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sPHENIX in a couple of slides
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sPHENIX in a couple of slides
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sPHENIX in a couple of slides
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Figure 1.5: (Left) Shear Viscosity divided by entropy density, h/s, renormalized by the
conjectured KSS bound as a function of the reduced temperature, T/Tc, with various calcu-
lations for the quark-gluon plasma case. See text for discussion. (Right) Figure with three
conjectured scenarios for the quark-gluon plasma transitioning from the strongly coupled
bound (as a near perfect fluid) to the weakly coupled case.

more perfect at LHC energy.”

Shown in Figure 1.5 (right panel) are three possible scenarios for a more or less rapid
modification of the medium from the strong to the weak coupling limit. Scenario I has
the most rapid change in h/s(T) following the “Song-a” parametrization and Scenario
III has the least rapid change going through the lattice QCD pure glue result [24]. It is
imperative to map out this region in the ‘condensed matter’ physics of QCD and extract
the underlying reason for the change.

The above discussion has focused on h/s as the measure of the coupling strength of the
quark-gluon plasma. However, both h/s and jet probe parameters such as q̂ and ê are
sensitive to the underlying coupling of the matter, but in distinct ways. Establishing for
example the behavior of q̂ around the critical temperature is therefore essential to a deep
understanding of the quark-gluon plasma. Hydrodynamic modeling may eventually
constrain h/s(T) very precisely, though it will not provide an answer to the question of the
microscopic origin of the strong coupling (something naturally available with jet probes).

The authors of Ref [18] propose a test of the strong coupling hypothesis by measuring both
h/s and q̂. They derive a relation between the two quantities expected to hold in the weak
coupling limit.

q̂ ?=
1.25T3

h/s
(1.1)

7

η/s saturates 
when coupling is 

strong

“Small shear viscosity implies 
strong jet quenching”

Majumder, Mueller, Wang, 
PRL (2007)

“[We find] the jet quenching is a 
few times stronger near Tc 

relative to the QGP at T > Tc.”
Liao, Shuryak, PRL (2009)

1

q̂ = 1.25T3

⌘/s
?



What is the nature of the strongly coupled QGP?

• What are the inner workings of the sQGP?

• Are the key degrees of freedom quasi-particles? excitations? other?

• How do these degrees of freedom depend on the scale of the probe?

• How does the sQGP itself evolve along with the parton shower?

• What are the dynamical and other underlying changes to the medium as one 
crosses this temperature expanse?

6



Theoretical guidance on observables/sensitivity

The theoretical bridgework needed to connect measurement to 
the interesting and unknown medium properties of deconfined 
color charges is under active construction by many theorists

Just one example: March 3-4, 2012 Jet Collaboration meeting at Duke University
 Lots of interest from theory community

Follow up EVO meetings.

JETS@RHIC

7



Sensitivity to coupling strength

Chris Coleman-Smith (Duke)

JA
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

J
dN

/d
A

0

0.05

0.1

0.15

0.2

0.25 >50 GeVT2>120 E
T1

PYTHIA+VNI, R=0.5 E
Vacuum

=0.3sα

CMS p+p 5.00 TeV
CMS Pb+Pb 2.76 TeV

JA
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

J
dN

/d
A

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 >20.0
T1

PYTHIA+VNI T=350 MeV, R=0.2 E
Vacuum

=0.2sα
=0.35sα
=0.6sα

Comparison to LHC data Sensitivity to αs at RHIC energies

symmetric

symmetric

asymmetric

8



Radiative and collisional energy loss

Radiative energy loss only Radiative + Collisional energy loss
±10% changes in coupling strength

Ivan Vitev

What are the effective constituents of the QGP?

9



Interaction of jet with medium

where ET;i (i ¼ 1; 2) denotes the transverse energy of the
leading and subleading jet, respectively. For back-to-back
dijet events in the vacuum, AJ is peaked at zero. The
ATLAS Collaboration measured this quantity by requiring
the trigger jet ET;1 > 100 GeV and the second jet in the
opposite hemisphere !!> "=2 with ET;2 > 25 GeV. To
proceed, we first generate vacuum dijet events from PYTHIA

[20] and obtain the distribution for the dijet asymmetry
factor AJ in pþ p events. The modification of each dijet
event in Pbþ Pb collisions is obtained as follows. For each
dijet event, we sample its production points according to
the distribution of the binary nucleon-nucleon collisions
in collisions of two Pb nuclei. For asymmetric dijets
(AJ > 0:1), the trigger bias is taken into account by
letting the higher energy jet propagate along the
shorter path (implying a smaller energy loss), and the other
jet to propagate along the other direction. For nearly sym-
metric jet pairs (AJ < 0:1), such a trigger bias does not
apply.

