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Outline
“Tomography” — using internally generated probes to 
learn about the properties of the hot nuclear medium 

1. Introductory material 

2. Survey of jet tomography results 

➡ selected topics, with an emphasis on new jet 
measurements presented at Quark Matter 2015 

3. Future prospects at RHIC and the LHC
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Jet tomography @ QM15
• ALICE jet shapes: L. Cunquiero Mendez, 28/09, 5:20pm 

• ALICE jet v2: R. Bertens, 29/09, 12:10pm 

• ATLAS FF vs. η and pT: T. Kosek, 29/09, 3:40pm 

• ATLAS new dijet asymmetry: D. Perepelitsa, 29/09, 4pm 

• ATLAS muon suppression and flow: S. Milov, 29/09, 12:10pm 

• CMS jet-track flow: O. Evdokimova, C. McGinn, 28/09, 
2:50pm and 3:10pm 

• CMS D0 suppression: J, Sun, 28/09, 15:50pm 

• STAR recoil jet spectra: P. Jacobs, 29/09, 3pm 

• PHENIX Cu+Au jet RAA: A. Timilsina, 29/09, 3:20pm 
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Hard scattering of 
partons

• A parton (quark or gluon) from the nucleons in each 
nucleus can undergo a large-Q2 hard scattering 
➡ the scattered partons fragment, hadronize and turn 

into experimentally detectable jets!
➡ initial spectrum calculable in pQCD / measurable in 

pp collisions

nucleon nucleon
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Jet production

hard-scattered parton

radiation of other quarks and 
gluons (“parton shower”)

quarks and gluons confined 
back into hadrons!
(“hadronization”)

rare, short-lived particles 
decay into common, long-

lived particles
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• Hard scatterings happen early relative to medium formation time 
• Shower develops as partons traverse the expanding, cooling 

plasma 
➡ interacts with the plasma over a range of length scales and 

temperatures 
➡ the jet is quenched, depositing some of its energy into the 

medium

Fast partons as probes of the medium

in vacuum in quark-
gluon plasma

?
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“Jet” quenching at RHIC

• Jet quenching inferred only “statistically” 
• Information from the full jet may better encode what 

happened to the parton shower 
➡ since then, HI physics has learned from HEP…
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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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FIG. 3: Left: π0 RAA for the most central (0-5%) Au+Au
collisions and PQM model calculations for different values of
⟨q̂⟩. Red curve: best fit. Right: χ̃2(ϵb, ϵc, p) distribution for a
wide range of values of ⟨q̂⟩.

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-
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measurements. The final systematic uncertainties (one
standard deviation) on the spectra are shown in Table I.

)c(GeV/
T

p
0 2 4 6 8 10 12 14 16 18 20

A
A

R

0

0.1

0.2

0.3

0.4

0.5

0.6
 (Au+Au 0-5% Central)0πPHENIX 

12%±Global Systematic Uncertainty 

/fm)2 (GeV〉 q 〈PQM Model 
0 5 10 15 20 25

2 χ∼

20

25

30

FIG. 3: Left: π0 RAA for the most central (0-5%) Au+Au
collisions and PQM model calculations for different values of
⟨q̂⟩. Red curve: best fit. Right: χ̃2(ϵb, ϵc, p) distribution for a
wide range of values of ⟨q̂⟩.

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

partN
0 50 100 150 200 250 300 350 400

A
A

 In
te

gr
at

ed
 R

0
π

-110

1
>5GeV/c

T
 pAAR

 0.5)×>10GeV/c (
T

 pAAR

=200GeVNNsAu+Au PHENIX

=325 is 0-10% cent. (partly overlapping)part=351 is 0-5% cent. and NpartN

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.
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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-

R A
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pT (GeV/c)
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RHIC measurements of 
inclusive single particle 

production in Au+Au

➡ Factor of five 
suppression! 
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Jet reconstruction 
in proton-proton 

collisions
• Jet “reconstruction” clusters 

nearby particles into a “jet”  
➡ “undoing” the branching in the 

parton shower 
➡ with some IRC-safe prescription 

(e.g. anti-kT with cone size R)  
• In a leading order picture, the 

resulting “jet” approximates the 
parton kinematics 
➡ successful tool in high-energy 

physics
reconstructed jet

detected particles

9
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Jet reconstruction in HI collisions
calorimeter 

towers, Pb+Pb 
collision

• Heavy ion collisions feature a large, fluctuating background 
➡ difficult to identify jets & to measure their energy 
➡ only possible only after substantial technical effort
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Jet reconstruction in HI collisions

!
jet

likely jet

maybe jet?unlikely 
jet??

