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low viscosity liquid

why?

how does it work?
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"To understand the workings of 
the QGP, there is no substitute for 
microscopy.  We know that if we 

had a sufficiently powerful 
microscope that could resolve the 
structure of QGP on length scales, 
say a thousand times smaller than 

the size of a proton, what we 
would see are quarks and gluons 

interacting only weakly with each 
other.  The grand challenge for 
this field in the decade to come 

is to understand how these 
quarks and gluons conspire to 
form a nearly perfect liquid."

The 2015  
LONG RANGE PLAN  

for NUCLEAR SCIENCE

 REACHING FOR THE HORIZON

The Site of the Wright Brothers’ First Airplane Flight
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Long Range Plan: "Probe the inner workings of QGP by resolving its 
properties at shorter and shorter length scales. The complementarity of 

the two facilities is essential to this goal, as is a state-of-the-art jet 
detector at RHIC, called sPHENIX." 
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what do we need to measure?

• jets, upsilons and photons with high statistics over a wide 
kinematic and collision energy range 

• jets from 20 GeV → 1 TeV 
• collision energy from 200 GeV → 5.5 TeV 
• luminosity for precision measurements at both facilities

4

Long Range Plan: "Probe the inner workings of QGP by resolving its 
properties at shorter and shorter length scales. The complementarity of 

the two facilities is essential to this goal, as is a state-of-the-art jet 
detector at RHIC, called sPHENIX." 



why two facilities?

5



why two facilities?

5



why two facilities?

• the QGP itself is different at RHIC and the 
LHC

5



why two facilities?

• the QGP itself is different at RHIC and the 
LHC

• largest range of scales probed is from 
high energy jets at the LHC to low energy 
ones at RHIC

5



why two facilities?

• the QGP itself is different at RHIC and the 
LHC

• largest range of scales probed is from 
high energy jets at the LHC to low energy 
ones at RHIC

• the jets are differently sensitive to the 
medium through their virtuality evolution 5



why two facilities?

• the QGP itself is different at RHIC and the 
LHC

• largest range of scales probed is from 
high energy jets at the LHC to low energy 
ones at RHIC

• the jets are differently sensitive to the 
medium through their virtuality evolution 5

How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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and the LHC along with theoretical models to constrain 
the microscopic interactions between jets and the QGP
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correlations… 

• how these depend on how we 
can classify the jets,  

• how they look different than 
they do in pp collisions..
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we have a lot of measurements at the LHC & 
RHIC so our question is: what further 

improvements do we need for a quantitative 
understanding?
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The Physics Case for sPHENIX Rates and Physics Reach

 (GeV/c)
T

p
0 10 20 30 40 50 60 70 80

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

γdirect 

HF
±e
0π

γdirect 
-jetb

jet
±h

sPHENIX:PHENIX:

10 102 103 

R A
A 

X+
Je

t  

b Jets 

B Mesons 

D Mesons 

Hadrons 

Jets 

Double b-Tag (pT,1) 
Z0+Jets (pT

Z) 

γ+Jets (pT
γ) 

Dijets (PT,1) 
Ensemble-based 
measurements 
and x+hadron 
correlations 

add low pT reach 

RHIC Today RHIC Tomorrow LHC Today LHC Tomorrow 

pT [GeV/c] 

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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LHC Run 2/3 & sPHENIX
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4 5 Jet quenching analysis performance

particular interest are the parton flavor dependence and the path length dependence of this
phenomenon, which was for the first time directly observed as an imbalance of the energies of
back-to-back jets [9–11]. Such an imbalance is also observed in isolated-photon+jet pairs [12].
Expanding these initial observations to precision measurements, especially measurements dif-
ferential in parton flavor or with respect to the azimuthal angle relative to the reaction plane,
to study the path length dependence will require significantly higher event rates. Moreover,
the large statistics sample collected in HL-LHC era will enable the studies of parton energy
loss of significantly higher pT partons. Increasing the parton pT of a given probe will provide
a larger dynamic range to study the energy loss phenomenon. This is especially important
in the photon-jet and Z-jet channels where the energy of the associated jet can fall below the
minimum pT threshold for which jets are reliably reconstructable.

Table 2 illustrates the expected number of events containing the various physics signatures of
interest for high-precision parton energy loss studies in a 10 nb�1 PbPb collision sample. The
estimated numbers are based on the observed rates in the Run 1, accounting for the increase in
beam energy by applying an xT scaling factor of two [13–16].

Table 2: Expected hard probe event rates in PbPb collisions at the HL-LHC (2019-2025) heavy-
ion running. The estimate is derived from the data collected in Run 1 of the LHC. The estimated
maximum jet pT reaches for which a jet RAA analysis can be performed with similar statistical
uncertainties to [17] are also summarized.