As expected, the number of strongly asymmetric dijets is
significantly increased by the medium evolution which
tends to let one jet lose more energy than the other due
to the different path lengths of the two jets in the medium.
The asymmetry of dijets is more prominent in the most
central Pbþ Pb collisions (left panel of Fig. 3) than in
midcentral events (right). The depletion of energy inside
the jet cone is a combination of collisional energy loss
experienced by all shower partons, radiation outside the jet
cone, and the scattering of radiated gluons into angle out-
side the jet cone. From our fit to the data we obtain the
average path-length weighted transport coefficient in cen-
tral collisions hq̂i ¼ hq̂Li=hLi ¼ 0:85 GeV2=fm, where
the average is over different production points and pro-
pagation directions. This corresponds to a value of
q̂ ¼ 2:1 GeV2=fm at the highest temperature 400 MeV in

Auþ Au collisions at RHIC, consistent with the system-
atic analysis performed in Ref. [25].
In summary, we have studied the evolution of a jet

shower propagating in a quark-gluon plasma and calcu-
lated the loss of energy contained in a given cone angle.
The medium modification of the shower spectrum and
shape is described by a differential equation that in-
corporates both collisional energy loss and transverse
momentum broadening. Our approach provides a good
description of the dijet asymmetry observed by the
ATLAS Collaboration in Pbþ Pb collisions at the LHC.
The values of the parton transport coefficients are similar
to those describing jet quenching at RHIC, extrapolated to
the higher matter density at the LHC. This suggests that the
quark-gluon plasma created at the LHC has similar prop-
erties as that studied by the RHIC experiments.
This work was supported in part by Grants No. DE-

FG02-05ER41367 and No. DE-SC0005396 from the U.S.
Department of Energy.
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Same at LHC, different at RHIC
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Expected counts in a 20 week run at 200 GeV
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A different kind of beam energy scan!

Measuring jets, dijets, and �-jet correlations at RHIC The Physics Case for sPHENIX
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Figure 1.21: Jet, photon and �0 rates with |�| < 1.0 from NLO pQCD [89] calculations scaled
to Au+Au central collisions. The scale uncertainties on the pQCD calculations are shown as
additional lines. Ten billion Au+Au central collisions correspond to one count at 10�10 at
the bottom of the y-axis range.

tries with high statistics are particularly interesting since current theoretical calculations
are challenged by the path length dependence of the energy lost by the parton probe.

Measurement of direct photons requires them to be separated from the other sources of
inclusive photons, largely those from �0 and � meson decay. The left panel of Figure 1.22
shows the direct photon and �0 spectra as a function of transverse momentum for bothp

s = 200 GeV and 2.76 TeV p+p collisions. The right panels show the �/�0 ratio as a
function of pT for these energies with comparison PHENIX measurements at RHIC. At the
LHC, the ratio remains below 10% for pT < 50 GeV while at RHIC the ratio rises sharply
and exceeds one at pT � 30 GeV/c. In heavy ion collisions the ratio is further enhanced
because the �0s are significantly suppressed. Taking the suppression into account, the
�/�0 ratio at RHIC exceeds one for pT > 15 GeV/c. The large signal to background means
that it will be possible to measure direct photons with the sPHENIX calorimeter alone,
even before applying isolation cuts. Beyond measurements of inclusive direct photons,
this enables measurements of �-jet correlations and �-hadron correlations.
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Figure 3. NLO jet, ⇡0 and direct photon rates [9] at
p

sNN=200 GeV (left) andp
sNN= 100 GeV (right).

Numerous studies have been done to establish the feasibility of reconstructing jets atp
sNN= 200 GeV in sPHENIX. A large HIJING study was done in order to evaluate the

separation of true jets from fake jets (background fluctuations) [10] in an ideal calorimeter.
Results for anti-kT R = 0.2 jets are shown in Figure 4 (left). For jets with ET > 20 GeV true
jets dominate over fake jets. For larger jet radii the crossing point is at higher ET , but still
within the range that sPHENIX expects to have statistics for.

Dijet asymmetry measurements have been used extensively at the LHC. In heavy ion collisions
the large jet quenching decreases the fraction of symmetric (balanced) dijets and increase
the fraction of unbalanced dijets. In order to estimate how well sPHENIX would be able to
distinguish these scenarios we embedded PYTHIA p+p events into central HIJING events and
reconstructed the jet asymmetry, AJ . We also did the same with PYQUEN events, where jet
quenching is applied to PYTHIA event. The results are shown in the right panel of Fig 4. The
unfolded results for both the PYTHIA and PYQUEN samples are in agreement with the initial
truth asymmetry distributions.

5. sPHENIX Upgrades
As discussed above, the sPHENIX proposal in Ref. [1] includes a solenoid and electromagnetic
and hadronic calorimetry. This is appropriate for jet and direct photon measurements. However,
other very interesting probes, such as separated upsilon states and heavy flavor jets will require
additional detectors. There are plans for additional tracking layers beyond the existing VTX
and a preshower detector that will be needed for electron identification.

The physics made available by these upgrades is extremely important and the goal is to have
these in place at the same time as the rest of sPHENIX. Here we highlight one example, heavy
flavor jets. Heavy quarks, especially bottom, were expected to lose much less energy than light
quarks due to the dead cone e↵ect [14] suppressing gluon radiation. However, results from both
RHIC and the LHC have shown evidence for substantial energy loss of both charm and bottom
quarks [15, 16, 17].

