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RHIC: 13 years of success
and counting

RHIC 

NSRL 
LINAC 

Booster 

AGS 

Tandems 

STAR 
6:00 o’clock 

PHENIX 
8:00 o’clock 

(PHOBOS) 
10:00 o’clock 

Polarized Jet Target 
12:00 o’clock 

RF 
4:00 o’clock 

(BRAHMS) 
2:00 o’clock 

EBIS 

BLIP  

5+,&·V�)LUVW�'HFDGH��$�'LVFRYHU\�0DFKLQH 

RHIC hallmarks:  
Pioneering – 1 st facility to clearly see transition to quark- gluon 
matter;  ZRUOG·V�RQO\�SRODUL]HG�FROOLGHU 
Productive - ! ����UHIHUHHG�SDSHUV� � ! ��.�citations,  ! ����3K� '� ·V�
in 1 st 1 2 years,  many more in pipeline,  no rate falloff in sight 
Versatile -  wide range of beam energies and ion species � string 
of definitive discoveries in both hot and cold QCD matter 

> 350 refereed papers
> 3× 104 citations
> 300 PhDs

Broad range of ion species
Wide

√
s range

World’s only polarized pp collider
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RHIC performance history
Integrated luminosity since 2000

A+ A Polarized p+ p

Huge rate improvements, thanks to hard work + incremental machine
upgrades
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RHIC among its peers
Currently unmatched A+A luminosity

RHIC remains a cutting-edge machine…and poised to remain competitive.
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Some key goals and questions
for the next decade

QCD and the sQGP
How can strong coupling and asymptotic freedom be reconciled?

Nuclear phase transitions
Location and sharpness of phase boundaries
sQGP near Tc → weak coupling at asymptotically high T
Critical point

Parton distributions and interactions
Distribution of sea quarks and gluons, and their spins, in space and
momentum inside the nucleon
Where does the saturation of gluon densities set in?
Effect of nuclear environment on parton interactions
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The ten-year plan
Year Beam Species,

√
s Science Goals New Systems

2014
15 GeV Au + Au
200 GeV Au+Au

Heavy flavor flow, energy
loss, Thermalization
Quarkonium studies QCD Critical pt.
search

Electron lenses
56 MHz SRF
Full STAR HFT
STAR MTD

2015-
2016

pp at 200 GeV
p+Au, d+Au, 3He+Au at
200 GeV
High statistics Au+Au

Extract η/s(T) & constrain initial
quantum fluctuations
Further HF studies
Transverse spin physics

PHENIX MPC-EX
Coherent e-cooling test

2017
No Run - Low energy e-cooling

upgrade

2018-
2019

5-20 GeV Au+Au (BES-2) Search for QCD critical point & onset
of deconfinement

STAR ITPC upgrade
Partial sPHENIX
commissioning (2019)

2020
No Run - Complete sPHENIX

installation
STAR forward
upgrades

2021-
2022

Long 200 GeV Au+Au w/
upgraded detectors
200 GeV pp / d+Au

Jet, di-jet, γ-jet studies (parton
transport, energy loss)
Color screening of various QQ̄ states

sPHENIX

2023-
2024

No Runs - Transition to eRHIC
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1. Current & near-term physics
(A few selected topics)



Heavy flavor physics with PHENIX VTX
charm-bottom separation is within reach

VTX detector installed 2011, analyses underway
High vertex resolution → heavy flavor e± ID
Stay tuned for QM 2014!

 [GeV/c]
T
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D meson spectra
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T

p
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210

310

410
B meson spectra

200 GeV AuAu (0-10% central)
binary scaled PYTHIA

modified blastwave

 DCA±unfolded e

2011/2/15
12Focus�Seminar,�Takashi�HACHIYA

Silicon�Vertex�Detector� (VTX)
Placed�at�the�center�of�PHENIX

Side�view

• Coverage:�|K|�<�1.2,��'I䡚 2S
• 4�Layers:��2�inner�layers�of�Pixel�detector
• 2�outer�layers�of�Stripixel detector
• Spatial�resolution:��
V(DCA)�~�100Pm

~�50�Pm�after�alignment
• Material:��X/X0 ~��total�10%
• StandͲalone�Tracking�Capability

PHENIX�Silicon�Vertex�Tracker�(VTX)

2�Pixel�layers

2�Stripixel layers

Beam�view

c/b Proof of concept
in simulation:
Unfold PYTHIA
electron vertices →
D,B pT distributions

Separate modification
of c and b quarks!
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PHENIX silicon detector upgrades
Forward vertex tracker