2010–2011 HL-LHC
2.76 TeV 160 µb�1 5.5 TeV 10 nb�1

Jet pT reach ( GeV/c) ⇠ 300 ⇠ 1000
Dijet (pT,1 > 120 GeV/c) 50k ⇠ 10M
b-jet (pT > 120 GeV/c) ⇠ 500 ⇠ 140k

Isolated g (pg
T > 60 GeV/c) ⇠ 1.5k ⇠ 300k

Isolated g (pg
T > 120 GeV/c) � ⇠ 10k

W (pW
T > 50 GeV/c) ⇠ 350 ⇠ 70k

Z (pZ
T > 50 GeV/c) ⇠ 35 ⇠ 7k

The list of physics studies on jet quenching that can be performed with a 10 nb�1 data sample
will include:

• Measurements of multijet correlations, shedding light on gluon versus quark jet
quenching;

• Detailed studies of b-tagged jets to study heavy quark energy loss
• Differential studies of dijet and photon+jet correlations as a function of photon pT,

event centrality or the reaction plane orientation;
• Measurements of Z+jet correlations, with up to ⇠ 7000 Z bosons (in the e+e� and

µ+µ� decay channels combined) having transverse momentum above 50 GeV/c;
• Jet quenching studies up to the TeV scale which cover an unprecedented kinematic

range;
• Other multi-object correlation analyses;

The collected number of dijet events will be sufficient to study the jet quenching up to the TeV
scale. Such a dataset will allow the observation of jet transparency at very high parton pT. Also
the study of dijet asymmetry as a function of the reaction plane will become feasible with high
statistics data.

current 5 TeV results: 
~5% of total expected Run 2 + 3 statistics

Physics Performance Jet Physics Summary
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Figure 4.43: Projected statistical uncertainties on the RAA for inclusive photons (green points, as-
suming RAA = 1), b-jets (blue points, assuming RAA = 0.6), inclusive jets (red points, assuming
RAA = 0.4) and charged hadrons (black points, assuming RAA = 0.2). These projections are made
with a b-jet tagging efficiency of 50%, 10 weeks of p+p and 22 weeks of Au+Au data taking.
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Doga Gulhan - Report from CMS

 (GeV/c)
T
γp

40 50 60 70 80 90 100 110 120

> γJ
<x

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1
PbPb
pp (smeared)

CMS
Preliminary

0 - 30%
 Jet R = 0.3Tanti-k
 > 30 GeV/cJet

T
p

 < 1.6Jetη

8
π7 > 

γJ
φ∆

 = 5.02 TeVNNs -1, pp 25.8 pb-1bµPbPb 404 

• Similar energy loss by jets recoiling against Z’s and photons
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Figure 4: (Left Panel) Xjg distribution for isolated-photon+jet pairs of pg > 120 GeV/c and
|hg| < 1.44, pjet > 30 GeV/c and |hjet| < 2. (Right Panel) XjZ distribution for isolated-
photon+jet pairs of pZ > 50 GeV/c, pjet > 30 GeV/c and |hjet| < 2. Both plots are obtained
from generator-level studies of Pythia, where the jets are smeared according to the CMS detec-
tor performance and underlying event in order to correspond to the experimental variables.

in Table 3, showing that some signals will be even measurable in a bin as narrow as 90–100%.
The yields are estimated based on the centrality-integrated yields measured in the 2011 run
and applying an approximate factor of two scaling factor to account increase of center-of-mass
energy from 2.76 TeV to 5.5 TeV. The factor of two scaling factor is justified by the measured J/y
cross section in the CMS acceptance, which rises for instance from 2.76 TeV [18] to 7 TeV [19]
by a factor of 2.4.

They are conservative since the suppression is lower in more peripheral events. At trigger
level, events of a given centrality containing muon signals can be selected using dedicated
Level-1 hardware trigger algorithms based on a coincidences of the presence of a muon signal
and a given centrality range of the collision. These algorithms will become available after the
L1 trigger upgrade during the first long shutdown of the LHC, thus the full dimuon sample
in peripheral collisions can be recorded without requiring a prescale factor to reduce the data
volume to fit into the HLT output bandwidth. Thus the dimuon yield in the most peripheral
centrality bin, which generally has the lowest event rate, illustrates the gain in statistics and will
allow to address the centrality dependence of quarkonium suppression, as well as performing
a differential study against other variables such as pT reaching more than 30 GeV/c. Double
differential analyses in centrality and pT or in centrality and rapidity bins will also be possible.
Last, an investigation of the path length dependence of the suppression will be performed.

7 Electroweak bosons

Applying the algorithm described above for quarkonia, the yields for W and Z boson are pre-
sented in Table 4. The large statistics of W and Z bosons will allow for detailed studies related
to the initial state of the collisions. Since electroweak bosons are not affected by the nuclear
medium they can be used to directly probe the nuclear PDF’s, which determine their produc-
tion yields. Most important for Z bosons is the pT reach to facilitate the Z+jet measurements.
For Lint = 10 nb�1 at

p
sNN = 5.5 TeV, typically 1500 and 7000 Z events are expected, for pT > 100

precision, 
reaction plane 
dependence, 

RHIC, …

future
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Fig. 3. (Color online.) Top row: Differential jet shapes in PbPb collisions (filled circles) as a function of distance from the jet axis for inclusive jets with pjet
T > 100 GeV/c

and 0.3 < |η| < 2 in five PbPb centrality intervals. The measurements use charged particles with ptrack
T > 1 GeV/c. The pp-based reference shapes (with centrality-based

adjustments as described in the text) are shown with open symbols. Each spectrum is normalized to an integral of unity. The shaded regions represent the systematic
uncertainties for the measurement performed in PbPb collisions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear modification factors,
ρ(r)PbPb/ρ(r)pp. The error bars show the statistical uncertainties, and the shaded boxes indicate the systematic uncertainties.

