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Reminder: Jet-quenching in heavy-ion collisions

• direct photons scale with Nbin

• hadrons are suppressed with respect Nbin scaled p+p
• recoil jet is quenched in dense matter (final state effect)

⇒ jets lose energy in dense colored matter

STAR, Phys Rev Lett 91, 072304

4 < pt,trig < 6 GeV and pt,assoc > 2 GeV

associated
∆ϕ

trigger

Di-hadron correlations

?
Near-side

Away-side
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RAA for π0: medium density

C. Loizides
hep-ph/0608133v2

PHENIX, B. Sahlmüller, QM06

Use RAA to extract medium density:

I. Vitev:           1000 < dNg/dy < 2000
W. Horowitz:   600  < dNg/dy < 1600
C. Loizides:     6      <            < 24 GeV2/fm

Statistical analysis to make optimal use of data
Caveat: RAA folds geometry, energy loss and fragmentation

ˆ q 

I. Vitev

W. Horowitz
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What do we learn from RAA?

~15 GeV

∆E=15 GeV

Energy loss distributions very different for BDMPS and GLV formalisms

But RAA similar!

Renk, Eskola, hep-ph/0610059

Wicks et al, nucl-th/0512076v2

BDMPS formalism
GLV formalism

Need more differential probes …
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QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

L-dependence: azimuthal asymmetry

ρL(2) scaling sets in pT > 5-8 GeV

PHENIX, nucl-ex/0611007

In Plane

Out of 
Plane

Lε

Au+Au 200GeV

0-10%

50-60%

New scaling parameter Lε

Describes RAA vs angle 
down to lower pT

No significant loss for Lε < 2 fm
⇒ Formation time effect? 

V. Pantuev hep-ph/0506095
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L-dependence (cont.) some thoughts

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

STAR, Phys. Rev. Lett. 93 (2004) 252301

• Lε scaling is a geometric
scaling, should be related to 
elliptic flow v2

• ρL(2) scaling (for high pt)
should be related to energy 
loss

Can the onset of different scaling variables in different kinematic regions further 
help to understand the behavior and disentangle the contributions to v2 at high pt ?

Subtracting the flow effect to construct a v2 independent RAA with respect to the reaction-plane ? 



7Jörn Putschke, AGS Users Meeting, BNL (2007)

Di-hadron azimuthal correlations

low pt: 4 < pt,trigger < 6 and pt,assoc > 0.15 GeV high pt : 8 < pt,trigger < 15

increasing p
t,assoc.

Away-side yield is suppressed but 
finite and measurable at high pt,trigger 
and pt,assoc in central Au+Au collisions

Away-side (and near-side) yield is 
enhanced for low pt,assoc in Au+Au
Recoil distribution soft and broad, angular substructure,
Mach cone? (not topic of this talk)

STAR, Phys. Rev. Lett. 95 (2005) 15230
STAR, Phys. Rev. Lett. 97 (2006) 162301
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Di-hadron associated spectra 
low pt STAR, Phys. Rev. Lett. 95 (2005) 15230 high pt STAR, Phys. Rev. Lett. 97 (2006) 162301

Surviving pairs at high pt seems to favor conditions with small energy loss:
tangential (halo) emission, finite probability for no energy loss (energy loss fluctuations) or dilution due to the expanding 
system (T. Renk, Hard Probes 06 and PQM: Dainese, Loizides and Paic)

⇒ limited sensitivity to energy loss in di-hadron fragmentation on the away-side ?
⇒ study near-side modification

Low pt : Strong 
modification of near-side 
and away-side observed

High pt : Near-side 
unmodified, away-side 
suppressed but shape 
unmodified
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Components
− Near-side jet peak

− Near-side ridge

− Away-side (and v2)

3 < pt,trigger < 4 GeV
pt,assoc. > 2 GeV

Au+Au 0-10%
STAR preliminary

New phenomenon in
Au+Au “The ridge”:

• What is it ? 
‘something’ coupling to long flow ?  
Can this quantify E-loss ?

• How to deal with it?
Need to subtract for near-side studies?

associated
∆ϕ

trigger

Di-hadron correlations

Near-side: ∆η−∆φ component picture
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Ridge phenomenology

STAR preliminaryJet+Ridge (∆φ) 
Jet (∆φ)
Jet (∆η)

yi
el

d(
∆φ

,∆
η)

Npart

3 < pt,trigger < 4 GeV and pt,assoc. > 2 GeV

pt,assoc. > 2 GeV

STAR preliminary

∆η window center

yi
el

d(
∆φ

)  
in

 ∆
η

w
in

do
w

Definition of “ridge yield”:

ridge yield := Jet+Ridge(∆φ − Jet(∆η)

• Ridge approx. independent of ∆η

• Jet yield in ∆η and ∆φ independent on 
centrality and comparable to d+Au

• Jet peak symmetric in ∆η and ∆φ for pt,trig > 4 GeV

Ridge

Jet
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Ridge yield in Au+Au
pt,assoc. > 2 GeV

STAR preliminary

Ridge yield persists to highest trigger pt ⇒ correlated to jet production
Ridge only in Au+Au (not present in p+p or d+Au or peripheral Au+Au)
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pt-dependence of “jet”/ridge

