic)	

Prompt	  photons	
QGP	  fluid	
Hadronic	  fluid	

Hadrons	

Freeze-‐out	

Decay	  photons	

Thermal	  photons	  (QGP)	

The	  hot	  medium	  is	  opaque	  in	  terms	  of	  QCD;	  transparent	  in	  terms	  
of	  electromagneBsm	  

Hadrons:	  Most	  of	  informaBon	  before	  freeze-‐out	  is	  lost	
Photons:	  Retain	  informaBon	  during	  Bme	  evoluBon	

-‐	  from	  hadronic	  decay	

-‐	  from	  black-‐body	  radiaBon	

-‐	  from	  hard	  processes	

Direct	  photons	
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MoBvaBon	
n  Experiments	  have	  posed	  “photon	  v2	  puzzle”	  

	  	  

	  

Direct	  photon	  v2	  is	  large;	  no	  definite	  answer	  so	  far	  

Direct	  photon	  v3	  is	  also	  LARGE	  

Talk	  by	  S.	  Mizuno	  (PHENIX)	  at	  QM14	  

No	  centrality	  dependence	  

The	  enhancement	  is	  at	  least	  
parBally	  due	  to	  the	  properBes	  
of	  the	  hot	  medium	  itself	  

-‐	  Hydrodynamic	  models	  predict	  small	  flow	  
harmonics	  because	  of	  the	  contribuBon	  from	  
earlier	  stages	  with	  likle	  ellipBc	  flow	  
-‐	  Viscosity?	  MagneBc	  field?	  Pre-‐equilibrium	  flow?	  
	  	  Modified	  photon	  emission	  rate?	  

PHENIX,	  PRL	  109,	  122302	  

Photon	  vn	  problem	 4	
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Approach	  of	  this	  work	
n  Bulk	  evoluBon	  

	   Approach	  of	  this	  work	

τ	  <	  0	  fm/c:	  	  	  	  	  	  	  	  Color	  glass	  condensate	

τ	  ~	  1-‐10	  fm/c:	  	  	  QGP/hadronic	  fluid	  	  

τ	  >	  10	  fm/c:	  	  	  	  	  	  Hadronic	  gas	  	

τ	  ~	  0-‐1	  fm/c:	  	  	  	  	  Glasma	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Graphics	  by	  AM	

Freeze-‐out	

“Likle	  bang”	

EquilibraBon	

Chemical	  equilibraBon	  does	  not	  necessary	  coincides	  with	  
thermalizaBon	  

-‐	  Color	  glass	  condensate	  (CGC):	  Colliding	  nuclei	  are	  saturated	  gluons	
-‐	  QGP/hadronic	  fluid:	  Equilibrated	  quark-‐gluon	  plasma	

(cf:	  AM	  and	  B.	  Müller,	  arXiv:	  1403.7310)	  	
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Approach	  of	  this	  work	
n  Fewer	  quarks	  +	  more	  gluons	  at	  the	  onset	  of	  QGP	  fluid	  

	  	  

	  

The	  model	

quark-‐GLUON	  plasma	  

py	

px	

py	

px	

py	

px	

quark-‐gluon	  plasma	   Quark-‐gluon	  plasma	  

Flow	  anisotropy	  develops	  (medium	  v2)	  

We	  consider:	  Non-‐equilibrated	  QGP	  

Quark-‐gluon	  plasma	  
Equilibrated	  QGP	  (small	  v2)	  
Quark-‐gluon	  plasma	   Quark-‐gluon	  plasma	  

ContribuBon	  of	  later	  stage	  becomes	  large	  as	  thermal	  photons	  are	  
emiked	  in	  the	  presence	  of	  quarks;	  photon	  v2	  can	  be	  enhanced	  
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The	  model	
n  (2+1)-‐dimensional	  ideal	  hydrodynamic	  model	  +	  rate	  equaBons	  

	  	  

	  

The	  energy-‐momentum	  conservaBon	  

Input	  for	  numerical	  analyses	

Quark	  and	  gluon	  number	  changing	  processes	  

:	  reacBon	  rates	  	  

p

zp

(1 − z)p

p

zp

(1 − z)p

p

zp

(1 − z)p

p
zp

(1 − z)p

p
zp

(1 − z)p

(1 − z)p

zp
p

(a)	  gluon	  spliung	  

(b)	  quark	  pair	  producBon	  	  

(c)	  gluon	  emission	  from	  a	  quark	  	  

:	  parton	  densiBes	  (in	  equilibrium)	  

Late	  quark	  chemical	  equilibraBon	  implies	  
as	  the	  chemical	  equilibraBon	  Bmes	  are	  

8	



Akihiko	  Monnai	  (RBRC)	 Quark	  chemical	  equilibraBon	  for	  thermal	  photon	  ellipBc	  flow	

Thermal	  Photons	  and	  Dileptons	  in	  Heavy-‐Ion	  Collisions,	  	  21st	  August	  2014,	  BNL,	  USA	 Next	  slide:	 /	  15	

Input	  for	  numerical	  analyses	
n  Hydrodynamic	  parameters	  (IniBal	  condiBons	  +	  fluid	  properBes)	  

	  

	  
	  

n  Photon	  emission	  rate	  	  
	  	  

	  

Gluon	  energy	  distribuBon:	  	  

IniBal	  Bme:	  0.4	  fm/c	  

Results	

EquaBon	  of	  state:	   Hadron	  resonance	  gas	  (mass	  below	  2	  GeV)	  +	  Parton	  gas	  (Nf	  =	  2)	  

Chemical	  reacBon	  rates:	  

Kolb,	  Sollfrank	  and	  Heinz,	  PRC	  62,	  054909	  (2000)	

Quark	  energy	  distribuBon:	  0	  GeV/fm3	  	  

where	   and	  

where	  	  	  	  	  	  	  ranges	  are	  
and	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	   (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  

Traxler	  and	  Thoma,	  PRC	  53,	  1348	Turbide,	  Rapp	  and	  Gale,	  PRC	  69,	  014903	
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Results	
n  EllipBc	  flow	  of	  thermal	  photons	  –	  cb	  dependence	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  moBvated	  in	  an	  early	  equilibraBon	  model	  
(AM	  and	  B.	  Müller,	  arXiv:	  1403.7310)	  	   	  for	  

Late	  quark	  chemical	  equilibraBon	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  leads	  to	  enhancement	  
of	  thermal	  photon	  v2	  	  

Results	 10	
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Results	
n  EllipBc	  flow	  of	  thermal	  photons	  –	  ca,c	  dependence	  
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av

Thermal	  photon	  v2	  

Thermal	  photon	  v2	  is	  moderately	  enhanced	  for	  faster	  gluon-‐involved	  
equilibraBon	  processes	  

because	  quark	  producBon	  in	  early	  stages	  is	  suppressed	  due	  to	  
quicker	  dampening	  of	  gluon	  overpopulaBon	  due	  to	  recombinaBon	  
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Gluon	  number	  density	  
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Results	
n  Transverse	  momentum	  spectra	  of	  thermal	  photons	  

	  	  

	  

pT	  spectra	  is	  reduced	  by	  late	  quark	  
chemical	  equilibraBon	  	  

 (GeV)
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

)
-2

dy
 (G

eV
T

dp T
/pa

)d
N

/
(1

/2

-910

-810

-710

-610

-510

-410

-310

-210

-110

1
equilibrium

=1.5a,c=0.2, cbc
=1.5a,c=0.5, cbc
=1.5a,c=2.0, cbc

Thermal	  photon	  parBcle	  spectra	  

Effect	  is	  limited	  for	  the	  chosen	  input;	  
however	  more	  sophisBcated	  photon	  
emission	  rate	  and	  equaBon	  of	  state	  
would	  be	  important	  
(Cf.	  Gelis	  et	  al.,	  JPG	  30,	  S1031)	

Summary	  and	  outlook	 12	
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Summary	  and	  outlook	
n  Thermal	  photon	  v2	  from	  chemically	  non-‐equilibrated	  QGP	  is	  

invesBgated	  	  

n  Future	  prospects	  include:	  

	  

	  

EvoluBon	  of	  bulk	  medium	  from	  CGC	  to	  QGP	  is	  a	  key	  
Late	  gluon	  equilibraBon	  slightly	  reduces	  v2	  	  	  	

IntroducBon	  of	  dynamical	  equaBon	  of	  state,	  more	  realisBc	  
iniBal	  condiBons,	  shear	  and	  bulk	  viscosiBes	  etc.	  

Late	  quark	  producBon	  leads	  to	  visible	  enhancement	  of	  v2,	  
contribuBng	  posiBvely	  to	  resoluBon	  of	  “photon	  v2	  puzzle”	

Net	  yield	  of	  thermal	  photons	  is	  reduced	

EsBmaBon	  of	  the	  contribuBon	  from	  prompt	  photons	
Other	  effects	  in	  non-‐equilibrated	  QGP,	  e.g.,	  heavy	  quarks	  	

Prompt	  photon	  vn	 13	
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Prompt	  photon	  vn	
n  OpBcal	  effects	  in	  QGP	  medium	  

	  	  

	  

A	  hot	  QCD	  medium	  works	  as	  a	  4D	  lens	  

Transparent	  medium	  has	  a	  non-‐unity	  
refracBve	  index	  

AM,	  arXiv:1408.1410	  [nucl-‐th]	

Geometrical	  anisotropy	  (ε2,	  ε3,	  …)	  is	  directly	  mapped	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
onto	  thermal	  and	  prompt	  photon	  flow	  harmonics	  (v2,	  v3,	  …)	  	  

	  -‐	  CriBcal	  opalescence	  near	  Tc?	  

PosiBve	  flow	  harmonics;	  not	  large	  enough	  
w/	  the	  model	  index	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
based	  on	  HTL	  	  

Numerical	  analyses	  –	  prompt	  photon	  vn	  

	  -‐	  Semi-‐transparency	  at	  ultra-‐low	  momentum	  	  
(determining	  plasma	  frequency	  of	  QGP)?	  
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p
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The	  end	
n  Thank	  you	  for	  your	  akenBon!	  
n  Website:	  hkp://tkynt2.phys.s.u-‐tokyo.ac.jp/~monnai/	  
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Momentum	  anisotropy	
n  Time	  evoluBon	  of	  medium	  “ellipBc	  flow”	  

	  	  

	  

EllipBc	  flow	  is	  quickly	  developed	  

Song	  &	  Heinz,	  PRC	  78,	  024902	

Effects	  of	  iniBal	  absence	  of	  quarks	  
would	  be	  large	  	  
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Photons in heavy-ion 
collisions: inclusive and 

peripheral

Jean-François Paquet
(McGill University)

Brookhaven National Laboratory
August 22nd, 2014
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The (double) direct photon puzzle

Spectra and v
2
, direct photons, RHIC 0-20%
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Outline

● Inclusive photons
– How well can inclusive photons be described?
– Opportunities?

– Photon vn definitions

● Centrality dependence of direct photons
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Photon sources
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Prompt photons

Binary-scaled NLO pQCD (with isospin effect and nuclear 
pdf)
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More information on model

IP-Glasma (t<0.4 fm/c)+MUSIC (t>0.4 fm/c)
● MUSIC:

– Event-by-event 2+1D viscous (Israel-Stewart, conformal) 
hydrodynamics with fluctuating initial conditions

– Shear viscosity/entropy 0.13 (0.21 at LHC) 
– Lattice + hadron resonance gas equation of state with 

chemical freeze-out at 150 MeV
– Cooper-Frye freeze-out at 150 MeV (103 MeV for LHC), + 

resonance decays 1.4 GeV
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More information on model

IP-Glasma (t<0.4 fm/c)+MUSIC (t>0.4 fm/c)
● MUSIC:

– Event-by-event 2+1D viscous (Israel-Stewart, conformal) 
hydrodynamics with fluctuating initial conditions

– Shear viscosity/entropy 0.13 (0.21 at LHC) 
– Lattice + hadron resonance gas equation of state with 

chemical freeze-out at 150 MeV
– Cooper-Frye freeze-out at temperature 150 MeV (103 MeV 

for LHC), + resonance decays 1.4 GeV

Parameters fitted to the p0 spectra and 
charged hadron v

2
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Thermal photons

● Photon production rate

.

Temperature very hot (QGP)less hot (hadron gas)

Effective 
Lagrangian

Perturbative 
expansion in a

s

Linear interpolation
(between 184 and 220 MeV)

- Mesons (Turbide, Gale, 
Rapp. 2004)
- Baryons (Rapp, private 
comm.)

- AMY LO (Arnold, 
Moore, Yaffe. 2002)
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Thermal photons

● Photon production rate

.

Temperature very hot (QGP)less hot (hadron gas)

Effective 
Lagrangian

Perturbative 
expansion in a

s

Linear interpolation
(between 184 and 220 MeV)

- Mesons (Turbide, Gale, 
Rapp. 2004)
- Baryons (Rapp, private 
comm.)

- AMY LO (Arnold, 
Moore, Yaffe. 2002)

Corrected* for 
anisotropy of momentum 

distribution
(Shen, Paquet, Heinz, Gale, to be published soon)

(*only non-bremsstrahlung part is corrected for AMY)
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Decay photons

● Decay photons from hadronic spectra 
computed after Cooper-Frye and resonances 
decays
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Inclusive photons
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Inclusive photons

Inclusive Cocktail Direct

Experiment Measurement Simulation based on 
available hadronic data

Subtraction of inclusive 
and cocktail

Theory Addition of cocktail and 
direct

Computed from 
hydrodynamics

Computed from 
hydrodynamics + 
prompt photons
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Inclusive photons: spectra

RHIC, 0-20% and 20-40% centrality
(Many thanks to Profs Axel Drees and Takao Sakaguchi for clarifying 
how to get the inclusive photon spectra from the available PHENIX data)
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Inclusive photons: v
n

RHIC, 0-20% and 20-40% centrality
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Inclusive at LHC
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Last comment: how to compute v
n
?

(From Luzum and 
Petersen, 2013)

● Photon vn computed from event-plane method:                       
the photon anisotropy is measured with respect to the 
hadronic event plane

(Brackets 
mean 
averaging 
over events)
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v
n
 definitions: why does it matter

● Hadron vn fluctuations:
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v
n
 definitions: why does it matter

● Photon multiplicity weights in the event-averaging

More weight 
on high 
photon 
multiplicity 
events

All 
events 
treated 
equally
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v
n
 definitions: why does it matter

● Photon multiplicity weights in the event-averaging
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Effect on v
n
 on inclusive photons
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Similar effect on direct photons
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Inclusive?

● Inclusive photon spectra agrees with data 
once hydrodynamics parameters are fitted to 
hadronic observables

● Using inclusive as an additional constraint on 
hydrodynamics parameters?

● How the photon vn is computed is important!
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Centrality dependence: closer 
look
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Thermal/pQCD vs centrality
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Conclusion

● Inclusive photon:
– Constraint on hydrodynamics parameters

● Photon vn definition: event-by-event 
calculation necessary!

● Very interesting peripheral data
– Constraint on prompt?
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Many thanks to...

● Charles Gale, Gabriel Denicol, Gojko 
Vujanovic, Sangyong Jeon, Matt Luzum

● Chun Shen, Ulrich Heinz

without forgetting the participants to this 
workshop and the earlier “EMMI Rapid 
Reaction Task Force” for their valuable input 
before and during these workshops
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Backup
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Inclusive vs cocktail

Cocktail dominates the inclusive photon signal
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What if there were more direct 
photons?

● For the spectra, easy to test:

d N theory incl.expdirect
 , incl.

=d N  , cocktail Rexperimental
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Theoretical cocktail + 
experimental direct photons

Visible but small effect on spectra
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Prompt photons
● pQCD calculation or fit to proton-proton data
● Binary scaling is assumed to hold in both cases
● Large contribution to direct photons:
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Pion contribution to inclusive



33

Peripheral photons as “cold” 
reference?



NA60 precise dimuon measurement 

08/22/14 1 Lijuan Ruan (BNL), Thermal Photons and Dileptons 

NA60 at 17.3 GeV: small charm correlation contribution, vertex detector to reject the charm  
background, no muon pT cut. 
Intermediate mass region: measure the temperature of hot, dense medium, determine 
whether mass spectrum can be smoothly matched with low-mass region. No 
structure in the mass spectrum would imply Chiral Symmetry Restoration. 
RHIC energy scan: charm contribution varies when energy is changed,  need measure and 
subtract charm contribution.  
 
 
  

           
           
 

NA60, AIP. Conf. Proc. 1322 (2010) 1-10    



Normalized excess dilepton production 

08/22/14 2 Lijuan Ruan (BNL), Thermal Photons and Dileptons 

Intermediate-mass region: temperature of hot, dense medium 
 
Low-mass region: life time of hot, dense medium 
 
 
 
 
  

           
           
 

STAR Preliminary 



08/22/14 Lijuan Ruan (BNL), Thermal Photons and Dileptons 3 

Long-range plan input 

•  Established a theoretical frame work to describe the dilepton results across 
different energies successfully. 

•  Energy dependence of the excess dilepton spectral function at FAIR, SPS, 
RHIC and LHC  (knobs: T, total baryon density, evolution of the system, …) 

      
     life time, and temperature of the medium versus energy 
 

•  Establish the connection of the dilepton spectral function measurement to 
chiral symmetry restoration.  

 



08/22/14 Lijuan Ruan (BNL), Thermal Photons and Dileptons 4 

Long-range plan input 



Higher order flow and prospects of 
thermal photon measurements 

(PHENIX) 

Takao Sakaguchi 
Brookhaven National Laboratory 



T. Sakaguchi, TPD2014@BNL 2 

Direct photon production in a nutshell 

(fm/c) 
log t 1 10 107 

hadron 
decays  

sQGP 

hard scatt 

jet Brems. 

jet-thermal 

parton-medium interaction 

hadron gas  

Eγ	


Rate	


Hadron Gas 

sQGP 

Jet-Thermal 

Jet Brems. 
Hard Scatt 

2014-08-22 

Thermal 
photons 

Bremsstrahlung 
  (energy loss) 

jet 

jet photon 
conversion v2 > 0 

v2 < 0 

For prompt photons: v2~0	

 Jet in-medium bremsstrahlung 

 Jet-photon conversion 



Puzzle on direct photons at low pT 
l  Large yield 

–  Emission from the early stage where temperature is high 

l  Large elliptic flow (v2) 
–  Emission from the late stage where the collectivity is enough built up 

2014-08-22 T. Sakaguchi, TPD2014@BNL 3 

Need to look for additional photon source? 
 à higher order flow measurement would help 

Phys. Rev. Lett. 104, 132301 

Phys. Rev. Lett. 109, 122302 



A new measurement: 
 

Higher order flow 

2014-08-22 T. Sakaguchi, TPD2014@BNL 4 



Higher order modulation of particle source 
l  Fluctuation of participant position in the collision area produces 

higher order azimuthal anisotropy 

l  Magnitude is sensitive to initial condition, viscosity (η/s), and etc. 

2014-08-22 T. Sakaguchi, TPD2014@BNL 5 

Φ3	

Φ2	

⌫n =< cos{n(�� �n)} >

dN

d(�� n)
= N0[1 + 2

1X

n=1

vncos{n(�� �n)}]

Φn : Event Plane	



Observation of hadron v3 

l  Charged hadron v3 measurement has been performed at RHIC 
–  PHENIX, PRL 107, 252301 (2011), STAR, Phys. Rev. C 88, 014904 (2013) 

l  KET scaling of identified hadron v3 is also observed 
–  PHENIX preliminary, paper in preparation 

l  Viscous hydrodynamics (η/s=0.08) well described PHENIX data 
 

2014-08-22 T. Sakaguchi, TPD2014@BNL 6 
KET/nq [GeV] B. Schenke, S. Jeon and C. Gale, PRC 85, 024901 (2012) 

v n
/n

qn/
2  



Expectation in direct photon v2 and v3 

Photon sources v2 v3 

Hadron-gas interaction Positive and sizable 
(following hadrons) 

Positive and sizable 
(following hadrons) 

QGP Positive and very small Positive and very small 

Primordial (jets) ~zero ~zero 

Jet-induced Either positive or 
negative 

? 

Magnetic field effect Positive, always above 
zero even at pT=0 

Zero  

2014-08-22 T. Sakaguchi, TPD2014@BNL 7 



Higher order flow of photons 
l  Same hydrodynamics framework with two different initial 

conditions 
–  v2 values are much smaller than that of the PHENIX result 

l  v3 ~= v2/(2-3) 

2014-08-22 T. Sakaguchi, TPD2014@BNL 8 

C. Shen and U. Heinz, J-F. Paquet, I. Kozlov, and C. Gale, arXiv:1308.2111 



PHENIX detector configuration 
l  Photons are measured with central arms 

l  Event plane is determined by RXNin+RXNout 

2014-08-22 T. Sakaguchi, TPD2014@BNL 9 



Recent measurement from PHENIX 

2014-08-22 T. Sakaguchi, TPD2014@BNL 10 

l  |ηrxn-ηmeas| =~2 (event plane determined by RXNIn+RXNOut) 

l  Measurement of π0 vn 

l  Decay photon vn obtained from a MC 
      calculation using π0 vn as input 

–  vn for other hadrons are obtained by 
      KET-scaling + mT scaling 
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0.15 

Inclusive and decay photon vn 

l  |ηrxn-ηmeas| =~2 (event plane determined by RXNIn+RXNOut) 

l  Measurement of inclusive photon vn 
–  Compared with decay photon vn calculation 

l  Difference of vn between inclusive and decay photons is small 

2014-08-22 T. Sakaguchi, TPD2014@BNL 11 

γinc. 

γdec.	

v2	 v3	 0-60% centrality 
AuAu 200GeV 



Direct photon v3 in Au+Au collisions 
l  Non-zero positive v3 has been observed 

l  v3~ v2/2 (cf. v2=~0.15 @ 2GeV/c) 

2014-08-22 T. Sakaguchi, TPD2014@BNL 12 

⌫dir.n =
R�⌫inc.n � ⌫dec.n

R� � 1

Syst. error source Value 
π0 counting 15-30% 
Photon ID ~3-5% 
Event plane ~22% 
Rγ - 1	
 ~40% 
Total ~30-50% 

arXiv:1405.3940 

R
γ＝

γ i
nc

l/γ
de

c 



Centrality dependence of v3 

l  Top: Centrality 
dependence of v3 of π0 
and inclusive photons 

l  Bottom: Centrality 
dependence of v3 of 
direct photons 

l  |ηrxn-ηmeas| =~2 

l  Weak centrality 
dependence if seen in 
direct photon v3 

–  Unlike v2, eccentricity 
should be small 

–  Mostly coming from 
fluctuation of the initial 
state? 

2014-08-22 T. Sakaguchi, TPD2014@BNL 13 



Comparing v2 and v3 of direct photons 

l  Weaker centrality dependence in v3 
–  Similar trend for charged hadrons (PRL 107, 252301 (2011)) and π0. 

l  General trend to note: v3 ~ v2/2 

2014-08-22 T. Sakaguchi, TPD2014@BNL 14 



Ratio of v2 to v3 
l  A quantity sensitive to initial condition and viscosity 

–  Glauber or KLN initial condition, and difference η/s 

l  Calculation for the LHC energy is shown below 
–  arXiv:1403.7558 

2014-08-22 T. Sakaguchi, TPD2014@BNL 15 



Measurement of ratio of v2 to v3 

l  Overall trends both for π+/- and direct photons are well described 
by the calculation 

–  Based on arXiv:1403.7558, private communication for RHIC energy 

l  Systematic error estimate is currently very conservative 
–  Working on better understanding of systematic errors  

2014-08-22 T. Sakaguchi, TPD2014@BNL 16 



Things to do.. 

l  We are not happy with current 
uncertainties 

l  Statistical errors can be reduced 
by running more 

–  Increasing acceptance also helps 
–  Question is how much more? 
–  Need input from theory side! 

l  Reducing systematic errors 
needs different method and/or 
more careful look at data 

l  Lowering cms energy for 
systematic studies 

–  e.g. measuring spectra, v2 and/
or v3 at 62GeV 

2014-08-22 T. Sakaguchi, TPD2014@BNL 17 



Future measurement 

2014-08-22 T. Sakaguchi, TPD2014@BNL 18 



Dynamics of Au+Au collisions (from HBT) 
l  HBT radii as a function of Δφ (φ-Ψn) has been 

measured 

l  PHENIX and STAR observed 2nd order modulation 
of HBT radii in 200GeV Au+Au collisions 

–  Both the source shape at freezeout and the emission 
duration of particles have elliptic pattern 

l  PHENIX observed the triangular pattern, too 

2014-08-22 T. Sakaguchi, TPD2014@BNL 19 

PHENIX, PRL 112, 222301 (2014) 

detector 

detector 

1p
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3rd order HBT radii has rich feature 
l  Simple triangular geometry at freezeout does not yield 3rd order 

modulation in HBT radii (static source) unlike 2nd order 
–  Plumbert, Shen and Heinz, PRC88, 044914 (2013) 
–  Either triangular geometry coupled with azimuthally symmetric radial flow 

(geometry deform), or non-zero triangular flow in a spatially isotropic source 
(flow anisotropy), or both. 

l  Coupling of static source with dynamic motion of the system! 
–  System dynamics can be observed through HBT 
 

2014-08-22 T. Sakaguchi, TPD2014@BNL 20 

Geometry deform dominant Flow anisotropy dominant 



Geometry or flow dominant? 
l  Charged pion HBT results favor flow anisotropy dominant scenario 

2014-08-22 T. Sakaguchi, TPD2014@BNL 21 

PRC88, 044914 (2013) 

Flow anisotropy dominant 

Solid - Flow dominant 
Dotted - Geometry dominant 
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Direct photon HBT? 
l  Direct photon HBT and vn will shed light to the time-dependent 

source geometry and flow evolution 
–  By combining with hadron HBT and vn 

l  Even higher flow, such as v4,would give a measure of the 
fluctuation of the initial geometry (i.e., double order of v2) 

l  Statistics starved measurement 
–  As starved as heavy quarks or jets (which is good as a future plan!) 

