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There’s the future … and then there’s the future

Proposed run schedule for RHIC 

39 

Years Beam Species and 
Energies Science Goals New Systems 

Commissioned 

2014 
Au+Au at 15 GeV  
Au+Au at 200 GeV 
3He+Au at 200 GeV 

Heavy flavor flow, energy loss,   
thermalization, etc.           
Quarkonium studies 
QCD critical point search 

Electron lenses  
56 MHz SRF  
STAR HFT 
STAR MTD  

2015-16 

p⇡+p⇡ at 200 GeV  
p⇡+Au, p⇡+Al at 200 GeV  
High statistics Au+Au 
Au+Au at 62 GeV ? 

Extract η/s(T) + constrain initial 
quantum fluctuations                                   
Complete heavy flavor studies  
Sphaleron tests 
Parton saturation tests 

PHENIX MPC-EX 
STAR FMS preshower 
Roman Pots 
Coherent e-cooling test                       

2017 p⇡+p⇡ at 510 GeV Transverse spin physics 
Sign change in Sivers function 

2018 No Run Low energy e-cooling install. 
STAR iTPC upgrade  

2019-20 Au+Au at 5-20 GeV (BES-2) Search for QCD critical point and onset 
of deconfinement    Low energy e-cooling 

2021-22 Au+Au at 200 GeV  
p⇡+p⇡, p⇡+Au at 200 GeV 

Jet, di-jet, γ-jet probes of parton 
transport and energy loss mechanism 
Color screening for different quarkonia 
Forward spin & initial state physics                                             

sPHENIX  
Forward upgrades ? 

 ≥ 2023 ? No Runs Transition to eRHIC   

2016 will be the last run of 
PHENIX – focus of current 

beam use proposals

sPHENIX runs in 2021-2022

BNL’s plan for the coming decade



1.5T BaBar solenoid

Hadronic calorimetry

EM calorimetry

Tracking/vertexing

3

sPHENIX refresher
sPHENIX is a next-generation, high-rate 
detector with a full program of light and 
heavy-flavor jets, direct photons, upsilons, 
and correlations to investigate the 
underlying dynamics of the QGP

Key observables:

• modifications of single jet spectra

• heavy-flavor tagged jets

• hadrons to high pT

• fragmentation functions to high z 

• direct photons

• high pT Ds

• upsilons

• X+jet correlations
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Central Temperature Evolution

Fig. 2 Temperature evolution as a function of proper time at the cen-
ter of the fireball (r = 0) for different collision systems and different
collision energies. Full lines denote evolution within hydrodynamics
(T > TS), dashed lines denote hadron gas regime (T < TS). For refer-
ence, also p + p collisions at

√
s = 7 TeV are shown, even though this

system may not equilibrate at all. The “kink” at 2 fm/c in the tempera-
ture evolution in the p + p system around T = TS is due to the center
r = 0 being cooler than the surrounding matter
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Radial Velocity Profile at τ=2 fm/c

Fig. 3 Velocity profile at τ = 2 fm/c for the different collision systems
(τ = 1.9 fm/c for p + p). The velocity profiles for the Pb + Pb and
Au + Au systems are similar because the systems have similar geometry
and the final-observed larger radial flow at higher

√
s is simply due to

the longer lifetime of the Pb + Pb system

potential use in studies of jet energy loss, direct photon emis-
sion and heavy quark diffusion [31].

Our results for pion HBT radii are calculated as described
in [3] and the results are shown in Fig. 4 for the differ-
ent collision systems. Despite some remaining discrepan-

cies between our model results and experimental data, the
overall agreement between SONIC and experiment for dif-
ferent collision energies and systems is striking, given that
the inability of standard hydrodynamics to describe the data
has been labeled the ’HBT puzzle’ in the literature. As noted
in Ref. [32], it is possible to resolve this ’puzzle’ by a combi-
nation of different ingredients, notably pre-equilibrium flow,
viscosity, and a QCD-like equation of state. Since all of these
ingredients are naturally incorporated in SONIC, it is grati-
fying to observe that the HBT puzzle is no longer a puzzle
but rather a (small) discrepancy in some of the data–model
comparison.

In Fig. 5, we show the pion transverse momentum spectra
for the different collision systems. As remarked above, we
do find that with constant values of η/s = 0.08, ζ/s =
0.01, and a QCD equation of state, SONIC provides a good
overall description of the available experimental data. Note
that the discrepancy in the pion spectra for Pb + Pb collisions
at pT > 1.5 GeV was not observed in Ref. [1]. The reason
is that in Ref. [1], the actual calculation erroneously used a
model parameter value of R = 6.48 fm instead of R = 6.62
fm (cf. Table 1) for Pb. Once correcting for this error, we
do find slightly less transverse flow in Pb + Pb collsions,
leading to the discrepancy observed in Fig. 5. However, it
is expected that implementing more realistic granular initial
conditions will lead to higher transverse flow velocities. This
could help to improve the description of experimental data
at pT > 1.5 GeV in SONIC in the future.

4 Conclusions

We have presented SONIC, a new super hybrid model for
heavy-ion collisions that combines pre-equilibrium flow, vis-
cous hydrodynamics, and hadronic cascade dynamics into
one package. SONIC was used to simulate boost-invariant,
central, symmetric collisions of smooth nuclei (Pb, Au,
Cu, Al, C) at energies ranging from

√
s = 62.4 GeV to√

s = 2.76 TeV. We found that for a QCD equation of
state and a choice of QCD viscosity over entropy ratios of
η/s = 0.08, ζ/s = 0.01, the particle spectra and pion HBT
radii were in reasonable agreement with available experimen-
tal data. We also made predictions for pion mean transverse
momentum and HBT radii for C + C and Al + Al collisions
at

√
s = 200 GeV. The 2 + 1 dimensional space-time evolu-

tions of the temperature obtained with SONIC are publicly
available [31] in order to be of use in future studies of jet
energy loss or photon emission.
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The Physics Case for sPHENIX How does the QGP evolve along with the parton shower?