• Heavy ion collisions feature a large, fluctuating background 
➡ difficult to identify jets & to measure their energy 
➡ only possible only after substantial technical effort
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Jet-jet energy imbalance
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• Updated measurement 
by CMS from higher-
luminosity 2011 data

• Systematics of AJ vs. 
centrality 

• and vs. leading jet pT 
• No correction for detector 

effects, direct comparison 
to models ambiguous…
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Figure 2: The 1
N

dN

dxJ
distributions for pairs with 100 < pT1 < 126 GeV for di↵erent collision centralities. The

Pb+Pb data is shown in red, while the pp distribution is shown for comparison in blue, and is the same in all panels.
Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with shaded boxes.
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 now fix centrality, 
consider leading 

jet pT 

pp-like xJ at     
high pT,1! 

fractional E-loss 
diff. between jets 
decreases w/ pT,1?
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• Substantially weaker centrality-dependence for 
dijets with leading pT,1 > 200 GeV

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

DRAFT

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 126 GeV

T
p100 < 0 - 10 %

Pb+Pb
pp

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 158 GeV

T
p126 <  InternalATLAS

-1 data, 4.0 pbpp2013 

-12011 Pb+Pb data, 0.14 nb
 = 2.76 TeVNNs = 0.4 jets, R tkanti-

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 < 200 GeV

T
p158 < 

Jx
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0

0.5

1

1.5

2

2.5

3

3.5

4
 > 200 GeV

T
p

Figure 3: The 1
N

dN

dxJ
distributions for di↵erent selections on pT1 , shown for the 0–10% centrality bin (red) and for

pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.
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Figure 5: The 1
N

dN

dxJ
distributions for di↵erent selections on pT1 , shown for the 20–30% centrality bin (red) and

for pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.
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for pp (blue). Statistical uncertainties are indicated by the error bars while systematic uncertainties are shown with
shaded boxes.
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Inclusive suppression
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• Detailed measurements of RAA vs. rapidity and centrality 
for jets and hadrons 

• Run 1 “Legacy” measurements, for model benchmarking 18



pT dependence: singles vs doubles?

• RAA only weakly dependent on pT, but xJ evolves strongly 
between 100 GeV and 200 GeV 
➡ Important to understand these two results together?
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Latest jet v2

• New measurement by ALICE of jet v2!
➡ in central and semi-central collisions 
➡ compared to early ATLAS results and single particle v2 

• Non-zero v2 in central events only 1.5σ significant…

New at QM15Comparison to previous measurements

Other observables sensitive to parton energy loss
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2 of jets comprising charged and neutral fragments (ATLAS8)
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Dijets vs. reaction plane
• Single jet suppression depends 

on angle from reaction plane  

• How is dijet asymmetry affected?  

➡ for each centrality, <AJ> slightly 
larger for out-of-plane dijets
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Reaction plane: 
singles vs doubles?

Comparison to previous measurements

Other observables sensitive to parton energy loss

High-pT single particle v
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2 (ALICE6, CMS7)

v
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2 of jets comprising charged and neutral fragments (ATLAS8)
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Modified jet structure

• Measurements of internal jet structure in Pb+Pb collisions 
➡ modified longitudinal momentum structure and radial 

structure

PLB 739 (2014) 320
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Fragmentation function vs. η
New at QM15
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Figure 5: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent central-
ity bins (rows) and four di↵erent selections on jet pseudorapidity of jets with 100 < pT < 398 GeV
(columns). The error bars on the data points indicate statistical uncertainties while the shaded bands
indicate systematic uncertainties.
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Figure 5: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent central-
ity bins (rows) and four di↵erent selections on jet pseudorapidity of jets with 100 < pT < 398 GeV
(columns). The error bars on the data points indicate statistical uncertainties while the shaded bands
indicate systematic uncertainties.
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• RD(z) = D(z)Pb+Pb / D(z)pp 

➡ plotted here vs. z 

• Modest η dependence at 
all centralities 

➡ higher quark fraction 
at forward rapidities?
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Figure 7: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent centrality
bins (rows) and four di↵erent selections on jet pT of jets with |⌘| < 2.1 (columns). The error bars on the
data points indicate statistical uncertainties while the shaded bands indicate systematic uncertainties.
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Fragmentation function vs. pT
New at QM15

central

semi-central

increasing pT

➡ Low and high-z excesses become 
systematically smaller with higher jet pT…

26



η-dependence: 
suppression vs. 
modification?