2014-08-22 T. Sakaguchi, TPD2014@BNL 22 

Inclusive 2nd order 
modulation 

3rd order 
modulation 

4th order 
modulation 

Hadron flow ○ ○ ○ ○ 

Hadron HBT ○ ○ ○ 

Direct photon flow ○ ○ ○ 

Direct photon HBT 



Direct photon HBT measurement by now 
l  WA98 results (in Pb+Pb @ √sNN=17.3GeV) 

–  PRL 93, 022301 (2004) 
–  Not a 3D HBT 

l  Yield at lowest pT was obtained from correlation length 

2014-08-22 T. Sakaguchi, TPD2014@BNL 23 
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Summary 
l  Direct photon v3 are measured as a function of centrality and pT 

–  Sizably positive 
–  Magnitude is comparable to that of hadrons 
–  v3 ~ v2/2 

l  v3 has weaker centrality dependence 

l  v2/v3 ratio is measured 
–  Well described by viscous hydrodymanics with η/s=0.08 and Glauber initial 

condition 
–  Systematic errors are being improved 

l  Running at other cms energy may help (62GeV, etc.) 

l  Future measurement 
–  Combining HBT and flow measurements of hadrons and direct photons 

may be able to disentangle the initial spatial anisotropy and time evolution 
–  Statistics starved measurement, as starved as heavy quarks or jets 

2014-08-22 T. Sakaguchi, TPD2014@BNL 24 



Backup 
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RxN(I+O) : 1.0 <|η|< 2.8 
RxN(In)+MPC : 1.5 <|η|< 3.8 
 
The magnitude of v3 is comparable.	

Comparison γdir. v3	
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Ncoll-scaled pp fit 
external conversion 
pp virtual photon 
pp in EMCal(Run2003 data) 
pp in EMCal(Run2006 data) 
AuAu in EMCal(Run2004 data) 
AuAu from virtual photon(Run4 data) 
 
 
Using external photon conversion  
method achieved good agreement  
with previous results.	

Au+Au	

Min. Bias	

Comparable measurement is achieved	
arXiv:1405.3940	
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P.R.C 89, 034908(2014) 
 
vHees et al.: Fireball model; van Hees,  
Gale, Rapp; 
P.R.C 84, 054906(2011) 
 
Shen et al.: Ohio hydro for two  
different initial conditions; 
Shen, Heinz, Paquet, Gale; 
P.R.C 84, 064903(2014) 
 
The yield itself is still not perfectly 
   described. 

arXiv:1405.3940	
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Yield : data vs theories	



l  Muon Piston Calorimeter extension (MPC-EX) (3.1<|η|<3.8) 
–  Shower max detector in front of existing MPC. Now sits at ~1m from IP 
–  Measure direct photons/π0 in forward rapidity region in p+p, p+A 

l  Study of how high in centrality in A+A we can go is on-going 
–  In the future, placing in a very far position (from Interaction Point) would be an option 

2014-08-22 T. Sakaguchi, TPD2014@BNL 30 

How about measurement? 
~A technology choice: MPC-EX~ 



Photon tomography of 
relativistic heavy-ion collisions

Chun Shen	

The Ohio State University	


!
In collaboration with Jean-Francois Paquet, Gabriel Denicol, 

Ulrich Heinz, Charles Gale

Aug. 20, 2014 Thermal Photons and Dileptons in Heavy-Ion Collisions BNL
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Photons from Heavy-ion Collisions

http://youtu.be/oMFboC7O1DU 2(25)

http://youtu.be/oMFboC7O1DU


Fitted Teff from Experiments
RHIC LHC

A exp(�pT /T )fit:
T = 304± 51stat+sys MeV

0� 20%

T = 221± 19± 19MeV
What does this T mean

3(25)



Photon vn from Experiment
A. Adare et al.  [PHENIX Collaboration] Phys. Rev. Lett.  109, 122302 (2012)

• PHENIX measurements show large direct photon    
at

v2
pT < 4 GeV

4(25)



Photon vn from Experiment

v2
pT < 4 GeV

• PHENIX measurements show large direct photon    
at

A. Adare et al.  [PHENIX Collaboration] Phys. Rev. Lett.  109, 122302 (2012)

• ALICE also measured similar large direct photon 
elliptic flow at LHC

D. Lohner [ALICE Collaboration], J. 
Phys. Conf. Ser.  446, 012028 (2013)

4(25)



State-of-the-art hydrodynamic modeling

Hydrodynamic 
Simulations 
(VISH2+1)

Hadrons spectra & 
vn

HydroInfo
Package

Thermal Photon 
Interface

Thermal Photon 
Emission Rates

Photon spectrum & 
vn

Initial Condition 
Generators

(MC-KLN, MC-Glauber)

q
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d3q
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q
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https://github.com/
chunshen1987/iEBE.git
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Photon spectrum & 
vn
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viscous 
corrections

viscous 
corrections

State-of-the-art hydrodynamic modeling
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Thermal photon emission rates can be calculated by 

Eq
dR

d3q
=

Z
d3p1

2E1(2⇡)3
d3p2

2E2(2⇡)3
d3p3

2E3(2⇡)3
1

2(2⇡)3
|M|2

⇥f1(p
µ
1 )f2(p

µ
2 )(1± f3(p

µ
3 ))(2⇡)

4�(4)(p1 + p2 � p3 � q)

With

We can expand photon emission rates around the 
thermal equilibrium:

f(pµ) = f0(E) + f0(E)(1± f0(E))
⇡µ⌫ p̂µp̂⌫
2(e+ p)

�
⇣ p

T

⌘

6(25)

Viscous Photon Emission Rates: General Formalism
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We can expand photon emission rates around the 
thermal equilibrium:

f(pµ) = f0(E) + f0(E)(1± f0(E))
⇡µ⌫ p̂µp̂⌫
2(e+ p)
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a↵��
↵�(q, T )�0(q, T )

calculated in fluid local rest frame

calculated in lab frame

Viscous Photon Emission Rates: General Formalism
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Equilibrium rates

Hadron GasQGP

q
dR

d3q
= �0 +

⇡µ⌫ q̂µq̂⌫
2(e+ p)

a↵��
↵�

(AMY 2001)
(TRG 2004)

Viscous Photon Emission Rates
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Equilibrium rates

Hadron GasQGP

off-equilibrium    corrections�f

q
dR

d3q
= �0 +

⇡µ⌫ q̂µq̂⌫
2(e+ p)

a↵��
↵�

Dusling NPA839 (2010) 70 Dion et al. PRC84 (2011) 064901

Viscous Photon Emission Rates
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Equilibrium rates

Hadron GasQGP

off-equilibrium    corrections�f

q
dR

d3q
= �0 +

⇡µ⌫ q̂µq̂⌫
2(e+ p)

a↵��
↵�

Self-energy
⌃ = ⌃0 + ⇡µ⌫⌃1µ⌫

Shen, Paquet et al. (2014)

Viscous Photon Emission Rates
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Photon spectra and radial flow

8(25)
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Fitted Teff vs. True Temperature

• About 50-60% of photons are emitted 
from T = 165~250 MeV, they are 
strongly blue shifted by radial flow

Te↵ = T

r
1 + v

1� v

Te↵ = � 1

slope

• All photons with T < 250 MeV at RHIC and < 300 MeV at 
LHC carries Teff within the experimental fitted region

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)
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Fitted Teff vs. Emission Time

• About 25% of thermal photons are emitted in the first 2 fm/c

• After 2 fm/c, thermal photons are significantly blue shifted by 
radial flow

• Viscous corrections to the slope of photon spectra are stronger 
during the early part of the evolution

12(25)

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)



Centrality dependence of photon yield

• Thermal photons from hydrodynamic medium qualitatively 
reproduce the centrality dependence of the direct excess 
photon yield at the top RHIC energy 

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)

dN�
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Centrality dependence of photon yield

• Thermal photons from hydrodynamic medium qualitatively 
reproduce the centrality dependence of the direct excess 
photon yield at the top RHIC energy 

C. Shen, U. Heinz, J.-F. Paquet and C. Gale, Phys. Rev. C 89, 044910 (2014)

13(25)
dN�/dy vs. dN ch/d⌘

less model dependent !
comparison



Photon anisotropic flow
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Shear viscous effects on photon elliptic flow
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Fluctuation effects on photon elliptic flow

arXiv: 1403.7558
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Fluctuation effects on photon elliptic flow

⌘/s = 0.08

‣ Initial fluctuations increase photons’ elliptic flow

arXiv: 1403.7558

no multiplicity weight
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Fluctuation effects on photon elliptic flow

⌘/s = 0.08

‣ Initial fluctuations increase photons’ elliptic flow
‣ The additional photon multiplicity weighting biases    

e-b-e v2 towards central collisions, resulting in 
~10-20% smaller v2 compared to smooth hydro

~20%

~10%

arXiv: 1403.7558

with multiplicity weight

16(25)



Event-by-Event Full Viscous Photon vn

⌘/s = 0.20

0-20% @ RHIC 20-40% @ RHIC 0-40% @ LHC
MCGlb ⌘/s = 0.08

MCKLN

Thermal + pQCD

arXiv: 1308.2111 17(25)



The sky falls …
RHIC 0-20% LHC 0-40%

• Current calculations still underestimate the experimental 
data by a factor of 3!

arXiv: 1308.2111 18(25)



The sky falls …

• Current calculations still underestimate the experimental 
data by a factor of 3!

RHIC 0-20% LHC 0-40%

arXiv: 1308.2111

• Thermal yield is also missing in the azimuthally 
integrated photon spectra at low 

18(25)



Efforts to resolve the photon flow puzzle

• The post freeze-out short-lived resonances give small 
but positive contributions

• Pre-equilibrium flow helps the fireball to develop the 
flow anisotropy more quickly and improves the 
theoretical calculations

Thanks to Ralf Rapp and EMMI RRTF 
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Thermal photon tomography

• By cutting hydro medium both in T and τ, we observe a 
two-wave thermal photon production

1  pT  4GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

early time production — high rates at high temperatures
near transition region — growing of space-time volume

20(25)



Thermal photon tomography

• By cutting hydro medium both in T and τ, we observe a 
two-wave thermal photon production

1  pT  4GeV 1  pT  4GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photon v2 is mostly coming from the transition 
region, T = 150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC
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Thermal photon tomography

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photons with pT = 0.4 ~ 1.0 GeV are mostly 
produced around transition region, their v2 also reflect 
the flow anisotropy in this region. 

0.4  pT  1.0GeV 0.4  pT  1.0GeV

T = 150~ 200 MeV @ RHIC
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Thermal photon tomography

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photons with pT = 1.0 ~ 2.0 GeV are produced 
in two waves, their v2 reflect the flow anisotropy around 
the transition region. T = 150~ 200 MeV @ RHIC

1.0  pT  2.0GeV 1.0  pT  2.0GeV
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Thermal photon tomography

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photons with pT = 2.0 ~ 3.0 GeV are produced 
very early, however their v2 still probes the transition 
region T = 150~ 200 MeV @ RHIC

2.0  pT  3.0GeV 2.0  pT  3.0GeV
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Thermal photon tomography

• By cutting hydro medium both in T and τ, we observe a 
two-wave thermal photon production

1  pT  4GeV 1  pT  4GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photon v2 is mostly coming from the transition 
region, T = 150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC

v2
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Thermal photon tomography

• By cutting hydro medium both in T and τ, we observe a 
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150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC
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Thermal photon tomography

• By cutting hydro medium both in T and τ, we observe a 
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• Thermal photon vn probes the transition region, T = 
150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC
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Thermal photon tomography

• By cutting hydro medium both in T and τ, we observe a 
two-wave thermal photon production

1  pT  4GeV 1  pT  4GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photon vn probes the transition region, T = 
150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC

v5
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• Estimated transition region for 
production rates, 
T ~ 184 - 220 MeV

Huovinen & Petreczky, Nucl.Phys. A837 (2010) 26-53 

solid line: 
s95p
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• Estimated transition region for 
production rates, 
T ~ 184 - 220 MeV

Huovinen & Petreczky, Nucl.Phys. A837 (2010) 26-53 

solid line: 
s95p

Photon Emission Rates in the transition region
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Thermal photon emission rates can be calculated by 

Bulk viscous corrections to photon emission rates

Eq
dR

d3q
=

Z
d3p1

2E1(2⇡)3
d3p2

2E2(2⇡)3
d3p3

2E3(2⇡)3
1

2(2⇡)3
|M|2

⇥f1(p
µ
1 )f2(p

µ
2 )(1± f3(p

µ
3 ))(2⇡)

4�(4)(p1 + p2 � p3 � q)

With

We can expand photon emission rates around the 
thermal equilibrium:

f i(pµ) = f i
0(p · u) + f i

0(p · u)(1± f i
0(p · u))

⇡µ⌫ p̂µp̂⌫
2(e+ P)

�
⇣p · u

T

⌘

+f i
0(p · u)(1± f i

0(p · u))⇧(Bi(T ) +Di(T )(p · u) + Ei(T )(p · u)2)
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⇡µ⌫ q̂µq̂⌫
2(e+ P)

a↵��
↵�(q, T ) +

⇧

P �⇧(q, T )
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Peek of bulk viscous effects on thermal photon observables

Hadronic photons:

• Bulk viscosity steepens thermal photon spectrum  
• It increases thermal photon pT differential elliptic flow 
       reduces hydrodynamic radial flow

⌘/s = 0.08
⇣

s
=

1

2

⌘

s

✓
1

3
� c2s

◆
J. Noronha-Hostler, G. S. Denicol, J. Noronha, R. P. G. 
Andrade and F. Grassi, Phys. Rev. C 88, 044916 (2013)
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• We study photon spectra and their anisotropic flows vn 
from event-by-event viscous hydrodynamic medium 

• Thermal photon spectra are strongly blue shifted by 
hydrodynamic radial flow 

• Shear viscosity suppresses photon vn. Dominant 
suppression comes not from flow, but from the viscous 
correction to the production rates. 

• Uncertainty of the photon emission rates in the transition 
region plays a crucial role in the theoretical calculations 

• The interplay between bulk and shear viscous effects 
need to be carefully studied

Conclusion

arXiv: 1308.2111, 1308.2440 https://github.com/chunshen1987/iEBE.git 25(25)

https://github.com/chunshen1987/iEBE.git
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Viscous corrections:

For small g, diagrammatic approach agrees with 
kinetic approach

For g = 2, the deviations at small k/T may originate 
from different higher order           contributions O(g2T )

Photon Rates (QGP 2 to 2 processes only)
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Thermal Photon Spectra

With all available thermal emission sources, our current 
calculations still underestimate measured direct photon 
spectra at low pT at both RHIC and LHC energies

Additional emission sources need to be included to 
improve the agreement between theory and data

7(23)



Thermal photon tomography

• By cutting hydro medium both in T and tau, we observe 
a two-wave thermal photon production

1  pT  4GeV 1  pT  4GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photon v2 is mostly coming from the transition 
region, T = 150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC

v2HG scale 
factor = 1

HG scale 
factor = 1
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Thermal photon tomography

• By cutting hydro medium both in T and tau, we observe 
a two-wave thermal photon production

1  pT  4GeV 1  pT  4GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

MC-Glauber η/s = 0.12 
0-20% Au+Au 200 A GeV

• Thermal photon v2 is mostly coming from the transition 
region, T = 150~ 200 MeV, τ = 3 ~ 8 fm @ RHIC

v2HG scale 
factor = 5

HG scale 
factor = 5



Emission vs. Temperature

High pT photons are mostly emitted from high 
temperature region

Peak photon production around T = 165-200 MeV 
due to large hydrodynamic space-time volume

13(27)



!

Magnetic field effect!
 on photon production

Vladimir Skokov!

Conformal anomaly: G. Basar, D. Kharzeev, V.S., Phys. Rev. Lett. 109, 202303, 2012!
Axial anomaly: K. Fukushima, K. Mameda, Phys.Rev. D 86, 071501, 2012  

Experimental test:A. Bzdak, V.S., Phys. Rev. Lett. 110, 192301, 2013!
Life time of magnetic field and conductivity: L. McLerran, V.S., Nuclear Physics A 929,184, 2014!

Magneto-sono-luminescence: G. Basar, D. Kharzeev, E. Shuryak, Phys.Rev. C90 (2014) 014905!
Prompt photons and synchrotron radiation in magnetic field: K.Tuchin, arXiv:1406.5097!

Western Michigan University!

http://arxiv.org/abs/arXiv:1406.5097


Outline

• introduction: v2-puzzle!

• magnetic field  
- lifetime (key parameter)!

• photon production in magnetic field:  
- synchrotron radiation  
- axial anomaly  
- conformal anomaly



Punchline
• In HIC we do have  

1) high magnetic field right after collision  
eB~1-10 mπ2 (mπ2=1018 Gauss)  
2) photon (dilepton) production with azimuthal anisotropy 
owing to interactions with eB 
This can be tested in experiment in model-independent way!

• v2(photons) = v2(pions) can be described with magnetic field!

• v2(photons) dependence on centrality consistent with PHENIX 
data!

• v3(photons) = v3(pions) is challenging to get with magnetic field



• Photon production rate is proportional  
to T4 (according to pQCD) !

• Large emission from early (hottest) stage 
of HIC!

• At early stage: small hadronic flow  
(according to hydro)!

• Photon v2  is expected to be  
smaller than the one for hadrons!

• If photons are produced from late stage:  
they would inherit flow of hadrons    

Naive expectations

P. Huovinen et al

20-30%

Bjorken expansion 
T / T0~(τ0/τ)1/3

T,
 M

eV

100

200

300

400

τ, fm/c
0 5 10

Production rates~T4



Azimuthal anisotropy
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Azimuthal anisotropy

PRL 109 202303
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Possible resolutions
A) Large fraction of photons is produced at the early stage and they do carry 

anisotropy  
1) Hadronic anisotropy from the early stage also?! Hydrodynamic 
interpretation is incorrect?!  
Size scales (2 GeV)-1 ~ 0.1 fm 
2) Correlation between initial and final state, i.e. correlation  
between early time anisotropy of photons and late time anisotropy of 
hadrons.  Photons from magnetic field! Magnetic field is correlated with 
initial eccentricity and thus with hadronic flow (according to 
hydrodynamical interpretation) !

B) Large fraction of photons is produced at the late stage and they inherit 
anisotropy of hadrons 
1) Suppression of production at early times (high T)  
2) Enhancement of production at late stage (close to deconfinement?!) 



Magnetic field

• anisotropy ≠ hydrodynamic flow!!

• other sources of anisotropy not related to flow?!!

• magnetic field!



Magnetic field in HIC I
• spectators form two currents !

y

O x

b/2

z=0

<e
B>• resulting event  

average magnetic field  
<eBy> ~ mπ2  (out-plane)  
<eBx> ~ 0     (in-plane)

magnetic field lines

For HIC:  
J. Rafelski and B. Müller, PRL, 36, 517, 1976

http://publish.aps.org/search/field/author/Johann%20Rafelski


Magnetic field in HIC II
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• maximal eB ~ √s!

• maximum at tM ~ 1/ √s!

• lifetime tlt ~ 1/ √s!

• integral ~ const !

• tlt at LHC energies ~ 0.01 fm/c
V.S. et al 0907.1396

D. Kharzeev, L. McLerran, H. Warringa, 0711.0950    
V.S. et al, 0907.1396



Magnetic field in HIC III
• fluctuations can play 

important role

V.S. et al, 0907.1396;  
A. Bzdak and V.S., 1111.1949

• lumpy distribution of 
electric charge in 
colliding nuclei 
results in nonzero 
randomly oriented 
magnetic field even 
in central collisions



Magnetic field in HIC IV

• <eBy> is linear as a 
function of impact 
parameter!

• linear correlations 
between <eB> and 
initial eccentricity ε2



Comparing to 
eB in HIC compared to

• Hybrid magnet at  
National High Magnetic field Lab  
45 Tesla ~ 4.5×10-13 mπ2!

•  Pulsed magnets:  
100 Tesla ~10-12 mπ2 

• Radio pulsars:  
10-6-10-5 mπ2!

• Magnetars:  
10-4-10-3 mπ2 



Lifetime of magnetic field I

Conductivity may increase lifetime of magnetic field  
 j = σOhm E + σχ B,  
!       electric conductivity σOhm 
! ! chiral-magnetic conductivity σχ (D. Kharzeev and H. Warringa 0907.5007)  

Electric conductivity:  
σOhm=(5.8±2.9)T/Tc  MeV (H.T. Ding et. al. 1012.4963)  
Chiral magnetic conductivity (D. Kharzeev and H. Warringa 0907.5007):  
σχ =(Nc e2/2π ∑f qf2) μ5; for μ5~1 GeV σχ ~ 15 MeV

Only spectators:  
RHIC (√s=200 GeV)  lifetime ~ 0.1 fm/c 
LHC lifetime ~ 0.01 fm/c

http://arxiv.org/abs/arXiv:1012.4963


Lifetime of magnetic field II
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Results are almost independent!
 on σχ

σ=0 is a very good  
approximation in agreement!
with naïve expectations 

AuAu
√s=200 GeV
b=6 fm

For eB≳mπ2

K. Tuchin's analytical results 
obtained for σOhm=const!
 (σOhm≠0 before collision)

Optimistic scenario



Lifetime of magnetic field III
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Observables

• modification of QCD phase diagram  
(however, probably irrelevant for HIC)!

• chiral magnetic effect  

• chiral magnetic wave  
(phenomenological constraints:  
life time for magnetic field > 4 fm/c)!

• Dilepton production via photon splitting (K. Tuchin)

Effects, that can be potentially observed:



Photon production from eB
Several mechanisms:

• synchrotron radiation of quarks in eB (K. Tuchin)  
v2 = 4/7, v3 = 0, v4 = 1/10, higher order are negligible  !

• axial anomaly (K. Fukushima)  
unknown: µ5 and spectral function of GG  
 
G. Basar and D. Kharzeev, G. Moore!

• conformal anomaly  
(details in this talk)!

• Magneto-luminescence  
(G. Basar, D. Kharzeev and E. Schuryak, 2014)  

��

B
�

LPV

~

eBθμμ

γ



Diagrammatic explanation
e ~B

�
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• Two photon production: αsα G2 F2,  F2 = FμνFμν 

thus rate ~ α2 

• Replace one photon with eB  
rate ~ α  
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• Two photon production: αsα G2 F2,  F2 = FμνFμν 

thus rate ~ α2 

• Replace one photon with eB  
rate ~ α  



Conformal anomaly

@µSµ = ✓µµ =
�(g)

2g
Gµ⌫aGµ⌫a +

X

q

mq [1 + �m(g)] q̄q

h0|Sµ|�i = iqµf�; h0|@µSµ|�i = m2
� f�

L��� = g��� � Fµ⌫F
µ⌫

• divergence of dilatation current

• color singlet states σ~θμμ

• effective Lagrangian θμμ

γ

γ

• gσγγ ≅ 0.02 GeV-1   Ellis and Lanik; Crewther; Chanowitz 

Migdal, Shifman



Photon production rate

eBθμμ

γ

• one of the photons: classical field eB  
 

• production rate, as usual (β=1/T):
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The rate
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Numerical coefficient; 
constrained by hadronic 

observables
Momentum dependence; !
β=1/T; if e-b-e fluc. of 

magnetic field are neglected:
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Spectral function 
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energy momentum 
tensor



Spectral function of θμμ 
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• hydrodynamic approximation!

!

!