1.4 How does the QGP evolve along with the parton shower?

The initial hard scattered parton starts out very far off-shell and in e+e�, p+p or p+p collisions the
virtuality evolves in vacuum through gluon splitting down to the scale of hadronization. In heavy
ion collisions, the vacuum virtuality evolution is interrupted at some scale by scattering with the
medium partons which increase the virtuality with respect to the vacuum evolution. Figure 1.15
shows the expected evolution of virtuality in vacuum, from medium contributions, and combined
for a quark-gluon plasma at T0 = 300 MeV with the traversal of a 30 GeV parton (left) and at
T0 = 390 MeV with the traversal of a 200 GeV parton (right) [63, 64]. If this picture is borne out, it
“means that the very energetic parton [in the right picture] hardly notices the medium for the first
3–4 fm of its path length [64].” Spanning the largest possible range of virtuality (initial hard process
Q2) is very important, but complementary measurements at both RHIC and LHC of produced jets
at the same virtuality (around 50 GeV) will test the interplay between the vacuum shower and
medium scattering contributions.

Why RHIC ≠ LHC

27
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Figure 1.15: Jet virtuality evolution in medium at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions (red dashed
lines) increase as the parton scatters in the medium. The total virtuality (blue solid lines) is the
quadrature sum of the two contributions. At RHIC the medium induced virtuality dominates by
2.5 fm/c while at the LHC the medium term does not dominate until 4.5 fm/c. From Ref. [63].

In some theoretical frameworks — for example Refs [65, 66, 67] — the parton splitting is simply
dictated by the virtuality and in vacuum this evolves relatively quickly from large to small scales as
shown above. The Q evolution means that the jet starts out being considerably off mass shell when
produced, and this off-shellness is reduced by successive splits to less virtual partons. In these
calculations, the scattering with the medium modifies this process of parton splitting. The scale
of the medium as it relates to a particular parton is q̂ times the parton lifetime (this is the mean
transverse momentum that the medium may impart to the parent and daughter partons during
the splitting process). When the parton’s off-shellness is much larger than this scale, the effect of
the medium on this splitting process is minimal. As the parton drops down to a lower scale, the
medium begins to affect the parton splitting more strongly.

Shown in Figure 1.16 is the single hadron RAA in central Au+Au collisions at 200 GeV along
side measurements at other beam energies. One specifically notes that for the YAJEM calculation,
inclusion of the virtuality evolution leads to a factor of 50% rise in RAA from 20–40 GeV/c, and
in the HT-M calculation a 100% rise. A strong rise in RAA measured at higher pT at the LHC has

17

Berndt Mueller, RHIC/AGS 2011

Combining time evolution of virtuality and temperature
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potential use in studies of jet energy loss, direct photon emis-
sion and heavy quark diffusion [31].

Our results for pion HBT radii are calculated as described
in [3] and the results are shown in Fig. 4 for the differ-
ent collision systems. Despite some remaining discrepan-

cies between our model results and experimental data, the
overall agreement between SONIC and experiment for dif-
ferent collision energies and systems is striking, given that
the inability of standard hydrodynamics to describe the data
has been labeled the ’HBT puzzle’ in the literature. As noted
in Ref. [32], it is possible to resolve this ’puzzle’ by a combi-
nation of different ingredients, notably pre-equilibrium flow,
viscosity, and a QCD-like equation of state. Since all of these
ingredients are naturally incorporated in SONIC, it is grati-
fying to observe that the HBT puzzle is no longer a puzzle
but rather a (small) discrepancy in some of the data–model
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for the different collision systems. As remarked above, we
do find that with constant values of η/s = 0.08, ζ/s =
0.01, and a QCD equation of state, SONIC provides a good
overall description of the available experimental data. Note
that the discrepancy in the pion spectra for Pb + Pb collisions
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model parameter value of R = 6.48 fm instead of R = 6.62
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tal data. We also made predictions for pion mean transverse
momentum and HBT radii for C + C and Al + Al collisions
at
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available [31] in order to be of use in future studies of jet
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Figure 1.15: Jet virtuality evolution in medium at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions (red dashed
lines) increase as the parton scatters in the medium. The total virtuality (blue solid lines) is the
quadrature sum of the two contributions. At RHIC the medium induced virtuality dominates by
2.5 fm/c while at the LHC the medium term does not dominate until 4.5 fm/c. From Ref. [63].

In some theoretical frameworks — for example Refs [65, 66, 67] — the parton splitting is simply
dictated by the virtuality and in vacuum this evolves relatively quickly from large to small scales as
shown above. The Q evolution means that the jet starts out being considerably off mass shell when
produced, and this off-shellness is reduced by successive splits to less virtual partons. In these
calculations, the scattering with the medium modifies this process of parton splitting. The scale
of the medium as it relates to a particular parton is q̂ times the parton lifetime (this is the mean
transverse momentum that the medium may impart to the parent and daughter partons during
the splitting process). When the parton’s off-shellness is much larger than this scale, the effect of
the medium on this splitting process is minimal. As the parton drops down to a lower scale, the
medium begins to affect the parton splitting more strongly.