If sPHENIX were to be capable of identifying heavy quark jets this would extend the pT
range of heavy quark measurements at RHIC significantly. Figure 5 shows that there are
accessible rates for heavy quark production for pT > 30 GeV/c. The constraints from such
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Reconstructed jets in heavy ion collisions are a crucial tool for understanding the quark-gluon plasma. The
separation of jets from the underlying event is necessary particularly in central heavy ion reactions in order
to quantify medium modifications of the parton shower and the response of the surrounding medium itself.
There have been many methods proposed and implemented for studying the underlying event substructure in
proton-proton and heavy ion collisions. In this paper, we detail a method for understanding underlying event
contributions in Au + Au collisions at

√
sNN = 200 GeV utilizing the HIJING event generator. This method,

extended from previous work by the ATLAS collaboration, provides a well-defined association of “truth jets”
from the fragmentation of hard partons with “reconstructed jets” using the anti-kT algorithm. Results presented
here are based on an analysis of 750M minimum bias HIJING events. We find that there is a substantial range
of jet energies and radius parameters where jets are well separated from the background fluctuations (often
termed “fake jets”) that make jet measurements at the BNL Relativistic Heavy Ion Collider a compelling physics
program.

DOI: 10.1103/PhysRevC.86.024908 PACS number(s): 25.75.−q

I. INTRODUCTION

Understanding the detailed interaction and coupling
between hard scattered partons and the quark-gluon plasma
through which they propagate is essential to our fundamental
knowledge of QCD and in determining properties of the
quark-gluon plasma. The measurement of fully reconstructed
jets in heavy ion collisions at the Large Hadron Collider
(LHC) [1,2] highlight the substantial additional information
contained therein and its complementary nature to single
hadron [3–5], dihadron correlations [6–9]. The measurement
of direct photon-jet correlations is another critical handle to be
utilized [10]. Extending fully calorimetric jet measurements to
lower center-of-mass energies at the BNL Relativistic Heavy
Ion Collider provides measurements for kinematics difficult
to access at the LHC and the QGP at different temperature
and coupling regime.

With the first Pb + Pb at
√

sNN = 2.76 TeV collisions at
the LHC new insights into jet physics in heavy ion collisions
were gained. The ATLAS collaboration reported an increase
in the number of energy asymmetric dijets in central Pb + Pb
collisions compared to proton-proton and peripheral Pb + Pb
collisions [1]. They also reported the suppression of jets with
100< pT <200 GeV/c by a factor of approximately two
when comparing central to peripheral Pb + Pb collisions [11].
The CMS collaboration measured jet-hadron correlations in a
similar jet pT range and found that the energy lost by high
pT fragments was approximately balanced by very low pT

tracks far from the jet axis [2]. However the data from both
RHIC and the initial LHC results are not enough to constrain
the physics of jet quenching. Most theoretical descriptions
have relied on weakly coupled techniques [12]. Features of
strong coupling, as observed in descriptions of the bulk matter,

might contribute to jet quenching as well. More data on jet
observables (including dijet, γ -jet, and heavy flavor tagged
jets) at RHIC and the LHC will be necessary to understand
the physics of jet quenching over the full range of medium
properties and jet kinematics and probe for sensitivity of the
quenching to outgoing parton virtuality.

The multiplicity of charged particles dNch/dη is approx-
imately 2.15 times higher for Pb + Pb central collisions at√

sNN = 2.76 TeV compared with Au + Au central collisions
at

√
sNN = 200 GeV [13]. Thus the soft particle background

is substantially higher for LHC events. However, the jet cross
section is substantially higher as well, and measurements
for jets with energies greater than 100 GeV appear well
separated from the background (though detailed publications
of these studies are not yet available). Various methods have
been explored at the LHC and RHIC for understanding the
underlying event contributions, and background fluctuations
reconstructed as jets, so called “fake jets” [14–18].

At
√

sNN = 200 GeV the projected jet rates into |η| < 1
based on NLO pQCD cross sections [19] and expected RHIC
luminosities have been computed [20]. In a typical year of
RHIC running 50B Au + Au events could be sampled. In
the top 20% centrality that would lead to approximately 107

jets above 20 GeV, 106 jets above 30 GeV, 105 jets above
40 GeV, and 104 jets above 50 GeV. Over 60% of the time
there is full containment of the opposing dijet for 20 GeV jets
within |η| <1 with that percentage increasing with increasing
jet energy.

In this paper, we present a study of jet reconstruction and
separation from the underlying event using the HIJING [21]
event generator for Au + Au events at

√
sNN = 200 GeV. This

follows an iterative underlying event subtraction procedure
extended from one developed by the ATLAS Collaboration

024908-10556-2813/2012/86(2)/024908(8) ©2012 American Physical Society

15

employs ATLAS-style jet finding (as described by Aaron Angerami yesterday) 



matched jets:
within ΔR< 0.25 of a HIJING 

truth jet (>5GeV)

not matched jets:
no nearby HIJING jets

“fakes”

reconstructed jets
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for a given R, there 
is an ET above 

which jet signal is 
clean
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• measurement is convolution of 
underlying truth with 
experimental resolution

• iterative Bayes’ method of the 
ROOUNFOLD package (arXiv:
1105.1160) used to “unfold” 
measurement

• convolution of ~exponential 
truth with ~Gaussian detector 
response ⇒ ET independent 
shift upward in measured ET
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jet RAA for 200 GeV collisions with inclusive jets