 

• real photons, sound peak does not contribute: 
sound peak

bulk viscosity



• Similar calculations can be done for FF GG
~ ~

• Spectral function GG in hydro approximation  
is defined by sphaleron transition rate  
and was calculated in pQCD and AdS/CFT.  

~

A more general approach

• G. Basar, D. Kharzeev, E. Shuryak, 2014:  
Effective Lagrangian  
gTT𝜇νglue T𝜇νγγ + gSF2 T𝜇𝜇 glue

not taken  
into account in this talk



• first principle Lattice QCD:  
H. Meyer SU(3) Yang Mills (YM)  
However, there are issues. !

• approximations:  
 
ζ = Cζ η (1/3-cs

2)2 (vs ADS/QCD ζ ≧ 2 η (1/3-cs
2))  

 

Cζ = 15 in relaxation time approximation (S. Weinberg ’71)  

Cζ = 45 in LO SU(3) YM (K. Dusling and T. Schafer ’11)  

Cζ = 2.5-5 phenomenological constraints  
in this talk: conservative Cζ = 2.5-5!

• also conservative η/s=1/(4π). !

• Entropy, s, from matrix model fitted to YM SU(3)

Bulk viscosity



Anisotropy of production rate

qx

qy

dN/dφ~qx2 = qT2 cos2(φ)=  
qT2 [1+ cos(2φ)]/2

• in this mechanism:
• non-zero v2, zero v3 

• small vγn, n=4,...  
in contrast to hadronic v4    
PHENIX: v4/v22 ~1 
 
 
 
 
 
prediction  
for photons: v4/v22 ≪1

consequently:

hadrons



G. Basar, D. Kharzeev, V.S., 2011 

Numerical calculations: v2
• ingredients: thermal 

photons and photons 
from conformal anomaly
+eB!

• significant contribution 
to v2!

• higher p⊥: prompt 
photons (not taken into 
account in these 
calculations)!

• more realistic 
simulations are required



G. Basar, D. Kharzeev, V.S., 2011 

Numerical calculations: v2
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• PHENIX preliminary 

Cζ = 2.5 ÷ 5

• ingredients: thermal 
photons and photons 
from conformal anomaly
+eB!

• significant contribution 
to v2!

• higher p⊥: prompt 
photons (not taken into 
account in these 
calculations)!

• more realistic 
simulations are required



Centrality dependence
• Centrality dependence owing to dependence of magnetic 

field on impact parameter

• Centrality  Magnetic field 
0-20%         4 mπ2 

20-40%       8 mπ2 

40-40%       10 mπ2 



Uncertainties
• Hadronic Rates!

• Evolution!

• Initial time for gluon equilibration !

• GG spectral function, application of the hydrodynamical 
approximation at k~2 GeV  
 
 

⇢✓(q0, ~q) ⇡ 9q0
⇣

⇡



Experimental tests I
• 1) magnetic field B is generated mostly by spectators 

thus, B is defined by centrality (measured by ZDC), 
reaction plane 
 
2) hadronic flow: initial eccentricity ε  
ε depends on details of hadron  
interaction (Glauber fluctuations,  
fluctuations of energy deposition);  
participant plane 

• so switch off either 1) or 2) 
 



!

• central U+U collisions  
U is deformed ion:  
events with (almost) no particles in ZDC: B=0, ε≠0; 
if photon v2 is the same as the one of hadrons,  
our mechanism is ruled out  

Switching of B



• non-central collisions: fluctuations of eccentricity    
in given centrality class (e.g. 40-50% defined  
by ZDC), B = const; while hadronic v2  
fluctuates because of initial eccentricity fluctuations.  
Limiting case: non-central collisions (➙ eB≠0) with zero 
v2.  thus in such events anisotropy  
of photon production is due to eB.  
  

A. Bzdak and V.S., PRL110, 192301 

Switching of ε
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• Higher initial temperatures ➙ lower bulk viscosity  

• Large γ ➙ short time scales for non-zero magnetic field  
tLHC = tRHIC ΥRHIC / ΥLHC ➙ tLHC ∝ 0.01 fm/c vs tRHIC ∝ 0.1 fm/c!

• No need for equilibrium 
- production from Glasma:  
 
 
 
 

Outlook:LHC energies

e ~B

�



Summary  

• In HIC we do have  
1) high magnetic field right after collision  
eB~1-10 mπ2 (mπ2=1018 Gauss)  
2) photon (dilepton) production with azimuthal 
anisotropy owing to interactions with eB 
3) can be tested in experiment in model-independent 
way
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these	  days	  at	  FAIR	  	  



Synchrotrons:  1.1 km 
HESR:  0.6 km 
With beamlines:  3.2 km 

Existing SIS18 

GSI news 22.05.2014: 
Safety inspection of the FAIR construction plans - ���

final construction permit for FAIR


Total area  > 200 000 m2 

Area buildings  ~ 98 000 m2 

Usable area  ~ 135 000 m2 

Volume of buildings  ~ 1 049 000 m3 

Substructure:  ~ 1500 pillars, up to 65 m deep 3




The Original FAIR Concept 
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Parallel	  opera2on	  using	  two	  rings	  to	  serve	  a	  broad	  community.	  



FAIR time line (as of 07/2014) 
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2012	  2011	   2013	   2016	  2015	  2014	  

6	  

Submission	  of	  construc2on	  applica2on	  

Start	  Site	  prepara2on	  

First	  civil	  construc2on	  contracts	  

Building	  of	  accelerator	  &	  detector	  components	  

Civil	  construc2on	  partly	  finished	  

Start	  installing	  &	  commissioning	  accelerator	  and	  detector	  components	  

Start	  commissioning	  with	  beam	  

7	   10	  8	  

2017	   2018	   2019	  

12	  

6	  

7	  

8	  

9	  

11	  

12	  

10	  

11	  9	  



C.B.M. Physics Case 

o  Search for new phases 
of strongly interacting 
matter in the region of 
high net-baryon density


o  Emphasis on 

✘  Multi-strange baryons

✘  Dileptons

✘  Charm


…  systematics!
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Critical point? (Lattice QCD) 
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Hadron gas 
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< qq >T ,µB

< qq >T =0,µB =0

Chiral? 
Quarkyonic? 

1st order phase boundary? 
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Why Dileptons 

o  Not measured at AGS and lower SPS energies. 


o  Observables:

✘  Spectral shape���

 -> electromagnetic properties of hadrons ���
in the time-like region, partonic radiation


✘  Abundance -> trajectory in the phase diagram

✘  Phase space distribution -> emission time 


… but complicated:

Rare probe

Separation of emission from the fireball (HG, QGP, pre-thermal)



Requires systematic measurements also of elementary processes.
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The C.B.M. Experiments 
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HADES 
MVD + 
STS 

RICH 

TRD 

EMC (park. pos.) 

Muon detector 
(parking position) 

dipole 
magnet 

o  Tracking, momentum, V0: MVD+STS+dipole magnet

o  Event characterization: PSD

o  Hadron id: TOF

o  Lepton id: RICH+TRD or MUCH

o  γ, π0: EMC

o  High speed DAQ & trigger

o  HADES


TOF 

SIS 100 setup 

PSD 



CBM Strategy 
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o  Fixed-target geometry

o  Silicon based tracking in a 

compact dipole field 

•  STS: double-sided strip, ���

X = (0.3 – 1.1) % X0


o  Free-streaming detector read-out

o  Variable configuration of 

detectors for PID




CBM Strategy 
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o  First Level Event Selection (FLES)

o  Vectorized, parallelized, portable 

and scalable reconstruction code

o  Real-time reconstruction of weak 

decays.


GSI „Minicube“ with 10.000 cores 



R&D  close to finished  

August, 2014
 Joachim Stroth, Goethe-University / GSI
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in	  evalu
a2on	  

in	  evalu
a2on	  

approved  
approved  

approved  

in	  evalu
a2on	  



The MUCH detector system 
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o  Different absorber  configurations

•   for SIS100 and SIS300 

•  for continuum and Charmonium


o  Instrumented absorber (GEMs and Straws)

o  Compact configuration to minimize BG from weak decays


SIS100


SIS300
 Carbon
 Iron




Background systematics Dimuons 
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SIS300	  

Low-mass setup
 Charmonium setup  (+70 cm iron)


Au+Au 25 AGeV, central collisions


Dominant source: weak decays of π and K, some punch through for low-mass.




Background systematics Dimuons 
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Tracking in STS
 Tracking in MUCH


Au+Au 25 AGeV, central collisions


Background tracks of order 1 out of 10 events




Dimuon low-mass performance 

o  Mass resolution: 

✘  12 MeV (ω) 

✘  29 MeV (J/ψ) 


o  Dominant background weak 
decays of π and K


o  Only cocktail simulated
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 Joachim Stroth, Goethe-University / GSI
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Central	  (b=0fm)	  Au+Au	  collisions	  at	  25	  AGeV	  

S/B	  =	  1/100	  



Dielectrons with CBM  

August, 2014
 Joachim Stroth, Goethe-University / GSI
 16


 Electron id with TOF, RHICH and TRD
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122 CHAPTER 6. PROTOTYPE DEVELOPMENTS

Figure 6.69: Photograph of the RPC-P3 prototype for the low rate region.

to the velocity spread of the particles. The time-of-flight distribution derived from the RPC is
shown in Fig. 6.71. �t

ToF

is obtained by a Gaussian fit and amounts to (67.2 ± 0.5) ps, yielding
a RPC time resolution of (39.0 ± 1.0) ps. Note that this value contains the jitter of the whole
electronics chain.

Entries  12634
Mean    1.104± -0.02063 
RMS     0.781±  123.8 
Constant  5.2± 445.8 
Mean      1.010± -1.995 
Sigma     0.8± 109.6 
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Entries  12634
Mean    1.104± -0.02063 
RMS     0.781±  123.8 
Constant  5.2± 445.8 
Mean      1.010± -1.995 
Sigma     0.8± 109.6 

Figure 6.70: Time-of-flight distri-
bution measured for the reference sys-
tem. The Gaussian fit is represented
by the red line. The range of the fit
is 3 sigma. It amounts to (109.6 ±
0.8) ps.

Entries  12150
Mean    0.674±  6.749 
RMS    0.4766±  73.48 
Constant  8.3± 694.5 
Mean      0.62±  6.54 
Sigma     0.51± 67.24 

 / psToFt
-500 -400 -300 -200-100 0 100 200 300 400 500

co
u

n
ts

1

10

210

310

410

Entries  12150
Mean    0.674±  6.749 
RMS    0.4766±  73.48 
Constant  8.3± 694.5 
Mean      0.62±  6.54 
Sigma     0.51± 67.24 

Figure 6.71: Time-of-flight distri-
bution measured for the RPC system.
The Gaussian fit is represented by the
red line. Sigma amounts to (67.2 ±
0.5) ps.



RICH Beam Test  

Full-size prototype tested 

@ CERN 

o  Mixed beam (π,e), 2-10 GeV 
o  CO2  radiator

o  Response to single electron


✘  ≥ 20 hits/ ring

✘  noise/channel ~10Hz
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Dielectron Background Rejection 

CBM compromise:

o  No field-free region behind target

o  Identification of track topology 

(conversion/π0 pairs) using excellent 
tracking capability
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 Joachim Stroth, Goethe-University / GSI
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Track Segment 

Electron Track 



Dielectron Background Rejection 
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e+,e- tracks contributing per event:


0.14 
from p0-Dalitz decay (60%)


0.07 
from g-conversion (29%)


0.007 
misidentified p± (3.3%)


0.016 
secondary e± (7%)




Dielectron low-mass Performance 
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o  Mass resolution: 

✘  12 MeV (ω) and 

✘  29 MeV (J/ψ) 


o  Only cocktail simulated

o  Dominant background from 

π0-Dalitz


Central	  (b=0fm)	  Au+Au	  collisions	  at	  25	  AGeV	  

]2 [GeV/ceeM
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HADES at SIS100 
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HADES Drift Chamber Occupancies 
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HADES Rapidity Coverage 
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Ebeam = 1 GeV/u

o  Acc ≈ 35%

o  mid-rapidity coverage, 

shift to forward


Ebeam = 4 GeV/u

o  Acc ≈ 33%

o  mid-rapidity coverage, 

shift to backward


Ebeam = 11 GeV/u

o Acc ≈ 20%

o mid-rapidity coverage 

lost


thermal ρ (BW) -> e+e-




HADES Dielectron Performance 
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S/B	  =	  1/100	  

o  Mass resolution: 

✘  16 MeV (ω) and 


o  Cocktail includes baryonic 
sources


o  Dominant background from 
π0-Dalitz




The C.B.M. Strategy at FAIR 

o  Complementary detector systems for optimal performance���
 in experiments addressing:


•  Elementary reactions

•  Cold matter

•  HI reactions


o   HADES: 

•  low-mass tracking (X/X0 = 0.2 % + 0.3 % air)

•  polar acceptance 18 to 85 degree

•  Interaction rates 10 – 50 kHz (depending on occupancy)


o  CBM

•  Fast, high-precision tracking (X/X0 = 3-8 %)

•  polar acceptance 2.5 to 25 degree

•  Interaction rates < MHz (FLES performance important)


o  Time-line:

•  HADES runs at SIS18 after SIS18 shut-down (2017-2018)

•  Start version of CBM at SIS100

•  HADES moves to SIS100
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Summary 

o  FAIR will enable a comprehensive program to address the 
phase diagram at high µB


o  FAIR is a dedicated facility for heavy-ion and strong 
interaction physics (like RHIC)


o  The Compressed Matter (C.B.M.) Program will utilize versatile 
detector set-ups to optimally address a large variety of 
observables


o  Two different spectrometers (HADES, CBM) and both muons 
(MUCH) and electrons will be used to make the most of 
dilepton physics


o  We are prepared for discoveries 
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Thermal Photons and Dileptons Workshop 

 BNL, August 20-22, 2014 

Itzhak Tserruya 

Dilepton Experiments – Overview 
 

(From √sNN = 2 GeV up to 7 TeV) 



Dilepton experiments – energy map 

√SNN [GeV]  
1 10 102 

HADES (GSI) 

      PHENIX, STAR (RHIC)  

2 4 6 8 20 40 60 80 

for Au+Au 

MPD (NICA)  

CBM (FAIR SIS-100)  

CBM (FAIR SIS-300) 

2019 

2018 

20?? 

BES ? 

NA60+ (SPS)  

ALICE (LHC)  

20?? 

DLS (BEVALAC) 

CERES, NA60 (SPS)  



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

  Low energies: 

HADES 

CBM 

MPD 

 

  

3 



Low energies 

√SNN [GeV]  
1 10 102 

HADES (GSI) 

      PHENIX, STAR (RHIC)   

2 4 6 8 20 40 60 80 

for Au+Au 

MPD (NICA)  

CBM (FAIR SIS-100)  

CBM (FAIR SIS-300) 

2019 

2018 

20?? 

BES ? 

NA60+ (SPS)  

ALICE (LHC)  

20?? 

DLS (BEVALAC) 

CERES, NA60 (SPS)  

 Baryon dominated matter 

 Onset of phase transition? 
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Dileptons at low energies - Physics 

 Highest net baryon density 

Composition of a hot pDN gas 

Rapp, Wambach, Adv.Nucl.Phys. 25 (2000) 

 Onset of phase transition? Critical point? 

 Baryon dominated matter – Pion density relatively low 

5 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

  HADES 

  p+p:        1.25           2.2       3.5     [GeV] 

p+d:        1.25                                  

p+Nb:                                   3.5       

 

C+C:       1.0            2.0                  [AGeV] 

Ar+KCl:           1.76 

Au+Au:   1.23 

 

 Complex energy regime – subthreshold to 

above threshold particle production  

6 



Elementary collisions 

 Dominant channels: Δ Dalitz decay (Δ  e+e-N) and Bremstrahlung   (pN 

 pNe+e-). 

 Remarkable difference: pp well reproduced; pn(d) not so well. HSD misses 

yield at m > 0.35 GeV/c2. Isospin effect? Or p+n(d) is not really pn? 

 Elementary collisions (pp, pn, N) essential for interpretation of HI data. 

p+p 

HSD calculations – PRC 87, 064907 (2013)  



“Enhancement” in AA vs NN collisions 

HADES: PLB 690, 118 (2010) and PRC84, 014902 (2011) 

HSD: PRC 87, 064907 (2013)  

C+C is a mere superposition of elementary collisions 

8 

 Enhancement of dilepton yield already in C+C  

 Enhancement increases with system size:                                                 

from C+C to Ar+KCl  

 Reproduced by HSD (and also IQMD) 

 Au+Au? 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

Au+Au collisions at 1.25 AGeV 

x 8-10! 

HSD prediction – PRC 87, 064907 (2013)  QM2014 

                          “Enhancement”? 

Bremstrahlung does not scale with  multiplicity 

Dilepton emission enhanced from Δ regeneration:     N      

Δ  and  NN      NΔ 

 Stronger “enhancement” in Au+Au vs NN 

9 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

 The CBM experiment at FAIR  

 Explore baryon rich matter in AA collisions in the energy 

range 2 - 45 AGeV 

 

 Unique feature: measure dileptons both in the dielectron 

and dimuon channels 

         SIS-100:         2 - 4  AGeV HADES            

                                4 - 11 AGeV CBM 

         SIS-300:       11 - 35 AGeV CBM 

 

 Very high intensity – interaction rates up to 10 MHz 

10 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

The CBM experiment at FAIR  

HADES 

Dipole Magnet 

SIS-100 setup 

RICH 

TRD 

PSD 

EMC (park. pos.) 

Muon detector 

(parking position) 

TOF 

11 



Itzhak Tserruya 

Performance plots 
 Central Au+Au collisions at 25 AGeV 

 Cocktail / Background ratio: ~1/100 at m=500 MeV/c2 in both cases 

 Mass resolution at the ω peak: 13.6 MeV/c2 for e and 12 MeV for  

r 

f 
h 

w 

200k events  ~8 sec 

r 

f 

w 

Electrons 

First years of CBM operation will be at SIS-100 

 First beam expected in 2018 

Muons 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

  MPD 
NICA’s energy range fills an important energy niche:  

                           (4<√sNN <11 GeV): 

 Unveil the onset of the low-mass pair  enhancement 

13 



Itzhak Tserruya 

MPD at NICA 
Collider basic parameters: 

√sNN= 4-11 GeV; beams: from p (L~1032 cm-2 s-1) up to Au (L~1027 cm-2 s-1) 

First beams expected in 2019    

9 m length, 6 m in diameter 

 

Magnet: superconducting solenoid 0.66 T 

 

Tracking: up to |h|<2 (TPC) 

                  (TPC,  IT) 

 

Particle ID:    hadrons, e,   

                   (TOF, ECAL, TPC) 

 

Event characterization: Centrality & event   

                   plane ( ZDC) 

14 



TPD, BNL, Aug. 20-22, 2014 

MPD performance for dileptons 
PID: TOF, TPC, ECAL 

Hadron suppression 

up to 10-5 

σω≈14 MeV/c2 

Particle         Yields Decay 
mode 

BR Effic. % Yield/1 w 

4p y=0 

r 31 17 e+e- 4.7 . 10-5 35 7.3 . 104 

w 20 11 e+e- 7.1 . 10-5 35 7.2 . 104 

j 2.6 1.2 e+e- 3 . 10-4 35 1.7 . 104 

Yields, central Au+Au at √sNN = 8.8  GeV 

15 



  LVM in pA Collisions 
  

  

Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

Study spectral function of LVM in cold nuclear 

matter   

Are any in-medium effects visible? 

  KEK E-235 

JPARC E-16 

HADES 

16 



Itzhak Tserruya 

Vector mesons in baryonic matter 
Gubler and Ohtani arXiv:1404.7701   

• Study ϕ meson mass at finite density ρ using QCDSR. 

• Find an almost linear relationship between the ϕ meson mass shift and 

σsN = ms <N|ss|N> (the strangeness content of the nucleon) :  

Precise measurement of 

the ϕ mass in nuclear 

matter determines the 

strangeness content of 

the nucleon.  



KEK E235 p+C, Cu @ 12 GeV  

Interpretation: masses drop by 9.2% (r,w) and 3.4% (ϕ) at 

normal nuclear matter density 

TPD, BNL, Aug. 20-22, 2014 

CBELSA/TAPS: No mass shift. Shape consistent with in-medium ω broadening 

CLAS: No effect. Results reproduced by transport model using vacuum mass values of 

r, w and f. 

 

 PRL 96, 092301 (2006) 

PRL 98, 042501 (2007) 

Itzhak Tserruya 18 



J-PARC E16 experiment 

Main goal: study  spectral function modification in cold nuclear matter of 

light vector mesons via their  e+e- decay channel in pA collisions using the 

30/50 GeV primary proton beam of J-PARC 

Systematic study: nuclear matter size dependence, momentum 

dependence 

Objective: Confirm KEK E235  results with more precise data.  Improve 

statistics by ~2 orders of magnitude wrt to E235: 

 Larger acceptance:                                      x~ 5 

 Higher energy (12  30/50 GeV)                x ~2  in production  

 Higher intensity (109 1010  /spill (1sec))    x 10  (  10MHz interaction rate)                                                                                

 

 

 
Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 19 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

E16 Proposed spectrometer 

Prototype module 

      GEM tracker 

HBD 

30/50 GeV p beam on Cu, Pb  targets 

Tracking: GEM,  eid: HBD, EMCal  
3d  View xy View 

26 detector modules 

Expected ϕ mass 

resolution:  

σ = 5.4 MeV!! 

20 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

Status and schedule 
Detector R&D completed: basic performance parameters of GEM 
tracker, HBD and PbGl calorimeter confirmed 

 

Jan 2013 - Budget approved for first stage construction of 8 
modules(1.5M$). Remaining 18 modules shall be constructed in a 
second stage (3.3M$).   

 

Spectrometer construction started: 

– 2014: detector production 

– 2015: magnet re-assembling, detector installation and commissioning 

 

First physics run with 8 modules expected in 2016 

 

Now seeking stage-2 approval by PAC  

  

21 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

HADES p+p and p+Nb at 3.5 GeV 

 p+p data not well reproduced by 

PYTHIA cocktail. 

22 

 Significant data differences: 

 Decrease of the ω yield 

 Modification of the ρ meson? 

 Differences better seen in comparison 

of spectra at low (p<0.8 GeV/c) and 

high (p>0.8 GeV/c) e+e- momenta. 



HADES p+p and p+Nb at 3.5 GeV 

p+p data scaled by: 

 

Is that scaling justified for all components? 

pee > 0.8 GeV/c Pee < 0.8 GeV/c 

23 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

 SPS  

24 



SPS dilepton summary 

 LMR:  

 thermal radiation from HG 

        p+p-  r  m+m-   

  

 Resonances melt as the 

system approaches  CSR   

  
  

 IMR:  

 Thermal radiation from QGP 

            qq  m+m-    

 

Eur. Phys. J. C 59 (2009) 607 

26 

CERES Pb+Au at 40 and 156 AGeV 

NA60 In+In at 158 AGeV 



New experiment: NA60+ 
 Main goal: systematic study of dimuon production in Pb+Pb collisions 

over SPS energy range from the top energy of 158 AGeV down to the 

lowest achievable energy of ~20 AGeV  

Objective: improve statistics by factor of ~100 wrt to NA60  

Detector: two-spectrometer concept similar to NA60 

Momentum determination in silicon tracker and in muon tracker 

Track matching both in coordinate and momentum space (separate prompt 

from decay muons) 

Estimated cost: 10-15 Meuro - Letter of Intent under preparation 
27 



  RHIC 
  

  

Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 28 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

 Dileptons in STAR 

p+p                200 GeV (new data from run 12) 

Au+Au           200, 62.4, 39, 27, 19.6 GeV 

Au+Au           dielectron v2  

29 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

STAR dielectron results 

New pp data from Run12 shows 

very good agreement with cocktail 

p+p 

Au+Au – energy dependence 

Same model that describes the SPS data 

reproduces the dilepton excess all the way 

to top RHIC energy   

30 



Centrality dependence Au+Au 200 GeV 

Excess 

  and ϕ 

   and ϕ scale with Npart 

 Excess in the mass region m=0.3–0.76 GeV/c2 

scales with Npart
1.54±0.18   

31 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

First results on dielectron v2 

Inclusive dielectron v2 consistent with 

simulated v2 from cocktail sources  

Challenge: isolate the v2 of the excess 

dileptons  

32 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

 Dileptons in PHENIX 

p+p                200 GeV  

d+Au              200 GeV 

Au+Au           200 GeV  (HBD progress) 

33 



PHENIX- d+Au at 200 GeV 

 Data well reproduced by hadronic cocktail  

 First extraction of bbbar cros section σbbbar= 3.4 ± 0.28 ± 0.46 μb.  