PHENIX F-VTX Installed 2012
4 tracking planes with full azimuthal coverage
over 1.2 < |η| < 2.4

Precise muon DCA measurements
Distinguish c,b from π,K
Open heavy flavor
Charm and beauty in d+A / p+A

Projected RpA for open
charm and beauty
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STAR detector upgrades
HFT, MTD, and FGT
Heavy Flavor Tracker

2014: v2 and Rcp from D0

and HFE
Later: Λc, D0 RAA

3 HFT talks this session

Muon Telescope Detector

Nu Xu 8/31 BNL PAC, June 11 - 12, 2013 

Particle Identification at STAR 

TPC 

TOF 

EMC 

HFT 

Neutral particles  

e, µ 

π 
K     p      d 

TPC      TOF     TPC 

Log10(p) 

Multiple-fold correlations for the identified particles!  

Hyperons & Hyper-nuclei 

Jets 

Heavy-flavor hadrons 

MTD 

High pT muons Jets & Correlations 

Charged hadrons 

..
MRPCs for muon ID and triggering
High mass resolution for J/ψ & separate
Υ states from dimuons
Single muons and e-µ correlations

Both ready for physics 2014
Also: Forward GEM Tracker installed 2013
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Heavy-flavor electron RdAu
PHENIX, 1208.1293v1

Strong electron suppression in Au+Au, but e±HF RdAu > 1.
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CNM effects are the “Traditional” explanation for enhancement…
Perhaps other explanations are appropriate as well.
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Low-pT heavy flavor measurements
A new paradigm

Traditional focus: heavy quark
energy loss

Theory: simpler at high pT;
dominant effect
Experiment: accessible at high pT

Emerging focus: collective effects
Recent measurements show
fascinating features at low pT
Significant constraint on hydro,
transport, hadronization models
System size dependence highly
informative
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STAR Preliminary (QM 2012)

 + X @ 200 GeV0 D→0-10% Au+Au 

PLB 557 (2003) 26-32
)B,DMod. blast wave (

For the first time, precision heavy-flavor anisotropy is within reach, and Si
upgrades are improving low pT accessibility…stay tuned!
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d+Au correlations: Flow in small systems?
PHENIX, 1303.1794v1 (accepted by PRL last week)
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P. Bozek:

(the away-side) is also broadened relative to peripheral
events, consistent with the presence of a long-range com-
ponent in addition to that seen in peripheral events.

The strength of the long-range component is quantified
by the ‘‘per-trigger yield,’’ Yð!!Þ, which measures the
average number of particles correlated with each trigger
particle, folded into the 0-" range [2,17–19],

Yð!!Þ ¼
!R

Bð!!Þd!!
"Na

"
Cð!!Þ $ bZYAM; (2)

where Na denotes the number of efficiency-weighted trig-
ger particles, and bZYAM represents the pedestal arising
from uncorrelated pairs. The parameter bZYAM is deter-
mined via a zero-yield-at-minimum (ZYAM) method
[17,21] in which a second-order polynomial fit to Cð!!Þ
is used to find the location of the minimum point,!!ZYAM,
and from this to determine bZYAM. The stability of the fit is
studied by varying the !! fit range. The uncertainty in
bZYAM depends on the local curvature around !!ZYAM,
and is estimated to be 0.03%–0.1% of the minimum value
of Cð!!Þ. At high pT where the number of measured
counts is low, this uncertainty is of the same order as the
statistical uncertainty.

The systematic uncertainties due to the tracking effi-
ciency are found to be negligible for Cð!!Þ, since detector
effects largely cancel in the correlation function ratio.

However Yð!!Þ is sensitive to the uncertainty on the track-
ing efficiency correction for the associated particles. This
uncertainty is estimated by varying the track quality cuts
and the detector material in the simulation, reanalyzing the
data using corresponding Monte Carlo efficiencies and
evaluating the change in the extracted Yð!!Þ. The resulting
uncertainty on Yð!!Þ is estimated to be 2.5% due to the
track selection and 2%–3% related to the limited knowledge
of detector material. The analysis procedure is validated by
measuring correlation functions in fully simulated HIJING

events [15,16] and comparing it to the correlations mea-
sured using the generated particles. The agreement is better
than 2% for Cð!!Þ and better than 3% for Yð!!Þ.
Figure 2(c) shows the Yð!!Þ distributions for 2<

j!#j< 5 in peripheral and central events separately. The
yield for the peripheral events has an approximate 1$
cos!! shape with an away-side maximum, characteristic
of a recoil contribution. In contrast, the yield in the central
events has near-side and away-side peaks with the away-
side peak having a larger magnitude. These features are
consistent with the onset of a significant cos2!! compo-
nent in the distribution. To quantify further the properties
of these long-range components, the distributions are inte-
grated over j!!j< "=3 and j!!j> 2"=3, and plotted as
a function of"EPb