two systems. In more central PbPb collisions (0–70%), a depletion
is observed in the region 0.1 < r < 0.2 with a typical value of the
ratio ρ(r)PbPb/ρ(r)pp around 0.84 and a total uncertainty of less
than 7%. In the most central PbPb collisions (10–30% and 0–10%),
an excess of transverse momentum fraction emitted at large ra-
dius r > 0.2 emerges, indicating a moderate broadening of the jets
in the medium. At the largest radius 0.25 < r < 0.3, the value of
the ratio ρ(r)PbPb/ρ(r)pp is 1.04±0.09 (stat.)±0.05 (syst.) for the
most peripheral collisions (70–100%), while in the central collisions
(10–30% and 0–10%) it increases to 1.27±0.03 (stat.)±0.15 (syst.)
and 1.35 ± 0.05 (stat.) ± 0.16 (syst.), respectively. These observa-
tions are consistent with previous studies in CMS which find that
the energy that the jets lose in the medium is redistributed at
large distances from the jet axis outside the jet cone [22]. The dif-
ferential study of the jet structure presented here provides impor-
tant additional information and shows that nuclear modifications
are also present inside the jet cone. Qualitatively, a similar trend is
predicted by theory [34,35] based on parton level calculations for
PbPb collisions at a different centre-of-mass energy. It is expected
that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include
all experimental cuts that would influence the observed correla-
tions, and model the effects due to the hadronization process. This
comparison will contribute to our understanding of the medium
properties.

6. Summary

The first measurement of jet shapes in PbPb collisions at√
sNN = 2.76 TeV has been performed. The results have been com-

pared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with pjet

T > 100 GeV/c and
0.3 < |η| < 2 have been reconstructed using the anti-kT algorithm
with a distance parameter R = 0.3, and the jet shapes have been
studied using charged particles with pT > 1 GeV/c as a function
of collision centrality. In peripheral collisions, the shapes in PbPb
are similar to those in the pp reference distributions. A central-
ity dependent modification of the jet shapes emerges in the more
central PbPb collisions. A redistribution of the jet energy inside the
cone is found, specifically, a depletion of jet transverse momen-

tum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at
large radii, r > 0.2. These results are important for characterizing
the shower evolution in the presence of a hot and dense nuclear
medium.
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ratio ρ(r)PbPb/ρ(r)pp around 0.84 and a total uncertainty of less
than 7%. In the most central PbPb collisions (10–30% and 0–10%),
an excess of transverse momentum fraction emitted at large ra-
dius r > 0.2 emerges, indicating a moderate broadening of the jets
in the medium. At the largest radius 0.25 < r < 0.3, the value of
the ratio ρ(r)PbPb/ρ(r)pp is 1.04±0.09 (stat.)±0.05 (syst.) for the
most peripheral collisions (70–100%), while in the central collisions
(10–30% and 0–10%) it increases to 1.27±0.03 (stat.)±0.15 (syst.)
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tions are consistent with previous studies in CMS which find that
the energy that the jets lose in the medium is redistributed at
large distances from the jet axis outside the jet cone [22]. The dif-
ferential study of the jet structure presented here provides impor-
tant additional information and shows that nuclear modifications
are also present inside the jet cone. Qualitatively, a similar trend is
predicted by theory [34,35] based on parton level calculations for
PbPb collisions at a different centre-of-mass energy. It is expected
that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include
all experimental cuts that would influence the observed correla-
tions, and model the effects due to the hadronization process. This
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T > 100 GeV/c and
0.3 < |η| < 2 have been reconstructed using the anti-kT algorithm
with a distance parameter R = 0.3, and the jet shapes have been
studied using charged particles with pT > 1 GeV/c as a function
of collision centrality. In peripheral collisions, the shapes in PbPb
are similar to those in the pp reference distributions. A central-
ity dependent modification of the jet shapes emerges in the more
central PbPb collisions. A redistribution of the jet energy inside the
cone is found, specifically, a depletion of jet transverse momen-

tum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at
large radii, r > 0.2. These results are important for characterizing
the shower evolution in the presence of a hot and dense nuclear
medium.
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potentially very discriminating, especially when combined with, 
e.g, photon tagging 

requires good control of JES and tracking in the cores of jets
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Figure 5: The dR�R

/dEnbr
T distributions for d = 0.4 jets (upper) and d = 0.2 jets (lower) evaluated as a

function of Enbr
T . The three di↵erent columns show the dR�R

/dEnbr
T distributions evaluated for three di↵er-

ent lower bounds on the test-jet transverse energy, Etest
T > 80, 90, and 110 GeV. The four di↵erent centrality

bins are denoted by di↵erent markers in each plot. The shaded bands indicate systematic uncertainties, ver-
tical error bars represent statistical uncertainties. The data points and horizontal uncertainties for 10–20%,
20–40%, and 40–80% centrality bins are shifted along the horizontal axis with respect to 0–10% centrality
bin for clarity.

jets from the same parton shower in heavy-ion col-
lisions.