PHENIX vs. STAR  

35 Itzhak Tserruya 

Large quantitative differences in the low-mass region 

PRC 81, 034911 (2010) PRL113, 022301 (2014) 

TPD, BNL, Aug. 20-22, 2014 



Run-10 Au+Au dileptons at √sNN=200 GeV  

with the HBD 

Itzhak Tserruya 36 

Semi-central Semi-peripheral Peripheral 

TPD, BNL, Aug. 20-22, 2014 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

Central collisions 0-10% 

Quantitative understanding of the 
background verified by the like-
sign spectra.  

Combinatorial background 
determined using the mixed event 
technique and taking into account 
flow. 

Correlated components (cross 
pairs, jet pairs and e-h pairs)     
independently simulated and 
absolutely normalized.  

 Background shape reproduced at 
sub-percent level for masses m > 
150 MeV/c2  
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  LHC  
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p+p       7 TeV 

p+Pb     5.02 TeV 

Pb+Pb   2.76 TeV  in progress 



Itzhak Tserruya TPD, BNL, Aug. 20-22, 2014 

ALICE first dilepton results p+p, p+Pb 

 Cocktail consistent with data over the entire 

mass range up to m = 3.5 GeV/c2, but 

systematic oversubtraftion?   
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Summary and Outlook 

40 

Impressive progress over the past two years:  

 Many new results from existing experiments (HADES, PHENIX, 

STAR, ALICE) 

 New experiments under construction / preparation at new or 

existing facilities (E16, CBM, MPD, NA60+) 

On track for a comprehensive set of results 

including pp, pA and AA from very low energies 

of √sNN = 2 GeV all the way up to 7 TeV 

 



1	  

Gianluca	  Usai	  –	  University	  of	  Cagliari	  and	  INFN	  	  

TPD	  2014	  -‐	  Thermal	  Photons	  and	  Dileptons	  in	  Heavy	  Ion	  Collisions	  
RIKEN	  BNL	  Research	  Center	  Workshop	  -‐	  22/08/2014	  

Dimuon Production In PbPb Collisions at 20-160 
AGeV at the CERN SPS: Mapping the QCD Phase 

Diagram in the Transition Region with a New     
NA60-like Experiment	  



NA60+: prime physics goal 
Ø  SystemaOc	  measurement	  of	  EM	  radiaOon	  over	  the	  full	  energy	  range	  

from	  SIS-‐100/300	  to	  top	  SPS:	  ≈20	  AGeV	  to	  160	  AGeV	  	  	  	  

RHIC:	  	  
o  good	  coverage,	  but	  much	  lower	  

staOsOcs	  than	  fixed	  target	  
experiments	  	  

FAIR	  (CBM):	  
o  SIS-‐100	  (>2020)	  limited	  coverage	  
o  SIS-‐300	  be_er	  coverage	  but	  

unclear	  Omeline	  (>2025)	  

SPS:	  
o  Wide	  coverage	  of	  phase	  diagram	  	  	  
o  ExisOng	  facility	  	  
o  CompeOOve	  high-‐intensity	  beams	  
o  Other	  experimental	  program	  

(NA61)	  already	  ongoing	  



Ø  Luminosity	  at	  the	  SPS	  comparable	  to	  that	  of	  SIS100/300	  	  	  	  	  	  
Ø  No	  losses	  of	  beam	  quality	  at	  lower	  energies	  except	  for	  emi_ance	  growth	  	  	  	  	  	  	  	  
Ø  RP:	  seems	  not	  a	  problem	  in	  EHN1	  	  	  	  	  	  	  	  	  	  

	  	  	  	  <	  11	  –	  35	  (45)	  	  

	  	  	  	  SPS	  	   	  	  	  SIS100/300	  

	  	  	  	  beam	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  target	  	  	  	  	  	  	  	  	  	  interacOon	  	  
	  	  intensity	  	  	  	  	  	  	  	  	  thickness	  	  	  	  	  	  	  	  	  	  	  	  	  rate	  

2.5×106	  	  	   5×105	  	  

[λi	  ]	  	  	  	  	  [Hz]	  	   	  	  	  	  	  	  	  	  	  	  [Hz]	  	  

	  20%	  	  	  NA60	  	  
(2003)	  

	  	  new	  
injecOon	  	  
scheme	  

	  	  	  	  108	  	  	   	  10%	  	   	  	  	  	  107	  	  
	  	  	  	  108	  	  	   	  	  	  	  	  	  1%	  	  	   	  	  106	  	  

interacOon	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  rate	  

	  	  	  	  	  	  	  	  	  [Hz]	  	  

105	  	  -‐	  107	  

Energy	  range:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  11	  –	  158	  	  
[AGeV]	  	  

	  	  LHC	  AA	   	  	  	  	  5×104	  	  	  

Ø  Pb	  beams	  presently	  scheduled	  for	  the	  SPS	  in	  2016-‐2017,	  	  2019-‐2021	  	  	  	  	  	  	  	  	  	  	  

Comparison of ion beams 



Phys.	  Rev.	  Le+.	  91	  (2003)	  042301	  

Enhancement	  factor:	  
5.9±1.5(stat.)±1.2(syst.)	  

è Measurement	  of	  ρ	  spectral	  funcOon	  with	  utmost	  precision	  
o  Possible	  surprises?	  CriOcal	  point?	  

Dileptons in the LMR (M<1 GeV): ρ spectral function 
Ø  Low	  energy:	  only	  one	  low-‐staOsOcs	  measurement	  

in	  Pb-‐Au	  at	  40	  AGeV	  
Phys.	  Rev.	  Le+.	  96	  (2006)	  162302	  

Ø  High	  energy:	  160	  AGeV	  In-‐In	  

Ø  Broadening	  of	  ρ	  spectral	  funcOon	  	  driven	  by	  the	  total	  baryon	  density	  	  	  
o  should	  get	  maximal	  at	  low	  energy	  
o  commonly	  linked	  to	  chiral	  symmetry	  restoraOon	  –	  though	  in	  model	  dependent	  way	  



Dileptons in the IMR: chiral symmetry restoration 

Ø  Chiral	  symmetry	  restoraOon	  
o  	  hadronic	  radiaOon	  for	  M<1.5	  GeV	  

dominated	  by	  4π processes	  via	  	  	  	  	  	  
a1π èµµ (chiral	  mixing)	  

Ø  Physics	  processes	  in	  IMR	  
o  	  Drell-‐Yan	  (power	  law	  ~	  Mn)	  
o  	  Thermal	  radiaOon	  
	  	  	  	  	  -‐	  QGP	  
	  	  	  	  	  -‐	  Hadron	  gas	  

Ø  Lower energy: decrease of QGP, DY 
and open charm 

è  improved sensitivity to excess from 
hadronic radiation 

[Eur.	  Phys.	  J.	  C	  59	  (2009)	  607-‐623]	  
CERN	  Courier	  	  11/	  2009,	  31-‐35	  	  
Chiral	  2010	  ,	  AIP	  Conf.Proc.	  1322	  (2010)	  1-‐10	  

Hees	  –	  EM	  probes	  Trento	  workshop	  -‐	  2013	  



Dileptons in the IMR: source temperature 

Ø  Physics	  processes	  in	  IMR	  
o  	  Drell-‐Yan	  (power	  law	  ~	  Mn)	  
o  	  Thermal	  radiaOon	  
	  	  	  	  	  -‐	  QGP	  
	  	  	  	  	  -‐	  Hadron	  gas	  

Ø  Thermal	  spectrum	  for	  M>1.5	  GeV	  (flat	  
spectral	  funcOon)	  ~	  M3/2	  exp(-‐M/T):	  

 èfit	  gives	  average	  T	  of	  emisng	  source	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  (M	  Lorentz	  invariant,	  i.e.	  no	  blueshit)	  

[Eur.	  Phys.	  J.	  C	  59	  (2009)	  607-‐623]	  
CERN	  Courier	  	  11/	  2009,	  31-‐35	  	  
Chiral	  2010	  ,	  AIP	  Conf.Proc.	  1322	  (2010)	  1-‐10	  

Ø  Full	  SPS	  energy:	  NA60	  In-‐In	  
o 	  Fit	  to	  range	  	  	  

	  	  	  	  	  	  	  	  1.1-‐2.0	  GeV:	  	  T=205±12	  MeV	  	  	  
	  	  	  	  	  	  	  	  1.1-‐2.4	  GeV:	  	  T=230±10	  MeV	  	  

Ø  Decrease of T for decreasing energy expected - plateau around onset of 
deconfinement? 

è  Requires systematic measurement of T vs beam energy with precision on 
the MeV level to assess the slope of T decrease and the possible flattening 

	  T	  >	  Tc	  è	  deconfinement	  at	  full	  SPS	  energy	  



Partonic radiation and onset of deconfinement 
Ø  Disentangling	  QGP	  vs	  hadronic	  radiaOon	  è	  mT	  spectra	  in	  different	  mass	  bins	  

Ø  Hadronic	  radiaOon:	  Teff	  rise	  consistent	  with	  radial	  flow	  of	  a	  hadronic	  source:	  	  π+π-→ρ→µ+µ-	  in	  LMR;	  4π	  in	  
IMR	  (the	  la_er	  negligible	  at	  160	  AGeV)	  

Ø  QGP	  radiaOon:	  Teff	  almost	  flat,	  consistent	  with	  an	  early	  source	  with	  low	  flow	  (dominant	  at	  160	  AGeV)	  

Ø  	  Teff	  vs	  M	  	  sensiOve	  to	  QGP	  vs	  hadronic	  yield	  -‐	  for	  decreasing	  collision	  energy,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
increase	  of	  HG	  radiaOon/decrease	  of	  QGP	  è	  progressive	  reducOon/disappearance	  of	  drop	  

Ø  SystemaOc	  precision	  measurement	  from	  SPS	  energies	  down	  to	  SIS100	  energies	  

mT	  spectra	  (let):	  fit	  with	  	  

1
mT

dN
dmT

≈ exp(−mT /Teff )

CollecOve	  moOon	  (radial	  
flow)	  

Teff ≈ T +M vR
2
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InIn	  
PbPb	  

M
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ψ
	  y
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Npart	  

Ø  Anomalous	  suppression	  relevant	  
for	  PbPb	  collisions,	  but	  almost	  
no	  suppression	  for	  the	  lighter	  
InIn	  system	  at	  158	  AGeV	  

Charmonium	  produc:on	  in	  AA:	  top	  to	  low	  SPS	  energies	  

Decreasing	  
energy	  

158	  AGeV	  

Npart	  

M
ea
su
re
d/
ex
pe

ct
ed

	  J/
ψ
	  y
ie
ld
	  

Ø  IdenOfy	  thresholds	  for	  charmonium	  
suppression	  via	  SPS	  energy	  scan	  

Ø  Topmost	  SPS	  energy:	  detailed	  study	  of	  
χc	  by	  detecOng	  the	  decay	  photon	  
(originally	  part	  of	  NA60	  program)	  
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Running	  condi:ons	  foreseen	  	  	  

Ø  Energy	  scan	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
o  	  tentaOvely	  :	  20-‐(30)-‐40-‐(60)-‐80-‐(120)-‐160	  AGeV	  

Ø  Ion	  beams	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
o  Consistent	  use	  of	  Pb	  ions	  for	  all	  energies	  	  

Ø  Proton	  beams	  
o  Needed	  for	  reference	  measurements	  (Drell-‐Yan	  and	  charmonium)	  

Ø ObjecOves	  for	  total	  sample	  of	  reconstructed	  pairs	  
o  isolaOon	  of	  hadronic	  spectrum	  up	  to	  M≈2	  GeV	  
o  measurements	  of	  T	  and	  Teff	  vs	  M	  with	  an	  accuracy	  on	  the	  MeV	  level	  
è 	  >	  107	  rec	  pairs	  from	  thermal	  radiaOon	  at	  each	  energy	  
è	  staOsOcs	  increase	  by	  a	  factor	  ≈100	  over	  NA60	  at	  each	  energy	  

	  
	  
	  



dipole	  magnet	  

hadron	  absorber	  

targets	  

beam	  tracker	   Si-‐pixel	  tracker	  
muon	  trigger	  and	  tracking	  

m
agneOc	  field	  

≈ 10m <1m 

NA60+	  detector	  concept	  

Ø  Two-‐spectrometer	  concept:	  already	  proven	  to	  be	  very	  successful	  by	  NA60	  	  	  

Ø  Track	  matching	  in	  coordinate	  and	  momentum	  space	  
o  improved dimuon mass resolution  
o  distinguish prompt from decay dimuons 

Ø  Hybrid	  silicon	  pixel	  detectors	  (High	  luminosity	  of	  dimuon	  experiments	  must	  be	  
maintained)	  

Ø  Tracking	  and	  trigger	  staOons:	  GEMs	  and/or	  MWPCs	  



Muon	  spectro
meter	  

Toroid	  field
	  (R=160	  cm

)	  

beam 

5	  m	  
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Compress	  the	  spectrometer	  reducing	  the	  absorber	  and	  
enlarge	  transverse	  dimensions	  

dimuons@160	  GeV	  (NA60)	  
rapidity	  coverage	  2.9<y<4.5	  

beam 

Longitudinally	  scalable	  setup	  for	  running	  at	  different	  energies	  	  

Measuring	  dimuons	  at	  20<Elab<160	  GeV	


dimuons@20	  GeV	  	  	  	  	  	  	  	  	  	  	  	  pseudo-‐
rapidity	  coverage	  ≈1.8<y<	  4	  

3m	  

9	  m	  

Muon	  spec
trometer	  

Toroid	  fi
eld	  (R≈23

0	  cm)	  

Vertex	  spectrometer	  
Dipole	  field	  

NA50/60	  

NA60+	  



	  
Ø  Pixel	  plane:	  
	  	  	  	  	  -‐	  400	  µm	  silicon	  +	  1	  mm	  carbon	  substrate	  
	  	  	  	  	  -‐	  silicon	  material	  budget	  ≈	  1%	  X0	  
	  	  	  	  	  	  	  -‐	  10-‐15	  µm	  spaOal	  resoluOon	  

Ø  angular	  coverage	  down	  to	  η≈1.8	  at	  
20	  AGeV	  (ϑ~0.3	  rad) 

 

3	  T	  dipole	  
field	  along	  x	  

40	  cm	  

x	  

z	  

Ø  5	  silicon	  pixel	  staOons	  at	  7<z<40	  cm	  

The	  vertex	  spectrometer	




The	  muon	  spectrometer	  
Muon	  Tracker	  
ü  4	  tracking	  staOons	  (200	  µm	  space	  resoluOon)	  	  

Trigger	  staOons	  
ü  2	  trigger	  staOons	  placed	  ater	  muon	  wall	  (ALICE-‐like)	  	  

z	  

x	  

R=290	  cm	  
Muon	  wall	  (graphite	  -‐	  120	  or	  180	  cm)	  

Toroid	  magnet:	  	  
ü  field	  integral	  of	  0.75	  Tm	  at	  

R	  =	  1	  m	  (similar	  to	  NA60	  
ACM	  field)	  

ü  simulaOons	  at	  20/40	  AGeV	  
performed	  also	  with	  a	  
reduced	  field	  integral	  of	  
0.3	  Tm	  at	  R	  =	  1	  m	  

Hadron	  absorber	  
(BeO,	  graphite	  –	  
240	  cm)	  



Performance	  studies:	  Pb-‐Pb	  0-‐5%	  central	  collisions	

Ø  Signal	  
o  	  Hadron	  cocktail	  generator	  derived	  from	  NA60	  Genesis	  using	  staOsOcal	  model	  

(Becasni	  et	  al.);	  	  dNch/dη=270	  

o  Thermal	  radiaOon	  generator	  based	  on	  theoreOcal	  calculaOon	  in	  PbPb	  at	  40	  GeV	  	  	  	  	  	  	  
(R.	  Rapp)	  

o  Drell-‐Yan	  and	  open	  charm	  esOmated	  with	  Pythia	  

Ø  Fast	  simulaOon	  tool	  and	  reconstrucOon	  tool	  
o  Apparatus	  defined	  in	  terms	  of	  geometry	  and	  material	  for	  each	  layer	  

o  MulOple	  sca_ering	  generated	  in	  gaussian	  approximaOon	  (Geant	  code)	  

o  Energy	  loss	  simulated	  with	  Bethe-‐Bloch	  neglecOng	  energy	  fluctuaOons	  

o  ReconstrucOon	  based	  on	  Kalman	  filter	  with	  embedding	  on	  full	  event	  in	  pixel	  
detector	  	  

o  Fake	  match:	  one	  or	  more	  wrong	  hits	  associated	  to	  track	  



Combinatorial background	

Keep this distance as small as possible ~40 cm 

 

π, K → µ 
offset 

vertex 

Beam Tracker 

µ dipole field 

Vertex Detector 

prompt muon 

primary hadron punch-through 

decay muons from primary hadrons 

Seconday hadron punch-through 

decay muons from secondary hadrons 

Muon	  wall	  (not	  
to	  scale)	  

Hadron	  absorber	  
(not	  to	  scale)	  

 
Ø  Fluka	  
    	  -‐	  Full	  hadronic	  shower	  development	  in	  absorber	  
	  	  	  	  	  	  	  -‐	  Punch-‐through	  of	  primary	  and	  secondary	  hadrons	  (p,	  K,	  π)	  
	  	  	  	  	  	  	  -‐	  Muons	  from	  secondary	  hadrons	  

Ø  Background	  generaOon	  
	  	  	  	  	  	  -‐	  Parametric	  π	  and	  K	  event	  generator	  (built-‐in	  decayer	  for	  π	  and	  K)	  
	  	  	  	  	  	  -‐	  Apparatus	  geometry	  defined	  in	  consistent	  way	  with	  fast	  simulaOon	  tool	  
	  	  	  	  	  	  -‐	  Hits	  in	  detector	  planes	  recorded	  in	  external	  file	  for	  reconstrucOon	  
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Triggering	  on	  dimuons	  and	  expected	  sample	  size	


R1	   R2	  

R3	  
R4	  

Ø  Triggering	  scheme	  under	  invesOgaOon:	  	  
o  tracklet	  reconstrucOon	  in	  trigger	  staOons	  ater	  muon	  wall	  +	  fast	  track	  

reconstrucOon	  in	  muon	  staOons	  

Ø  Beam	  intensity:	  L	  ≈	  2.5�106/s,	  λi=0.15	  (past	  NA60	  condiOons)	  
 è minimum	  bias	  trigger	  rate	  (essenOally	  bkg	  rate)	  ≈	  15-‐20	  kHz	  

	  
	  

Ø  15-‐20	  days	  of	  beam	  Ome	  in	  Pb-‐Pb	  at	  40	  GeV	  	  
è	  ≈	  107	  reconstructed	  pairs	  from	  thermal	  radiaOon	  in	  central	  collisions	  	  

Ø NA60+	  improvements	  over	  NA60:	  
o  Higher	  trigger	  rate	  capability	  (limited	  to	  <	  ≈	  4	  kHz	  in	  NA60)	  
o  Significantly	  larger	  acceptance,	  in	  parOcular	  for	  M<0.5	  GeV:	  >	  10	  	  
o  Pb-‐Pb	  vs	  In-‐In	  



Pb-‐Pb	  40	  GeV	  	  NA60+	  
0-‐5%	  central	  collisions	  

ω	

φ	


opposite	  sign	  pairs	  
combinatorial	  background	  
fake	  matches	  -‐-‐-‐-‐	  
signal	  pairs	  

S≈2�107	  	  
<S/B>≈1/12	  

Pb-‐Pb	  0-‐5%	  central	  collisions:	  data	  sample	


Ø  SubtracOon	  of:	  
o  Combinatorial	  background	  
o  Fake	  matches	  

Ø  2�107	  reconstructed	  signal	  
pairs	  

Ø  Mass	  resoluOon:	  10-‐15	  
MeV	  at	  the	  ω	  posiOon	  

Ø  Precision	  of	  combinatorial	  
background	  subtracOon:	  
0.5%	  

dN
/d
M
	  p
er
	  2
0	  
M
eV

	  

Ø  lower	  field	  toroid:	  increase	  
of	  S/B	  by	  just	  30-‐40%	  	  	  	  	  	  	  
è	  measurement	  sOll	  very	  
precise	  
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opposite	  sign	  pairs	  
combinatorial	  background	  
fake	  matches	  -‐-‐-‐-‐	  
signal	  pairs	  

Pb-‐Pb	  40	  GeV	  	  NA60+	  
0-‐5%	  central	  collisions	  

NA60	  vs	  NA60+	


S≈2�107	  	  
<S/B>≈1/12	  
dNch/dη=270	  

Ø Minimum	  bias	  collisions:	  progress	  in	  staOsOcs	  over	  NA60	  by	  a	  factor	  ≈	  100	  	  	  

S≈4.4�105	  	  
<S/B>≈1/7	  
dNch/dη=140	  
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Pb-‐Pb	  0-‐5%	  central	  collisions:	  LMR	  (M<1	  GeV)	


Ø  Thermal	  radiaOon	  yield	  
dominated	  by	  in-‐medium	  
ρ+ω	


	  
Ø  Precise	  isolaOon	  of	  

excess	  à	  la	  NA60	  

Pb-‐Pb	  40	  GeV	  	  NA60+	  
0-‐5%	  central	  collisions	  



hadron cocktail 

in-‐med	  ρ+ω	  

Pb-‐Pb	  40	  GeV	  	  NA60+	  
0-‐5%	  central	  collisions	  

Pb-‐Pb	  0-‐5%	  central	  collisions:	  full	  mass	  spectrum	


Ø  Thermal	  radiaOon	  yield	  
up	  to	  2.5-‐3	  GeV	  

	  
Ø  QGP	  yield	  sOll	  significant	  

at	  40	  GeV	  	  

Ø  Drell-‐Yan	  gets	  stronger	  
than	  QGP	  above	  2.5	  
GeV	  

Ø  Open	  charm	  yield	  
negligible	  

	  



Pb-‐Pb	  40	  GeV	  	  NA60+	  
0-‐5%	  central	  collisions	  

excess	  dimuons	  
Rapp	  Pb-‐Pb	  40	  GeV	  _	  

Ar
bi
tr
ar
y	  
un

its
	  

dNch/dη=270	  

Topmost	  SPS	  energy	  (NA60)	  

Inclusive	  excess	  mass	  spectrum:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
NA60+	  (40	  AGeV	  PbPb)	  vs	  NA60	  (160	  AGeV	  InIn)	


Ø  All	  known	  sources	  subtracted;	  mass	  spectra	  integrated	  over	  pT	  
Ø  Mass	  spectra	  fully	  corrected	  for	  acceptance	  



Inclusive	  excess	  mass	  spectrum:	  hadronic	  radia:on	


Ø  Performance	  for	  study	  of	  hadronic	  
radiaOon	  in	  IMR.	  Scenario	  with	  

o  Negligible	  QGP	  radiaOon	  

o  Hadronic	  radiaOon	  for	  Pb-‐Pb	  
central	  collisions	  at	  20/40	  GeV	  

o  Same	  background	  level	  as	  	  	  	  	  
Pb-‐Pb	  40	  GeV	  

Ø  Stand-‐alone	  study	  of	  excess	  up	  to	  
M	  ≈	  2	  GeV	  

è	  Best	  sensiOvity	  to ρ-‐a1	  chiral	  mixing	  

excess	  dimuons	  
Rapp	  Pb-‐Pb	  20/40	  GeV	  _	  

Pb-‐Pb	  20/40	  GeV	  	  NA60+	  
0-‐5%	  central	  collisions	  

Ar
bi
tr
ar
y	  
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its
	  	  	  
	  	  	  

	  

Ø  Mass	  Spectrum	  fully	  corrected	  for	  acceptance	  



Pb-‐Pb	  0-‐5%	  central	  collisions:	  performance	  of	  Teff	  
measurement	  from	  mT	  spectra	


Ø  Thermal	  radiaOon	  in	  Pb-‐Pb	  at	  40	  GeV	  (Rapp)	  
o  hadronic	  radiaOon:	  Teff	  increases	  monotonically	  from	  LMR	  to	  IMR	  up	  to	  highest	  masses	  
o  QGP	  radiaOon:	  Teff	  variaOon	  almost	  negligible	  

Ø  Experimental	  measurement	  
o  Teff	  can	  be	  extracted	  in	  several	  mass	  intervals	  up	  to	  ≈	  2.5	  GeV	  
o  Strong	  sensiOvity	  to	  disOnguish	  even	  a	  small	  contribuOon	  of	  QGP	  down	  to	  the	  onset	  



Feasible	  in	  a	  few	  weeks	  
at	  typical	  SPS	  beam	  intensiOes	  

NA60+:	  charmonium	  measurements	  in	  Pb-‐Pb	  at	  low	  energy	
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) 	  

Ø  KinemaOc	  cuts	  and	  reconstrucOon	  efficiency:	  
o  0<y<1;	  cosθCS<0.5; εrec ≈ 10% 

Ø  J/ψ	  suppression:	  assume	  a	  factor	  3	  as	  at	  160	  AGeV	  (pessimisOc	  ansatz)	  

Ø  Energy scan down to Elab≈60 AGeV 
è  Measurement with comparable statistics as at topmost SPS energy (N J/ψ≈104) 

possible within the proposed frame 

x109	  
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Ø  MEP48	  
o  Gap	  width	  410	  mm,	  diameter	  1000	  mm	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
o  B=1.47	  T	  @	  200	  Amp,	  200	  V	  
o  B~2.5	  T	  reducing	  the	  gap	  size	  to	  200	  mm	  

Magnets	  and	  muon	  system	


MEP48	  

Ø  Toroid	  magnet	  opOons	  
o  new	  magnet	  with	  field	  integral	  similar	  to	  ACM	  to	  cover	  all	  energies	  
o  re-‐use	  of	  ACM	  down	  to	  60	  AGeV	  and	  new	  low-‐field	  magnet	  at	  20-‐40	  AGeV	  
o  ongoing	  discussion	  with	  CERN	  experts	  

Ø  Muon	  tracking	  staOons	  
o  OpOon	  of	  complete	  construcOon	  with	  GEMs	  considered	  (≈	  140	  m2)	  	  

Ø  Dipoles:	  invesOgaOng	  re-‐use	  of	  PT7	  or	  MEP48	  
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Op:ons	  for	  the	  pixel	  telescope	


	  	  	  	  	  	  	  2	  Planes	  with	  different	  geometry	  using	  
ATLAS	  pixel	  modules	  built	  and	  operated	  in	  
NA60	  2004	  proton	  run	  

Ø  Baseline	  opOon	  invesOgated:	  detector	  
based	  on	  hybrid	  pixels	  
o  Pitch	  40-‐50	  µm	  
o  pixel	  staOon	  material	  budget	  ≈	  1%	  X0	  
	  

Ø  ExploraOon	  of	  exisOng	  technologies	  or	  new	  
developments	  for	  LHC	  upgrades	  (past	  
example	  in	  NA60:	  ATLAS	  pixels)	  	  

Ø Monolithic	  pixels?	  
	  