• RAA is η-independent within systematics 
➡ but fragmentation functions indicate a change in 

the level of jet modification at large η 
➡ Important to understand these two results together?

Jet RAA Phys.Rev.Lett. 114 (2015)
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Figure 5: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent central-
ity bins (rows) and four di↵erent selections on jet pseudorapidity of jets with 100 < pT < 398 GeV
(columns). The error bars on the data points indicate statistical uncertainties while the shaded bands
indicate systematic uncertainties.
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Figure 5: The ratio of unfolded D(z) distributions measured in heavy ion collisions to unfolded D(z)
distributions measured in pp collisions, RD(z). RD(z) distributions are evaluated in four di↵erent central-
ity bins (rows) and four di↵erent selections on jet pseudorapidity of jets with 100 < pT < 398 GeV
(columns). The error bars on the data points indicate statistical uncertainties while the shaded bands
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Jet shapes
• New measurement by ALICE of modified jet shape 

variables in Pb+Pb

New at QM15

28
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Jet shapesNew at QM15
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Where does the energy go?

• By momentum conservation, there should be no net 
momentum perpendicular to the incoming beams 
➡ excess of high-energy particles near the jets
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Where does the energy go?

• Excess of low-energy particles away from the jets 
➡ the quenched energy is carried away by soft particles 

at large angles from the jets
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Jet-track correlationsNew at QM15
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Analysis: Binning Tracks by Δ
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Analysis: Binning Tracks by Δ
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• CMS measurement of jet-jet pT balance, as a 
function of angular distance Δ from dijet axis,  
➡ note: benchmarked here in pp collisions 
➡ deficit near jets, made up by excess at 

larger angles
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Analysis: The Dijet Axis
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• More pronounced asymmetry at small Δ in Pb+Pb than in pp 
➡ made up by larger contribution of soft particles at large Δ

33

Jet-track correlations
New at QM15

Christopher McGinn 9

Missing PT vs. Δ with R = 0.3 (All AJ )
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Multiple R Missing PT vs. Δ
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➡ Energy balance in Pb
+Pb modestly different 
than in pp 

➡ pT composition of 
constituents changed 34



(Partial) progress in HF jetsNew at QM15
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Other 
progress…New at QM15

• Prompt D0 suppression in Pb+Pb 
• Jet suppression in Cu+Au  
• Muon v2 in Pb+Pb

Prompt 𝐷 production in PbPb

Byungsik Hong Quark Matter 2015, Kobe 27

CMS-HIN-15-005J. Sun

� Prompt 𝐷 in PbPb suppressed relative to FONLL based extrapolation
� Tendency to smaller suppression for increasing 𝑝 in 𝑝 ≳ 11 GeV/c 

𝐵 feed-down subtracted
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√s-dependence: LHC
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only modest cone 
size dependence

energy recovered 
only at large angles
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√s-dependence: 
RHIC

Symmetric dijets recovered 
with low-pT cut + large cone

The Physics Case for sPHENIX Current jet probe measurements

Gunther Roland QCD Town MeetingJets at RHIC and LHC 19

Indication of energy flow differences at RHIC vs LHC
RHIC (STAR) LHC (ALICE, ATLAS, CMS)

Jets balanced when  
including pT > 0.2GeV

Energy balance found 
outside of jet cone

Strong radius 
dependence of jet RAA

Weak radius 
dependence of jet RAA

Figure 1.23: Slide from G. Roland’s talk at the QCD Town Meeting (September 2014). Shown are
preliminary RHIC results from STAR for jet RAA and dijet asymmetry AJ in comparison with LHC
results. The initial observation is for quite different trends. Data with overlapping energy ranges and
comparable jet algorithms and jet bias selections from sPHENIX will shed significant light on the
underlying physics differences.
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RAA = 1 recovered by 
opening up the jet cone angle

➡ strong temperature dependence of jet quenching?
38



The Hadronic Calorimeter Detector Concept

Figure 3.7: Cross section of sPHENIX. The outer hadronic calorimeter surrounds the solenoid cryostat.