The jet angular correlations were measured inp
sNN = 2.76 TeV Pb+Pb collisions using 0.14 nb�1

of data recorded in 2011 by the ATLAS detector at
the LHC. The measurements were performed using
jets reconstructed with the anti-k

t

algorithm for jet
radii d = 0.2, d = 0.3, and d = 0.4. The produc-
tion of pairs of correlated jets was quantified us-
ing the rate of neighbouring jets that accompany
a test jet, R�R

, evaluated both as a function of
test-jet ET and neighbouring-jet ET. A significant
dependence of R�R

on collision centrality is ob-
served in both cases, suggesting a suppression of
neighbouring jets which increases with increasing
centrality of the collision. The centrality depend-
ence of the suppression was further quantified us-
ing the central-to-peripheral ratio of R�R

distribu-
tions, ⇢

R�R . The trends seen in ⇢
R�R evaluated as a

function of neighbouring-jet ET indicate a decrease
in suppression with increasing neighbouring-jet ET

which is, however, of limited significance due to the
limited size of the available data sample. The ⇢

R�R

evaluated as a function of test-jet ET exhibits a sup-
pression reaching values of 0.5� 0.7 in 0–10% cent-
ral collisions and does not show any strong depend-
ence on ET. This behaviour of the neighbouring
jet production can be used to constrain the theor-
etical models aiming to describe fluctuations in the
jet energy loss.
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Figure 4.21: The effect of smearing on AJ for R = 0.3 jets. The left 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 right panel shows the results of the “unfolding” procedure discussed in Section 4.3.2.

the p+p case where the smearing of the trigger jet is taken as the dominant effect recovers most of
the original distribution, as shown in the lower panel of Figure 4.21. Again, this does not replace
a full unfolding procedure, but it does show that the reconstruction is well under control and
unfolding will be possible despite the presence of a large fluctuations in the underlying event, after
baseline and flow subtraction.

4.5 Extended kinematics and surface bias engineering

Thus far we have documented a range of jet energy, radius, and collision centralities over which
inclusive jets dominate above backgrounds and provide clean measurements of RAA and AJ for
example. One can significantly extend the jet radius to larger values and energies to lower values
through various fake jet rejection methods including matching to track jets, identification of indi-
vidual particle energies in the jet (e.g. tracks or clusters) and setting minimum energy thresholds,
jet shape cuts, and more. As we demonstrate here, sPHENIX will have the full complement of these
methods available (thus having complementary overlap with existing STAR jet observables). All of
these rejection methods present a bias on the jet sample that often anti-correlates with the expected
modification in the quark-gluon plasma medium.

Experiments have employed fake jet rejection cuts to substantially extend the high purity jet energy
range accessible in central heavy ion collisions — for example see Refs. [11, 89]. With the sPHENIX
detector we can utilize track + electromagnetic jets matched to fully calorimetric jets in a similar
fashion. In addition to extending the measurable jet energy range to lower energies, for energies
with high purity without any selection one can turn this method into a powerful tool to engineer the
degree of jet surface emission. For example, in the sample of 105 jets with R = 0.4 and ET > 40 GeV,
we can measure a high purity sample of reconstructed jets in central Au+Au collisions. We can
then dial in the required track + electromagnetic cluster jet characteristics to achieve a particular
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Figure 4.21: The effect of smearing on AJ for R = 0.3 jets. The left 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 right panel shows the results of the “unfolding” procedure discussed in Section 4.3.2.

the p+p case where the smearing of the trigger jet is taken as the dominant effect recovers most of
the original distribution, as shown in the lower panel of Figure 4.21. Again, this does not replace
a full unfolding procedure, but it does show that the reconstruction is well under control and
unfolding will be possible despite the presence of a large fluctuations in the underlying event, after
baseline and flow subtraction.

4.5 Extended kinematics and surface bias engineering

Thus far we have documented a range of jet energy, radius, and collision centralities over which
inclusive jets dominate above backgrounds and provide clean measurements of RAA and AJ for
example. One can significantly extend the jet radius to larger values and energies to lower values
through various fake jet rejection methods including matching to track jets, identification of indi-
vidual particle energies in the jet (e.g. tracks or clusters) and setting minimum energy thresholds,
jet shape cuts, and more. As we demonstrate here, sPHENIX will have the full complement of these
methods available (thus having complementary overlap with existing STAR jet observables). All of
these rejection methods present a bias on the jet sample that often anti-correlates with the expected
modification in the quark-gluon plasma medium.

Experiments have employed fake jet rejection cuts to substantially extend the high purity jet energy
range accessible in central heavy ion collisions — for example see Refs. [11, 89]. With the sPHENIX
detector we can utilize track + electromagnetic jets matched to fully calorimetric jets in a similar
fashion. In addition to extending the measurable jet energy range to lower energies, for energies
with high purity without any selection one can turn this method into a powerful tool to engineer the
degree of jet surface emission. For example, in the sample of 105 jets with R = 0.4 and ET > 40 GeV,
we can measure a high purity sample of reconstructed jets in central Au+Au collisions. We can
then dial in the required track + electromagnetic cluster jet characteristics to achieve a particular
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Figure 4.21: The effect of smearing on AJ for R = 0.3 jets. The left 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 right panel shows the results of the “unfolding” procedure discussed in Section 4.3.2.

the p+p case where the smearing of the trigger jet is taken as the dominant effect recovers most of
the original distribution, as shown in the lower panel of Figure 4.21. Again, this does not replace
a full unfolding procedure, but it does show that the reconstruction is well under control and
unfolding will be possible despite the presence of a large fluctuations in the underlying event, after
baseline and flow subtraction.