	  



Summary	


Ø  SystemaOc	  measurement	  of	  EM	  radiaOon	  over	  the	  full	  energy	  range	  from	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
≈	  20	  AGeV	  to	  160	  AGeV	  

	  
Ø  Charmonium	  also	  part	  of	  the	  program	  from	  ≈	  60	  AGeV	  to	  160	  AGeV	  	  

Ø  NA60+	  at	  the	  CERN	  SPS:	  unique	  opportunity	  for	  dilepton	  measurements	  of	  utmost	  
precision	  over	  the	  widest	  possible	  energy	  range	  
o  Progress	  in	  staOsOcs	  of	  a	  factor	  ≈	  100	  over	  NA60	  within	  reach	  	  
o  New	  horizon	  for	  quanOtaOve	  understanding	  of	  dilepton	  producOon	  	  	  	  	  	  	  	  	  	  	  	  	  	  

(chiral	  symmetry	  restoraOon,	  onset	  of	  deconfinement)	  

Ø  NA60+:	  two-‐spectrometer	  detector	  concept	  	  as	  NA60	  
o  RelaOvely	  low	  cost	  experiment	  at	  a	  running	  machine:	  10-‐15	  Meuro	  
o  CollaboraOon	  would	  require	  50-‐100	  people	  

Ø  Ongoing	  work:	  
o  Submission	  of	  an	  expression	  of	  interest	  to	  SPSC	  
o  PreparaOon	  of	  document	  to	  serve	  as	  a	  basis	  for	  a	  le_er	  of	  intent	  
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NA60	  precision	  measurement	  of	  excess	  
yield	  (ρ-‐clock):	  
provided	  the	  most	  precise	  constraint	  in	  
the	  fireball	  lifeOme	  (6.5±0.5	  fm/c)	  in	  
heavy	  ion	  collisions	  to	  date!	  	  
	  

Crucial	  in	  corroboraOng	  extended	  lifeOme	  due	  to	  sot	  mixed	  phase	  around	  CP:	  
if	  increased	  τFB	  observed	  with	  idenOcal	  final	  state	  hadron	  spectra	  (in	  terms	  of	  flow)	  →	  
lifeOme	  extension	  in	  a	  sot	  phase	  	  
Nice	  example	  of	  complementary	  measurements	  with	  NA61	  	  

Dileptons	  in	  LMR:	  measurement	  in	  fireball	  life:me	  
Eur.	  Phys.	  J.	  C	  (2009)	  in	  press	  	  
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Models for bulk-medium evolution
Dielectrons (SIS/HADES) with S. Endres, M. Bleicher, R. Rapp
Dimuons (SPS/NA60) with S. Endres, M. Bleicher, R. Rapp
Direct Photons at RHIC and LHC with M. He, R. Rapp

3 Conclusions and Outlook
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Em. current correlator
`+`− and γ rates
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Electromagnetic probes in heavy-ion collisions

γ, `±: no strong interactions
reflect whole “history” of collision:

from pre-equilibrium phase
from thermalized medium
QGP and hot hadron gas
from VM decays after thermal
freezeout

ℓ−
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q
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π, . . .
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Fig. by A. Drees
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Em. current correlation function and electromagnetic Probes

photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function (Jµ = ∑f Qf ψ̄f γµψf )
[L. McLerran, T. Toimela 85, H. A. Weldon 90, C. Gale, J.I. Kapusta 91]

Π<
µν(q) =

∫
d4xexp(iq · x)

〈
Jµ(0)Jν(x)

〉
T =−2fB(q ·u) ImΠ(ret)

µν (q)

q0
dNγ

d4xd3~q
=

α

2π2 gµν Im Π(ret)
µν (q)

∣∣∣
q0=|~q|

fB(q ·u)

dNe+e−

d4xd4q
=−gµν α2

3q2π3 ImΠ(ret)
µν (q)

∣∣∣
q2=M2

e+e−
fB(q ·u)

u: four-velocity of the fluid cell; p ·u = phb
0 energy in “heat-bath frame”

to lowest order in α: e2Πµν ' Σ(γ)
µν

vector-meson dominance model:

Σγ
µν =

Gρ
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Sources of dilepton emission in heavy-ion collisions

1 initial hard processes: Drell Yan
2 “core”⇔ emission from thermal source [McLerran, Toimela 1985]

1
qT

dN(thermal)

dMdqT
=
∫

d4x
∫

dy
∫

Mdϕ
dN(thermal)

d4xd4q

3 “corona”⇔ emission from “primordial” mesons (jet-quenching)
4 after thermal freeze-out⇔ emission from “freeze-out” mesons

[Cooper, Frye 1975]

N(fo) =
∫ d3q

q0

∫
qµdσ

µ fB(uµqµ/T)
Γmeson→`+`−

Γmeson

Hendrik van Hees (GU Frankfurt) Thermal photons and dileptons August 20, 2014 6 / 35



Hadronic many-body theory

HMBT for vector mesons [Ko et al, Chanfray et al, Herrmann et al, Rapp et al, . . .]

ππ interactions and baryonic excitations

ρ ρ

π

π B , a , K ,...*
1 1

π,...N, K,

ρ ρ

+corresponding vertex corrections⇔ gauge invariance

Baryon (resonances) important, even at RHIC with low net baryon
density nB−nB̄

reason: nB+nB̄ relevant (CP inv. of strong interactions)

Hendrik van Hees (GU Frankfurt) Thermal photons and dileptons August 20, 2014 7 / 35



In-medium spectral functions and baryon effects
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[R. Rapp, J. Wambach 99]

baryon effects important
large contribution to broadening of the peak
responsible for most of the strength at small M
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In-medium spectral functions and baryon effects
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baryon effects important
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responsible for most of the strength at small M
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In-medium spectral functions and baryon effects
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baryon effects important
large contribution to broadening of the peak
responsible for most of the strength at small M
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Intermediate masses: hadronic “4π contributions”

e.m. current-current correlator⇔ τ → 2nπ
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“4π contributions”: π +ω,a1→ µ++µ−

leading-order virial expansion for “four-pion piece”

additional strength through “chiral mixing”
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Radiation from thermal sources: Meson t-channel exchange

motivation: qT spectra too soft compared to NA60 data

thermal contributions not included in models so far

ω

ρ

ρ

ℓ−

ℓ+

γ

π

π

also for π , a1
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Dileptons from thermal QGP

in QGP phase: qq̄ annihilation

HTL improved electromagnetic current correlator

q

q̄

γ∗ γ∗
−iΠem,QGP =

or electromagnetic current correlator from the lattice [H.-T. Ding, A. Francis et al

(Bielefeld) 2011] (extrapolated to finite q)

“quark-hadron duality” around Tc
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Dilepton rates: Hadron gas↔ QGP

in-medium hadron gas matches with QGP

similar results also for γ rates

“quark-hadron duality”?

[R. Rapp, arXiv: 1304.2309 [hep-ph]]
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Sources of thermal photons in heavy-ion collisions

QGP: rates from [Arnold, Moore, Yaffe, JHEP 12, 009 (2001)]

qq→ γg, qg→ γq

resummation of soft-gluon bremsstrahlung contributions
Landau-Pomeranchuk-Migdal effect

hadronic matter from [Turbide, Rapp, Gale, PRC 69, 014903 (2004); Rapp, Wambach EPJ A 6, 415 (1999)]

pion-cloud dressing + vector meson-baryon/meson interactions

ρ ρ

π

π
B , a , K ,...*

1 1

π,...N, K,

ρ ρ

πρa1, ω-t-channel exchange
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Medium evolution
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Thermal fireball

cylindrical fireball model: VFB = π(z0 + vz0t+ az
2 t2)

(a⊥
2 t2 + r0

)2

thermodynamics:
isentropic expansion; Stot fixed by Nch; Tc = Tchem = 175 MeV
T > Tc: QGP; lattice equation of state
continuous cross-over (no 1st-order mixed state!)
T < Tc: hadron-resonance gas

⇒ T(t),µbaryon,meson(t)
chemical freezeout:

µchem
N = 232 MeV

hadron ratios fixed
⇒ µN ,µπ ,µK ,µη at fixed
s/ρB = 27

thermal freezeout:
(Tfo,µ

fo
π )' (120,80) MeV
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R. Rapp, Phys. Rev. C (2002) 01790166
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Coarse-grained transport (UrQMD)

Use ensemble of UrQMD runs with an equation of state

map evolution of medium to locally thermalized fluid cells

fit temperature, chemical potentials, flow-velocity field
from anisotropic energy-momentum tensor [W. Florkowski et al, NPA 904-905, 803c (2013)]

Tµν = (ε +P⊥)uµuν −P⊥gµν − (P‖−P⊥)VµVν

thermal rates from partonic/hadronic QFT become applicable

here: extrapolated lattice QGP and Rapp-Wambach hadronic many-body
theory

caveat: consistency between EoS, matter content of QFT
model/UrQMD!
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Coarse-grained transport (UrQMD)

Tc = 170 MeV; T > Tc ⇒ lattice EoS; T < Tc ⇒ HRG EoS
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Coarse-grained transport (UrQMD)

energy/baryon density⇒ T,µB (for In+In @ SPS; NA60)

central “fluid” cell!
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Coarse-grained transport (UrQMD)

temperature/density profiles (for In+In@SPS; NA60)
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Parametrized Rapp-Wambach rates
need rates as function of T , µB, µπ , µK

parametrization of the microscopic rates necessary
comparison for 20 AGeV Au Au collisions (min bias) [R. Rapp private commun.]

pion-cloud effects not fully implemented⇒ some deviations in LMR
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Dielectrons (SIS/HADES)

Hendrik van Hees (GU Frankfurt) Thermal photons and dileptons August 20, 2014 21 / 35



e+e− M spectrum (SIS/HADES)

coarse-graining method works at low energies!

UrQMD-medium evolution + RW-QFT rates
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e+e− mT spectra (SIS/HADES)

dielectron spectra from Ar+K Cl(1.76AGeV)→ e+e− (SIS/HADES)
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e+e− mT spectra (SIS/HADES)

dielectron spectra from Ar+K Cl(1.76AGeV)→ e+e− (SIS/HADES)
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e+e− mT spectra (SIS/HADES)

dielectron spectra from Ar+K Cl(1.76AGeV)→ e+e− (SIS/HADES)
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e+e− mT spectra (SIS/HADES)

dielectron spectra from Ar+K Cl(1.76AGeV)→ e+e− (SIS/HADES)
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e+e− mT spectra (SIS/HADES)

dielectron spectra from Ar+K Cl(1.76AGeV)→ e+e− (SIS/HADES)
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Dimuons (SPS/NA60)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
higher IMR: provides averaged true temperature
(no blueshifts in the invariant-mass spectra!)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− M spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
influence of baryon interactions in spectral function
from previous calculation with thermal-fireball parametrization
(compatible with course-grained UrQMD)
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µ+µ− mT spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− mT spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− mT spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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µ+µ− mT spectra (SPS/NA60)

dimuon spectra from In+ In(158AGeV)→ µ+µ− (NA60)
min-bias data (dNch/dy = 120)
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Direct Photons at RHIC and LHC
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Direct Photons at RHIC and LHC: elliptic fireball/hydro
fitted to measured pT spectra and v2; multi-strange hadrons: fo at Tc!
can be achieved with (ideal) hydro
[He, Fries, Rapp, PRC 85, 044911 (2012); HvH, He, Rapp arXiv: 1404.2846 [nucl-th]]
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important for “sufficient” photon v2:
rapid buildup of v2
(nearly) full v2 at end of mixed phase
consistent with CQN scaling for multi-strange and other hadrons!
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Direct Photons at RHIC and LHC: elliptic fireball/hydro

RHIC:

[HvH, Gale, Rapp, Phys. Rev. C 84, 054906 (2011); HvH, He, Rapp arXiv: 1404.2846 [nucl-th]]
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Temperature vs. effective Slope

[Rapp, HvH, He, arXiv: 1408.0612 [nucl-th]]

0 5 10
τ [fm/c]

0

0.05

0.1

0.15

0.2
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0.3

0.35

0.4

T
 [

G
eV

] 
, 

β/
10

 [
c]

T (fireball)
<β> (fireball)
<T> (visc. hydro)
T

max
(visc. hydro)

<β> (visc. hydro)

0-20% Au-Au(s
1/2

=200AGeV)

[C. Shen, U. W. Heinz, J.-F. Paquet, C. Gale]
[arXiv:1308.2440 [nucl-th]]

blue-shift formula (Doppler effect) translates into

Teff ' T

√
1+ 〈vT〉
1−〈vT〉

, vT : transverse fluid flow

measured slope indicates emission from source around Tc

Hendrik van Hees (GU Frankfurt) Thermal photons and dileptons August 20, 2014 30 / 35



Direct photons: fireball
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Direct photons: ideal hydro
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Direct photons: enhanced rates
assume enhancement of baseline rates by factor of 2
augmented up to factor of 3 for 140 MeV < T < 200 MeV
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Conclusions and Outlook
General ideas

em. probes⇔ in-medium em. current-correlation function
dual rates around Tc (compatible with χ symmetry restoration)
⇒ see Paul Hohler’s talk
medium modifications of ρ , ω , φ

importance of baryon-resonance interactions
Application to dileptons in HICs

need realistic bulk-medium evolution
thermal fireball, (ideal) hydrodynamics
new: coarse-grained transport
applicable also at low collision energies
allows use of thermal-QFT models for em. current-correlation functions
successful description at HADES, SPS, and RHIC (STAR)
consistent description of M and mT spectra!
Outlook: effective slope of M spectra in higher IMR
(1.5 GeV < M < MJ/ψ ) provides 〈T〉
applied in beam-energy scan at RHIC and FAIR⇒
signature of phase transition?
signature of cross-over vs. 1st order (or even critical endpoint)?
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Conclusions and Outlook

Application to photons in HICs
so far: bulk evolution with elliptic thermal fireball and hydro
direct-photon “v2 puzzle”
dominated from fireball temperatures around Tc (remnant of latent heat)

⇒ Early build-up of elliptic flow
compatible with early freeze-out of multi-strange hadrons
can be achieved with fireball parametrization or choice of appropriate
hydro-initial conditions (initial flow)
still yield missing⇒ probable enhancement of rates due to
non-perturbative enhanced cross sections around Tc?!?
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Outline

Motivation
 Hydrodynamics and hadronic observables

Our model: Thermal Sources of Dileptons
 QGP Rate (w/ viscous corrections)

 Hadronic Medium Rates (w/viscous corrections)

Dileptons & Out-of-Equilibrium Evolution 
 Effects of initial condition for the shear-stress tensor on vn

 Effects of the relaxation time of the shear-stress tensor on vn

 Effects of temperature dependent shear viscosity in the early phase on vn

Conclusion and outlook

2



How do we know that URHIC are creating  a medium? 

3

 Hadronic observables played a crucial role in understanding properties of the 
medium created at RHIC/LHC. 

 MUSIC+MC Glauber:                RHIC                                                              LHC

Schenke, Jeon, and Gale, Phys. Rev. C 85, 
024901 (2012)

Schenke, Jeon, and Gale, Phys. Lett. B 702, 
59 (2011)



3+1D Viscous Hydrodynamics 
 Israel-Stewart viscous hydrodynamics equations: 

 Lattice QCD EoS [P. Huovinen and P. Petreczky, Nucl. Phys. A 837, 26 
(2010).] (s95p-PCE160)

 Out-of-equilibrium part of Tmn, pmn, is less constrained by hadronic 
observables and is thus less known.

4

𝜏𝜋 = 𝑏
𝜂

휀 + 𝑃

𝜋𝑁𝑆
𝜇𝜈
= 2𝜂

𝛻𝜇𝑢𝜈 + 𝛻𝜈𝑢𝜇

2
−
1

3
Δ𝜇𝜈𝛻𝛼𝑢𝛼 = 2𝜂𝜎

𝜇𝜈

𝑇0
𝜇𝜈
= 휀𝑢𝜇𝑢𝜈 − 𝑃Δ𝜇𝜈

𝜏𝜋 Δ𝛼
𝜇
Δ𝛽
𝜈 𝑢𝜎𝜕𝜎𝜋

𝛼𝛽 +
4

3
𝜋𝜇𝜈 𝜕𝛼𝑢

𝛼 = 𝜋𝑁𝑆
𝜇𝜈
− 𝜋𝜇𝜈

𝛻𝜇 = Δ𝜇𝜈𝜕𝜈 = (𝑔
𝜇𝜈−𝑢𝜇𝑢𝜈)𝜕𝜈



 Israel-Stewart viscous hydrodynamics equations:

 Goals: 

1. To study the effects of initial conditions [pmn (t0)] rel. to Bjorken flow 
Navier-Stoke value.  

2. To explore the effects of a transport coefficient [tp ].

 We are changing one parameter at a time while keeping the others to 
their default values:

3+1D Viscous Hydrodynamics 

5

𝜏𝜋 Δ𝛼
𝜇
Δ𝛽
𝜈 𝑢𝜎𝜕𝜎𝜋

𝛼𝛽 +
4

3
𝜋𝜇𝜈 𝜕𝛼𝑢

𝛼 = 𝜋𝑁𝑆
𝜇𝜈
− 𝜋𝜇𝜈

𝜏𝜋 = 𝑏𝜋
𝜂

휀 + 𝑃
𝜋𝑁𝑆
𝜇𝜈
= 2𝜂

𝛻𝜇𝑢𝜈 + 𝛻𝜈𝑢𝜇

2
−
1

3
Δ𝜇𝜈𝛻𝛼𝑢𝛼 = 2𝜂𝜎

𝜇𝜈

𝑇0
𝜇𝜈
= 휀𝑢𝜇𝑢𝜈 − 𝑃Δ𝜇𝜈

𝜏𝜋 = 5
𝜂

휀 + 𝑃

𝜋𝜇𝜈 𝜏0 = 𝑐 × 𝜋𝑁𝑆
𝜇𝜈

𝜋𝜇𝜈 𝜏0 = 0
𝜂

𝑠
=
1

4𝜋

𝛻𝜇 = Δ𝜇𝜈𝜕𝜈 = (𝑔
𝜇𝜈−𝑢𝜇𝑢𝜈)𝜕𝜈



 Our choice of temperature dependent shear viscosity over entropy:

 Goals: 

3. To explore the consequences introducing a linear h/s(T) in the QGP phase: 
does the slope change flow coefficients?

4. To explore the consequences introducing quadratic h/s(T) in the QGP phase: 
does the shape affect the anisotropic flow?

 Keep all other initial and freeze-out conditions set by MC-Glauber model 
[see Schenke, Jeon, and Gale, Phys. Rev. C 85, 024901 (2012)].

3+1D Viscous Hydrodynamics 
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𝜏𝜋 = 5
𝜂

휀 + 𝑃

𝜋𝜇𝜈 𝜏0 = 0
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Limited sensitivity of hadronic observables
 Hadronic observables at RHIC: modest sensitivity to non-eq. init. cond. 

[pmn(t0)] and to departures from equilibrium in the evolution via tp.

20-40% 20-40%
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Limited sensitivity of hadronic observables
 Hadronic observables at RHIC: modest sensitivity to non-eq. init. cond. 

[pmn(t0)] and to departures from equilibrium in the evolution via tp.

20-40%

x=y=2.625fm, z=0;
in fluid rest frame

𝜂

𝑠
=
1

4𝜋

𝜏𝜋 = 5
𝜂

휀 + 𝑃
20-40%

x=y=2.625fm, z=0;
in fluid rest frame 

𝜂

𝑠
=
1

4𝜋

𝜋𝜇𝜈(𝜏0) = 0

 Reason: Hadrons are emitted at late times => sensitive to conditions on the 
freeze-out surface. Note the size of pmn there. 



9

Limited sensitivity of hadronic observables

 Reason: Hadrons are emitted at late times => sensitive to conditions on the 
freeze-out surface.

 A subtle sensitivity to a temperature dependent h/s in the QGP phase, for 
energies probed by RHIC   

20-40% 20-40%



 Dileptons (and photons) are sensitive to non-equilibrium initial conditions
[pmn(t0)] and to departures from equilibrium in the evolution tp.

 Also, they are directly sensitive to the temperature dependence of the shear 
viscosity, in particular that of the QGP.

Motivation to study dilepton flow

10

 Question: How much are dileptons sensitive to pmn(t0), tp, & h/s(T)?



Viscous corrections: HM rates
 The rate involves (incl. VDM):       

 Self-Energy [Eletsky, et al., Phys. Rev. C, 64, 035202 (2001)]

 Viscous extension to thermal distribution function

 Therefore, the self-energy is

 B2 was computed: G. Vujanovic et al., Phys. Rev. C 89, 034904 (2014)
11

Π𝑉𝑎 = −
𝑚𝑎𝑚𝑉𝑇

𝜋𝑞
 
𝑑3𝑘

2𝜋 3
𝑠
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Israel-Stewart dn
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𝑑4𝑞
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𝐿 𝑀
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𝑅
𝜇
𝜇
𝑛𝐵𝐸 𝑞

0



Viscous Corrections: QGP rates
 Viscous correction to the Born rate in kinetic theory rate

 Going beyond Israel- Stewart form: General form of dist. Function

 G is computed using Boltzmann equation for a gas of massless particles 
with constant cross-section.
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 Flow coefficients

 Two important notes: 

1. Within an event:  vn’s  are a yield weighted average of the different 
sources (e.g. HM, QGP, …).

2. Averaging over events: the flow coefficients (vn) are computed 

Anisotropic Flow
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- To describe the flow of dileptons we 
use the usual Fourier decomposition, 
i.e. flow coefficients vn (per event):

x

z

𝑣𝑛 𝐸𝑃 ≃
𝑣𝑛
𝛾∗
𝑣𝑛
ℎcos 𝑛 Ψ𝑛

𝛾∗
−Ψ𝑛
ℎ

𝑣𝑛
ℎ 2
1/2

𝑑𝑁

𝑑𝑀𝑝𝑇𝑑𝑝𝑇𝑑𝜙𝑑𝑦
=
1

2𝜋

𝑑𝑁

𝑑𝑀𝑝𝑇𝑑𝑝𝑇𝑑𝑦
1 + 

𝑛=1

∞

2𝑣𝑛 cos 𝑛𝜙 − 𝑛Ψ𝑛
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Effects of a non-zero initial pmn

𝜋𝜇𝜈 𝜏0 = 𝑐 2𝜂𝜎
𝜇𝜈 ; 𝑐 = 0,

1

2
, 1; 𝜎𝜇𝜈 =

𝛻𝜇𝑢𝜈 + 𝛻𝜈𝑢𝜇

2
−
1

3
Δ𝜇𝜈𝛻𝛼𝑢𝛼

 ↑ 𝑖𝑛𝑖𝑡. 𝜋𝜇𝜈 𝑒𝑠𝑝. 𝜋𝑧𝑧 ⇒ 𝑛𝑜𝑛 − 𝑙𝑖𝑛. 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔: ↑ 𝑟𝑎𝑡𝑒 𝑃𝐿 → 𝑃𝑇 ⇒ ↑ 𝑣2 𝑓𝑜𝑟 𝑄𝐺𝑃

 𝐴𝑓𝑓𝑒𝑐𝑡𝑠 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑡ℎ𝑒 𝑚𝑜𝑠𝑡 𝑎𝑡 𝜏 <∼ 1 𝑓𝑚/𝑐 ⇒
𝑙𝑎𝑟𝑔𝑒𝑠𝑡 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑛 𝑄𝐺𝑃.