Shown in Figure 1.16 is the single hadron RAA in central Au+Au collisions at 200 GeV along
side measurements at other beam energies. One specifically notes that for the YAJEM calculation,
inclusion of the virtuality evolution leads to a factor of 50% rise in RAA from 20–40 GeV/c, and
in the HT-M calculation a 100% rise. A strong rise in RAA measured at higher pT at the LHC has
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Tc 2Tc 3Tc

temperature

m
ic

ro
sc

o
p

ic
 r

e
so

lv
in

g
 p

o
w

e
r 

 [
1
/f

m
]

1

10

50

5 Υ(1s)

Υ(2s)

Υ(3s)

perfect liquid

thermal scale

medium

medium vacuum

vacuum

sPHENIX



You want rate?  I’ve got your rate right here.

• sPHENIX DAQ builds upon the PHENIX 
15 kHz capable DAQ – able to record 100 
billion Au+Au events in a 20 week RHIC year 

• High RHIC luminosity ⟼ sample 0.6 trillion 
Au+Au events/year 

• relevant for measurements using the full z-
vertex range (e.g. gamma+jet) 

• sample the jet spectrum to the kinematic 
limit Joey Chestnut sampling a 

minimum bias collection of 
hot dogs – it’s one strategy
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Resolving power and kinematics

high-rate DAQ, full calorimetry, exploiting high RHIC luminosity  
⟹ huge range of microscope “resolving power”
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Fully resolved Upsilon mass statesPhysics Performance Beauty Quarkonia Performance
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Figure 4.44: The mass spectrum (signal only) from reconstructed electron decay tracks for the three
Upsilon states combined. The yield corresponds to that for 10 weeks of p+p running, including the
effects of electron identification efficiency and trigger efficiency.

including a fit using a Crystal Ball function that accounts for the radiative tail contribution at
low invariant mass [187]. This example spectrum contains the number of Upsilons expected in
10 weeks of p+p running. There are significant low mass tails on the Upsilon mass peaks due to
radiative energy loss in the material of the silicon tracker. However at the mass resolution of 99
MeV obtained with the reference design, and the relatively low thickness of the tracker (about 10%
of a radiation length), the peaks are well defined and easily obtained from the Crystal Ball fit.

In p+p, p+Au and Au+Au, the background under the Upsilon peaks contains an irreducible
physics background due to dileptons from correlated charm, correlated bottom and Drell-Yan.
There is also combinatorial background from misidentified charged pions. The latter can be
estimated and removed by like sign or mixed event subtraction. To study the physics background,
correlated charm and bottom di-electron invariant mass distributions predicted by PYTHIA were
normalized to the PHENIX measured charm and bottom cross-sections in Au+Au collisions. The
PYTHIA Drell-Yan di-electron invariant mass distribution was normalized to a theoretical prediction
by W. Vogelsang (private communication).
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Beauty Quarkonia Performance Physics Performance
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Figure 4.45: (Left) The signal plus background in the Upsilon mass region for ten billion 0–10% central
Au+Au events, assuming a pion rejection factor of 90, with the signal reduced by a pair identification
efficiency of 49%. The combined backgrounds due to correlated bottom, correlated charm, and
Drell-Yan are shown as the red curve. The combined backgrounds due to fake electrons combining
with themselves, bottom, and charm are shown as the blue line. (Right) The expected invariant
mass distribution for ten billion 0–10% central Au+Au events, after subtraction of combinatorial
background using the like-sign method. The remaining background from correlated bottom, charm
and Drell-Yan is not removed by like sign subtraction. It must be estimated and subtracted.

The combinatorial background was studied by generating events with fake electrons due to misiden-
tified pions, using input pion distributions taken from PHENIX measured p

0 spectra in Au+Au
collisions. A pT-independent rejection factor was applied to the p

+/� spectra to imitate fake
electron spectra. For the 0–10% most central Au+Au collisions a rejection factor of 90 is assumed
at a single electron track efficiency of 70% (giving a pair efficiency of 49%). The pair efficiency is
increased to 90% as Au+Au collisions become more peripheral. The combinatorial background
due to misidentified pions is assumed here to be zero in p+p collisions, with an electron matching
efficiency of greater than 90%. The rejections in central Au+Au collisions are derived from GEANT4
studies of the electromagnetic calorimeter response to electrons and charged pions. The efficiencies
are obtained by embedding electrons in HIJING events. The rejection and efficiency are still being
optimized for the detector configuration relevant for electron identification.

All combinations of fake electrons from misidentified pions were made with each other, and with
high pT electrons from physics sources. The combinatorial background is found to be dominated
by pairs of misidentified pions, with only 30% or so coming from combinations of misidentified
pions with electrons. The results are summarized in Figure 4.45 (left), which shows the signal
+ background in the U mass region for the ten billion 0–10% most central events, along with
our estimates of the total correlated physics background and the total uncorrelated combinatoric
backgrounds. In Figure 4.45 (right) we show the di-electron invariant mass distribution for ten
billion 0–10% central Au+Au events after the combinatorial background has been removed by
subtracting all like-sign pairs.
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Upsilon statistics in p+p – the denominator in determining RAA – benefits from 
recent C-AD luminosity projections.  In Au+Au, record outright 100 billion 
minimum bias events.  Mass resolution better than 100 MeV/c2.



Color screening – RHIC and LHC
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= 0.21 ± 0.07 (stat.)± 0.02 (syst.) , (2)

U(3S)/U(1S)|PbPb
U(3S)/U(1S)|pp

= 0.06 ± 0.06 (stat.)± 0.06 (syst.) (< 0.17 at 95% CL) .