T in Fig. 2(d). The near-side yield is close
to 0 for "EPb

T < 20 GeV and increases with "EPb
T , consis-

tent with the CMS result [8]. The away-side yield shows a
similar variation as a function of "EPb

T , except that it starts
at a value significantly above zero, even for events with low
"EPb

T . The yield difference between these two regions is
found to be approximately independent of"EPb

T , indicating
that the growth in the yield with increasing "EPb

T is the
same on the near-side and away-side.
To further investigate the connection between the near-

side and away-side, the Yð!!Þ distributions for peripheral
and central events are shown in Fig. 3 in various pa

T ranges
with 0:5< pb

T < 4 GeV. Distributions of the difference
between central and peripheral yields, !Yð!!Þ, are also
shown in this Figure. This difference is observed to be
nearly symmetric around !! ¼ "=2. To illustrate this
symmetry, the !Yð!!Þ distributions in Fig. 3 are overlaid
with functions a0 þ 2a2 cos2!! and a0 þ 2a2 cos2!!þ
2a3 cos3!!, with the coefficients calculated as an ¼
h!Yð!!Þ cosn!!i. Using only the a0 and a2 terms
describes the !Y distributions reasonably well, indicating
that the long-range component of the two-particle correla-
tions can be approximately described by a recoil contribu-
tion plus a!!-symmetric component. The inclusion of the
a3 term improves slightly the agreement with the data.
The near-side and away-side yields integrated over

j!!j< "=3 and j!!j> 2"=3, respectively (Yint), and
the differences between those integrated yields in central
and peripheral events (!Yint) are shown in Fig. 4 as a
function of pa

T. The yields are shown separately for the
two "EPb

T ranges in panels (a) and (b) and the differences
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FIG. 2 (color online). Two-dimensional correlation functions
for (a) peripheral events and (b) central events, both with a
truncated maximum to suppress the large correlation at
ð!#;!!Þ ¼ ð0; 0Þ; (c) the per-trigger yield !! distribution
together with pedestal levels for peripheral (bPZYAM) and central
(bCZYAM) events, and (d) integrated per-trigger yield as function
of "EPb

T for pairs in 2< j!#j< 5. The shaded boxes represent
the systematic uncertainties, and the statistical uncertainties are
smaller than the symbols.

PRL 110, 182302 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
3 MAY 2013

182302-3

ATLAS p+Pb: peripheral (left) & central (right)

v2 in p+Pb rises with multiplicity at LHC.

But large v2 in d+Au at RHIC even at low
multiplicity!

Large v2 in d+Au from initial geometry?
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d+Au correlations: Flow in small systems?
PHENIX, 1303.1794v1 (accepted by PRL last week)
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that the long-range component of the two-particle correla-
tions can be approximately described by a recoil contribu-
tion plus a!!-symmetric component. The inclusion of the
a3 term improves slightly the agreement with the data.
The near-side and away-side yields integrated over

j!!j< "=3 and j!!j> 2"=3, respectively (Yint), and
the differences between those integrated yields in central
and peripheral events (!Yint) are shown in Fig. 4 as a
function of pa

T. The yields are shown separately for the
two "EPb

T ranges in panels (a) and (b) and the differences
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FIG. 2 (color online). Two-dimensional correlation functions
for (a) peripheral events and (b) central events, both with a
truncated maximum to suppress the large correlation at
ð!#;!!Þ ¼ ð0; 0Þ; (c) the per-trigger yield !! distribution
together with pedestal levels for peripheral (bPZYAM) and central
(bCZYAM) events, and (d) integrated per-trigger yield as function
of "EPb

T for pairs in 2< j!#j< 5. The shaded boxes represent
the systematic uncertainties, and the statistical uncertainties are
smaller than the symbols.

PRL 110, 182302 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
3 MAY 2013

182302-3

ATLAS p+Pb: peripheral (left) & central (right)

v2 in p+Pb rises with multiplicity at LHC.

But large v2 in d+Au at RHIC even at low
multiplicity!

