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Jets in LHC Run 1

• Broad program of jet suppression and modification 
measurements since first dijet asymmetry in 2011 
➡ how do we best make progress in Run 2?
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Extreme 
kinematic 

reach: hadrons (GeV)
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Extreme kinematic reach: jets

➡ quenching for TeV-
scale jets in Run 2?
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ATLAS dijet balance  
xJ = pT,2/pT,1 

in Run 1 Pb+Pb data

➡ xJ(Pb+Pb) → xJ(pp) 
at pT,1 > 200 GeV? 

ATLAS inclusive jet 
RAA is finite up to 

400 GeV



Low and high-z excess becomes systematically smaller with pT… 

➡ fragmentation functions for multi-hundred-GeV jets? 6

Extreme kinematic reach: FF

central
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central
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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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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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• Demonstration of b-jet tagging in HI collisions by CMS, but: 
➡ Run 1 statistics → measurement of inclusive yield only  
➡ non-trivial contribution                                                  

from gluon-splitting                                                                   
late in parton shower

2/1/17 Lijuan Ruan, GHP2017, DC 3 

Heavy flavor and quarkonium production  

>> Tc, ΛQCD, Muds 

Mc ≈ 1.3 GeV 
 
 
Mb ≈ 4.8 GeV 
 
Produced at initial impact through 
hard process, penetrating probe. 
 
Produced by gluon fusion, quark-
antiquark annihilation, gluon 
emission, flavor excitation, and 
gluon splitting … 
 
Charm quark into hadrons (~10% 
to baryon, ~1% into J/ψ, and 
others to mesons) 
 
QQbar transition into quarkonium 
through color singlet, color octet, 
and color evaporation approaches. 

Yen-Jie Lee (MIT) 22 Quark Matter 2014 

Flavor Dependence of Jet Quenching 

π 

D 

b-jet 

Indication of RAA(B) > RAA(D) > RAA(π)  at  low  pT 
 

(However, spectra slope are different) 

Indication of RAA(b-jet) ~ RAA(all jets)  
at high jet pT 

Kurt Jung   
(CMS 5/21) 

bÆJ/ψ 

b quark jet ~ inclusive jet (mainly gluon jets), contribution from gluon splitting? 
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2/1/17 Lijuan Ruan, GHP2017, DC 3 

Heavy flavor and quarkonium production  

>> Tc, ΛQCD, Muds 

Mc ≈ 1.3 GeV 
 
 
Mb ≈ 4.8 GeV 
 
Produced at initial impact through 
hard process, penetrating probe. 
 
Produced by gluon fusion, quark-
antiquark annihilation, gluon 
emission, flavor excitation, and 
gluon splitting … 
 
Charm quark into hadrons (~10% 
to baryon, ~1% into J/ψ, and 
others to mesons) 
 
QQbar transition into quarkonium 
through color singlet, color octet, 
and color evaporation approaches. 

Angularly-balanced b-
jets favor flavor creation 

processes:
Indication of more balanced 

pairs relative to inclusive jets? 

➡ Run 2 data will allow   
 differential studies of b-jets

CMS-HIN-16-005 
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• Photon / Z grants external handle on initial hard scattering 
➡ tests absolute E-loss of balancing jet 
➡ can make “apples to apples” pp to Pb+Pb comparisons 
➡ selects quark-enhanced jet sample (flavor dependence) 
➡ no “surface bias” 9

EW probes: ɣ+jet and Z+jet



no balancing jet!

high-energy jet

X.
beams going into/

out of the page
10

Pb+Pb 2.76 TeV 
LHC Run 1



balancing 
jet?

11

high-energy 
photon

Run: 286834
Event: 124877733
2015-11-28 01:15:42 CEST
Pb+Pb √sNN = 5.02 TeV
photon + multijet event
ΣETFCal = 4.06 TeV HCal

EMCal

Pb+Pb 5.02 TeV 
LHC Run 2



ɣ+jet: pT balance (central events)

• Measurements of xJɣ = pTjet / pTɣ with large Run 2 statistics 
➡ systematic depletion of balancing jet pT distribution  
➡ insight into absolute E-loss
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for 100-150 GeV 
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peripheral 
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vacuum…
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…indicates that 
fractional energy 
lost decreases?