The systematic uncertainties from the fitting procedure are evaluated by varying the fit func-
tion as follows: fixing the CB tail and resolution parameters to MC expectations, allowing
for differences in these parameters between PbPb and pp, and constraining the background
parameters with the like-sign and track-rotated spectra. An additional systematic uncertainty
(1%), estimated from MC simulation, is included to account for possible imperfect cancellations
of acceptance and efficiency.

The double ratios, defined in Eq. (2), are expected to be compatible with unity in the absence of
suppression of the excited states relative to the U(1S) state. The measured values are, instead,
considerably smaller than unity. The significance of the observed suppression exceeds 5 s.

In order to investigate the dependence of the suppression on the centrality of the collision,
the double ratio U(2S)/U(1S)|PbPb

U(2S)/U(1S)|pp
is displayed as a function of Npart in Fig. 2 (left). The results

are constructed from the single ratio U(2S)/U(1S)|PbPb measured in bins of PbPb centrality,
using the pp ratio as normalization. The dependence on centrality is not pronounced. More
data, in particular more pp collisions, are needed to establish possible dependences on dimuon
kinematic variables.

Absolute suppressions of the individual U states and their dependence on the collision central-
ity are studied using the nuclear modification factor, RAA, defined as the yield per nucleon-
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U(2S)/U(1S)|pp
is displayed as a function of Npart in Fig. 2 (left). The results

are constructed from the single ratio U(2S)/U(1S)|PbPb measured in bins of PbPb centrality,
using the pp ratio as normalization. The dependence on centrality is not pronounced. More
data, in particular more pp collisions, are needed to establish possible dependences on dimuon
kinematic variables.

Absolute suppressions of the individual U states and their dependence on the collision central-
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Figure 4.46: Estimate of the statistical precision of a measurement of the U states in Au+Au colli-
sions using sPHENIX, assuming that the measured RAA is equal to the results of a recent theory
calculation [188]. The yields assume 100 billion recorded Au+Au events.

From Figure 4.45 (left) we estimate that without U suppression the S/B ratios are U(1S): 1.6,
U(2S): 0.9, and U(3S): 0.8 for central Au+Au collisions. Using our estimates of the signal and
S/B ratio at each centrality as the unsuppressed baseline, we show in Figure 4.46 the expected
statistical precision of the measured RAA for 100 billion recorded Au+Au events assuming that
the suppression for each state is equal to that from a theory calculation [188]. For each state, at
each value of Npart, both the U yield and the S/B ratio were reduced together by the predicted
suppression level.

The pT dependence of the U modification in nuclear collisions places strong constraints on models,
so we present here some estimates of the statistical precision we expect from measurements with
sPHENIX. Figure 4.47 shows the expected yields as a function of pT for 10 weeks of p+p running —
the baseline for the RAA measurement. The expected statistical precision of the measured Au+Au
RAA versus pT is illustrated in Figure 4.48. These estimates are made assuming that the signal to
background ratio is independent of pT. Estimates are shown assuming no suppression of the U
states (left panel) and assuming the suppression predicted in [188] (right panel).

The expected statistical precision for U measurements with sPHENIX in a 10 week p+Au run is
illustrated in Figure 4.49. The suppression values used in the plot are set to match the double ratios
of U(2S)/U(1S) and U(3S)/U(1S) measured by CMS at 5.02 TeV collision energy in p+Pband p+p
collisions. The U(1S) is taken to be unsuppressed except for the modified feed down from the
excited states, and the suppression of the U(2S) and U(3S) states is arbitrarily taken to be linear
with centrality. The signal to background ratios in p+Au collisions are taken to be the same as
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are available in tabulated form in App. A.
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for differences in these parameters between PbPb and pp, and constraining the background
parameters with the like-sign and track-rotated spectra. An additional systematic uncertainty
(1%), estimated from MC simulation, is included to account for possible imperfect cancellations
of acceptance and efficiency.

The double ratios, defined in Eq. (2), are expected to be compatible with unity in the absence of
suppression of the excited states relative to the U(1S) state. The measured values are, instead,
considerably smaller than unity. The significance of the observed suppression exceeds 5 s.

In order to investigate the dependence of the suppression on the centrality of the collision,
the double ratio U(2S)/U(1S)|PbPb
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is displayed as a function of Npart in Fig. 2 (left). The results

are constructed from the single ratio U(2S)/U(1S)|PbPb measured in bins of PbPb centrality,
using the pp ratio as normalization. The dependence on centrality is not pronounced. More
data, in particular more pp collisions, are needed to establish possible dependences on dimuon
kinematic variables.

Absolute suppressions of the individual U states and their dependence on the collision central-
ity are studied using the nuclear modification factor, RAA, defined as the yield per nucleon-

Phys. Rev. Lett. 109, 222301 (2012)

Pronounced suppression of Υ(1S) and Υ(2S). 
Negligible recombination at RHIC and LHC.  

Much more data coming in Run 3

Physics Performance Beauty Quarkonia Performance

partN
0 50 100 150 200 250 300 350

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2
(1S)Υ
(2S)Υ
(3S)Υ

NP A879 (2011) 25
Strickland & Bazow

/S=1ηπ4

/S=2ηπ4

/S=3ηπ4
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sions using sPHENIX, assuming that the measured RAA is equal to the results of a recent theory
calculation [188]. The yields assume 100 billion recorded Au+Au events.