Large v2 in d+Au from initial geometry?
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Hydro + Langevin simulation in d+Au
Initial ε → final p anisotropy

Are small systems exhibiting hydrodynamic behavior like this?
A. Adare (CU Boulder) Future Studies at RHIC APS DNP 2013 15 / 31



Long-range correlations at RHIC
d+Au correlations
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Ridge observed in Au-going, but not d-going direction
Long-range near-side anisotropy not easily explained by jets
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Understanding long-range correlations
Competing explanations:

Initial-state fluctuations → long-range correlations
Hydrodynamic effects
CGC effects

Reality may require admixture of these. Plan: Vary initial geometry (p, d,
3He+Au) and look for anisotropy. If hydro, signal should be strong! Initial
geometry not just fluctuations.
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The PHENIX MPC-EX upgrade
Direct photons and neutral pions at forward rapidity

Silicon tracking / preshower addition to successful Muon Piston Calorimeter
(3.1 < |η| < 3.8)

Proposal: 1301.1096v1

8-layer Si minipad / tungsten
sandwich design

Preshower improves MPC
EM/hadronic shower
discrimination
π0 → γγ up to p = 100
GeV/c
Prompt γ identification

Commissioning in 2014, ready for physics in 2015
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Forward physics with PHENIX MPC-EX
Improving constraints on nuclear PDFs

EPS09: the state of the art in parton distributions
Valence and sea quarks well constrained.
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This work, EPS09LO
EKS98
HKN07 (LO)
EPS08
nDS (LO)

Pb Pb Pb

(
,

2 =
1.
69
G
eV

2 )
Pb

Figure 12: Comparison of the average valence and sea quark, and gluon modifications at
Q2 = 1.69GeV2 for Pb nucleus from LO global DGLAP analyses EKS98 [1, 2], EKPS [3],
nDS [6], HKN07 [5], and this work EPS09LO.

4 Application

In this section we apply the obtained EPS09NLO parametrization — the central set
and 30 error sets — to a cross-section that was not included in the fit. Through this
example we also want to demonstrate how our parametrization should be applied in
practice.

We consider here inclusive negative hadron h− production at forward (pseudo) ra-
pidities η = 2.2 and η = 3.2, in p+p and d+Au collisions, measured by the BRAHMS
collaboration [37] at RHIC. In our previous article [4] we discussed how the suppres-
sion observed in the nuclear modification RdAu obtained from these data would strongly
favour very deep gluon shadowing, and we searched for the strongest possible one that
would still not contradict the available DIS and DY data. The analysis [4] was per-
formed in a LO framework and we were forced to use fragmentation functions for
average hadrons h+ + h− instead of charge-separated ones for h− only5. In the cur-
rent NLO setup we relax such simplification and employ the charge-separated NLO
fragmentation functions by Sassot et al. [33].

We first investigate how well the NLO pQCD calculation can reproduce the shape
and magnitude of the differential h− yields measured by BRAHMS in p+p and d+Au
collisions from which the nuclear modification RdAu is computed. The inclusive yields
are linked to the cross-sections by

d2Npp

dpT dy
min.bias

=
1

σinelastic
NN

d2σpp

dpT dy
;

d2NdAu

dpT dy
min.bias

=
〈Ncoll〉
σinelastic

NN

1
2Ad2σdAu

dpTdy
, (14)

where σinelastic
NN is the total inelastic nucleon-nucleon cross-section and 〈Ncoll〉 is the

5The extraction of the charge separated fragmentation functions from p+p data is reliable only at
NLO due to significant perturbative O

(

α2
s

)

corrections.

20

But LHC mid-y / RHIC forward-y gluon distribution models have large
discrepancies.
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Forward physics with PHENIX MPC-EX
Direct photons: the “golden channel”

Prompt photons are free from final-state effects…clean access to low-x
shadowing / saturations effects.

Figure 1: EPS09 exclusion plots in RdAu (left) and RG (right). The outer hatched lines are the
90% confidence level envelope of all the EPS09 curves. The light blue areas represent the 90%
confidence level limits of the simulated measurement, while the dark blue represent the 1�
limits. The nominal value is taken as the central EPS09 curve. See Section 3.4 for details.

performance of the MPC-EX detector for the reconstruction of electromagnetic showers
and the separation of direct photons from other sources. In the last two sections of this
chapter we detail a full simulation of two key physics observables in the MPC-EX, the direct
photon and the measurement of azimuthal asymmetries in fragmentation. Finally, we
conclude with chapters on the budget and management of the MPC-EX project. Appendix
A contains additional information on events rates, cross sections, and triggering schemes
that were used to make the projections in the third chapter.