20-40%

20-40%

x=y=2.625fm, z=0;
in fluid rest frame

𝜂

𝑠
=
1

4𝜋

𝜏𝜋 = 5
𝜂

휀 + 𝑃



 ↑ 𝑣2 𝐻𝑀:

1) 𝐻𝑎𝑑𝑟𝑜𝑛𝑖𝑐 𝑔𝑎𝑠 𝑑𝑖𝑙𝑒𝑝𝑡𝑜𝑛𝑠 𝑎𝑟𝑒 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑒𝑎𝑟𝑙𝑦 𝑡𝑖𝑚𝑒𝑠 𝜏~1 𝑓𝑚/𝑐

2) 𝑀𝑜𝑟𝑒 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 → 𝑓𝑙𝑜𝑤 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦

 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 𝑖𝑛 𝜋𝜇𝜈 𝜏 , 𝑜𝑤𝑖𝑛𝑔 𝑡𝑜 𝜋𝜇𝜈 𝜏0 , 𝑎𝑟𝑒 𝑤𝑎𝑠ℎ𝑒𝑑 𝑎𝑤𝑎𝑦 𝑎𝑡 𝑙𝑎𝑡𝑒 𝑡𝑖𝑚𝑒𝑠
⇒ 𝑠𝑖𝑚𝑖𝑙𝑎𝑟 𝑣2

𝑐ℎ.
15
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𝜂

휀 + 𝑃

20-40%

20-40%

x=y=2.625fm, z=0;
in fluid rest frame

𝜂

𝑠
=
1

4𝜋

𝜏𝜋 = 5
𝜂

휀 + 𝑃

Effects of a non-zero initial pmn

𝜋𝜇𝜈 𝜏0 = 𝑐 2𝜂𝜎
𝜇𝜈 ; 𝑐 = 0,

1

2
, 1; 𝜎𝜇𝜈 =

𝛻𝜇𝑢𝜈 + 𝛻𝜈𝑢𝜇

2
−
1

3
Δ𝜇𝜈𝛻𝛼𝑢𝛼
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 𝜏𝜋: 𝑔𝑜𝑣. 𝑡ℎ𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝜋
𝜇𝜈 𝜏 → 𝜋𝑁𝑆

𝜇𝜈
.

 𝐺𝑖𝑣𝑒𝑛 𝐼𝐶 𝜋𝜇𝜈 𝜏0 = 0; 𝑎𝑡 𝑒𝑎𝑟𝑙𝑦 𝑡𝑖𝑚𝑒𝑠: ↑ 𝜏𝜋 𝑠𝑙𝑜𝑤𝑠 𝑑𝑜𝑤𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒

𝑟𝑎𝑡𝑒 𝑜𝑓 𝜋𝜇𝜈 → 𝜋𝑁𝑆
𝜇𝜈
⇔ 𝑇𝜇𝜈 𝜏 → 𝑇𝑖𝑑𝑒𝑎𝑙

𝜇𝜈
𝜏

 𝑄𝐺𝑃 ⇒ 𝑣2 ↑ 𝑎𝑠 𝑚𝑒𝑑𝑖𝑢𝑚 𝑚𝑜𝑟𝑒 𝑖𝑑𝑒𝑎𝑙.

𝜏𝜋 = 𝑏𝜋
𝜂

𝜀+𝑃
𝑤𝑖𝑡ℎ 𝑏𝜋 = 5,10, 20𝜏𝜋 Δ𝛼

𝜇
Δ𝛽
𝜈 𝑢𝜎𝜕𝜎𝜋

𝛼𝛽 +
4

3
𝜋𝜇𝜈 𝜕𝛼𝑢

𝛼 = 𝜋𝑁𝑆
𝜇𝜈
− 𝜋𝜇𝜈

20-40%

20-40%

x=y=2.625fm, z=0;
in fluid rest frame 

𝜂

𝑠
=
1

4𝜋

𝜋𝜇𝜈(𝜏0) = 0

Effects of relaxation time tp



 𝐻𝑀 ⇒ 𝑣2 ↓ 𝑎𝑠 𝑚𝑒𝑑𝑖𝑢𝑚 𝑚𝑜𝑟𝑒 𝑣𝑖𝑠𝑐. ; 𝑖. 𝑒. 𝜋
𝜇𝜈 𝜏 ↑ 𝑎𝑡 𝑙𝑎𝑡𝑒 𝜏.

 𝐷𝑖𝑙𝑒𝑝𝑡𝑜𝑛 𝑣2 𝑖𝑠 𝑢𝑛𝑙𝑖𝑘𝑒 ℎ𝑎𝑑𝑟𝑜𝑛𝑖𝑐 𝑣2 𝑠𝑖𝑛𝑐𝑒 𝑖𝑡 𝑖𝑠 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒
𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ℎ𝑖𝑠𝑡𝑜𝑟𝑦 ⇒ 𝑠𝑚𝑎𝑙𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 𝑎𝑟𝑒 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑣𝑒𝑟 𝑡𝑖𝑚𝑒.

 𝑆𝑚𝑎𝑙𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑣2(𝑀) 𝑖𝑠 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑓𝑜𝑟 𝑣2(𝑝𝑇, 𝑀 = 𝑐𝑜𝑛𝑠𝑡. )
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20-40%

x=y=2.625fm, z=0;
in fluid rest frame 

𝜂

𝑠
=
1

4𝜋

𝜋𝜇𝜈(𝜏0) = 0

𝜋𝜇𝜈 𝜏0 = 0

𝜂

𝑠
=
1

4𝜋
20-40%

Effects of relaxation time tp

𝜏𝜋 = 𝑏𝜋
𝜂

𝜀+𝑃
𝑤𝑖𝑡ℎ 𝑏𝜋 = 5,10, 20𝜏𝜋 Δ𝛼

𝜇
Δ𝛽
𝜈 𝑢𝜎𝜕𝜎𝜋

𝛼𝛽 +
4

3
𝜋𝜇𝜈 𝜕𝛼𝑢

𝛼 = 𝜋𝑁𝑆
𝜇𝜈
− 𝜋𝜇𝜈
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𝜋𝜇𝜈 𝜏0 = 0

20-40%

Effects of h/s(T) in the QGP 

𝜏𝜋 = 5
𝜂

휀 + 𝑃

 𝑄𝐺𝑃 𝑏𝑒ℎ𝑎𝑣𝑒𝑠 𝑎𝑠 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

 𝑈𝑛𝑒𝑥𝑝𝑒𝑐𝑒𝑑 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟 𝑓𝑜𝑟 𝐻𝑀

 𝐶𝑎𝑛 𝑤𝑒 𝑢𝑛𝑑𝑒𝑟𝑠𝑡𝑎𝑛𝑑 𝑡ℎ𝑖𝑠 𝑜𝑟𝑑𝑒𝑟𝑖𝑛𝑔?
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Effects of h/s(T) in the QGP 

 𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑄𝐶𝐷 𝐸𝑂𝑆 ⇒ 𝑣2 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑠 𝑚𝑜𝑠𝑡𝑙𝑦
𝑎𝑟𝑜𝑢𝑛𝑑 𝑡ℎ𝑒 𝑟𝑎𝑝𝑖𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑑𝑜𝑓.

 𝑇 > 0.25 𝐺𝑒𝑉: ↑ 𝑄𝐺𝑃
𝜂

𝑠

⇒ ↓ 𝑐𝑜𝑜𝑙 𝑟𝑎𝑡𝑒: ↑ 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑎𝑑𝑗. 𝑙𝑎𝑦𝑒𝑟𝑠
& ↑ 𝑒𝑛𝑡𝑟𝑜𝑝𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ⇒ ℎ𝑒𝑎𝑡𝑠 𝑠𝑦𝑠.
⇒ ↓ 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑓𝑙𝑜𝑤 𝑏𝑢𝑖𝑙𝑑𝑢𝑝

P. Huovinen and P. Petreczky, Nucl. Phys. A 837, 26 (2010).

∀ 𝑐𝑒𝑙𝑙𝑠 𝑇 > 𝑇𝑓𝑜
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Effects of h/s(T) in the QGP 

 𝑇ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒 ↓ 𝑣2 𝑄𝐺𝑃.

 𝐶𝑜𝑛𝑓𝑖𝑟𝑚𝑖𝑛𝑔 𝑜𝑢𝑟 𝑐𝑙𝑎𝑖𝑚: 𝑡ℎ𝑒
𝑚𝑜𝑚𝑒𝑚𝑡𝑢𝑛 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 (𝑗𝑢𝑠𝑡 𝑓𝑜𝑟 𝑄𝐺𝑃)

 𝑇ℎ𝑒 𝑜𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝑜𝑓 𝑣2 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 𝑎𝑠
𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑.

𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝑄𝐺𝑃

𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝑄𝐺𝑃
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 𝑇 < 0.25 𝐺𝑒𝑉 ∶ 𝑚𝑒𝑑𝑖𝑢𝑚 𝑤𝑖𝑡ℎ ↑ 𝑇
⇒ ↑ 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒, 𝑝𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑒𝑣𝑒𝑛 𝑎𝑡
𝑙𝑎𝑡𝑒 𝑡𝑖𝑚𝑒𝑠.
⇒ ↑ 𝑑𝑒𝑣. 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑓𝑙𝑜𝑤
⇒ 𝐻𝑀 𝑣2 𝑠ℎ𝑜𝑢𝑙𝑑 ↑

Effects of h/s(T) in the QGP 

∀ 𝑐𝑒𝑙𝑙𝑠 𝑇 > 𝑇𝑓𝑜
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 𝐶𝑜𝑛𝑓𝑖𝑟𝑚𝑖𝑛𝑔 𝑜𝑢𝑟 𝑐𝑙𝑎𝑖𝑚 ∶ 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚
𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 𝑗𝑢𝑠𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐻𝑀

 𝑇ℎ𝑒 𝑜𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝑜𝑓 𝑣2 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 𝑎𝑠
𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑.

Effects of h/s(T) in the QGP 

∀ 𝑐𝑒𝑙𝑙𝑠 𝑇 > 𝑇𝑓𝑜

𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝐻𝑀

𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝐻𝑀
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 𝐶𝑜𝑛𝑓𝑖𝑟𝑚𝑒𝑑: 𝑣2 ↑ 𝐻𝑀 𝑎𝑛𝑑 ↓ 𝑄𝐺𝑃

 𝑈𝑛𝑙𝑖𝑘𝑒 𝑐ℎ. ℎ𝑎𝑑𝑟𝑜𝑛𝑠, 𝑑𝑖𝑙𝑒𝑝𝑡𝑜𝑛𝑠
𝑝𝑖𝑐𝑘𝑢𝑝 𝑎𝑛𝑖𝑠𝑜. 𝑓𝑙𝑜𝑤 𝑓𝑟𝑜𝑚 ∀ 𝑇, 𝑖𝑛𝑐𝑙. ~𝑇𝑐

 ⇒ 𝐷𝑖𝑙𝑒𝑝𝑡𝑜𝑛𝑠 𝑐𝑎𝑛 𝑝𝑟𝑜𝑏𝑒
𝜂

𝑠
𝑎𝑟𝑜𝑢𝑛𝑑 𝑇𝐶

𝜋𝜇𝜈 𝜏0 = 0

20-40%

𝜏𝜋 = 5
𝜂

휀 + 𝑃

Effects of h/s(T) in the QGP 

𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝑄𝐺𝑃

𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝐻𝑀
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Higher flow harmonics

20-40%

20-40%

20-40%

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

 Higher flow harmonics are affected 
by pmn(t0), tp, & h/s(T). 

 Higher flow harmonics, at the current 
M, are rather large, which is 
encouraging from an experimental 
stand point. 
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20-40%

20-40%

20-40%

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

Higher flow harmonics

 Higher flow harmonics are affected 
by pmn(t0), tp, & h/s(T). 

 Higher flow harmonics, at the current 
M, are rather large, which is 
encouraging from an experimental 
stand point. 
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20-40%

20-40%

20-40%

 Photon-like behaviour

 Dileptons provide a unique 
opportunity to exp’t constrain 
pmn(t0), tp, & h/s(T)… what about 
quadratic h/s(T)?

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

Higher flow harmonics
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 Difficult to distinguish between 
linear and quadratic h/s(T) at low 
M. 

 For v2 shape is similar and only 
normalization changes. 

 For v3 and v4, vice versa => What 
about higher M?

Higher flow harmonics for quadratic h/s(T)

20-40%

20-40%

20-40%

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌
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Can we distinguish lin. vs quad. QGP h/s(T)?

 The shape in v2 is noticeably 
different though normalization (i.e. 
signal) is much smaller. 

 More studies are needed to optimize 
the magnitude of signal and effect; 
those are currently underway, so stay 
tuned!  20-40%

20-40%

𝑀 = 1.5 𝐺𝑒𝑉

Combined
𝑀 = 1.5 𝐺𝑒𝑉

𝑀 = 1.5 𝐺𝑒𝑉

20-40%
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Bottom line 

20-40%

𝑀 = 𝑚𝜌

 Dileptons & hadronic observables 
together can reduce degeneracy in 
“free” hydrodynamic parameters. 

20-40%

𝑀 = 𝑚𝜌

20-40%

𝑀 = 𝑚𝜌

𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝜂/𝑠(𝑇)



Conclusions & Outlook

30

Conclusion:

 Dileptons provide us with a new handle on : 

1. medium’s departure from equilibrium (initial pmn) early on, 

2. the medium’s capacity to relax towards Navier-Stokes (tp), &

3. the temperature dependent h/s in the QGP phase & around Tc.  

 Experimental measurements of dilepton’s higher flow harmonics  
present a new opportunity to tightly constrain these parameters.

 As hadronic observables (at RHIC) are almost insensitive to these 
parameters, electromagnetic probes play a more central role in both our 
understanding of QCD’s out-of-equilibrium properties, and possible 
extraction of transport coefficients.  

Outlook:

 The inclusion of open charm hadrons is currently in progress.

 Making predictions for: LHC, S-PHENIX, STAR’s m± telescope detector

 Improving the HM rates (w/ R. Rapp), QGP rates (w/ M. Laine) 



Thank you

31
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Momentum anisotropy near freeze-out: Tfo±5 MeV 
𝐽𝑢𝑠𝑡 𝑓𝑜𝑟 𝐻𝑀 𝑇 = Tfo ± 5MeV
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Higher flow harmonics for quadratic h/s(T)

20-40%

20-40%

20-40%

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌

𝑀 = 𝑚𝜌



G(k0/T)
 Viscous correction to the Born rate in kinetic theory rate
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𝑑4𝑅

𝑑4𝑞
=  
𝑑3𝑘1
2𝜋 3
𝑑3𝑘2
2𝜋 3
𝑛𝐹𝐷(  𝑢 ⋅ 𝑘1 𝑇)𝑛𝐹𝐷(  𝑢 ⋅ 𝑘2 𝑇)𝜎𝑣12𝛿

4(𝑞 − 𝑘1 − 𝑘2)

𝑑4𝑅

𝑑4𝑞
=
𝑑4𝑅𝑖𝑑𝑒𝑎𝑙
𝑑4𝑞

+
𝑑4𝛿𝑅

𝑑4𝑞
;
𝑑4𝛿𝑅

𝑑4𝑞
= 𝑏2 𝑞

0, 𝑞
𝑞𝜇𝑞𝜈𝜋𝜇𝜈

2𝑇2 𝜖 + 𝑃



Dilepton higher flow harmonics: Effect of pmn
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20-40%

20-40%

20-40%

 Higher sensitivity of higher flow 
harmonics to pmn(t0), tp, & h/s(T).

Expected as any viscous effect 
will mostly affect smaller
anisotropies.  

 Only v2(M) and possibly v3(M) 
could be measured in the near 
future.



Dilepton higher flow harmonics: Effect of tp
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20-40%

20-40%

20-40%

 Higher sensitivity of higher flow 
harmonics to pmn(t0), tp, & h/s(T).

Expected as any viscous effect 
will mostly affect smaller
anisotropies.  

 Only v2(M) and possibly v3(M) 
could be measured in the near 
future.



Dilepton higher flow harmonics: Effect of h/s(T)
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20-40%

20-40%

20-40%

 Higher sensitivity of higher flow 
harmonics to pmn(t0), tp, & h/s(T).

Expected as any viscous effect 
will mostly affect smaller
anisotropies.  

 Only v2(M) and possibly v3(M) 
could be measured in the near 
future.
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Effects of quadratic h/s(T) in the QGP 

20-40%20-40%

20-40%  Higher sensitivity of higher flow 
harmonics to pmn(t0), tp, & h/s(T).

Expected as any viscous effect 
will mostly affect smaller
anisotropies.  

 Only v2(M) and possibly v3(M) 
could be measured in the near 
future.
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Effects on pion yield

20-40%20-40%

20-40% 20-40%
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Photon higher flow harmonics: tp and init. pmn

20-40%

20-40%

20-40%

20-40%

Photons: Jean-François Paquet
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More on yield and v2 vs pT

20-40%

20-40%

20-40%

20-40%
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Effects on dilepton yield
20-40%20-40%

20-40% 20-40%

[G
e

V
-1

]

[G
e

V
-1

]



Born, HTL, and Lattice QCD

43

Ding et al., PRD 83 034504 



Viscous corrections to HM rates
 Two modifications are plausible:                                   

 Self-Energy

44

;

;
𝑛𝑎 𝑘

0 → 𝑛𝑎(𝑘
0) 1 + 𝐶𝑎 1 ± 𝑛𝑎(𝑘

0)
𝑘𝜇𝑘𝜈𝜋𝜇𝜈

2𝑇2(휀 + 𝑃)
𝛿Π𝑉𝑎 = 𝐶𝑎𝐵2(𝑞

0, 𝑞)
𝑞𝜇𝑞𝜈𝜋𝜇𝜈

2𝑇2(휀 + 𝑃)

Π𝑉𝑎 = −
𝑚𝑎𝑚𝑉𝑇

𝜋𝑞
 
𝑑3𝑘

2𝜋 3
𝑠

𝑘0
𝑓𝑉𝑎 𝑠 𝑛𝑎(𝑘

0) Π𝑉𝑎
𝑇𝑜𝑡𝑎𝑙 = Π𝑉𝑎

𝐼𝑑𝑒𝑎𝑙 + 𝛿Π𝑉𝑎
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Some aspects of dilepton

production in HIC

Qun Wang 

University of Science and Technology of China (USTC)

Thermal Photons and Dileptons in Heavy-Ion Collisions, Aug. 20-22, 

2014, RIKEN-BNL research Center



Outline

1. Many body effective theory + hydro simulation

2. 𝑻𝒆𝒇𝒇 as probe to EOS of dense matter

3. Hydro-Langevin simulation for open charm contribution 

4. Comparison with STAR di-electron data

5. Collective flow from Event-by-Event simulation

6. Summary and conclusion

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Introduction

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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q

l

l

q meson

meson

γρ
l

l



Dilepton invariant mass spectra

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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1. Electromagnetic probe to hot/dense 

medium

2. Chiral symmetry restoration?

3. Space-time evolution of fireball

4. Drell-Yan,Charmonium, open charm,q-qbar

in QGP, Pion-pion in HG via vector mesons, 

Dalitz decays, 4-pion, ……

McLerran & Toimela, 1985

Weldon, 1990

Gale & Kapusta, 1991

Rapp & Wambach, 1997
From A. Drees



Strategy

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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• Dilepton production in Au+Au collisions at 200 GeV in IMR. QGP 

phase: 𝑞 𝑞 annihilation; Hadron phase (many body EFT): 𝐷𝜌 with 

vertices ρπX (X: all mesons below 1300 GeV), and vertices of ρNN* and 

ρNΔ* (N* and Δ*: baryon resonances); 𝐷𝜔 with vertices ωρπ, ω3π; and 

𝐷𝜙 with vertices ϕ𝐾 𝐾. 

• Space-time evolution of medium is described by a 2+1 ideal hydro 

model.

• In-medium T-matrix and Hydro-Langevin simulation to model open 

charm contribution.

• Collective flow from Event-by-Event simulation.



Vector Meson Dominance Model (VDM)

 VDM (Kroll, Lee, Zumino, 67’). The Lagrangian for 𝜌𝜋𝛾𝑒 system:

 EOM for EM field

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Dilepton emission rate (1)

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Photon

selfenery

(VDM + quark)

Imaginary part 

of Retarded 

propagator of 

rho meson

𝒖 : fluid velocity 

𝑻 : temperature 

Π𝛾 and 𝒏𝑩 depend 

on space-time 
via u and T 

γ



Dilepton emission rate (2)

• Freezeout (FO) dilepton rate is related to FO vector meson rate. Most 

of ρ mesons decay inside medium. But most of ω and 𝝓 meson 

decays take place after FO due to their long life time. 

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Freezeout

hypersurface

In-vacuum 

vector meson   

propagator 

Freezeout

Emission rate of 

vector meson



Rho self energy (1)

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

9

π

ρ

Meson Contribution

X = π, ω, h1(1170)

a1(1260), π’(1300)

X

ρ ρ

K

K’(1270)

ρ

Chanfray,Schuck, NPA555,329(1993); 

Herrmann,Friman,Noerenberg, NPA560(1993);

Gale,Lichard, PRD 49,3338(1994);

Rapp,Gale, PRC 60,024903(1999);

ω ω

ρ

π π

ω ωπ

π

φ φ

K

K-bar

Baryon Contribution:

N(1700), N(1720), N(1900) 

N(2000), N(2080), N(2090) 

N(2100), N(2190),  

Δ(1700), Δ(1900), Δ(1905), 

Δ(1940), Δ(2000)

N

ρ
ρ

N*, Δ*

Eletsky, Belkacem, 

Ellis, Kapusta, 

PRC 64, 035202(2001);

Eletsky, Kapusta,

PRC 59, 2757(1999)



Rho self energy (2): Re and Im from mesons

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Rapp & Gale, PRC 60,024903(1999)

H.J.Xu, H.F.Chen, X.Dong, QW, Y.F. Zhang, PRC85, 024906(2012)



Rho self energy (3): 
Im 𝑫𝝆 w/o NN*+NΔ* contribution

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

11

The imaginary parts of the in-

medium ρ meson propagators 

(or in-medium spectral 

functions) with (thick lines) 

and without (thin lines) 

baryonic contributions. The 

chemical potentials in the 

PCE EOS are used. 

The imaginary part of the 

porpagator is sensitive to 

temperature, but insensitive 

to its momentum.

H.J.Xu, H.F.Chen, X.Dong, QW, Y.F. Zhang, PRC85, 024906(2012)



Im of 𝝎 and 𝝓 propagator

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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H.J.Xu, H.F.Chen, X.Dong, QW, Y.F. Zhang, PRC85, 024906(2012)



Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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𝑻𝒆𝒇𝒇 as probe to 

EOS of dense matter



Effective temperature 

for hadrons and dileptons

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

14

The transition tregion may signal a transition 

from a hadronic source to a partonic source 
NA60, PRL100, 022302(2008);  EPJC59, 607(2009)



Transverse flow: slope parameter

transverse

fluid velocity

azimuthal angle 

of fluid velocity

slope parameter

spectra in 

transverse 

momentum and 

invariant mass

differential rate

space-time integral

15

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

Doppler effect



Dense or hot QCD matter EOS

Bernard et al,  (MILC) PRD 75 (07) 094505,  
Cheng et al, (RBC-Bielefeld) PRD 77, 014511(2008);  

Bazavov et al,  (HotQCD), Phys.Rev.D80, 014504(2009). 

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Four equations of state (EOS)

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

17

Massless ideal QGP

Resonance Hadron gas 
[Braun-Munzinger, Redlich, 
Stachel, nucl-th/0304013]



Slope parameter: pt and EOS dependence

pt dependence EOS dependence

m_T=2.5 GeV

18

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

J.Deng, QW, N.Xu, P.F. Zhuang, 

PLB701,581(2010) 



Slope parameter: parameter dependence

Parameter dependences of the slope parameter with the lattice EOS. 