4.5 Extended kinematics and surface bias engineering

Thus far we have documented a range of jet energy, radius, and collision centralities over which
inclusive jets dominate above backgrounds and provide clean measurements of RAA and AJ for
example. One can significantly extend the jet radius to larger values and energies to lower values
through various fake jet rejection methods including matching to track jets, identification of indi-
vidual particle energies in the jet (e.g. tracks or clusters) and setting minimum energy thresholds,
jet shape cuts, and more. As we demonstrate here, sPHENIX will have the full complement of these
methods available (thus having complementary overlap with existing STAR jet observables). All of
these rejection methods present a bias on the jet sample that often anti-correlates with the expected
modification in the quark-gluon plasma medium.

Experiments have employed fake jet rejection cuts to substantially extend the high purity jet energy
range accessible in central heavy ion collisions — for example see Refs. [11, 89]. With the sPHENIX
detector we can utilize track + electromagnetic jets matched to fully calorimetric jets in a similar
fashion. In addition to extending the measurable jet energy range to lower energies, for energies
with high purity without any selection one can turn this method into a powerful tool to engineer the
degree of jet surface emission. For example, in the sample of 105 jets with R = 0.4 and ET > 40 GeV,
we can measure a high purity sample of reconstructed jets in central Au+Au collisions. We can
then dial in the required track + electromagnetic cluster jet characteristics to achieve a particular
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16

sPHENIX projection

requires excellent tracking & EM calorimetry 
for electron ID & mass resolution

separation of 1S, 2S & 3S states 
temperature dependence of screening is key!

probability distribution function (PDF) describing the
signal consists of three CB functions. In addition to the
three !ðnSÞ yields, the !ð1SÞ mass is the only parameter
left free, to accommodate a possible bias in the momentum
scale calibration. The mass ratios between the states are
fixed to their world average values [23] and the mass
resolution is forced to scale with the resonance mass.
The !ð1SÞ resolution is fixed to the value estimated in
the simulation, 92 MeV=c2, which is compatible with the
resolution obtained from both the Pb-Pb and pp data. The
lowside tail parameters are also fixed to the values obtained
via simulation. Finally, a second-order polynomial is
chosen to describe the background in the 7–14 GeV=c2

mass-fit range.
The quality of the unbinned fit is checked a posteriori by

comparing the obtained line shapes to the binned data of
Fig. 1. The !2 probabilities are 74% and 77%, respectively,
for pp and Pb-Pb.

The ratios of the observed (uncorrected) yields of the
!ð2SÞ and !ð3SÞ excited states to the !ð1SÞ ground state
in the pp and Pb-Pb data are

!ð2Sþ 3SÞ=!ð1SÞjpp ¼ 0:78þ0:16
%0:14 & 0:02; (1)

!ð2Sþ 3SÞ=!ð1SÞjPb-Pb ¼ 0:24þ0:13
%0:12 & 0:02; (2)

where the first uncertainty is statistical and the second is
systematic.
The systematic uncertainties are computed by varying

the line shape in the following ways: (1) the CB-tail
parameters are varied randomly according to their covari-
ance matrix and within conservative values covering im-
perfect knowledge of the amount of detector material and
FSR in the underlying process; (2) the resolution is varied
by &5 MeV=c2, which is a conservative variation given
the current understanding of the detector performance
and reasonable changes that can be anticipated in the
!-resonance kinematics between pp and Pb-Pb data;
(3) the background shape is changed from quadratic to
linear while the mass range of the fit is varied from 6–15
to 8–12 GeV=c2; the observed root-mean-square of the
results is taken as the systematic uncertainty. The quadratic
sum of these three systematic uncertainties gives a relative
uncertainty on the ratio of 10% (3%) for the Pb-Pb
(pp) data.
The ratio of the !ð2Sþ 3SÞ=!ð1SÞ ratios in Pb-Pb and

pp benefits from an almost complete cancellation of pos-
sible acceptance and/or efficiency differences among the
reconstructed resonances. A simultaneous fit to the pp and
Pb-Pb mass spectra gives the double ratio

!ð2Sþ 3SÞ=!ð1SÞjPb-Pb
!ð2Sþ 3SÞ=!ð1SÞjpp

¼ 0:31þ0:19
%0:15ðstatÞ & 0:03ðsystÞ;