iii

1301.1096v1

Simulation using full statistical / systematic constraint method on EPS09
nPDFs
Projected measurement at 1σ and 2σ level
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2. Intermediate-term physics
Beam energy scan II (2018-2019)



Beam Energy Scan Phase II
Searching for critical boundaries

Plan: Cover BES I energies with longer runs & upgraded detectors.
Range may be extended to include

√
s < 7 GeV runs (fixed-target).
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Figure 1. The picture of the QCD Phase Diagram with marked coverage of the RHIC BES
program. Yellow trajectories represent schematics of the collision evolution at di↵erent energies
of the BES program. The red circle symbolizes the critical point. Note, that yellow lines and
the red circle are for illustrative purpose only.

The Au+Au collisions at lower, i.e. below the injection point, energies, available presently
at RHIC, should be able to reach a chemical potential region of interest, and therefore allow for
the exploration of the first-order phase transition, and possibly of the CP.

In 2010 and 2011 RHIC completed phase I of the BES program with data sets at 7.7, 11.5,
19, 27 and 39 GeV. This is complemented by the data collected earlier at higher energies (62,
130 and 200 GeV). Together they cover the µ

B

interval from 20 to 450 MeV, which is believed
to contain the range associated with the first order phase transition and CP.

In the following sections a short discussion of BES program specific goals, together with a
few preliminary results of analyzed phase I data, will be presented.

2. Beam Energy Scan Program at RHIC
Presently the BES program is focused around three goals.

The first one, and the easiest, is to scan the phase diagram with variable collision energy
(di↵erent µ

B

and T) to find whether (and where in the
p
s

NN

) the key QGP signatures observed
at the top RHIC energy have been turned o↵. This may suggest that system is back to the
hadron gas phase. The disappearance of a single signature would not be enough to claim an
onset of deconfinement, because there are other phenomena not related to deconfinement which
may cause a similar e↵ect. However, the modification or disappearance of several signatures
simultaneously would definitely provide a compelling case. The particular observables identified
as the essential drivers of this part of the run are: constituent quark number scaling, hadron
suppression in central collisions characterized by R

cp

, untriggered pair correlations in the space
of pair separation in azimuth and pseudorapidity and local parity violation in strong interactions.

The second goal is to find critical fluctuations, associated with a strong increase in the
susceptibilities, which are expected in the vicinity of CP. However, because the finite size e↵ects
could wash out the critical behavior, the search for evidence of the softening of EOS as a system
enters a mixed phase region implicitly associated with crossing first-order phase transition was

International Workshop on Discovery Physics at the LHC (Kruger2012) IOP Publishing
Journal of Physics: Conference Series 455 (2013) 012037 doi:10.1088/1742-6596/455/1/012037

2

Focus on correlation and fluctuation
observables:

1st-order transition?
Azimuthal HBT and v1
Partonic or hadronic matter?
v2/NCQ scaling
Critical point?
Correlation length, fluctuation
measurements

RHIC is our best bet for investigating these key questions.
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Intriguing hints from BES I
STAR, 1309.5681v1

Net-proton (Np − Np̄) distributions
over √sNN = 7.7-200 GeV
Baseline expectation: p, p̄
multiplicities are
Poisson-distributed (Skellam dist.)

Cumulant ratios show √sNN dependence
Not predicted by transport models (UrQMD does not model a critical point)
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BES II Schedule
Planned for 2018-2019

Factor of 10 - 20 increase in statistics over BES 1 (with added step in µB),
with several major detector upgrades in place.

..

√
s (GeV) 62.4 39 27 19.6 14.6 11.5 7.7 4.5 3.9 3.5 3.0

µB (MeV) 70 115 155 205 250 315 420 585 630 670 720

BES I (M Evts) 67 130 70 36 - 11.7 4.3

BES II (M Evts) 400 100 120 80 5 5 5 5

Rate
(M Evts/day)

20 20 9 3.6 1.6 1.1 0.5

e Cooling 8 6 4.5 3

Weeks 2 1.5 3.5 7.5
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3. The next generation at RHIC
sPHENIX (2020-2022)



Probing the medium in sPHENIX
Collisional energy loss infers medium composition

Why is energy loss at RHIC
interesting?