• calculation by Guang-
You Qin includes 
radiative and collisional 
energy loss

• calculations by Ivan 
Vitev with and without 
cold nuclear matter 
effects

• simulation shows 
statistical and 10% 
systematic uncertainties

Jet Performance in Au+Au collisions Jet, Dijet, and �-Jet Performance
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Figure 4.12: Single inclusive jet RAA with R = 0.2 for Au+Au central events from the
unfolding of the p+p and Au+Au spectra with an estimated systematic uncertainty as
a multiplicative factor of approximately ± 10%. Also shown are the predictions from a
calculation including radiation and collisional energy loss and broadening [81] and another
with and without cold nuclear matter effects [86, 87, 88] (as discussed in Section 1.6).

As an estimate of the uncertainties on a jet RAA measurement from one year of RHIC
running, the uncertainties from Figures 4.3 and 4.11 are propagated and shown in Fig-
ure 4.12. For ET < 50 GeV the point to point uncertainties are very small. Also shown is
an estimated systematic uncertainty including the effects from unfolding. All points are
shown projected at RAA = 1, and we show for comparison the predicted jet RAA including
radiative and collisional energy loss and broadening from Ref. [81].

4.4.3 Dijets in Au+Au collisions

Fake jets contaminate dijet observables much less than they do the inclusive jet measure-
ment. In the case of inclusive jets, one is working with a sample of 1010 central Au+Au
events in a typical RHIC year, so even if it is only a rare fluctuation in the background that
will be reconstructed as a real jet, there is a huge sample of events in which to look for
such fluctuations.
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di-jet asymmetry in p+p with approximate unfolding

• truth AJ smeared by 
detector resolution 
shows reduction of 
symmetric jets

• shift of trigger by 
average ET bias largely 
recovers truth AJ

• eventually would use full 
2D unfolding–something 
that LHC expt’s are also 
working on
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measuring AJ in central Au+Au

• clean trigger jet allows 
clean away-side jet to 
much lower ET

• shift in trigger jet as 
proxy for full 2D 
unfolding; largely 
recovers truth 
distribution

• for even lower away-side 
ET employ jet-hadron 
correlations
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Figure 4.13: The effect of smearing on AJ for R = 0.3 jets. The upper panel shows the ratio
expected in PYTHIA and PYQUEN, showing the effect of quenching. The middle panel shows
the effect of smearing on the ratio determined from jets reconstructed after embedding in
Au+Au events. Although smeared, the reconstructed data still show a distinct difference
between the quenched and unquenched results. The bottom panel shows the results of the
“unfolding” procedure discussed in Section 4.3.2.
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Figure 4.13: The effect of smearing on AJ for R = 0.3 jets. The upper panel shows the ratio
expected in PYTHIA and PYQUEN, showing the effect of quenching. The middle panel shows
the effect of smearing on the ratio determined from jets reconstructed after embedding in
Au+Au events. Although smeared, the reconstructed data still show a distinct difference
between the quenched and unquenched results. The bottom panel shows the results of the
“unfolding” procedure discussed in Section 4.3.2.
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measuring AJ in central Au+Au

• clean trigger jet allows 
clean away-side jet to 
much lower ET

• shift in trigger jet as 
proxy for full 2D 
unfolding; largely 
recovers truth 
distribution

• for even lower away-side 
ET employ jet-hadron 
correlations
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Figure 4.13: The effect of smearing on AJ for R = 0.3 jets. The upper panel shows the ratio
expected in PYTHIA and PYQUEN, showing the effect of quenching. The middle panel shows
the effect of smearing on the ratio determined from jets reconstructed after embedding in
Au+Au events. Although smeared, the reconstructed data still show a distinct difference
between the quenched and unquenched results. The bottom panel shows the results of the
“unfolding” procedure discussed in Section 4.3.2.
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measuring AJ in central Au+Au

• clean trigger jet allows 
clean away-side jet to 
much lower ET

• shift in trigger jet as proxy 
for full 2D unfolding; largely 
recovers truth distribution

• for even lower away-side 
ET employ jet-hadron 
correlations
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How would we extract physics quantities?
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FIG. 2: Nuclear modification factor (RAA) for π0s. Error
bars are statistical and pT-uncorrelated errors, boxes around
the points indicate pT-correlated errors. Single box around
RAA=1 on the left is the error due to Ncoll, whereas the single
box on the right is the overall normalization error of the p+p
reference spectrum.

Therefore, when combining their results, the total error is
reduced in the weighted average of the two independent
measurements. The final systematic uncertainties (one
standard deviation) on the spectra are shown in Table I.
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The left panel of Figure 1 shows the π0 invariant yield
spectra for all centralities as well as minimum bias, com-
bined from the independent PbSc and PbGl measure-
ments. In the overlap region the results are consistent
with those published earlier [16] while the errors are re-
duced by a factor of 2 to 2.5. The right panel shows
the ratios of PbSc and PbGl spectra to the combined
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FIG. 4: Integrated nuclear modification factor (RAA) for π0

as a function of collision centrality expressed in terms of Npart.
The error bars/bands are the same as in Fig. 2. The last two
points correspond to overlapping centrality bins, 0-10% and
0-5%. The dashed lines show the fit to a function. See text.

one at three centralities. The spectra are quite sim-
ilar at all centralities: when fitting pT>5GeV/c with
a power law function (∝ pn

T), the exponents vary from
n = −8.00± 0.12 in 0-5% to n = −8.06± 0.08 in the 80-
92% (most peripheral) bin. Note that n = −8.22±0.09 in
p+p collisions. The errors are combined statistical errors
and systematic uncertainties.