Left panel: the initial time for the hydrodynamic evolution 

τ0= 0.2; 0.6 fm/c. Right panel: the phase transition temperature 

Tc = 180, 150 MeV. m_T=2.5 GeV. 

m_T=2.5 GeV m_T=2.5 GeV

J.Deng, QW, 

N.Xu, P.F. Zhuang, 

PLB701,581(2010) 

19

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC



Open charm in medium and 

comparison to STAR 

dilepton data 

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

20



 Fokker-Planck equation describes the momentum diffusion of a 

heavy quark in medium (Brownian motion)

where 

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

21

Svetitsky, 

PRD37, 2484(1988) 

Charm quarks in medium: 

Fokker-Planck-Langevin equation

Scatterings of charm quarks by medium partons: 

Q (p) + (u,d,s,g) (q) → Q (p’) + (u,d,s,g)’ (q’) 
𝑓(𝑥,𝑝): distribution of 

thermal partons
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Scatterings of charm quark by thermal partons: 

in-medium T-matrix 

 Non-perturbative resonance scatterings of heavy quarks by thermal 
partons (u,d,s,g)

 BS equation → reduce scheme and relativistic correction

 In-medium T-matrix equation for non-perturbative potential inspired 
by LQCD

van Hees, Mannarelli, Greco, Rapp, PRL100,192301(‘08); 

Riek, Rapp, PRC82,035201('10); 

Huggins, Rapp, NPA896,24('12).

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC
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Charm quarks in medium: Fokker-Planck-

Langevin equation 

 Langevin equation describes the phase space change of a heavy 

quark in medium (test particle method)

where

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

23
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d dt
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Hydyo-Langevin simulation

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

24

PHYTHIA:  𝒑𝒑 → initial heavy quarks

HYDRO (2+1)D:  𝐓 𝒙𝒊 , 𝒖𝝁 𝒙𝒊 → 𝜞,𝑫

Langevin equation:  
(𝒙𝒊, 𝒑𝒊) → (𝒙𝒊+𝟏, 𝒑𝒊+𝟏) LRF of fluid cell

→ (𝒙𝒊+𝟏, 𝒑𝒊+𝟏) Lab frame

If  𝐓 𝒙𝒊+𝟏 < 𝑻𝒐𝒖𝒕 𝒊 → 𝒊 + 𝟏

(𝒙𝒊+𝟏, 𝒑𝒊+𝟏) → PHYTHIA: hadronization + decay

No
Yes



Charm quark relaxation rate

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

25

(a)Charm quark relaxation rates as functions of 3-momenta at different temperatures. 

(b)Charm quark relaxation rates from scatterings by light and strange quarks and gluon. 

(c)The temperature is set to T = 294 MeV. 
[H.J.Xu, X.Dong, L.J.Ruan, QW, Z.B.Xu, Y.F. Zhang, Phys.Rev. C89 (2014) 024905, arXiv:1305.7302]



Di-electrons in pp collisions

The rescaled di-electron cross section from semi-leptonic decays of open charm hadrons in p+p

collisions by PYTHIA with the PHENIX detector acceptance. The data are taken from PHENIX

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

26



Charm quark:  

angular correlation and R_AA spectra

(a) The angular correlation of charm quark pairs in the initial and final states. The different 𝑝𝑇
cutoffs are chosen. The freezeout temperature is set to Tc= 184 MeV.

(b) The nuclear modification factors with Hydro-Langevin evolution for charm quarks in 
partonic medium for two values of 𝑘𝑇 in PYTHIA.

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

27



pt spectra of 𝑫𝟎 and 𝑹𝑨𝑨 of electron from 

open charm

(a) The pT spectra and the nuclear modification factor of D0 mesons.

(b) The nuclear modification factor of electrons from semileptonic decays of charm 

hadrons. The data are taken from PHENIX.

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

28



Di-electrons from open charm: 
pt spectra and 𝑹𝑨𝑨

The pT spectra of di-electrons from semi-leptonic decays of correlated charm hadrons in 
the mass range 1.1 < M < 2.5 GeV. The nuclear modification factor of di-electrons is 
shown in the inset.

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

29

H.J.Xu, X.Dong, L.J.Ruan, QW, 

Z.B.Xu, Y.F. Zhang, 

Phys.Rev. C89 (2014) 024905.



Comparison to STAR data

The invariant mass spectra of di-electrons in comparison with the STAR data in the 
most central (0–10%) Au+Au collisions with the STAR detector acceptance. [STAR 

Collab., Phys.Rev.Lett. 113 (2014) 022301]

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

30

H.J.Xu, X.Dong, 

L.J.Ruan, Q.Wang, 

Z.B.Xu, Y.F. Zhang, 

PRC 89 (2014) 024905.

Other work:

G.Vujanovic, C.Young, 

B.Schenke, R.Rapp, 

S.Jeon, C.Gale, PRC89 

(2014) 034904. 

Charm with medium modification            Comparison: charm w/o medium modification



Anisotropic flow of thermal dilepton: 

Event-by-Event simulation

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

32



Event-by-event initial condition 

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

MC Glauber

MC Glauber, MC-KLN, IP-Glasma, AMPT, URQMD, ...

M. Miller, K. Reygers, et. al. (2007)
T. Hirano, Y. Nara(2009)

33

The event-by-event hydrodynamic simulation:

B.Schenke, S.Jeon, C.Gale, 2010; Z. Qiu, U. Heinz, 2011;  

L. Pang, Q. Wang, X.-N. Wang, 2012; …….



Correlation between different event plane angle

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

The correlation between 

and       becomes stronger from 

higher mass to lower mass.

)(2 M

2

Ψ: EP from charged 

hadrons

φ: EP from leptons

H.J.Xu, L.G.Pang, 

Q.Wang, Phys.Rev.C89,

064902 (2014)

34

average over

thermal dileptons

Bigger fluctuation effects with event plane 

defined by dileptons at specific M



Flow of thermal dileptons: comparison of event planes 

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

35

H.J.Xu, L.G.Pang, 

Q.Wang, to be submitted



Summary

 T_eff of di-lepton can serve as a probe to EOS of the dense 
matter in high energy HIC

Rho meson self-energy from meson resonances below 1300 
MeV and baryon resonances (from ρNN*+ρN(Δ,Δ*) couplings) 
are taken into account

 In-medium and freezeout contributions are identified

Open charm contribution is modeled in Hydro-Langevin
simulation with in-medium T-matrix

Comparison with STAR data is made with good agreement

Collective flow from Event-by-Event simulation

Qun Wang (USTC, China),  Some aspects of dilepton production in HIC

36
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Dileptons in heavy ion collisions

o Penetrating probe of the strongly interacting hot and dense medium

small or negligible final state effects

o ρ broadening per in-medium modification
→ probes chiral aspects of phase transition

o thermal photon radiation via low and intermediate mass dileptons
→ sensitive to the temperature history of the medium

o φ, ω production

o Dileptons within different mass ranges

o Low mass M < 1.1 GeV/c2

→ conversions, neutral meson (Dalitz) decay

→ direct photons

o Intermediate mass 1.1 < M < 3 GeV/c2

→ heavy flavour (cc) semi-leptonic decay

→ QGP thermal radiation

o High mass M > 3 GeV/c2

→ Quarkonium and Drell-Yan process
)

2
mass (GeV/c

1 2 3 4 5

/d
y
d
m

e
e

d
N

ω,ρ
φ

ψJ/

'ψ

 - Dalitzω,η,0π

DD

BB

Drell-Yan

A.Drees, Nucl.Phys.A830(2009)435
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Thermal photon radiation in heavy ion collisions

o Thermal radiation from hadron gas and QGP vs c.m.s energy and centrality
→ accessible with low & intermediate mass dileptons in ALICE

o Spectrum: → temperature T
o Flow (v2, v3) → formation time τ0

→ Advantages of ALICE: low pT lepton tracking and PID (mid-rapidity: e, forward: µ)

→ Current difficulties: very small S/B ratio

o mid-rapidity via electrons: large combinatorics from background electrons
→ not possible with any trigger strategy: abundant low momentum electrons
→ electron from various sources:

photon conversions in materials and various hadronic sources
→ large uncertainties in charm and beauty cross sections measurement

o forward rapidity via dimuons: large contamination of low momentum muons
→ with current muon tracking and triggering

o large combinatorial background in low mass dimuon
o not accessible with the current muon arm

o Spectrum and flow via external photon conversions method (PCM) in ALICE
→ see talk by F. Bock

ALICE
c© | Workshop on “Thermal Photons and Dileptons in Heavy-Ion Collisions” | 20-22 August, 2014 | Hongyan Yang for the ALICE collaboration 2 / 27
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µ+

µ−

e+e−

ALICE experiment

central barrel: |η| < 0.8 forward: −4 < η < −2.5

e± with ITS, TPC, TOF (TRD) µ± with MTR, MCH

→ good impact parameter resolution in central barrel allows suppression of background
electrons

ALICE
c© | Workshop on “Thermal Photons and Dileptons in Heavy-Ion Collisions” | 20-22 August, 2014 | Hongyan Yang for the ALICE collaboration 3 / 27

mailto:hongyan.yang@cern.ch


Dileptons with ALICE

pp @
√
s = 2.76, 7, 8 TeV | p-Pb @

√
sNN = 5.02 TeV | Pb-Pb @

√
sNN = 2.76 TeV



Dielectrons with ALICE central barrel
Inner Tracking System, Time Projection Chamber and Time Of Flight



Electron identification with ITS, TPC and TOF

o Inner Tracking System
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o Electron selection in pp, p-Pb & Pb-Pb
Syst. ITS TPC TOF h-contam.

pp no e incl. h rej. < 1%
p-Pb e incl. e incl. h rej. < 10%

Pb-Pb e incl. e incl. h rej. < 10%

o TOF is efficient from p > 0.3 GeV/c

→ using ITS for electron PID complementarily

o ITS, TPC: pT > 0.2 GeV/c ; TOF: pT > 0.4 GeV/c

[ALICE Collaboration, arXiv:1402.4476]
ALICE
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ALICE central barrel: dielectron measurement

o Signal extraction: like sign, unlike sign and event-mixing approach

R-factor (event mixing) NME
+− /

√
NME

++NME
−−

Background Nbkg (like sign and event mixing) R · 2
√

NSE
++N

SE
−−

Signal N sig (unlike sign) NSE
+− − Nbkg

o Background subtracted signal contains all correlated dielectron pairs

(to be corrected by detector effects)

o remaining photon conversions (small after strict track selection)

o neutral meson (Dalitz) decays π0, η, η′, ρ, ω, φ

o correlated back-to-back cc̄ , bb̄ decays to dielectrons: D, B mesons & quarkonium

o virtual direct photons, Drell-Yan process

o Thermal photon extraction:

o efficiency corrected signal distribution, compared with a hadronic cocktail

→ input: measured π0 (η, φ, J/ψ) or charged pion spectrum, cc̄ , bb̄ cross-sections

→ looking for excess at low mass region (only in pp so far)

ALICE
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Dielectrons in pp collisions at
√
s = 7 TeV vs hadronic cocktail

o pT integrated dielectron mass continuum consistent with cocktail estimation
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o Cocktail calculations
→ using parameterisation of π0, η, φ, J/ψ from
ALICE measurements; (η′, ω, ρ from mT scaling);

→ cc̄ input: cross section = 8.5 mb (PYTHIA)

o Large systematic uncertainties
→ from input spectra

o γ∗ production: Kroll-Wada equation
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← input from K.-W.

o Fit function:

ftotal = (1− r) · fcocktail + r · fγ,direct
(fit parameter r ∝ ratio of direct over inclusive photons)
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Thermal direct photon in pp collisions at
√
s = 7 TeV

o Direct photon extraction
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Fits in various pT bins Fit parameter r = γdirect/γinclusive Direct γ spectrum

o Assumption:
γdirect
γinclusive

=
γ∗direct
γ∗inclusive

⇒ γdirect = r × γinclusive
(γinclusive measured with PCM)

o Comparison to pQCD NLO calculations

⇒ consistent within uncertainties
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Dielectrons in p-Pb collisions at
√
s
NN

= 5.02 TeV

o Dielectron invariant mass continuum
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mass continuum vs cocktail

o Compared with hadronic cocktails → consistency within the uncertainties1

1mainly from the input for cocktail estimation
ALICE
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Dielectrons in p-Pb collisions at
√
s
NN

= 5.02 TeV

o Transverse momentum spectra within various mee intervals: pmin
T = 0.2 GeV/c

mee < 0.14 GeV/c2
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0.14 < mee < 0.75 GeV/c2
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o Compared with hadronic cocktails → consistency seen in all mass ranges

With current uncertainty from cocktail estimation: ⇒ no conclusion can be drawn
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Low mass dielectrons in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o 0-10% central collisions: 0.4 < peT < 3.5 GeV/c & 1.0 < peeT < 2.0 GeV/c
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S/B ratio

S/B : 10−3 ∼ 10−2
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significance

o Limitations in current uncorrected measurements

o Low dielectron pair efficiency: ∼ 10-20% level
→ balance between electron purity in e-ID and detector inefficiency

o Small S/B ratio 10−3 ∼ 10−2 → reduction of combinatorial background
o Limited significance → interplay between S/B ratio and significance
→ precise description of background shape (realistic MC helps)

o Need precise measurement of input to hadronic cocktail calculations
→ neutral mesons and heavy flavour contributions (cc̄ and bb̄ cross sections)
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Low mass dielectrons in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o 20-50% semi-central collisions: 0.4 < peT < 3.5 GeV/c & 1.0 < peeT < 2.0 GeV/c
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significance

o Limitations in current uncorrected measurements

o Low dielectron pair efficiency: ∼ 10-20% level
→ balance between electron purity in e-ID and detector inefficiency

o Small S/B ratio 10−3 ∼ 10−2 → reduction of combinatorial background
o Limited significance → interplay between S/B ratio and significance
→ precise description of background shape (realistic MC helps)

o Need precise measurement of input to hadronic cocktail calculations
→ neutral mesons and heavy flavour contributions (cc̄ and bb̄ cross sections)
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Dielectrons flow in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o System evolution history: early or late thermalisation?
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(formation time τ0 of the QGP)

o Status of ALICE measurement

o Possible for dielectron flow study
→ low momentum electron ID
→ event plane: VZERO (large η gap)

o Non-trivial with small S/B ratio

o 0-10% central collisions
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o Small S/B ratio leads to huge uncertainties in background extracted dielectron v2
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Dielectrons flow in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o System evolution history: early or late thermalisation?

E
d3N

dp
=

1

2π

d2N

pTdpTdy

[
1 +

∞∑
n=1

2vn cos(n∆ϕ)
]

0.0 1.0 2.0 3.0 4.0 5.0 6.0
pT (GeV/c)

0.00

0.04

0.08

0.12

0.16

0.20

v 2(p
T)

1.0 fm/c

0.4 fm/c0.2 fm/c

Au+Au@200 AGeV

0.6fm/c
0.8 fm/c

 Thermal Photons

b = 6 fm

QM
0.5xHM
QM+HM

R. Chatterjee et. al., PRL96, 202302 (2006)

PRC 79, 021901 (2009)

(formation time τ0 of the QGP)

o Status of ALICE measurement

o Possible for dielectron flow study
→ low momentum electron ID
→ event plane: VZERO (large η gap)

o Non-trivial with small S/B ratio

o 20-50% semi-central collisions
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o Small S/B ratio leads to huge uncertainties in background extracted dielectron v2
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Dimuons with ALICE muon arm
Muon Tracking Chambers and Muon Trigger



Low mass dimuons in pp collisions at
√
s = 7 TeV

o Low Mass Dimuon Spectrum: good agreement between signal and MC sources
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o pT differential cross sections of ω and φ
→ accessible

o φ meson → PYTHIA tunes Perugia0 and Perugia11

underestimate the data by about a factor of 2 both

at 2.76 and 7 TeV
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o Thermal photon radiation not accessible
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Dimuons in p-Pb collisions at
√
s
NN

= 5.02 TeV
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o Hadronic cocktail fits

o Asymmetric systems: p-Pb and Pb-p

→ pµµT ≥ 1 GeV/c

→ Fair agreement reached between data and hadronic
cocktail + open HF

o Systematical uncertainties on signal extraction: 7%

o ω and φ production: accessible

o Thermal photon radiation: not accessible
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Low mass dimuons in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o Invariant mass continuum vs hadronic cocktail fits
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60-90%

o Extraction of vector mesons possible

o pµµT ≥ 2 GeV/c

o Large statistical uncertainties: not allowing precise measurement of the
underlying continuum

o statistical uncertainty ∼ 10 - 40%

o Thermal photon radiation: not possible
ALICE
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Future measurements with ALICE

RUN2 after ALICE readout upgrade | RUN3 after ALICE major upgrade



With RUN2: higher statistics and better detector performance

o Sources of improvements expected

o Higher
√
s with higher luminosity and data rate

→ faster TPC: higher data taking rate (upgraded electronics)

o Rare trigger under consideration

→ High multiplicity trigger

→ TRD and EMCAL trigger

o constrain better the contribution from heavy flavour electrons

o Detector completion

→ SPD (ITS first 2 layers) recovery from failed cooling in RUN1

o larger acceptance for electron tracking & identification
o better conversion rejection probability

→ Completed installation of TRD

o larger acceptance in electron tracking and identification
o improves TPC-TOF mis-matching → reduces hadron contamination

⇒ signal, S/B ratio improvements expected
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With RUN3 after major upgrades- after 2019

o Precision measurements of low mass lepton pairs emitted from the QGP

o central barrel: new ITS

o central barrel: GEM-TPC
Standard GEM 
Pitch=140mm 
Hole f=70mm 

o muon arm: MFT + MUON

Muon Spectrometer

MFT

o ALICE major upgrade for RUN3

o ITS: high impact parameter resolution

o GEM-TPC: better electron tracking and
data taking rate

o MFT: displaced muons, removal of
background muons
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With upgraded ITS

o Gains from the upgraded ITS vs current ITS

o tracking based conversion rejection possible → via topology cut

o better impact parameter (DCA) resolution

→ separation of heavy flavour electrons and prompt signals

→ ×2 gain in rejection of electrons from beauty-decay

o lower material budget → higher tracking efficiency at low pT

Low-mass di-electrons: 
First simulation studies 

First look at S/B and significance 
x2 gain in B-rejection with ITS-upgrade (higher tracking efficiency at 
low pt, lower material thickness) 
Expect further gain using tracking-based conversion rejection (large 
impact parameter) 
Separation of prompt and HF signals Æ disentangle the two 

Meeting with LHCC ALICE referees, 12.06.12                                  Andrea Dainese 37 
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Figure 2.51: Efficiency for electrons from charm (magenta) and conversions (blue) as a function of the efficiency
for prompt (primary) electrons, for current ITS (open symbols) and new ITS (full symbols).

been used which is derived by interpolation of existing measurements [41,104–106]. Around mid-
rapidity, a differential cross section dscc/dy = 1.34 mb is used, also taken from interpolation. The
charm yields are scaled by hNcolli= 1625(125) for Pb–Pb collisions at 0–10% (40–60%) centrality.

Thermal radiation

The calculation of thermal radiation is based on a hadronic many-body approach [95] and pertur-
bative emission rates to model thermal dilepton radiation from the hadronic phase and the QGP,
including medium-modified spectral functions and a realistic space-time evolution [99]. This ap-
proach has proven to provide a quantitative description of dilepton data over a wide range of colli-
sion energies [94]. The calculations are performed for the charged particle densities anticipated in
0–10% and 40–60% most central Pb–Pb collisions at

p
sNN= 5.5 TeV, i.e. for hdNch/dhi= 1750

and 248, respectively2.

The resulting dilepton signal distributions in central and semi-central collisions are shown in Figure 2.52.
With the exception of the p0, w and f mass regions, the yield is dominated by the contribution from cor-
related charm decays. Thermal radiation from the hadronic phase dominates over that from QGP in
the low–mass window, giving access to chiral symmetry restoration. In turn, QGP radiation outshines
the hadronic contribution at Mee > 1 GeV/c2, where information on the early temperature can be ex-
tracted. However, in all mass regions an extraction of thermal radiation requires careful subtraction of
the contributions from hadronic decays and, in particular, charm.

2.3.3.3 Combinatorial Background

The measured raw dilepton yield is dominated by combinatorial pairs of electrons and positrons, which
arise from random combinations of tracks from uncorrelated decays, mainly p0–Dalitz, and from con-
versions. This combinatorial background contribution can be estimated by like-sign pair combinations
or pairs from mixed events, and subtracted from the unlike-sign distribution. However, a small signal-

2R. Rapp, private communication

[ITS upgrade Letter of Intent (LoI) and Technical Design Report (TDR) JPG 41 (2014) 087002]
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With upgraded ITS: much better S/B and significance

o Comparison current ITS & new ITS: Pb-Pb collisions at
√
sNN = 5.5 TeV
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Figure 2.53: Signal and background distributions (left), S/B (middle) and significance per event (right) in 0–10%
(upper row) and 40–60% (lower row) Pb–Pb collisions at

p
sNN= 5.5 TeV.

contribution from charm from the inclusive dilepton yield. For the hadronic cocktail we assume a relative
uncertainty of 10%. We note that ALICE has the unique capability to measure p0 and h down to low pT
via conversions [108] and can therefore constrain the uncertainty on the hadronic cocktail by data from
the same experiment.

For the subtraction of the charm contribution a relative systematic uncertainty of 20% is assumed. Also
here we note that the yield of correlated dilepton pairs from charm decays can be well constrained by
inversion of the DCA cuts, which enhances the charm contribution, and by the exclusive measurement
of charmed hadrons at low pT with complementary methods in ALICE.

2.3.3.5 Results

In the following, the results of the physics performance study described before are discussed. Figure 2.54
(left) shows the inclusive e+e� invariant mass spectrum in the 0–10% most central Pb–Pb collisions atp

sNN= 5.5 TeV in Scenario 1, i.e. current ITS and 2.5 ·107 events. No particular DCA cuts are applied
to reject displaced electrons. The same spectrum after subtraction of the hadronic cocktail and the charm
contribution (the ’excess spectrum’) is shown in the right panel of Figure 2.54. The low–mass region
Mee < 1 GeV/c2 is dominated by systematic uncertainties related to the subtraction of the combinatorial
background. In the mass region Mee > 1 GeV/c2, the systematic uncertainties from the charm subtraction
do not allow quantitative analysis of the thermal radiation spectrum.

The DCA resolution of the current ITS allows for some limited suppression of displaced electrons (see
also Figure 2.51). In the left panel of Figure 2.55, the inclusive e+e� in Scenario 1 is shown after ap-
plication of tight DCA cuts. The relative contribution from charm can be suppressed by about a factor 2
(compare to Figure 2.54, left), at the expense of an additional loss in statistics. In the right panel of Fig-
ure 2.55, the corresponding excess spectrum is shown which indicates improved systematic uncertainties
from charm subtraction, but still large errors from combinatorial background and insufficient statistics.

← 0-10%

← 40-60%

mass continuum signal/background significance
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Figure 2.54: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 · 107 events). No tight DCA cuts are applied.

The green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta
boxes indicate systematic errors related to the subtraction of the cocktail and charm contribution.
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Figure 2.55: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 ·107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

Figure 2.56 shows the inclusive e+e� invariant mass spectrum (left panel) and the excess spectrum (right
panel) in 0–10% most central Pb–Pb collisions in Scenario 2 (new ITS, 2.5 ·107 events). Tight DCA cuts
to reject displaced electrons are applied. The enhanced low–pT tracking capability of the new ITS leads
to significantly improved rejection of combinatorial background, and consequently reduced systematic
uncertainties, as compared to the current ITS system (see Figure 2.55). Further reduction of systematic
uncertainties related to charm subtraction is also achieved. However, the statistical limitations of the
measurement would not allow for a quantitative analysis of the thermal dilepton excess.

A key element of the ALICE upgrade strategy is therefore a concept for a continuously operated TPC,

loose DCA cut (not possible)

mass continuum excess
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Figure 2.54: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 · 107 events). No tight DCA cuts are applied.

The green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta
boxes indicate systematic errors related to the subtraction of the cocktail and charm contribution.
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Figure 2.55: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 ·107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

Figure 2.56 shows the inclusive e+e� invariant mass spectrum (left panel) and the excess spectrum (right
panel) in 0–10% most central Pb–Pb collisions in Scenario 2 (new ITS, 2.5 ·107 events). Tight DCA cuts
to reject displaced electrons are applied. The enhanced low–pT tracking capability of the new ITS leads
to significantly improved rejection of combinatorial background, and consequently reduced systematic
uncertainties, as compared to the current ITS system (see Figure 2.55). Further reduction of systematic
uncertainties related to charm subtraction is also achieved. However, the statistical limitations of the
measurement would not allow for a quantitative analysis of the thermal dilepton excess.