Not all radiative! Collisional
energy loss is not negligible
Collisional component depends
on mass of scattering centers
Also depends on length scale
probed

The Physics Case for sPHENIX How does the QGP evolve along with the parton shower?

of the effective scattering centers and extract the resulting values for ê and q̂. Figure 1.8
shows Tê/q̂ as a function of the mass of the effective scattering centers in the medium in
this model. In the limit of infinitely massive scattering centers, the interactions are elastic
and no energy is transferred to the medium.

what are the jet partons scattering from?

1

Limit of infinitely massive 
scattering centers yields 

all radiative e-loss.

arXiv:1209.3328

T
 e

 /
 q

ˆ
ˆ

mass [GeV/c2]

αs = 0.3
T = 350 MeV 
jet ET = 30 GeV

Coleman-Smith, Mueller
Figure 1.8: Tê/q̂ as a function of the mass of the effective scattering centers in the medium.
As the mass increases, the parton is less able to transfer energy to the medium and the ratio
drops.

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 col-
lisions 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 1.9 shows the expected evolution of virtual-
ity 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) [41, 42]. 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 [42].” 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.

11

Collisional E loss decreases as mass
scale µs increases

C. Coleman-Smith, B. Mueller (1209.3328v1)

3

●

●

●

●

E (GeV)

q̂ 
(G

eV
^2

/fm
)

20 40 60 80 100 120 140

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

●

αs = 0.2
αs = 0.3
αs = 0.4
αs = 0.6

●

●

●

●

E (GeV)
Tê
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FIG. 2: (Color Online) The scaling of the transport coe�-
cients with strong coupling ↵s, for a medium at T = 350 MeV
and µs = 1.

Fig. 4 shows the distribution of elastic energy loss as a
function of the medium mass scale µs, here the influence
of varying µs can be observed. The lighter medium leads
to greater recoil and an enhanced tail in the �E/E dis-
tribution compared to the baseline, the heavier medium
leads to a suppression of the spectrum.

Fig. 5 shows the ratio of the transport coe�cients as
a function of the probe energy. The ratio scales roughly
linearly with the medium mass µs. Heavy constituents
promote transverse momentum transfer and so radiative
processes, lighter constituents favor energy transfer in
elastic scattering. The dependence upon the medium
density cancels in the ratio of the transport coe�cients,
thus the ratio is only sensitive to the mass of the medium
constituents. Experimental measurements of this ra-
tio would provide a direct measure of the mass of the
medium constituents as seen by hard probes. These mea-
surements could be carried out over a range of probe
virtualities, by comparing heavy and light quark jets at
the LHC with those at RHIC. An experimental determi-
nation of the ratio q̂/ê would give vital insight into the
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FIG. 3: (Color Online) The scaling of the transport coe�-
cients with the medium mass scale µs, here q̂ and ê have been
scaled by n(µs) = N/V (µs) as determined by (9).
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E loss at different T, Eparton
→ info on medium (scattering centers)
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sPHENIX

2

[58]

TAB(C) =
〈

∫

d2!x⊥TA(!x⊥ −
!b

2
)TB(!x⊥ +

!b

2
)

〉

b∈C

(2)

in terms of the Glauber nuclear thickness profile
TA(!x⊥) =

∫

dzρA(z, !x⊥) and Wood-Saxon nuclear den-
sity ρA normalized to A.
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π0 PHENIX 0-5%
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FIG. 1. WHDG model [53] predictions (blue bands extrapo-
lated from the RHIC constrained green band) for the nuclear
modification factor of π0 in Pb+Pb 2.76 ATeV LHC are com-
pared to ALICE/LHC [1] charged hadron nuclear modification
data in central (red solid) and peripheral (open red) reactions.
The PHENIX/RHIC Au+Au→ π0 nuclear modification data
[34] are shown by black dots. The brown triangles and blue
stars represent the charged hadron PHENIX [32] and STAR
[33] data, respectively. The blue band of WHDG predictions
corresponds to the 1-σ medium constraint set by PHENIX [34]
extrapolated to LHC via the ALICE charged particle rapidity
density [2]. The wide yellow band is the current systematic
error band of the (red dot) LHC data due to the unmeasured
p+p reference denominator.