• Jet pt-spectra harder and increasing with pt,trig, as expected from jet fragmentation 

• Ridge pt-spectra are ‘bulk-like’ and approx. independent on pt,trig

Jet spectra

Yi
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) Ridge spectra

Yi
el

d 
(p

t,a
ss

oc
 >

 p
t,a

ss
oc

,c
ut

)
pt,assoc,cutpt,assoc,cut

inclusive 

inclusive 

STAR preliminary STAR preliminary
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Subtracting the ridge

Subtraction of ∆η-independent ‘ridge-yield’
recovers centrality-independent jet yield

p+p like (vacuum) fragmentation after energy loss? 

zT = pT,assoc/pT,trig
zT = pT,assoc/pT,trig

STAR preliminary

STAR preliminary

Jet+Ridge Jet in d+Au“Jet” in Au+Au

PHENIX,
C. Zhang, QM06

1

1

STAR, M. Horner, QM06
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What is the ridge?

A. Majumder, 
B. Muller, 
S. Bass

hep-ph/0611135

Proposed explanations so far:
• Radiated gluons, broadened by

– Longitudinal flow, Armesto et al, PRL 93 (2004)

– QCD magnetic fields, Majumder et al, hep-ph/0611035

– Anisotropic plasma, P. Romantschke, PRC,75014901 (2007)

• Medium heating + recombination
Chiu & Hwa, PRC72, 034903

• Radial flow + trigger bias
S. Voloshin, nucl-th/0312065, Nucl. Phys. A749, 287

Armesto et al, nuclex/0405301

All models in qualitative agreement 
⇒ quantitative calculations needed !

Do we see vacuum fragmentation after 
energy loss on the near-side in central 
Au+Au collisions with the lost energy
deposited in the ridge ?
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Λ/K0
S ratio:

in the ridge: ~ 1.0 → similar to that from inclusive pT spectra
in the jet:     ~ 0.5 → consistent with p+p

|∆η|<2.0 |∆η|<0.7

STAR preliminary STAR preliminary

Particle composition near-side: Ridge/Jet

Ridge JetSTAR, J. Bielcikova, WWD2007
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Preliminary Preliminary

Near side Away side

B
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ss
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B/M singles

Trigger h±: 2.5 < pT < 4.0GeV/c

Near side: increase with centrality
Measure particle composition of ridge?

Away-side B/M increases strongly 
with centrality

Need comparisons to theory for interpretation

A. Sickles, PHENIX (QM06)

Particle composition away-side: p/π
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Is there a ridge on the away-side (di-hadron trigger) ?

T1 near-side trigger > 6 (8) GeV

T2 “away-side trigger” > 4 (6) GeV
(and < near-side trigger)
within 180 deg. +- 30 deg.

A assoc. particles > 2 GeV

disappearing bkg.

8<pt,trigger<15 GeV

Use “away-side trigger” for 2-particle ∆η×∆φ correlations 
Caveat: probably favor small energy loss of the surviving di-hadron pair

⇒ 3-particle correlation needed
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Di-jets in Au+Au

∆φ projection ∆η projection

T1A & T2
T2A

T1A & T2
T2A

STAR preliminary STAR preliminary

T1: pT>5GeV/c
T2: pT>4GeV/c
A  : pT>1.5GeV/c

STAR, R. Hollis, Berkeley School (07)

Surviving (di-jet) pairs at high pt seems to 
favor conditions with small energy loss

Di-jet measurements suggest that neither
the widths in ∆η and ∆φ (ridge/mach cone) 
are modified (challenge radial flow picture)
nor the yields are suppressed
Caveat: Non-trivial bkg. subtraction
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What are we measuring at high-pt ?

K. Werner,
Phys.Rev.Lett.98:152301,2007Do we have a black/white picture ?

High-pt particles who survive do not loose energy ?

Can this explain the p/π ratio at high-pt,
RAA(e) ~ RAA(π) and no modification of the FF ?

PHENIX, QM06

STAR, QM06

RAA(e)≈RAA(π)

p/π(Au+Au)
≈ p/π(d+Au)
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Zhang, H et al, nucl-th/0701045

Di-hadrons
Inclusive hadrons

Extracting the transport coefficient “via suppression”

Di-hadrons provide stronger constrain on density

Extracted transport coefficient from singles and di-hadrons consistent

Di-hadron suppression

Inclusive hadron suppression

Caveat: Different models extract different transport coefficient values …

2.8 ± 0.3 GeV2/fmˆ q =
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Measuring the radiation spectrum

Limited sensitivity of current measures to energy loss distribution P(∆E)

Two approaches
1) γ-jet, γ-hadron
2) Partial/full jet reco

Salgado and Wiedemann, Phys. Rev. D68, 014008

P(∆E) ≈ radiation spectrum
tests theory

Need to measure/better constrain parton energy to measure P(∆E)

PHENIX, J. Jin, M. Nguyen (QM06)

Current RHIC run will improve statistics for this measurement
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Full jet reconstruction in HI @ RHIC ?