To quantify the comparison of spectra in heavy ion and
p+p collisions, the nuclear modification factor (RAA)

RAA =
1/NevtdN/dydpT

〈TAB〉 dσpp/dydpT

is used where σpp is the production cross section of the
particle in p+p collisions, and 〈TAB〉 is the nuclear thick-
ness function averaged over a range of impact parame-
ters for the given centrality, calculated within a Glauber
model [14]. Figure 2 shows RAA for π0 at different cen-
tralities, the 0-5% bin is shown on Figure 3. The ref-
erence p+p yield was obtained from the 2005 (Run-5)
RHIC p+p measurement [18].

RAA reaches ∼0.2 in 0-10% centrality at pT>5GeV/c
with very little (if any) pT dependence. This trend is
compatible with most current energy loss models but
not with a semi-opaque medium assumption, where RAA

would decrease with increasing pT [8]. While its magni-
tude changes, the suppression pattern itself is remarkably
similar at all centralities suggesting that the bulk RAA

(integrated over the azimuthal angle) is sensitive only to
the Npart but not to the specific geometry. Consequently,
study of the pT-integrated RAA vs. centrality is instruc-
tive.

Figure 4 shows the integrated nuclear modification fac-
tor (pT>5GeV/c, and pT>10GeV/c) for π0s as a func-
tion of centrality, with the last two points indicating over-
lapping 0-10% and 0-5% bins. In both cases the sup-
pression increases monotonically with Npart without any
sign of saturation, suggesting that larger colliding sys-

Phys. Rev. Lett. 101:232301,2008
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photon+jet correlations

• trigger on clean photon 
signal Eγ > 20 GeV

• measure ratio (rather 
than asymmetry) to 
away-side jet energy

• EMCal measures photon 
energy precisely, no 
need for unfolding

• real 1D unfolding of jet 
energy
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Figure 4.14: The effect of smearing on energy ratio Ejet/E� for R = 0.3 jets. The upper panel
shows the ratio expected in PYTHIA and PYQUEN, showing the effect of quenching. The mid-
dle panel shows the effect of smearing on the ratio determined from jets reconstructed after
embedding in Au+Au events. Although smeared, the reconstructed data still show a distinct
difference between the quenched and unquenched results. Results of a one dimensional
unfolding are compared with the truth particle level distributions in the bottom panel.
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Jet, Dijet, and �-Jet Performance Summary
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Figure 4.14: The effect of smearing on energy ratio Ejet/E� for R = 0.3 jets. The upper panel
shows the ratio expected in PYTHIA and PYQUEN, showing the effect of quenching. The mid-
dle panel shows the effect of smearing on the ratio determined from jets reconstructed after
embedding in Au+Au events. Although smeared, the reconstructed data still show a distinct
difference between the quenched and unquenched results. Results of a one dimensional
unfolding are compared with the truth particle level distributions in the bottom panel.
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photon+jet correlations

• trigger on clean photon 
signal Eγ > 20 GeV

• measure ratio (rather 
than asymmetry) to 
away-side jet energy

• EMCal measures photon 
energy precisely, no 
need for unfolding

• real 1D unfolding of jet 
energy

25

measured distributions



Jet, Dijet, and �-Jet Performance Summary
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Figure 4.14: The effect of smearing on energy ratio Ejet/E� for R = 0.3 jets. The upper panel
shows the ratio expected in PYTHIA and PYQUEN, showing the effect of quenching. The mid-
dle panel shows the effect of smearing on the ratio determined from jets reconstructed after
embedding in Au+Au events. Although smeared, the reconstructed data still show a distinct
difference between the quenched and unquenched results. Results of a one dimensional
unfolding are compared with the truth particle level distributions in the bottom panel.
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photon+jet correlations

• trigger on clean photon 
signal Eγ > 20 GeV

• measure ratio (rather 
than asymmetry) to 
away-side jet energy

• EMCal measures photon 
energy precisely, no 
need for unfolding

• real 1D unfolding of jet 
energy
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http://arxiv.org/abs/1207.6378
http://arxiv.org/abs/1207.6378


Mid-rapidity quarkonia with sPHENIX	

• heavy flavor statistics in A+A per year at RHIC – small production cross 
sections (e.g., Γ(ΥLHC) ~ 100 Γ(ΥRHIC)), but high A+A luminosity and long 
running periodsMidrapidity Upgrades and Physics Upsilon Spectroscopy

Species
Z

L dt Events hNcolli U(1S) U(2S) U(3S) U(1S+2S+3S)

p+p 18 pb�1 756 B 1 805 202 106 1113

Au+Au (MB) 50 B 240.4 12794 3217 1687 17698

Au+Au (0–10%) 5 B 962 5121 1288 675 7084

Table 6.1: The yield of different U states obtained in one year of p+p or Au+Au RHIC
running. The numbers for Au+Au in this table are calculated assuming no suppression of
any of the U state yields.