Figure 3.8: Scintillating tiles in the sampling gap of sPHENIX hadronic calorimeter, showing the
transverse segmentation into elements 0.1 units of pseudorapidity wide.

fin thickness. The gaps between the iron plates are 8 mm wide and contain individually wrapped
7 mm thick scintillating tiles with a diffuse reflective coating and an embedded wavelength shifting
fiber which traverses the entire tile, entering and exiting on the same edge. The slight tilt and

68

more and more sensitive to mesoscopic, fluid-scale excitations in the medium. At the same time,
the medium is populated with heavy quarkonia whose physical size and temperature sensitive
coupling to the medium provide precisely locatable probes of the medium in this space. At the
longest scales, one sees the well-established hydrodynamic behavior of the medium with minimal
specific shear viscosity, the so-called perfect liquid. The sPHENIX detector will be able to measure
jets, b-tagged jets, photons, charged hadrons and their correlations over a wide range of energies,
and it will also have mass resolution sufficient to separately distinguish the three states of the
Upsilon family. These capabilities will enable us to map out the dynamics of the QGP across this
space and address the fundamental questions posed above.

To pursue these physics questions we are proposing an upgrade consisting of a 1.5 T superconduct-
ing magnetic solenoid of inner radius 140 cm with silicon tracking, electromagnetic calorimetry,
and hadronic calorimetry providing uniform coverage for |h| < 1. The sPHENIX solenoid is an
existing magnet developed for the BaBar experiment at SLAC, and recently ownership of this key
component was officially transferred to BNL. An engineering drawing of the sPHENIX detector
and its incorporation into the PHENIX interaction region are shown in Figure 2.

Figure 2: An engineering drawing of sPHENIX, showing the superconducting solenoid containing
the electromagnetic calorimeter and surrounded by the hadronic calorimeter, with a model of the
associated support structure, as it would sit in the PHENIX IR.

The sPHENIX plan has been developed in conjunction with the official timeline from BNL manage-
ment. The expectation is for RHIC running through 2016, a shutdown in 2017, RHIC running for
the increased luminosity beam energy scan in 2018–2019, a shutdown in 2020, and RHIC running

iii

Detector design

• 1.5 Tesla magnet,          
from BaBar epxt. 

• silicon detectors              
(to measure              
charged particles) 

• electromagnetic 
calorimeter (to measure 
photons & electrons) 

• hadronic calorimeters    
(to measure jets) 39



superconducting magnet 
leaving SLAC … arriving at 

BNL in 2015

2 EXPERIMENTAL SETUP 4

Figure 2: Scintillating tiles with embedded wavelength shifting fibers (left panel) and the
HCal prototype calorimeter (right panel).

axis). We also took HCal data by moving it vertically to di↵erent heights together with a
few selected rotational angles at 30 GeV beam energy. The data-taking run list is given in
Table 2 and 3. In total, 142 k events were recorded in nominal detector configuration with
beam energies between 4 and 60 GeV, and 254 k events were recorded in various detector
height and rotation with 30 GeV beam.

Table 2: HCal prototype detector beam energy scan runs at the FNAL test beam.

Run # Beam energy Total events Detector configuration
459 4 GeV 7.6 k nominal setup
460 8 GeV 11.6 k nominal setup
463 16 GeV 14 k nominal setup
465 25 GeV 15 k nominal setup
466 32 GeV 23 k nominal setup
467 40 GeV 23 k nominal setup
468 50 GeV 23 k nominal setup
469 60 GeV 23 k nominal setup
479 16 GeV 10 k EMCal+HCal, nominal setup
480 32 GeV 10 k EMCal+HCal, nominal setup
483 40 GeV - EMCal+HCal, nominal setup

Prototype of the hadronic 
calorimeter, undergoing beam 

tests in early 2014

+ see J. Haggerty, QM15 talk 40
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Jet tomography at RHIC

• Statistical projections after two years of 
sPHENIX running
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Jet tomography in LHC Run 2

• Next month: 30x the hard probe rate in Run I 
• Differential looks at Run I quantities + entirely new Run 2 observables
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➡ No progress here… but wait until Run 2…
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Outlook
• Many exciting developments in jet tomography: 

➡ jet-jet and multi-jet pT correlations 
➡ differential probes of inclusive suppression 
➡ azimuthal dependence of jet yields and jet-jet 

balance 
➡ inventive probes of internal jet structure 
➡ progress in heavy flavor jet measurements  

• Do we have a consistent picture of jet quenching?  
• Looking forward to LHC Run 2 and future jet 

program at RHIC…
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