STAR,
hep-ex/0608030

Central Cu+Cu 
200 GeV

⇒ Jets > 10-15 GeV should be reconstructable in Cu+Cu @ RHIC 

Full jet reconstruction in p+p up to 40 GeV Back of the envelope calculation …

(should be sufficient statistic on tape …)
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Summary

Systematic studies (in different systems, energies … not shown)
of RAA and PID di-hadron correlations help to constrain different 
energy loss scenarios.

Near-side jet modification “ridge” due to energy loss ?
If so, do we have a direct measurement 
of energy loss / medium response ?

Limited sensitivity of di-hadron correlations to modified 
fragmentation ⇒ to constrain radiation spectrum, full-jet 
reconstruction or γ-jet measurements necessary ! 

Interesting times at RHIC, but LHC will also come up soon …
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Backup slides
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Calculational frameworks:
• Multiple soft scattering (BDMPS, Wiedemann, Salgado,…)

• Few hard scatterings,opacity expansion (Gyulassy, Vitev, Levai, Wang,…)

• Twist expansion (Wang, Wang,…)

Longitudinal expansion reduces ∆Ε∼L2 to ∆Ε~L
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Medium properties can be characterized by a single constant

e.g. transport coefficient ‘average kT-kick per mean-free-path’

∆E does not depend on parton energy
∆E ∝ L2 due to interference effects (for a static medium)

Radiative energy loss in QCD
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What do we learn from RAA ?

Points of origin for 
detected high-pT particles

T. Renk, Hard Probes 06

K.J. Eskola et al., NP A747, 511

Central RAA Data

R
AA

at
  1

0 
G

eV
/c

q̂ (proportional to gluon density)

• Leading hadrons preferentially arise from the surface
• Limited sensitivity to the region of highest energy density
• Need more penetrating probes ⇒ Jets
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“Jet”/Ridge energy

Applying this “2-component 
picture” to lower pt,assoc 
measurements; subtracting 
p+p jet energy from Au+Au

⇒ upper estimate of the 
energy deposit in the ridge
~ few GeV

Consistent with energy
loss picture ?

STAR, Phys. Rev. Lett. 95 (2005) 15230

“Ridge 
energy”

“Ridge 
energy”

0.15 < pt,assoc < 4 GeV

4 < pt,trigger < 6 GeV
6 < pt,trigger < 10 GeV

}

}
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Subtracting the ridge (PID)

JetJet + Ridge

Ridge observed for all trigger particle types

After subtraction: jet-yield independent of centrality

STAR preliminary

STAR preliminary
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3-particle ∆η near-side correlations 

Armesto et al, nucl-
ex/0405301

∆
η 13

∆η12

random

∆
η 13

∆η12

long. flow picture
enhancement

suppression

asymmetry
in ∆η13 x ∆η12

Radial flow + trigger bias
S. Voloshin, nucl-th/0312065, Nucl. Phys. A749, 287 

Toy model 
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Quark vs gluon from quark energy loss

90% of p from gluons
40% of π from gluons

X.N. Wang and X.F. Guo,  NPA 696, 788 (2001)
W. Liu, C.M. Ko, B.W. Zhang, nucl-th/0607047

Medium modifications to FF?

STAR, L. Ruan

PRL 97, 152301 (2006)

Curves: X-N. Wang et al 
PRC70(2004) 031901

No sign of stronger gluon energy loss in p/π or p/p ratios

Need new calculations, with better baryon FF (AKK)

pT (GeV/c)

p/π
STAR, B. Mohanty
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Limitations of di-hadron measurements

T. Renk, Hard Probes 06: Di-hadron fragmentation not very 
sensitive to medium density profile 

Limited discirminating power in di-hadron fragmentation for different 
energy loss/medium density model

PHENIX hep-ex/0605039: Di-hadron fragmentation not very 
sensitive to D(z)

pT,assocpT,assoc

⇒ full jet reconstruction is necessary
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Fixing the jet energy: γ-jet events

T. Renk, PRC74, 034906

γ-jet: monochromatic source ⇒ sensitive to P(∆E))

Expectations for different P(∆E)

Eγ = 15 GeV

γ

γ-jet events are rare, need large luminosity

p+p result
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γ-jet in Au+Au

J. Jin, M. Nguyen, QM06

∆ϕ distribution Yields

First results in Au+Au: consistent with suppression

Upcoming RHIC run will improve statistics for this measurement

But large statistical uncertainties

Monochromatic source: differential measurement of jet-quenching
Goal: Measure γ-jet suppression in A+A

X.-N. Wang, Z. Huang, PRC 55:3047, F. Arleo et al JEHP 0411, 009, T. Renk, PRC 71, 034906
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Away-side yields and energy loss
PHENIX, C. Zhang, QM06 STAR, M. Horner, QM06

|∆ϕ| > π/2

Clear evolution of away-side suppression 
with pT,trig, pT,assoc

Low pT,trig, pT,assoc: enhancement

Increase Q2 for same pT,trig due to energy loss?
Caveat: shapes change non-trivially 

8< pT
trig < 15 GeV, PRL 95, 152301

Preliminary

|∆ϕ| > 0.9