Figure 6.6: Left panel: The mass spectrum from reconstructed electron decay tracks for the
three Upsilon states combined. The yield corresponds roughly to that for the 0–10% centrality
bin from 50B minimum bias events, assuming no suppression in Au+Au collisions. Right
panel: The electron track reconstruction efficiency for reconstructed electrons from U decays
versus the radiative energy loss of the electron as it exits the last tracking layer.

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 subtraction, or by the mixed event method.

To study the physics background, correlated charm and bottom di-electron invariant mass
distributions predicted by PYTHIA were normalized to the measured charm and bottom
cross-sections in Au+Au collisions. The PYTHIA Drell-Yan di-electron invariant mass
distribution was normalized to the theoretical prediction by Vogelsang.

The combinatorial background was studied by generating events with fake electrons due
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sPHENIX (DOE MIE) + add’l tracking + EMCal pre-shower

actively pursuing non-DOE funding, aiming to install on day-1



Midrapidity Upgrades and Physics Upsilon Spectroscopy

Again, the exact design and technology for this preshower detector is under active inves-
tigation and simulation. For the purposes of understanding the basic performance and
design constraints on the sPHENIX upgrade (e.g. the magnetic solenoid radius), we have
implemented a GEANT4 configuration with a 2.3 radiation length thickness of tungsten
backed by a silicon layer with strips 300 µm ⇥6 cm as a pre-sampler. The detector sits just
after the outermost tracking layer and before the magnetic solenoid. The segmentation
corresponds to Dh ⇥ Df = 0.0005⇥ 0.1. We are still investigating whether two layers of
perpendicular strips are necessary for the physics performance in all channels (particu-
larly the efficiency for tagging two photons from a very high pT p0 decay). Shown in
Figure 6.4 (left panel) is an event display of the energy deposition from a 42.8 GeV p0 in
the preshower, with clear separation of the two initiated photon showers. Shown in Fig-
ure 6.4 (right panel) is the response of the electromagnetic calorimeter total energy versus
the preshower energy for electrons and charged pions. The combination of information
provides a powerful discriminator for electron identification. Even if the charged pion
induces a hadronic shower in the electromagnetic calorimeter, it has a much lower proba-
bility for that interaction occurring in the first layer of tungsten of the preshower. Initial
studies indicate a charged pion rejection of order 100–200 with good electron efficiency for
pT > 2–3 GeV/c.

)ηPreShower (Energy [GeV] versus 
0.6552 0.6554 0.6556 0.65580

0.05

0.1

0.15

0.2

0.25
=42.8 GeVtrue E0 π

 =  1.6 GeVmeasPreShower E

Figure 6.4: (Left Panel) GEANT4 example preshower energy distribution for a single 42.8 GeV
p0. (Right Panel) GEANT4 simulation examining the electron to p� separation for pT =
5 GeV/c.

6.3 Quarkonia Spectroscopy of the Upsilon States

We have investigated the feasibility of using the sPHENIX detector, with the addition of
outer tracking layers and additional electron identification capability, to make high quality
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Pion rejection

charged pion rejection ~200 using 
pre-shower and p/E matching
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Υ→e+e–  embedded in central Au+Au events
Upsilon Spectroscopy Midrapidity Upgrades and Physics

Figure 6.7: (Left) The signal plus background in the Upsilon mass region for 5B 0–10%
central Au+Au events, assuming a pion rejection factor of 200. 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 5B 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.

to misidentified pions, using input pion distributions taken from measured p0 spectra
in Au+Au collisions. A pT-independent rejection factor was applied to the p0 spectra to
imitate fake electron spectra. In the results presented here a rejection factor of 200 was
used.

All combinations of fake electrons from misidentified pions were made with each other, and
with high pT electrons from physics sources. The latter turned out to be the least important
source of background. The results are summarized in Figure 6.7(left), which shows the
signal + background in the U mass region for the 5B 0–10% most central events, along
with our estimates of the total correlated (physics) background and the total uncorrelated
(combinatoric) backgrounds. In Figure 6.7 (right) we show the di-electron invariant mass
distribution for 5B 0–10% central Au+Au events after the combinatorial background has
been removed by subtracting all like-sign pairs.

From Figure 6.7 (left) we estimate that without U suppression the S/B ratios are U(1S): 2.4,
U(2S): 1.4, and U(3S): 0.67. Using these estimates as the unsuppressed baseline, we show in
Figure 6.8 the expected statistical precision of the measured RAA for 50B recorded Au+Au
events . For illustrative purposes, we take the measured suppression for each state to be
equal to that from a recent theory calculation [130]. 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.
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• assumes pion rejection of 200

• good separation of Υ states: 
momentum resolution < 0.2%

• 2T field improves momentum 
resolution over existing PHENIX 
tracking

• the exact design and technology 
of the additional tracking is under 
active investigation

e+e– from real upsilons, correlated 
charm, correlated bottom, DY and 
mis-ID’ed pions of 5 billion central 
Au+Au at 200 GeV (1 RHIC year)



Uncertainty on Upsilon yields
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Midrapidity Upgrades and Physics Tagging Charm / Beauty Jets

Figure 6.8: Estimate of the statistical precision of a measurement of the U states using
sPHENIX, assuming that the measured RAA is equal to the results of a recent theory calcula-
tion [130]. The yields assume 50B recorded Au+Au events.