A key element of the ALICE upgrade strategy is therefore a concept for a continuously operated TPC,

tight DCA cut (improvement marginal)

mass continuum excess

o New ITS, tight DCA cut
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Figure 2.56: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 2 (new ITS, 2.5 · 107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution .
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Figure 2.57: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 3 (new ITS, 2.5 · 109 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.
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Figure 2.56: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 2 (new ITS, 2.5 · 107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution .
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Figure 2.57: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 3 (new ITS, 2.5 · 109 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

new rate (excess accessible!)

mass continuum excess

o Quantitative access to the excess → with new ITS + high rate + tight DCA cut
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ALICE simulation: pT spectrum in Pb-Pb at
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Figure 2.58: Transverse momentum e+e� excess spectra in 0–10% most central Pb–Pb collisions at
p

sNN=

5.5 TeV in intervals of invariant mass for Scenario 1 (current ITS, 5 · 107 events, left) and Scenario 3 (new ITS,
5 · 109 events, right). Tight DCA cuts are applied. The green boxes show the systematic uncertainties from the
combinatorial background subtraction, the magenta boxes indicate systematic errors related to the subtraction of
the cocktail and charm contribution.

unprecedented precision.

2.4 Jets

The main motivation for measuring jets in heavy-ion collision is to map out the properties of the created
medium via its interaction with hard scattered partons. Hard scatterings (Q2 � (2 GeV/c)2) occur in the
early reaction phase (t ⌧ 1 fm/c), well before the formation of a hot and dense medium and enable in
principle the tomographic study of the medium. The basis of this approach is that the initial production of
hard scattered partons is well defined and also calculable in perturbative QCD, which can be tested in the
vacuum case of jet measurements in proton–proton. In heavy-ion collisions, the medium modification of
hard probes has been first observed at RHIC in single inclusive hadron production and particle correla-
tions, where the particle production in central Au–Au collisions with

p
sNN = 200 GeV at high pT and the

jet-like correlations are significantly suppressed compared to proton–proton (jet quenching) [109, 110].

current rate

current ITS

new rate

new ITS

o 1.1 < Mee < 1.5 GeV/c2
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Figure 2.58: Transverse momentum e+e� excess spectra in 0–10% most central Pb–Pb collisions at
p

sNN=

5.5 TeV in intervals of invariant mass for Scenario 1 (current ITS, 5 · 107 events, left) and Scenario 3 (new ITS,
5 · 109 events, right). Tight DCA cuts are applied. The green boxes show the systematic uncertainties from the
combinatorial background subtraction, the magenta boxes indicate systematic errors related to the subtraction of
the cocktail and charm contribution.

unprecedented precision.

2.4 Jets

The main motivation for measuring jets in heavy-ion collision is to map out the properties of the created
medium via its interaction with hard scattered partons. Hard scatterings (Q2 � (2 GeV/c)2) occur in the
early reaction phase (t ⌧ 1 fm/c), well before the formation of a hot and dense medium and enable in
principle the tomographic study of the medium. The basis of this approach is that the initial production of
hard scattered partons is well defined and also calculable in perturbative QCD, which can be tested in the
vacuum case of jet measurements in proton–proton. In heavy-ion collisions, the medium modification of
hard probes has been first observed at RHIC in single inclusive hadron production and particle correla-
tions, where the particle production in central Au–Au collisions with

p
sNN = 200 GeV at high pT and the

jet-like correlations are significantly suppressed compared to proton–proton (jet quenching) [109, 110].

current rate
current ITS

new rate
new ITS

o With new ITS and new rate

o much smaller stat. and syst. uncertainties
→ dielectron excess accessible in low and intermediate mass
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ALICE simulation: T and v2 extraction in Pb-Pb at 5.5 TeV

o Pb-Pb at
√
sNN = 5.5 TeV: 40-60%

ALICE Upgrade LOI 69
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Figure 2.59: e+e� excess spectra in 40–60% centrality Pb–Pb collisions at
p

sNN= 5.5 TeV in Scenario 1
(left panel) and Scenario 3 (right panel). Tight DCA cuts are applied. The green boxes show the systematic
uncertainties from the combinatorial background subtraction, the magenta boxes indicate systematic errors related
to the subtraction of the cocktail and charm contribution.
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Figure 2.60: Expected absolute statistical uncertainty of the elliptic flow coefficient v2 of the e+e� excess spec-
trum as a function of Mee. Results are shown for Pb–Pb collisions at 40–60% centrality in Scenario 1 (current ITS,
5 ·107 events, left panel) and Scenario 3 (new ITS, 5 ·109 events, right panel). Tight DCA cuts are applied.

In practice several distinct differences of jet tomography to the familiar medical X-ray imaging exist,
which put limitations on the direct, quantitative tomographic interpretation:

– The probed medium itself expands, depending on initial conditions and its hydrodynamic proper-
ties.

– The origin of the probe is only known on average.

– The (partonic) probe cannot be observed as a free particle, hence no direct attenuation can be
defined.

current rate
current ITS

new rate
new ITS

o Stat. uncertainties for e+e− elliptic flow
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p

sNN= 5.5 TeV in Scenario 1
(left panel) and Scenario 3 (right panel). Tight DCA cuts are applied. The green boxes show the systematic
uncertainties from the combinatorial background subtraction, the magenta boxes indicate systematic errors related
to the subtraction of the cocktail and charm contribution.
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In practice several distinct differences of jet tomography to the familiar medical X-ray imaging exist,
which put limitations on the direct, quantitative tomographic interpretation:

– The probed medium itself expands, depending on initial conditions and its hydrodynamic proper-
ties.

– The origin of the probe is only known on average.

– The (partonic) probe cannot be observed as a free particle, hence no direct attenuation can be
defined.

current rate
2.5× 107

new rate
2.5× 109

current ITS new ITS

centrality: 40-60% centrality: 40-60%

significant improvement with new ITS and new rate

o T extraction with fit to mass continuum
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Figure 2.61: Expected relative uncertainty on the extraction of the T parameter from a fit to the invariant mass
excess spectrum in 1.1 <Mee< 1.5 GeV/c2 (see text). The results are shown for Scenarios 1, 2, and 3 with tight
DCA cuts, and for 0–10% and 40–60% event centrality. Error bars show the statistical uncertainties. The green
boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes indi-
cate systematic errors related to the subtraction of the cocktail and charm contribution.

– Several mechanisms of the parton-medium interaction exist, which in practice also can occur in
parallel, e.g. elastic and radiative energy loss.

Thus, the measurement of hard probes and the modified fragmentation process into observable hadrons
provides not only access to the mechanisms of partonic energy loss, it also puts additional and com-
plementary constraints on the hydrodynamic evolution of the system and its initial conditions (see
e.g. [111]). Furthermore, the presence of the underlying event in heavy-ion collisions and its structure
has a direct impact on jet reconstruction and thereby the measured jet observables such as the differ-
ential jet yield, jet shape, longitudinal and transverse fragmentation. These effects need to be carefully
separated from the true medium modification of the parton fragmentation.

The advantage of the ALICE detector in this context is that it provides the measurement of jets with a
minimal bias, in a sense that it allows jet reconstruction and background characterization on the individ-
ual (charged) particle level due to its excellent track separation as well as high and uniform efficiency
from high (> 100 GeV/c) down to low momentum (150 MeV/c). From there on biases can be gradually
introduced to study the evolution of jet observables under different constraints, such as minimum particle
pT , recoil jets off a certain trigger particle type or topology etc.

The proposed upgrade will enable additional, unique contributions of ALICE to the differential study
of medium modification of jet probes via three major techniques: direct reconstruction of jets and jet
structure observables, (identified) particle – jet correlations, (identified) particle – particle correlations. It

much smaller stat. & syst. uncert.

with new ITS and new rate

o current low rate: 2.5× 107 events
o new high rate: 2.5× 109 events
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ALICE simulation: with upgraded ITS + TPC

o Comparison with current TPC rate vs new TPC rate with new ITS

ALICE Simulation ALICE Simulation 
ALICE Simulation ALICE Simulation

TPC current rate TPC new rate
new ITS, B=0.2T new ITS, B=0.2T

[TPC upgrade LoI and TDR: CERN-LHCC-2013-020]
o Comparison of Poisson-sampled spectrum to expected hadronic and medium-induced sources
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With upgraded muon arm: Muon Forward Tracker (MFT)

Muon Spectrometer

[MFT upgrade LoI and TDR]

86 2. Performance Studies for the Muon Forward Tracker
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Figure 2.40: Rejection power as a function of dimuon pT, for signal and background
pairs, due to the combined Muon spectrometer based cuts (left panel) on tracker/trigger
matching and pT, and the MFT based cuts (right panel) single muon �2 and offset.

The impact of the improved uncertainty on the opening angle on the uncertainty1741

on Mµµ, however, crucially depends on the hardness of the two muons involved. For1742

harder muon pairs, in fact, the uncertainty on the opening angle is already negligible1743

with respect to the one on the muons’ momenta (the uncertainty on the momentum1744

increasing with the momentum itself) so that any possible improvement on the mea-1745

surement of the opening angle should not have significant impact on the measure-1746

ment of Mµµ. For softer muon pairs, on the contrary, the uncertainty on the opening1747

angle dominates over the one on the muons’ momenta, so that here we can expect1748

the improvement of the uncertainty on the opening angle to have a sensible effect on1749

the mass resolution.1750

As a result, improvement of the mass resolution, with respect to the current Muon1751

Arm setup, is observed for low mass more than for higher mass resonances, as the1752

average muons’ momenta are softer in the former and harder in the latter case. This1753

is exactly what we obtain from simulations, where a significant improvement is only1754

found for the narrow light resonances ⌘, ! and �, while the same effect turns out to1755

be small for the charmonia states J/ and  0, as we showed in the previous Section.1756

In the left panels of Figure 2.41, we show the normalized mass distributions for1757

the low mass mesons ⌘, ! and � before and after the MUON-MFT match and the1758

introduction of the MFT-based cut on the �2-offset plane, integrated over pT. As one1759

can see, the improvement of the mass resolution is significant for all the resonances†.1760

In order to quantify these observations, we have to perform a fit on the mass1761

distributions. Here, however, the difficulty comes from the fact that the line shapes1762

† We note, however, that the interest on the ⌘! µ+µ� process is rather marginal with respect to
the two-body decays of the ! and � mesons.

o With MFT

o precisely measure the displacement of muons
→ reduces muons from charm and beauty semi-muonic decays

o precise measurement of dimuon opening angles
→ precise determination of 2-body decays of light resonances

o better rejection of background muon contributions to the comb. background

o better mass resolution: matching between MUON tracks and MFT clusters

⇒ expect enhancement of S/B ratio without losing significance
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Low mass dimuons w/o and with MFT

o expected low mass dimuon spectrum, Pb-Pb collisions at
√
sNN = 5.5 TeV

2.7. Low Mass Dimuons in Central Pb–Pb 91

ation and the in-medium modified line shapes of the ⇢ (and !) mesons, the known1851

and well identifiable sources of the hadronic cocktail � for which no in-medium effect1852

is expected � must be identified and subtracted from the superposition of the corre-1853

lated dimuon signals presented in Figure 2.43. This identification will be performed1854

by means of a fit on the mass spectrum; again, systematics uncertainties on the shape1855

and normalization of the subtracted sources must be evaluated and propagated: in1856

the present evaluation, we estimated an overall 10 % systematic uncertainty. This1857

same uncertainty in applied to the subtraction of the open charm contribution.1858

The remaining continuum, presented in Figure 2.45 dressed with the uncertainties1859

coming from the subtraction of the combinatorial background, the hadronic cocktail1860

and the open charm contributions, will be described in terms of the processes pre-1861

dicted by the theoretical models. Eventually, this continuum being corrected for the1862

acceptance and reconstruction efficiency effects, a direct comparison with the theo-1863

retical predictions could be established. The typical uncertainties expected for such1864

a measurement in an upgraded scenario with the MFT are of the order of ⇠ 20% at1865

Mµµ ⇠ 0.5 GeV/c2; without the MFT, the current Muon Arm setup would be hardly1866

able to identify the QGP signatures, the typical uncertainty at Mµµ ⇠ 0.5 GeV/c2 being1867

estimated of the order of ⇠ 70 %.1868
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Figure 2.43: Expected low mass dimuon spectrum, after subtraction of the combinato-
rial background, normalized to an integrated luminosity of 10 nb�1 without (left panel)
and with (right panel) the addition of the MFT to the ALICE Muon Arm.

w/o MFT

→ after comb. background subtraction and normalised to Lint = 10 nb−1
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Low mass dimuons w/o MFT

o Pb-Pb at 5.5 TeV (MC) vs Pb-Pb at 2.76 TeV (data)
92 2. Performance Studies for the Muon Forward Tracker
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Figure 2.44: Comparison between the low mass dimuon measurement expected atp
sNN = 5.5 TeV in a Lint = 10 nb�1 scenario without the MFT, and the observations

from the 2011 Pb-Pb data at 2.76 TeV (the pT > 2 GeV/c cut on the dimuons is imposed
by the 2011 data). Top panels: correlated signal after combinatorial background sub-
traction; bottom panels: ratio between correlated signal and combinatorial background.

2.8 Comparison with other LHC experiments1869

Other LHC experiments have an important program of upgrade [101–104] aiming at1870

improving the experiments to cope with the ultimate luminosity that will be achieved1871

during phases 2 and 3 of the LHC. LHCb experiment has no plan to run in Pb–Pb1872

collisions, indeed the detector is not design to cope with high multiplicity like the one1873

encounter in Pb–Pb.1874

Charmonia will be studied by all three experiments in Pb–Pb collisions, ATLAS1875

mass spectrum

MC data
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Figure 2.44: Comparison between the low mass dimuon measurement expected atp
sNN = 5.5 TeV in a Lint = 10 nb�1 scenario without the MFT, and the observations

from the 2011 Pb-Pb data at 2.76 TeV (the pT > 2 GeV/c cut on the dimuons is imposed
by the 2011 data). Top panels: correlated signal after combinatorial background sub-
traction; bottom panels: ratio between correlated signal and combinatorial background.

2.8 Comparison with other LHC experiments1869

Other LHC experiments have an important program of upgrade [101–104] aiming at1870

improving the experiments to cope with the ultimate luminosity that will be achieved1871

during phases 2 and 3 of the LHC. LHCb experiment has no plan to run in Pb–Pb1872

collisions, indeed the detector is not design to cope with high multiplicity like the one1873

encounter in Pb–Pb.1874

Charmonia will be studied by all three experiments in Pb–Pb collisions, ATLAS1875

signal / background

MC data

o same minimum dimuon momentum: pµµT > 2 GeV/c

o MC and data: after comb. background subtraction

o MC: Pb-Pb at 5.5 TeV, normalised to Lint = 10 nb−1

o data: LHC11h Pb-Pb at 2.76 TeV

o Much improved stat. + syst. uncertainties and improved S/B ratio
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Low mass dimuons w/o and with MFT

o Mass continuum excess in 0-10% central Pb-Pb collisions at
√
sNN = 5.5 TeV

2.8. Comparison with other LHC experiments 93
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Figure 2.45: Expected sensitivity to the measurement of QGP signatures in 0-10 %
central Pb-Pb collisions at

p
sNN = 5.5 TeV in a Lint = 10 nb�1 scenario without (left

panel) and with (right panel) the MFT.

and CMS covering the central rapidities |y| < 2.5. The actual threshold in transverse1876

momentum for the measurement of the charmonia is 6.5 GeV/c for CMS experiment.1877

The CMS experiment foresees to lower the pT threshold for charmonia detection in1878

the range 1.4 < y < 2.4. The ATLAS and CMS measurements will complement the1879

one we are proposing in dimuon channel in the forward region (2.5 < y < 4), but1880

also the one from the central part of ALICE in dielectron (|y| < 0.9).1881

We saw that MFT will make possible the study of heavy-flavours both in single1882

and dimuon with the charm/beauty separation down to very low-pT (pT ⇠ 0 GeV/c1883

for charm and pT ⇠ 1 GeV/c for beauty) in Pb–Pb collisions. The measurement at the1884

lowest pT is crucial in order to extract the total charm and beauty cross section with1885

the lowest systematic uncertainties due to the extrapolation of the measurement to1886

pT= 0 GeV/c. The ALICE physics reach is unique at the LHC as the CMS and ATLAS1887

experiments will access them only at higher pT (⇠ 5� 6 GeV/c).1888

The high luminosity of the LHC combined with the ALICE capability of recording1889

data in minimum bias at high rate will give to ALICE the unique capabilities at LHC to1890

make a high precision measurement of the low mass di-lepton pairs. Neither ATLAS1891

nor CMS will be in a position to go to the very low-pT where the in-medium are1892

predicted.1893

In conclusion, we saw in this Chapter that the ALICE capabilities for detecting1894

muons at forward-rapidity will be enhanced by the presence of the MFT detector, not1895

only by improving the actual measurements done with the Muon spectrometer but1896

also by giving accessible new observables like the charm/beauty separation and the1897

prompt/displaced J/ separation both to the lowest transverse momentum.1898

w/o MFT

(at Mµµ ∼ 0.5 GeV/c2)

∼ 70% uncertainty

with MFT

(at Mµµ ∼ 0.5 GeV/c2)

∼ 20% uncertainty

o same minimum dimuon momentum: pµµT > 1 GeV/c
o after comb. background subtraction, normalised to Lint = 10 nb−1

o after subtraction of hadronic cocktail and heavy flavour (cc̄) contribution
ALICE
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Summary

o ALICE with existing data

o results from pp and p-Pb collisions: in agreement with hadronic cocktail

→ large uncertainties does not allow conclusion → lack of accuracy

o too small S/B in current Pb-Pb data
→ challenging task for thermal photon extraction (work in progress)

o ALICE in RUN2

o higher rate possible: upgrade in TPC electronics

o complete geometrical acceptance of TRD and current ITS (repair)

o rare trigger implementation (in consideration)

⇒ possible improvement in S/B

o ALICE with major upgrades (ITS, TPC and MFT) for RUN3

o thermal photon radiation from QGP with low mass dileptons
as major physics goal of the ALICE upgrade program

⇒ accessing the excess with accuracy in measuring:
pT spectrum and elliptic flow of thermal photons

STAY TUNED!

ALICE
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THANKS FOR YOUR ATTENTION



Thermal Photon Puzzles in Low 
Momentum Region

Based on: YY, arXiv:1312.4434(PRC)

!

Workshop on Thermal Photons and Di-leptons in Heavy Ion Collisions

RIKEN/BNL,Aug. 20-22, 2014

               Yi Yin  
                  BNL/U. Illinois, Chicago



Thanks for staying awake!



Thermal Photon Puzzle

• “Enhanced Photon Production Puzzle”: Photon production measured 
in experiment is larger than the results of hydro. + (HTL)pQCD 
evolution.(See C.Gale’s talk in this morning.)

• “Photon v2 puzzle”: Photons spectrum has large v2 (azimuthal 
anisotropy)

• This talk: thermal photon puzzle in low momentum region. (In this 
talk, low momentum means               )



Outline

• Part I: Conductivity of QGP is extracted based on low momentum 
photon data.

• Part II: low momentum behavior of photon  v2 is remarkable. 
Possible contribution from magnetic field is analyzed. 



Part I: Electrical conductivity of QGP 
from photon production



Photon production in heavy-ion 
collisions

Photon frequency is shifted in the rest frame of fluid.

• Photon produced per volume per time is related to Green’s function 
of QGP:

• Photons are produced during the full evolution of the fireball with 
shifted frequency:

Retarded correlator:

• To study photon spectrum, we need i) theoretical understanding of 
photon rate and ii) hydrodynamic evolution.



Photon and thermal correlators

• Photon production in heavy-ion collisions has been studied by 
evolving (HTL)pQCD photon rate with hydrodynamic simulations. 

• QGP is strongly coupled! pQCD rate may not be applicable for 
photon energy below a few GeV! 

• In low frequency limit, a macroscopic description is possible!

• Determination of correlation functions from microscopic theory is 
challenging.



Soft Photon and conductivity
• The lowest pt in experiment: 0.5 GeV. (PHENIX, 1405.3940 )

• Strongly interacting system has a wider hydrodynamic regime!

• We will use the hydrodynamic approximation to study the lowest pt 
photon data

(SYM vs pQCD, hep-th/
0607237)



Electrical conductivity of QGP

• We write down the rate

• We estimate conductivity at QGP temperature by computing the 
following ratio.

• We evolve the integral with realistic hydrodynamic background.

(NB:          is dimensionless, similar to         . )   

(The realistic hydrodynamic background is from Heinz’ group, available online: 
https://wiki.bnl.gov/TECHQM/index.php/Main_Page )	


From the data

https://wiki.bnl.gov/TECHQM/index.php/Main_Page


Electrical conductivity of QGP

Lattice extraction  
by Bielefeld-BNL 
group(2011) at 

T=1.45Tc

YY,  ArXiv:1312.4434( PRC )

• PHENIX data, different for different centralities. 

• Hydrodynamic background, different for different centralities. 

• The ratio has a weak-dependence on centralities! Conductivity is the 
properties of QGP!



Part II: Photon     puzzle in low 
momentum region



Potential sources to photon 

• Two possible sources to photon anisotropy.	


• anisotropy due to flow	


• anisotropy due to production rate

• Can one distinguish contribution from those two sources?

• In low momentum region, assuming conductivity tensor is isotropic:

• Flow effects is highly suppressed in low momentum region!

v2



Soft Photon       Puzzle

• Photon     tends to approach a positive value in low momentum limit!

• This fact is very hard to be explained by the flow!



Effects of Magnetic Field

• Conductivity tensor is anisotropic in the presence of background 
magnetic field.

• Under Drude approximation

• To estimate         , we recall results as extrapolated from SYM 
theory:

• We also introduce a dimensionless parameter:

• The contribution from magnetic field to photon azimuthal in low 
momentum region can be estimated as

!B⌧rel



Estimating effects from magnetic field

Tak i n g B j o r ken t ime dependen t a nd 
homogeneous B. 

Magnetic field and anomaly will give a sizable 
contribution to photon  anisotropy only if:

• We have estimated the contribution 
from magnetic field to photon 
anisotropy using realistic hydrodynamic 
background for pt=0.5GeV .



Concluding Remark

• “Enhanced photon production puzzle”: might be related to 
uncertainties in photon emission rate.

• “Photon        puzzle” in low momentum region: intriguing! Can not 
be explained by magnetic field if the life time of magnetic field is 
short.

v2

• Electrical conductivity of QGP is extracted from photon data. The 
results is in line with lattice data. 



Dileptons and Photons at Collider Energies     

K. Dusling, C.H. Lee and I. Zahed. 
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Outline 

     

• Motivation 

• Rates,  

• Evolution 

• Experiments  



Na45: 95’ 

Na60:03’ 

Phenix: 07’ 

Star: 13’ 



Formally 

time 

evolution rate 

acceptance 



Rates: Hadrons 

 

 

 

             



Equilibrium averaging 



Hadronic Expansion 



In Diagrams 
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Vector-Axial Mixing:  κ 
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Chiral Limit and zero-mtm pion: 
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Data : 



V (q2)  0 TVV 0

A (q2)  0 T jAjA 0

 e+e- 
 
  Decay 

. 



VA-Mixing explicitly 

Dey, Eletsky, Ioffe 96 



Vector Spectral Function 



2-pion Final state:  



Electric Conductivity:  



Hadronic vs Lattice:   



Flavour Susceptibility: 



in details: 



Flavour Susceptibility: 



Rates 



Rates: 1 Nucleon  

:
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Input at the Photon Point 
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Typical Mixing in  
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T=150 MeV    μb=225 MeV 



Rates: sQGP 



sQGP: 
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Hansson and Zahed 91’   



Electric Conductivity 



sQGP Rates 



Evolution 



Sample hydro evolution  

Faster cooling x higher rates: same 



V2 Flow @ 2.76 TeV 



Dileptons: NA60, Phenix, Star 



NA60 : dN/dη=140   95’ 



Pt Spectra: low 



Pt Spectra: High 



PHENIX  



Beam Energy Scan: STAR 13’ 



Photons: WA90,  PHENIX 



WA98 

 0<qT (GeV) <4   0<qT (GeV)<0.8 



PHENIX 

 RHIC1   RHIC2 



PHENIX extrapolation: γ 

PHENIX: M<<qv 

 1 15% Systematics! 



V2 PHENIX 



Achievements 

1. EM    “OK”* 

2. LxR   “restored” 

3. QGP  “visible” 

4. V2      “low”      

 

 

 

(* π <      < ρ) 
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