In the absence of both initial state and final state nu-
clear interactions RAB = 1. For pT below some charac-
teristic medium dependent transverse momentum “sat-
uration” scale, Qs(pT ,

√
s, A), the initial nuclear par-

tonic distributions functions (PDFs) [59–61] fa/A(x =
2pT /

√
s,Q2 ∼ p2T ) < Afa/N (x,Q2) are expected to be

shadowed, leading to RAA < 1 because the incident flux
of partons is less than A times the free nucleon parton
flux. Color Glass Condensate (CGC) models [11, 62–
68] have been developed to predict Qs(pT ,

√
s, A) related

initial state effects from first principles. While the mag-
nitude of Qs at LHC is uncertain and will require future
dedicated p+Pb control measurements to map out, cur-
rent expectations are that Qs < 5 GeV at LHC in the
central rapidity region. This should leave a wide jet to-

mographic kinematic window 10 < pT < 200 GeV in
which nuclear modification should be dominated by final
state parton energy loss and broadening effects. In this
paper, we therefore assume that initial state nuclear ef-
fects can be neglected in the 10 < pT < 20 (i.e. x > 0.01)
range explored by the first ALICE data [1]. We note that
from Fig. 1, and as discussed in detail below, our RHIC
constrained jet quenching due to final state interactions
alone already tends to over-predict the pion quenching
at LHC and therefore leaves no room for large addi-
tional shadowing/saturation effects in the [68–70] in this
Q2 > 100 GeV2 kinematic window—unless the sQGP is
much more transparent at LHC than expected from most
extrapolations of jet quenching phenomena from SPS and
RHIC to LHC energies.
The main challenge to pQCD multiple collision theory

of jet tomography and AdS/CFT jet holography is how to
construct a consistent approximate framework that can
account simultaneously for the beam energy dependence
from SPS to LHC energy and for the nuclear system size,
momentum, and centrality dependence from p+p to U +
U of four major classes of hard probe observables: (1) the
light quark and gluon leading jet quenching pattern as a
function of the resolution scale pT , (2) the heavy quark
flavor dependence of jet flavor tagged observables, and (3)
the azimuthal dependence of high pT particles relative to
the bulk reaction plane determined from low-pT elliptic
flow and higher azimuthal flow moments, vn(pT ), and (4)
corresponding di-jet observables.
The first LHC heavy ion data on high transverse mo-

mentum spectra provide an important milestone because
they test for the first time the density or opacity depen-
dence of light quark and gluon jet quenching theory in a
parton density range approximately twice as large as that
studied at RHIC. The surprise from LHC is the relatively
small difference observed between the RHIC [32–34] and
ALICE [1] LHC data on RAA(10 < pT < 20 GeV), as
shown in Fig. 1. In addition, there is little difference
from RHIC to LHC between the differential elliptic flow
probe, v2(pT < 2), as reported in [3]. The rather striking
similarities between bulk and hard observables at RHIC
and LHC pose significant consistency challenges for both
initial state production and dynamical modeling of the
sQGP phase of matter.
In this paper, we focus on the puzzle posed by the

similarity of inclusive light quark/gluon jet quenching at
RHIC and LHC by performing a constrained extrapola-
tion from RHIC using the WHDG model [53] to predict

Rπ0

AA at 2.76 ATeV cm energy. We update our earlier
2007 LHC predictions in [71, 72], by extrapolating the
2008 1− σ PHENIX/RHIC constraints [34] of the opac-
ity range at

√
s = 0.2 ATeV using the new 2.76 ATeV

ALICE/LHC [2, 4] charged hadron rapidity density data,
dNch/dη = 1601±60, in the 0−5% most central collisions
and 35± 2 in the 70− 80% peripheral collisions.
We note that in strong coupling AdS/CFT approaches

to hard jet probes, the pQCD high-pT jet tomogra-
phy theory is replaced by a gravity dual jet holographic

Horowitz & Gyulassy 1104.4958v1

Energy loss models require RHIC
constraints

WHDG fails to naturally match
both RHIC and LHC RAA

RHIC RAA provides important
constraint
Far more powerful energy loss
observables available in sPHENIX

We need tools to study the medium at different length scales and
temperatures: Jets, heavy quarks, and photons.
sPHENIX is optimized for these probes. LHC alone is insufficient!
See following talks by J. Haggerty, J. Huang, and D. Morrison.
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4. The eRHIC era
2023 onward



Gluons
Central to QCD, yet still enigmatic

Responsible for most of hadronic mass
Self-interact, unlike photons
→ asymptotic freedom
Gluons in nuclei dominate at small x

As nucleon moves faster,
fluctuating gluons are longer-lived
gluons crowd the hadron
saturation momentum scale

Q2
s(x) ∝ A1/3

(
1
x

)0.2−0.3

→ Color glass condensate
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Note that
the gluon and sea quark distributions are scaled down by a factor of 20. Clearly gluons dominate
at small-x.

the figure. One can also observe that the
gluon distribution dominates over those of
the valence and “sea” quarks at a moderate
x below x = 0.1. Remembering that low-
x means high energy, we conclude that the
part of the proton wave-function responsible
for the interactions in high energy scattering
consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [122].