We conclude from these results that the proposed upgrade to the sPHENIX detector would
provide a good U measurement in one future RHIC Au+Au run, and would have the
required mass resolution and S/B to separate the U(1S) state from the U(2S) and U(3S)
states. Further, we expect that by fitting a line shape—which could be determined very
well from the U(1S) peak—we could extract the U(2S) and U(3S) yields separately with
reasonable precision.

6.4 Tagging Charm / Beauty Jets

A main motivation for studying heavy flavor jets in heavy ion collisions is to understand the
mechanism for parton-medium interactions and to further explore the issue of strong versus
weak coupling [131]. There are crucial measurements of single electrons from semileptonic
D and B decays and direct D meson reconstruction with the current PHENIX VTX and
the soon to come STAR Heavy Flavor Tracker (HFT) upgrade. The sPHENIX program can
significantly expand the experimental acceptance and physics reach by having the ability
to reconstruct full jets with a heavy flavor tag. The rates for heavy flavor production from
perturbative QCD calculations [132] are shown in Figure 6.9.
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Statistical precision of Upsilon yields, assuming RAA values from 
Strickland and Bazow (Nucl. Phys., A879:25–58, 2012)



Jets and quarkonia as probes of sQGP at RHIC

• jet measurements at RHIC complement jet measurements at LHC and 
investigate temperature and coupling dependence of sQGP properties

• jet observables sensitive to dynamics even when coupling is strongest

• extensive (and published) study shows that one can extract a clean jet signal, 
even against central Au+Au background

• unfolded inclusive jet, di-jet and gamma-jet observables show marked 
sensitivity to underlying physics

• initial stage sPHENIX detector optimized for jet physics studies – positively 
reviewed and aiming for submission to DOE as MIE in 2013

• additional tracking layers and EMCal pre-shower provide mass resolution and 
pion rejection to enable quarkonia program to augment STAR’s and 
complement LHC

• extensive suite of forward instrumentation also being developed 
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Coda as prologue

• sPHENIX is a significant reworking of PHENIX – exciting new capabilities

• enabled because of recent technological developments

• interesting because of medium properties near TC and because of 
complementarity with jet and quarkonia measurements from LHC

• possible due to work by Collaboration and by community on a plan

• not “out of the blue” – guidance from both BNL and from DOE

• PHENIX is planning for, and anticipating, a super future of QGP physics 
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unfolding (or deconvolution)
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Tim Adye - RAL Unfolding 3

Unfolding

• In other fields known as “deconvolution” or “unsmearing”

• Given a “true” PDF in �

 

that is corrupted by detector effects, described by a 
response function, R, we measure a distribution in �. For a binned distribution:

• This may involve
1. inefficiencies: lost events

2. bias and smearing: events moving between bins (off-diagonal Rij

 

)

• With infinite statistics, it would be possible to recover the original PDF by inverting 
the response matrix
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bullets taken verbatim from “http://hepunx.rl.ac.uk/~adye/talks/080520-unfold.pdf”

Midrapidity Upgrades sPHENIX Detector Upgrades

tributions from neutral particles including neutrons, �’s, and KL in the case without
hadronic calorimetry.
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Figure 7.5: Fast simulation response matrices demonstrating the improved correlation be-
tween measured and true pT of jets when tracking (left) is replaced by hadronic calorimetry
with ⌅E/E = 45% (right).

Without hadronic calorimetry, the situation is even more challenging for the case of mea-
suring the fragmentation function. Figure 7.6 shows QPYTHIA simulations with quench-
ing parameter q̂ = 0 and 10 GeV2/fm for the fragmentation function of light quark and
gluon jets as a function of z (the fraction of the momentum of the reconstructed jet car-
ried by the leading hadron) in the upper plot and as a function of ⇥ = log(1/z) in the
lower plot. Without hadronic calorimetry if one removes jets containing tracks with
pT > 10 GeV/c, one only measures the range for z < 0.25 for these 40 GeV jets, and
thus one loses most of the important physics information.

We have also begun simulations in full HIJING Au+Au central events to understand the
impact of the underlying event on the jet reconstruction, resolution, and fake jet rates.
Figure 7.7 shows the jet response matrix with hadronic calorimetry with and without the
Au+Au underlying event overlaid. These results are encouraging, and more detailed
simulations are a high priority.

The current PHENIX detector has excellent electromagnetic calorimetry (75% Lead Scin-
tillator and 25% Lead-Glass), located at a radius of approximately 5 m. PHENIX has been
well served by these detectors, and the single photon to ⇤0 separation in our current pub-
lished analyses extends up to just pT = 18 GeV. It is also not practical to imagine extend-
ing these types of calorimeter modules to cover |�| < 1.0 and full azimuth, nor is there
space available in any of the RHIC interaction regions (including the current PHENIX
1008 hall) for hadronic calorimetry outside that envelope. Over the last six months, we
have studied a new concept for addressing all of the issues presented above.
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an example response matrix
from PHENIX decadal plan

Tim Adye - RAL Unfolding 7

So why don’t we always do this?