(3)

where the systematic uncertainty (9%) arises from varying
the line shape as described above in the simultaneous fit,
thus taking into account partial cancellations of systematic
effects.
The single-muon lower momentum requirement is

a posteriori varied from 3 to 5 GeV=c in steps of
500 MeV=c, and it is found that pT requirements other
than 4 GeV=c produce lower values of the double ratio.
Fitting the pp and Pb-Pb spectra with free and independent
mass resolution parameters leads to an increase of the
double ratio by 15%.
To evaluate possible imperfect cancellations of accep-

tance and efficiency effects in the double ratio, a full [24]
detector simulation is performed. The effect of the higher
Pb-Pb underlying event activity is accounted for by em-
bedding, at the level of detector signals, !ð1SÞ and !ð2SÞ
decays simulated by PYTHIA 6.424 [25] in Pb-Pb events
simulated with HYDJET [26]. Track characteristics, such
as the number of hits and the !2 of the track fit, have
similar distributions in data and simulation. As mentioned
above, the trigger efficiency is evaluated with data, by
using single-muon-triggered data events, and reconstruc-
ting J=c signal with and without the dimuon trigger
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FIG. 1 (color online). Dimuon invariant-mass distributions
from the pp (a) and Pb-Pb (b) data at
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sNN

p ¼ 2:76 TeV. The
same reconstruction algorithm and analysis criteria are applied
to both data sets, including a transverse momentum requirement
on single muons of p"

T > 4 GeV=c. The solid lines show the
result of the fit described in the text.
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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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FIG. 2. (Color online) RdAu for (a) 0%–100% and (b)
centrality-selected collisions, and (c) RCP, as a function of
pT . Systematic, statistical and normalization uncertainties
are shown as shaded bands, vertical bars, and the leftmost
bands centered at 1, respectively. When error bands overlap
vertically, their horizontal widths have been adjusted so that
both are visible. Dashed lines show the uncertainty range
of calculations incorporating nuclear parton densities [1] and
energy loss [4].

were determined by modifying the simulation sample, the
event or jet-selection criteria, or the unfolding procedure
itself, and repeating the analysis. The variations were
applied simultaneously in the analyses of the d+Au and
p+p spectra to allow for their full or partial cancellation

in the RdAu and RCP quantities, with the exception of
the variation of k, described below.
The impact of uncertainties on the detector energy

scales was determined by varying the momenta of the
reconstructed tracks and clusters in simulation. The
cluster energies were varied by 3%. The track momenta
were varied by a track pT -dependent amount, which was
2% for pT  10 GeV/c and increased linearly to 4%
for pT = 30 GeV/c. The sensitivity of the results to
the jet selection was evaluated by varying the maximum
and minimum requirement on the calorimetric content of
the jet, and by raising the required number of jet con-
stituents. The uncertainty in the jet acceptance was eval-
uated by doubling the fiducial distance between jets and
the edges of the detector, and by restricting the vertex
z position to a narrower range. The uncertainties asso-
ciated with the unfolding procedure were evaluated by
changing the power law index of the simulated pT spec-
trum by ±1, and by increasing and decreasing the value
of k. Because they are statistical in nature, the e↵ects
on the spectra from varying k were treated as uncorre-
lated between the event classes. The sensitivity to the
underlying physics model was evaluated by performing
the corrections with a sample of pythia events analo-
gous to the nominal one but generated with tune a [39]
and the cteq5l [40] set. A 2% uncertainty, uncorrelated
between event classes, was assigned to the spectra be-
low 25 GeV/c to cover possible defects in modeling the
trigger e�ciency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total sys-
tematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT = 12 GeV/c to 30% or higher
at pT = 50 GeV/c and was dominated at all pT by the
energy scale. Because the reconstruction procedure in
d+Au and p+p collisions was identical, and the perfor-
mance, corrections and resulting spectra are very similar,
the e↵ects of the variations on RdAu and RCP canceled to
a large degree. The uncertainties on this quantity ranged
from 4% at pT = 12 GeV/c (with no single source dom-
inating) to 15% or higher (dominated by unfolding and
physics model) at pT = 50 GeV/c.
Additional normalization uncertainties on the p+p

cross section of 10% arose from the uncertainty on
�

pp
/✏

pp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total un-
certainty on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT -independent within uncertain-
ties. The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear e↵ects are
small at high-Q2 in the nuclear Bjorken-x range ⇡ 0.1–
0.5. When compared to calculations over a range of en-
ergy loss rates in the cold nucleus [4], the data favor only
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centrality-selected collisions, and (c) RCP, as a function of
pT . Systematic, statistical and normalization uncertainties
are shown as shaded bands, vertical bars, and the leftmost
bands centered at 1, respectively. When error bands overlap
vertically, their horizontal widths have been adjusted so that
both are visible. Dashed lines show the uncertainty range
of calculations incorporating nuclear parton densities [1] and
energy loss [4].

were determined by modifying the simulation sample, the
event or jet-selection criteria, or the unfolding procedure
itself, and repeating the analysis. The variations were
applied simultaneously in the analyses of the d+Au and
p+p spectra to allow for their full or partial cancellation

in the RdAu and RCP quantities, with the exception of
the variation of k, described below.
The impact of uncertainties on the detector energy