To understand the onset of the dense
regime, one usually employs QCD evolution

equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-

tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow
one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x

0

, Q2

0

). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q2

0

, the DGLAP equation
allows one to find the parton distributions at
Q2 > Q2

0

at all x where DGLAP evolution
is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x
0

> x and all Q2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[123, 124]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
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many new
smaller partons
are produced

Proton
(x, Q2)

Proton
(x0, Q2)

x0 >> x

Low Energy High Energy

parton

“Color Glass Condensate” 

Figure 3.4: The proton wave-function at small-x (shown on the right) contains a large number
of gluons (and quarks) as compared to the same wave-function at a larger x = x

0

(shown on
the left). The figure is a projection on the plane transverse to the beam axis (the latter is shown
by arrows coming “out of the page,” with the length of the arrows reflecting the momentum of
the proton).

split into two partons, leading to an increase
in the number of partons proportional to the
number of partons N at the previous step,

@N(x, r
T

)

@ ln(1/x)
= ↵

s

K
BFKL

⌦ N(x, r
T

), (3.1)

with K
BFKL

an integral kernel and ↵
s

the
strong coupling constant. In DIS at high en-
ergy, the virtual photon splits into a quark-
antiquark dipole which interacts with the
proton. The dipole scattering amplitude
N(x, r

T

) probes the gluon distribution in the
proton at the transverse distance r

T

⇠ 1/Q.2

Note that a Fourier transform of N(x, r
T

) is
related to the gluon transverse momentum
distribution (TMD) f(x, k

T

) from Chap. 2.
The BFKL evolution leads to the power-law
growth of the parton distributions with de-
creasing x, such that N ⇠ (1/x)� with � a
positive number [123]. This behavior may
account for the increase of the gluon density
at small-x in the HERA data of Fig. 3.3.

The question arises whether the gluon
and quark densities can grow without limit
at small-x. While there is no strict bound

on the number density of gluons in QCD,
there is a bound on the scattering cross-
sections stemming from unitarity. Indeed,
a proton (or nucleus) with a lot of “sea”
gluons is more likely to interact in high en-
ergy scattering, which leads to larger scat-
tering cross-sections. Therefore, the bound
on cross-sections should have implications for
the gluon density. The cross-section bound
arises due to the black disk limit known from
quantum mechanics. The high-energy total
scattering cross section of a particle on a
sphere of radius R is bounded by

�
tot

 2⇡R2. (3.2)

In QCD, the black disk limit translates into
the Froissart–Martin unitarity bound, which
states that the total hadronic cross-section
can not grow faster than ln2 s at very high
energies with s the center-of-mass energy
squared [125]. The cross section resulting
from the BFKL growth of the gluon den-
sity in the proton or nucleus wave-function
grows as a power of energy, �

tot

⇠ s�, and
clearly violates both the black disk limit and

2In general, the dipole amplitude also depends on the impact parameter bT of the dipole (cf. Sec. 2.4.6):
for simplicity we suppress this dependence in N(x, rT ).
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Where is the saturation scale?
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Figure 1.8: Top: The schematic of eRHIC at BNL, which would require construction of an
electron beam facility (red) to collide with the RHIC blue beam at up to three interaction points.
Botton: The schematic of ELIC at JLab, which would require construction of the ELIC complex
(red, black/grey) and its injector (green on the top) around the 12 GeV CEBAF.
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From EIC 
White paper 

ePHENIX with its HCal and EMCal 
coverage is expected to do similar job 
with diffractive measurements 

Diffractive processes are most 
sensitive to gluon densities ~(xG)2 

Color Glass Condensate (CGC) 
High gluon density matter 
Direct consequence of gluon 
self-interaction in QCD 

Saturation effects are greatly 
enhanced in eA collisions: 

Collider energy -> low x 
Heavy Ions -> high A 
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x
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An e+ A collider is the ideal machine for physics at the saturation scale.
See Talks by B. Mueller, A. Deshpande, A. Bazilevsky, and others.
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Summary
4 time periods with a few highlights

1 Current and near future
Collective behavior in small systems
New detectors → heavy flavor physics

2 Beam energy scan phase II
Constraining phase boundaries and the critical point

3 Adding T-dependence with sPHENIX
Energy loss and partonic interactions near Tc

4 eRHIC era
Gluon nPDFs, saturation

Thank you
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