From Figure 4.45 (left) we estimate that without U suppression the S/B ratios are U(1S): 1.6,
U(2S): 0.9, and U(3S): 0.8 for central Au+Au collisions. Using our estimates of the signal and
S/B ratio at each centrality as the unsuppressed baseline, we show in Figure 4.46 the expected
statistical precision of the measured RAA for 100 billion recorded Au+Au events assuming that
the suppression for each state is equal to that from a theory calculation [188]. For each state, at
each value of Npart, both the U yield and the S/B ratio were reduced together by the predicted
suppression level.

The pT dependence of the U modification in nuclear collisions places strong constraints on models,
so we present here some estimates of the statistical precision we expect from measurements with
sPHENIX. Figure 4.47 shows the expected yields as a function of pT for 10 weeks of p+p running —
the baseline for the RAA measurement. The expected statistical precision of the measured Au+Au
RAA versus pT is illustrated in Figure 4.48. These estimates are made assuming that the signal to
background ratio is independent of pT. Estimates are shown assuming no suppression of the U
states (left panel) and assuming the suppression predicted in [188] (right panel).

The expected statistical precision for U measurements with sPHENIX in a 10 week p+Au run is
illustrated in Figure 4.49. The suppression values used in the plot are set to match the double ratios
of U(2S)/U(1S) and U(3S)/U(1S) measured by CMS at 5.02 TeV collision energy in p+Pband p+p
collisions. The U(1S) is taken to be unsuppressed except for the modified feed down from the
excited states, and the suppression of the U(2S) and U(3S) states is arbitrarily taken to be linear
with centrality. The signal to background ratios in p+Au collisions are taken to be the same as
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Jets in p+p and in heavy-ion collisions

• One method for identifying single jets in HI background 
published as Phys. Rev. C86 (2012) 024908 (“ATLAS” 
approach) 

• sPHENIX can use other methods, too 

• ensemble approach (STAR, ALICE) 

• particle-flow algorithms (CMS) 

• fake jet rejection



Fake jet rejection

• Different approaches 
possible 

• Place some hardness 
requirement on jet 
constituents 

• Resulting jets are biased, 
but manipulating that 
bias is a way to access 
physics

Physics Performance Extended kinematics and surface bias engineering

surface bias — as proposed by Renk [99] and shown earlier in Figure 1.24.

One can also incorporate electromagnetic clusters, which provide additional input to the alternate
jet reconstruction. The electromagnetic clusters and tracks have the same minimum energy cut
and are then input to the FASTJET algorithm. Figure 4.22 shows the jet purity for different jet radii
R = 0.2, 0.3, 0.4, 0.5 with a nominal track + electromagnetic jet match requirement (ET > 7 GeV for
the match jet, ET > 3 GeV for the electromagnetic cluster and charged track) in central Au+Au
events. The results are very good and indicate that even R = 0.5 jets can be reconstructed in
the most central Au+Au events. The effects of the underlying event on jet observables are most
severe in central Au+Au events, and these results demonstrate the dramatically increased range
for jet reconstruction in mid-central Au+Au collisions, where significant jet quenching effects
have already been measured including the theoretically challenging high pT hadron azimuthal
anisotropy.
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Figure 4.22: Purity results for R = 0.2, 0.3, 0.4, 0.5 anti-kT calorimetric reconstructed jets in 0–10%
central Au+Au HIJING events. The dashed lines are without any track and electromagnetic cluster
jet match requirement and the solid lines are with the match requirement. The purities are significant
higher for mid-central collision geometries.

sPHENIX will be also able to reproduce existing jet measurements at RHIC, complete with the
biases inherent in the various techniques used to date. However, the wider capabilities of sPHENIX
will enable us able to do more than merely confirm earlier results. We will be able to place those
results along a spectrum of bias and to study the effect on the jet observables of the alteration or
removal of that bias.

Figure 4.23 shows a preliminary result from the STAR collaboration of AJ for jets in events triggered
on the presence of a single EMCal tower above 5.4 GeV. The left panel shows AJ for R = 0.2 jets; the
right for R = 0.4 jets. When a cut of pT > 2 GeV/c is placed on the constituents, there is a distinct

123



Fake jet rejection

• Different approaches 
possible 

• Place some hardness 
requirement on jet 
constituents 

• Resulting jets are biased, 
but manipulating that 
bias is a way to access 
physics

Physics Performance Extended kinematics and surface bias engineering

surface bias — as proposed by Renk [99] and shown earlier in Figure 1.24.

One can also incorporate electromagnetic clusters, which provide additional input to the alternate
jet reconstruction. The electromagnetic clusters and tracks have the same minimum energy cut
and are then input to the FASTJET algorithm. Figure 4.22 shows the jet purity for different jet radii
R = 0.2, 0.3, 0.4, 0.5 with a nominal track + electromagnetic jet match requirement (ET > 7 GeV for
the match jet, ET > 3 GeV for the electromagnetic cluster and charged track) in central Au+Au
events. The results are very good and indicate that even R = 0.5 jets can be reconstructed in
the most central Au+Au events. The effects of the underlying event on jet observables are most
severe in central Au+Au events, and these results demonstrate the dramatically increased range
for jet reconstruction in mid-central Au+Au collisions, where significant jet quenching effects
have already been measured including the theoretically challenging high pT hadron azimuthal
anisotropy.