scales was determined by varying the momenta of the
reconstructed tracks and clusters in simulation. The
cluster energies were varied by 3%. The track momenta
were varied by a track pT -dependent amount, which was
2% for pT  10 GeV/c and increased linearly to 4%
for pT = 30 GeV/c. The sensitivity of the results to
the jet selection was evaluated by varying the maximum
and minimum requirement on the calorimetric content of
the jet, and by raising the required number of jet con-
stituents. The uncertainty in the jet acceptance was eval-
uated by doubling the fiducial distance between jets and
the edges of the detector, and by restricting the vertex
z position to a narrower range. The uncertainties asso-
ciated with the unfolding procedure were evaluated by
changing the power law index of the simulated pT spec-
trum by ±1, and by increasing and decreasing the value
of k. Because they are statistical in nature, the e↵ects
on the spectra from varying k were treated as uncorre-
lated between the event classes. The sensitivity to the
underlying physics model was evaluated by performing
the corrections with a sample of pythia events analo-
gous to the nominal one but generated with tune a [39]
and the cteq5l [40] set. A 2% uncertainty, uncorrelated
between event classes, was assigned to the spectra be-
low 25 GeV/c to cover possible defects in modeling the
trigger e�ciency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total sys-
tematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT = 12 GeV/c to 30% or higher
at pT = 50 GeV/c and was dominated at all pT by the
energy scale. Because the reconstruction procedure in
d+Au and p+p collisions was identical, and the perfor-
mance, corrections and resulting spectra are very similar,
the e↵ects of the variations on RdAu and RCP canceled to
a large degree. The uncertainties on this quantity ranged
from 4% at pT = 12 GeV/c (with no single source dom-
inating) to 15% or higher (dominated by unfolding and
physics model) at pT = 50 GeV/c.
Additional normalization uncertainties on the p+p

cross section of 10% arose from the uncertainty on
�

pp
/✏

pp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total un-
certainty on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT -independent within uncertain-
ties. The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear e↵ects are
small at high-Q2 in the nuclear Bjorken-x range ⇡ 0.1–
0.5. When compared to calculations over a range of en-
ergy loss rates in the cold nucleus [4], the data favor only
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5.2 Self-normalized cross sections: U(nS)/hU(nS)i 9

the yields extracted from the same fit as the single ratios and are corrected for the residual
activity-dependent efficiency that does not cancel in the ratio. The systematic uncertainties are
determined following the same procedure as for the other results reported in this paper. The
bin-to-bin systematic uncertainties, represented by the coloured boxes in Fig. 5, come from the
fitting procedure and are in the ranges 3–7% (U(1S)), 5–14% (U(2S)) and 6–20% (U(3S)), depend-
ing on the bin. Figure 5 (left) also shows the corresponding ratios for the U(1S) state in PbPb
collisions, which are derived from Ref. [2] by dividing the nuclear modification factors (RAA)
binned in centrality by the centrality-integrated RAA value. The U(2S) results from Ref. [2] are
not included here because of their low precision.

All the self-normalized cross section ratios increase with increasing forward transverse energy
and midrapidity particle multiplicity in the event. In the cases where Pb ions are involved,
the increase observed in both variables can arise from the increase in the number of nucleon-
nucleon collisions. The pp results are reminiscent of a similar J/y measurement made in pp
collisions at 7 TeV [21]. A possible interpretation of the positive correlation between the U pro-
duction yield and the underlying activity of the pp event is the occurrence of multiple parton-
parton interactions in a single pp collision [39].
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Figure 5: The U(nS) cross section versus transverse energy measured at 4 < |h| < 5.2 (top
row) and versus charged-track multiplicity measured in |h| < 2.4 (bottom row), measured in
|yCM| < 1.93 in pp collisions at

p
s = 2.76 TeV and pPb collisions at psNN = 5.02 TeV. For

U(1S), the PbPb data at psNN = 2.76 TeV (open stars) are overlaid. Cross sections and x-axis
variables are normalized by their corresponding activity-integrated values. For all points, the
abscissae are at the mean value in each bin. The dotted line is a linear function with a slope
equal to unity. The error bars indicate the statistical uncertainties, and the boxes represent the
point-to-point systematic uncertainties. The results are available in tabulated form in Table 5.

To compare the trends between collision systems, linear fits (not shown) are performed sepa-
rately for the pp, pPb, and PbPb results. In the case of the forward transverse energy binning,
the self-normalized ratios in all three collision systems are found to have a slope consistent with

CMS, HIN-13-003

+large vN, plus many other great measurements….



LHC upgrades
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New ITS Layout

16

12.5 Gpixels
Area: ~10m2,

Inner Barrel: 3 
layers;
Outer Barrel: 2+2 
layers;
Same technology 
for IB & OB
|η| ≤ 1.5

July 1, SQM 2016 D. Silvermyr - ALICE Upgrade

Similarities with STAR HFT project

• ALICE inner tracking & TPC 
upgrades 

• motivated by low pT charm & 
bottom measurements 

• requires excellent tracking and 
PID 

• hard observables to trigger → 
upgrade read out to 50kHZ 

• ATLAS IBL installed during LS1  
• ATLAS & CMS trigger LS2 
• ATLAS ZDC development ongoing



what detector do we need?
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Long Range Plan: "Probe the inner workings of QGP by resolving its 
properties at shorter and shorter length scales. The complementarity of 

the two facilities is essential to this goal, as is a state-of-the-art jet 
detector at RHIC, called sPHENIX." 
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Chapter 2

Physics-Driven Detector Requirements

Figure 2.1: End view of the sPHENIX detector with its component subdetectors.