• If the true PDF and response function can be parameterised, then a 
Maximum Likelihood fit is usually more convenient
• Directly returns parameters of interest
• Does not require binning

• If the response matrix doesn’t include smearing (ie. it’s diagonal), then 
apply bin-by-bin efficiency correction directly

• If result is just needed for comparison (eg. with MC), could apply response 
function to MC
• simpler than un-applying response to data

• Use unfolding to recover theoretical distribution where
• there is no a-priori parameterisation, and
• it is needed for the result and not just comparison with MC, and
• there is significant bin-to-bin migration of events

http://hepunx.rl.ac.uk/~adye/talks/080520-unfold.pdf
http://hepunx.rl.ac.uk/~adye/talks/080520-unfold.pdf


identifying truth jets
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deep within the HIJING Event Generation...
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Collider luminosity history
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Why quarkonia at RHIC?

• no coalescence role in upsilon production at RHIC (Emerick, Zhao, Rapp, 
arXiv:1111.6537)

• lower initial temperature at RHIC (~30% lower) means medium in which 
upsilons are produced is quite different

39



Midrapidity Upgrades and Physics Upsilon Spectroscopy

Species
Z

L dt Events hNcolli U(1S) U(2S) U(3S) U(1S+2S+3S)

p+p 18 pb�1 756 B 1 805 202 106 1113

Au+Au (MB) 50 B 240.4 12794 3217 1687 17698

Au+Au (0–10%) 5 B 962 5121 1288 675 7084

Table 6.1: The yield of different U states obtained in one year of p+p or Au+Au RHIC
running. The numbers for Au+Au in this table are calculated assuming no suppression of
any of the U state yields.

Figure 6.6: Left panel: The mass spectrum from reconstructed electron decay tracks for the
three Upsilon states combined. The yield corresponds roughly to that for the 0–10% centrality
bin from 50B minimum bias events, assuming no suppression in Au+Au collisions. Right
panel: The electron track reconstruction efficiency for reconstructed electrons from U decays
versus the radiative energy loss of the electron as it exits the last tracking layer.

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 subtraction, or by the mixed event method.

To study the physics background, correlated charm and bottom di-electron invariant mass
distributions predicted by PYTHIA were normalized to the measured charm and bottom
cross-sections in Au+Au collisions. The PYTHIA Drell-Yan di-electron invariant mass
distribution was normalized to the theoretical prediction by Vogelsang.

The combinatorial background was studied by generating events with fake electrons due
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Mass resolution of Υ→e+e–
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• good separation of Υ states: 
momentum resolution < 0.2%

• 2T field improves momentum 
resolution over existing PHENIX 
tracking

• the exact design and technology 
of the additional tracking is under 
active investigation



41

Current jet probe measurements The Physics Case for sPHENIX
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in terms of the Glauber nuclear thickness profile
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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 �0 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� �0 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-� 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 ,

p
s, A), the initial nuclear par-

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

p
s, Q2 ⇠ p2

T ) < 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 ,

p
s, A) related

initial state e�ects 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 e�ects. 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 e�ects 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 di�erence 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 di�erence
from RHIC to LHC between the di�erential 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
R�0

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

p
s = 0.2 ATeV using the new 2.76 ATeV

ALICE/LHC [2, 4] charged hadron rapidity density data,
dNch/d� = 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

Figure 1.11: RAA measurements from RHIC and the LHC compared to WHDG calculations.
The parameters are constrained by the RHIC data and extrapolated to 2.76 TeV. The prediction
for the LHC is shown (blue band) and lies below the ALICE data for central collisions (red
circles). From Ref. [56].

coupling influence the induced radiation from the hard parton (gluon bremsstrahlung)
and its inelastic collisions with the medium, but it also influences the way soft partons are
transported by the medium outside of the jet cone as they fall into equilibrium with the
medium. Thus, the jet observables combined with correlations get directly at the coupling
of the hard parton to the medium and the parton-parton coupling for the medium partons
themselves.

These jet observables are now becoming available at the LHC. The first results based on
reconstructed jets in heavy ion collisions were the centrality dependent dijet asymmetries
measured by ATLAS [61]. These results, shown in Figure 1.12, indicate a substantial
broadening of dijet asymmetry AJ = (E1 � E2)/(E1 + E2) distribution for increasingly
central Pb+Pb collisions and the lack of modification to the dijet azimuthal correlations.
The broadening of the AJ distribution points to substantial energy loss for jets and the
unmodified azimuthal distribution shows that the opposing jet Df distribution is not
broadened as it traverses the matter. Figure 1.13 shows CMS results [62] quantifying the
fraction of dijets which are balanced (with AJ < 0.15) decreases with increasing centrality.

Direct photon-jet measurements are a powerful tool to study jet quenching. Unlike dijet
measurements the photon passes through the matter without losing energy, providing
a much cleaner handle on the expected jet pT [63]. CMS has first results for photons
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