     TE10 15 20 25 30 35 40 45

   
  p

ur
ity

0

0.2

0.4

0.6

0.8

1

Au+Au @ 200 GeV, 0 - 10%
 > 3

T
cluster > 3, E

T
track > 7, ET

track-jetE

R=0.2 R=0.3 R=0.4 R=0.5

 with rejection
 without rejection

Figure 4.22: Purity results for R = 0.2, 0.3, 0.4, 0.5 anti-kT calorimetric reconstructed jets in 0–10%
central Au+Au HIJING events. The dashed lines are without any track and electromagnetic cluster
jet match requirement and the solid lines are with the match requirement. The purities are significant
higher for mid-central collision geometries.

sPHENIX will be also able to reproduce existing jet measurements at RHIC, complete with the
biases inherent in the various techniques used to date. However, the wider capabilities of sPHENIX
will enable us able to do more than merely confirm earlier results. We will be able to place those
results along a spectrum of bias and to study the effect on the jet observables of the alteration or
removal of that bias.

Figure 4.23 shows a preliminary result from the STAR collaboration of AJ for jets in events triggered
on the presence of a single EMCal tower above 5.4 GeV. The left panel shows AJ for R = 0.2 jets; the
right for R = 0.4 jets. When a cut of pT > 2 GeV/c is placed on the constituents, there is a distinct

123



Bias manipulation

Thorsten Renk – (x,y) of initial hard scattering for an object 
going to left.  How you define and detect that object biases 

the set of initial hard scattering locations. 

The steeper the pT spectrum, the stronger the effect.

arXiv:1212.0646
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Heavy flavor jets in sPHENIX
10 4 Algorithms for b-jet identification
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Figure 6: Performance curves obtained from simulation for the algorithms described in the
text. (a) light-parton- and (b) c-jet misidentification probabilities as a function of the b-jet effi-
ciency. Jets with pT > 60 GeV/c in a sample of simulated multijet events are used to obtain the
efficiency and misidentification probability values.

non-negligible lifetime of c hadrons the separation of c from b jets is naturally more challenging.
Due to the explicit tuning of the CSV algorithm for light-parton- and c-jet rejection it provides
the best c-jet rejection values in the high-purity region.

Figure 7 presents the efficiencies and misidentification probabilities as a function of jet pT and
pseudorapidity for the JPL and CSVM taggers. Two simulated samples are used: a QCD multi-
jet sample with a jet pT trigger threshold of 60 GeV/c applied to the leading jet, and a tt sample.
Jets with pT > 30 GeV/c and |h| < 2.4 are considered in both cases. The b-jet identification
efficiency is slightly larger in tt events at small jet pT (< 100 GeV/c) due to the presence of
more central jets. At large jet pT (> 200 GeV/c), the presence of b and c jets from gluon splitting
explains the apparent higher identification efficiency in the QCD multijet sample. The b-jet
efficiency and the c-jet misidentification probability rise with jet pT for values below 100 GeV/c
and decrease above 200 GeV/c. This dependence is due to a convolution of the track impact pa-
rameter resolution (which is larger at low pT), of the heavy-hadron decay lengths (which scale
with jet pT) and of the track-selection criteria. The misidentification probability for light-parton
jets rises continuously with jet pT due to the logarithmic increase of the number of particles
in jets and the higher fraction of merged hits in the innermost layers of the tracking system.
However, both the identification efficiencies and misidentification probabilities stay roughly
constant over most of the pixel detector acceptance.

4.5 Impact of running conditions on b-jet identification

All tagging algorithms rely on a high track identification efficiency and a reliable estimation
of the track parameters and their uncertainties. These are both potentially sensitive to changes
in the running conditions of the experiment. The robustness of the algorithms with respect to
the misalignment of the tracking system and an increase in the density of tracks due to pile up,
which are the most important of the changes in conditions, has been studied.

The alignment of the CMS tracker is performed using a mixture of tracks from cosmic rays and

JINST 8 (2013) P04013

Variety of algorithms for identifying HF jets – 
B,D mesons have long lifetimes and 
distinctive decays 

With excellent calorimetry and tracking, 
sPHENIX is suited for using a number of 
modern algorithms 

e.g., reconstructed secondary vertex, track 
counting



One algorithm: track counting

Physics Performance Heavy Quark Jets

requiring a jet to have one or more tracks with a large significance will preferentially select b-jets
over light jets. Since B hadrons decays are accompanied by a large charged particle multiplicity on
average [174], the requirement of a large number of tracks does not in and of itself adversely affect
the efficiency. The goal of the following study is to quantify what tagging efficiency for b-jets can
be achieved as a function of the purity of b-jets in the tagged sample.

In this study, truth-level information with a parameterization of the experimental DCA resolution
was used to study the tagging performance for R = 0.4 light, charm and bottom jets with pT >
20 GeV at the truth level. Separate samples of 106 PYTHIA events with pT > 20 GeV light, charm
and bottom jets were generated. To quantify the performance for each type of jet, an unambiguous
definition of jet flavor at the truth level is needed. Following analogous studies in heavy flavor jet
tagging at the LHC [175], jet flavor is defined at the hadron (e.g. B and D), and not parton (e.g. b
and c quark), level since this better corresponds to the observed experimental signature. Bottom
jets are defined as those with a pT > 5 GeV B hadron at any point in the PYTHIA ancestry within
DR < 0.4 of the jet. Of the remaining jets, those with a pT > 5 GeV D hadron at any point in the
PYTHIA ancestry within DR < 0.4 of the jet are defined as charm jets. Jets which are not defined as
either charm or bottom jets are defined as light jets.
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Figure 4.32: Distribution of the DCA significance S for the highest-S track (left panel) and second
highest-S track (right panel) in pT = 20 GeV jets. Each panel shows the per-jet distribution for light
(black), charm (red) and bottom (blue) jets.