In order to perform the physics measurements outlined in Chapter 1, sPHENIX must satisfy a
set of detector requirements. In this Chapter we discuss the physics-driven requirements on the
performance of the sPHENIX detector. In addition, as outlined in the Executive Summary, this
sPHENIX upgrade serves as the foundation for a future upgrade to a world class Electron-Ion
Collider (EIC) detector built around the BaBar magnet and sPHENIX calorimetry, and those
requirements are taken into account. The details of specific detector and GEANT4 simulations
regarding the physics capability of the sPHENIX reference design are given in Chapter 4. The
sPHENIX physics program rests on several key measurements, and the requirements that drive any
particular aspect of the detector performance come from a broad range of considerations related to
those measurements. A consideration of the physics requirements has led to the development of
the reference design shown in Figure 2.1 and this will be described in detail in Chapter 3.

53
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steel / scintillator HCal 

WSciFi SPACAL

sPHENIX: calorimeters



hadronic calorimeter
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Outer HCAL prototype with assembled 
steel plates and readout electronics

HCAL Prototype 
Tile response map with LEDs

R1370.0

R1167.7

32°

Tilted Plate Design

MIP crosses 
4 tiles in each 
calorimeter

12 

alternating steel scintillating plates

prototype assembled at BNL



sPHENIX EMCal

22

Filling 3:
● Post patch job
● Good fill quality
● Noticeable projection from 

small to large end

first 2D projective 
tungsten SPACALs 

being produced

scintillating fibers 
embedded in tungsten 

powder



sPHENIX tracking
• very successful tracker review in September 2016 
• planned design: 

• 3 layers MAPS, using ALICE stave design 
• 4 layer intermediate silicon tracker 
• outer TPC

23

Tracker concept

Track reconstruction over 2π, |η| ~ 1, 0.2GeV < pT < 40GeV


Outer radius constrained by EMCal geometry: Router<78cm

Inner radius constrained by beam pipe: Rinner>2.1cm


Three detector subsystems to provide primary+secondary 
vertex, pattern recognition, momentum resolution:


Calorimeter	system

Tracking	system

7

3-layer MAPS vertex tracker 
(R = 2.3, 3.1, 3.9 cm) 

4-layer si strip 
intermediate 

tracker  

(R=6, 8, 10, 12cm)


Continuous 
readout TPC

(R=20-78 cm)


Tracking Cost and Schedule Review!9/7/2016!

Organization!

13!

Edward O’Brien!
Project!
Director!

Ming Liu!
MAPS L3!

Manager (1.3.x)!

Tom Hemmick!
TPC L3!

Manager (1.3.z)!

Itaru Nakagawa!
Strip L3!

Manager (1.3.y)!

Tracking L2!
(1.3)!

John Haggerty!
Project Manager - 

Science!

James Mills!
Project Manager - 

Engineering!

Don Lynch!
Chief Engineer!

Irina Sourikova!
Project Controls!

Robert Ernst!
Resource 
Manager !



sPHENIX activity
• Babar magnet successful 

low power cold tests @ BNL 
• FNAL EMCal/HCal test 

beam: April 2016 and 
January 2017

24

High pT Physics at RHIC and LHC, April 15 2016Gunther Roland

Calorimeter modules in 
FNAL beam test April 2016

20

Project Scope
X Prototyping

X v1 Field Cage:  Full sized, designed to be usable if successful.

X v1a/v1b modules:  Investigations of segmentation, position linearity, IBF

X v2 Field Cage:  Full sized, intended for use in sPHENIX.

X v2a/v2b/v2c modules: Design evolution toward final avalanche module, technology competition.

X Pre-production:  Test both the design of final modules and quality of facilities. 

X Production

X Modules produced in parallel at 3 facilities:  PNPI/ Vanderbilt/ Weizmann Institute

X Each facility produces 24+spares modules of a single size.

X Electronics

X FEE:  on board card carrying SAMPA chip and FPGA with “light duty” (initialization, elinkÆ8b/10b)

X Data Aggregation Module (DAM):  Collects 8 FEE and “clusters” across pads & time.

X Event Builder Data Compressor:  Interface between DAM and (eventually RCF), reduces data via compression.

Illinois group at 
Fermilab

TPC work at 
Stony Brook



LHC Upgrades
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Precision Era of Hard Probes in Heavy Ions

26

RHIC User Meeting  June 9, 2016 
23 

RHIC / LHC Timeline 

 
 
 
 
 

2015 >2025 

Electron-Ion Collider  
(Notional BNL Plan) 

End of  
Long Shutdown 1 LHC 

RHIC 

1 Month Ion Running 
 11/2015, 11/2016, 6/2018  

1 Month Ion Running 
11/2020, 11/2021, 12/2022 

Long Shutdown 2 
7/18-12/19 

2020 

LS2 

Installation 
Shutdown 2021 

sPHENIX 

2014-2017 
Heavy Flavor 
Probes of QGP 
Origin of Proton 
Spin 

Stochastic e-Cooling 

2019-2020 
Beam Energy 
Scan II 

2022-2025 
Precision jets 
and quarkonia 

Chiral Magnetic 
Effect Confirmation 
Install LEReC 

sPHENIX & LHC Run 3 → 
era of precision hard probes!



an exciting future!
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we have a unique opportunity to use hard probes to 
understand how the low viscosity liquid emerges 
from the microscopic interactions of quarks and 

gluons at high temperature!
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