For each jet, the set of final state charged hadrons with pT > 0.5 GeV that are within DR < 0.4 of the
jet axis are examined. Within this study, the 2-D DCA (e.g. the DCA in the transverse plane) is used.
To generate a reconstructed DCA for each charged hadron, its trajectory is projected in a straight
line in the transverse plane to determine the truth DCA. Then, the DCA is smeared according to the
pT-dependent DCA resolution obtained through full GEANT4 studies of the tracking performance,
as described in Section 3.6 and displayed in Figure 3.25. The significance S is calculated by dividing
the smeared DCA by the nominal pT-dependent resolution sDCA, taken from Gaussian fits to the
core of the DCA resolutions, shown in Figure 3.26. In this way, the study incorporates a realistic
description of the DCA performance in sPHENIX. Figure 4.32 shows the distribution of S values
for the first and second highest S tracks in jets of the three flavors.

In modern b-jet tagging approaches, efforts are made to exclude hadrons which originate from
strange decays by, for example, removing pairs of tracks which reconstruct to a L0 or K0

s mass
(called V0’s), or by rejecting all tracks with a DCA so large that they are dominated by strange
decays instead of tracks from b-jets. In this study, hadrons which originate from a V0 or with a DCA
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larger than 1 mm are rejected. Such an approach will limit but not remove the high-S background
in light jets which still enters from, for example, decays of S± baryons which produce only a single
charged track associated with a neutral hadron and thus cannot be identified through an invariant
mass analysis.
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Figure 4.33: Performance of b-jet tagging algorithms for pT = 20 GeV jets based on requiring at least
one (black), two (red) or three (blue) tracks in the jet to have a 2-D DCA significance above some
minimum value. Purity vs. efficiency curves are generated by varying the minimum significance
DCA

For a given cut (specified by the Scut and the number of tracks required to have S > Scut), the
efficiency for light, charm and bottom jets is determined. Then, the purity P of b-jets is determined
following Equation 4.1, with the initial mixture of light, charm and bottom jets Nl , Nc and Nb at
pT = 20 GeV/c given by pQCD and FONLL calculations as is shown in Figures 1.49 and 1.40. The
performance is quantified by plotting the b-jet efficiency eb against the b-jet purity P, which vary
inversely with one another as the details of the cut are changed.

The performance of the Track Counting algorithm in p+p collisions is summarized in Figure 4.33,
showing the behavior of the algorithm requiring one, two or three tracks in the jet to all have
S > Scut as black, red and blue curves respectively. The figure shows, as a function of the efficiency
for b-jets passing the cut, the purity of b-jets within the set of all jets that pass the cut. The efficiency
vs. purity curves are generated by varying the value of Scut between 0 and 5. It is evident that less
stringent requirements (fewer tracks, smaller Scut requirement) result in a high efficiency but a low
purity. On the other hand, stricter requirements (more tracks, each of which has a large S > Scut )
result in a low efficiency but a high-purity.

The presence of high-DCA tails in light jets, either from hadrons originating from strange decays or
from hadrons originating from the primary vertex but with a badly reconstructed DCA, are the
limiting factors in this approach. As can be seen in Figure 4.32, examining only the highest-S track
will reach a point of diminishing returns, as even large values of Scut will still leave a background
of light jets. Thus, the black curve in Figure 4.33 saturates at a given maximum purity. Requiring
more tracks results in a higher maximum purity, since it is much rarer for a light jet to have two
tracks with a large S, but adversely affects the tagging efficiency. Two- or three-track algorithms
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S = “significance” = DCA/σDCA  
large, positive significance indicates a 

track consistent with a displaced 
vertex in the direction of the jet 

Particular cut on significance 
translates into a particular trade-
off between efficiency and purity
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• The requirement of a secondary vertex allows us to reconstruct D 
mesons without particle ID 
➡ high signal/background ratio for mesons at intermediate z, even in 

central Au+Au events! 
• Important capability for calculations of modified fragmentation to 

heavy flavor hadrons
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Direct Photons and Fragmentation Functions The Physics Case for sPHENIX
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Figure 1.35: Calculation results for the jet RAA opposite to a tagged direct photon in Au+Au collisions
at 200 GeV and Pb+Pb collisions at 2.76 TeV [109].

precision charged track measurements are available from high-z where the effects are predicted to
be largest to low-z where medium response and equilibration effects are relevant. The independent
measurement of jet energy (via calorimetry) and the hadron pT via tracking is crucial. This
independent determination also dramatically reduces the fake track contribution by the required
coincidence with a high energy jet.
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Figure 1.36: Q-PYTHIA simulation with quenching parameter q̂ = 0 (i.e., in vacuum) and q̂ =
10 GeV/c2 for the fragmentation function of light quark and gluon jets as a function of z.

Measurements at the LHC reveal a very different behavior as shown in Figure 1.37 where a
slight enhancement is hinted at for large z, rather than a large suppression. Measurements of
fragmentation functions within reconstructed jets from the CMS and ATLAS experiments in

36



Forward Hadronic Calorimeter Forward Hadronic Calorimeter and Barrel Preshower Options

Figure A.1: Event display for a central HIJING p+A collision at
p

s = 200 GeV. This detector concept
adds calorimetrically instrumented endcaps to the sPHENIX barrel tracking and calorimetry.

For A+A collisions, forward calorimeter (fHCAL) coverage would augment the base sPHENIX
program in at least two key ways: one, it provides event characterization (centrality, event plane)
away from observables measured at mid-rapidity; and, two, an fHCAL effectively extends the
acceptance of the sPHENIX barrel, enabling jet and dijet measurements over wider rapidity range
and potentially up to h = 4.

Extending the acceptance of hadronic calorimetry to forward rapidity amplifies the already sub-
stantial complementarity of the RHIC and LHC heavy-ion programs, with forward RHIC and
mid-rapidity LHC measurements enabling access to similar Bjorken x values. A global analysis of
experimental data at the LHC and RHIC including the forward suppression region is crucial for a
precision study and understanding of the p+A physics.

There are various possibilities for instrumenting the forward acceptance, with one option being
to transform the steel flux-returning endcaps of the base sPHENIX design into active steel and
scintillator calorimeters. The fHCAL then works as an active flux return yoke of the solenoidal
magnet of the sPHENIX barrel.

Figure A.1 shows an event for a central HIJING p+A collision at
p

s = 200 GeV and b = 4 fm.
There is no gap between the barrel hadron calorimeter and the forward hadron calorimeter (fHCAL)
at h = 1.1. The fHCALs are shown located on both ends of sPHENIX in order to study what a
very large h acceptance can provide for sPHENIX, and to enable simulations of the back-scattered
secondary particles from flux return yoke.

For the current study of the detector performance, the fHCAL is assumed to have the geometry of
a truncated cone, and to be located at z = 2 m. The projective tower segmentation in polar and
azimuthal angles is defined to be roughly 10 cm⇥10 cm per tower. The shower size defines the
tower size, which naturally leads to large Dh ⇥ Df tower size. The outermost ring of towers has a
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Spin physics capabilities of sPHENIX
Forward Hadronic Calorimeter Forward Hadronic Calorimeter and Barrel Preshower Options
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Figure A.2: The GEANT4 simulated jet resolution of single jets for energy (top row), f (middle row)
and h (bottom row) in p+p (open markers) and p+A (closed markers) collisions reconstructed with
the FASTJET anti-kT algorithm with R = 0.4 (blue) and R = 0.6 (red).
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Jet energy resolution with an HCal endcap

conceivably instrument HCal encaps as 
“active” flux return – enabling jet and dijet 

measurements potentially up to η = 4  

great enthusiasm in Collaboration for the 
physics potential, strong RIKEN interest in 

forward HCal  

AjetN in p↑+p↑ and p↑+Au with full 
hadronic calorimetry – analysis of 
Run-15 MPC-EX results will inform this  

di-jets and hadron-jet and gamma-jet 
correlations in p+Au (CGC inspired 
disappearance of away-side jet) 



fsPHENIX – forward sPHENIX adds more capability

Future Opportunities in p+p and p+A
Collisions at RHIC with the Forward

sPHENIX Detector

The PHENIX Collaboration
April 29, 2014

(TMD) functions in the polarized nucleon.

Figure 1: The fsPHENIX detector concept, with the sPHENIX detector as its foundation, takes
advantage of the early deployment of technologies and elements of a future EIC detector to
enable key p+p and p+A measurements.

In order to optimize the use of available resources, the fsPHENIX detector, as shown in
Fig. 1, is developed around the proposed sPHENIX central detector and the re-use of
existing PHENIX detector systems (such as the MuID and the FVTX), as well as elements
of a future EIC detector forward hadron arm. The majority of the cost of the fsPHENIX
detector, estimated to be $12M including overhead and contingency, but not labor, can be
viewed as a down payment on an EIC detector that will be needed during the EIC era.
About 90% of the cost of the fsPHENIX detector is shared with the EIC detector described
in [2]. In addition to providing a important set of new physics measurements that may not
be possible in the EIC era, an early investment in fsPHENIX would help provide day-1
readiness of the EIC detector.

In this document we present a set of simulations that outline the capabilities of the pro-
posed fsPHENIX apparatus and the challenges faced by the proposed physics program.
The GEANT simulations presented here demonstrated the basic physics measurement
capabilities, and need to be followed up with more detailed studies in working towards a
full detector design.

ii

White paper charged by ALD Berndt Mueller and shown to PAC last year 
 https://indico.bnl.gov/materialDisplay.py?materialId=5&confId=764

More ambitious detector concept, also more capabilities –  
shaped field for high η bending power, 
reconfigured FVTX for precision near vertex,  
forward GEM tracking,  
reuse/augment MuID 

Possible step toward a day-1 EIC detector

https://indico.bnl.gov/materialDisplay.py?materialId=5&confId=764
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Requirements in a nutshell

• Large, uniform acceptance 

• HCal and EMCal with good energy resolution and segmentation 

• Good track reconstruction purity and efficiency 

• Good momentum resolution  

• Displaced vertex capability 

• High rate DAQ

2
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Engineering – keeping it real

EMCal supermodule 8x48 towers 
~25,000 towers total

W powder-scintillating fiber 
based on UCLA design (Huang, Tsai)



Engineering the installation

Construct in assembly hall, roll it in complete

Outer HCal

Inner Hcal

BaBar solenoid
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California (SLAC)
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sPHENIX and LHC complement each other

The Physics Case for sPHENIX Rates and Physics Reach
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Figure 1.51: (Top) Statistical projections for the RAA of various hard probes vs pT in 0–20% Au+Au
events with the sPHENIX detector after two years of data-taking, compared with a selection of current
hard probes data from PHENIX. (Bottom) Kinematic reach of various jet quenching observables from
previous and future RHIC and LHC data-taking. Adapted from slides by G. Roland at the QCD Town
Meeting at Temple University.
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Adapted from slides by G. Roland at the QCD Town Meeting at Temple University. 
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