ATLAS-CONF-2016-110

ɣ+jet: pT balance (at large pTɣ)



ɣ+jet: Δɸ balance, differential data
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• Nominal experimental advantages: 
➡ lower photon-pT reach limited by finite purity 
➡ probe quenching with fixed-pT but large Q2 jets 

• However: existing Z+ and ɣ+tagged results are consistent 
within uncertainties…

CMS-HIN-15-013 
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Fig. 5 Ratios of D(z) distributions for six bins in collision centrality
to those in peripheral (60–80 %) collisions, D(z)|cent/D(z)|60−80, mea-
sured by ATLAS for R = 0.4 jets [12] (black markers) are compared to

the analytic calculation (red line) and MC calculation (blue histogram)
of the same quantity in the fractional energy loss model. The analytic
calculation uses the power law parameterization of jet pT spectra

where Dq(z) and Dg(z) are the quark and gluon D(z) distri-
butions, respectively, and f int

q is the modified quark fraction

integrated over a given pjet
T range.

The ATLAS jet fragmentation measurements were
obtained for pjet

T > 100 GeV. Applying Eq. 14 over this
pjet

T range and using the sq parameters obtained from fits to
the jet RAA, we calculated the ratio of modified D(z) distri-
butions in different centrality bins to the distribution in the
60–80 % centrality bin for comparison with the ATLAS data.
The results are shown along with the data in Fig. 5. The figure
shows that our simple model for the medium modifications of
the inclusive jet fragmentation function can reproduce some
of the qualitative features in the data, namely the suppres-
sion of the fragmentation function at intermediate z and an
enhancement in the fragmentation function at large z. This
latter is statistically marginal in the data given the (combined)
error bars, but the enhancement at large z in the model is an
automatic result of the increased quark content of the jet
spectrum. Our model does not show as deep a suppression
in the D(z) ratio near 0.1 which may indicate that additional
physics contributes there.

One feature in the data that cannot be explained by the
model is the enhancement at low z. Our simple model also

explains the centrality dependence of the data, except for the
50–60 % centrality bin, given the fits to the single-jet sup-
pression. Based on the results shown in Fig. 5 we argue that
it is plausible that the modifications observed at intermedi-
ate and large z in the jet fragmentation function result from
quenching-driven changes in the jet quark fraction while the
enhancement at low z reflects a contribution of extra parti-
cles in the jet either from radiative emission within the jet or
recoil of particles in the medium.

We have performed a separate Monte-Carlo evaluation of
the single-jet suppression to check and improve on the results
of the above analytic calculations which are necessarily lim-
ited by assumptions regarding the shapes of the jet spectra. To
simulate the single-jet suppression, we sample jets from the
PYTHIA8-simulated events, apply the shift as in Eq. 6 with
chosen Sq and Sg for quark and gluon jets, respectively, and
then build the resulting spectra of quenched jets. The simu-
lated RAA is obtained from the ratio of the quenched spec-
trum to the original spectrum of PYTHIA8 jets. The results
are shown with the blue histograms in Fig. 4. The agree-
ment with the analytic results is poor, suggesting that the
power-law parameterization of the jet spectra is inadequate
for the simulation of the single-jet suppression. In fact, the

123

Cole, Spousta 
EPJC 76 (2016) 50

D(z; pTjet) in A+A
D(z; pTjet) in p+p

RD(z) = after quenching

• Large ɣ+jet statistics open many opportunities, e.g. 
➡ implicit flavor difference between jets in the 

numerator and denominator 
➡ causes artificial features in, e.g. D(z) ratio 

• Run 2 possibility: measure distribution of pThadron/pTjet, 
but in photon-containing events 16
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Coherent limit in pQCD

18

r� � �jetL

Q � �jetE

jet transverse size 

r�
Q�1

s

MC prescription (for unresolved jets): medium t-evolution then collinear Q-evolution 

[Casalderrey-Solana, MT, Salgado, Tywoniuk (2013)]

Unmodified 
intrajet 

structure 

Large angle 
energy flow 
from total 

charge

• When the transverse size       of the jet is smaller than medium 
resolution scale            the medium interacts “effectively” with 
the total charge of the jet (primary parton)

(Y. Mehtar-Tani, QM’15 talk) 
PLB 725 (2013) 357

Test of color coherence 
picture: e.g. what if 

entire parton shower 
loses energy, but 

structure unmodified?hadrons from 0:5< pT < 7:0 GeV=c are used in combi-
nation with a single 5< p!

T < 9 GeV=c photon bin.
Figure 1 shows azimuthal pair angle distributions for the

extracted direct !-h correlations in 0%–40% central
Auþ Au collisions as well as comparison with the direct
!-h correlations in pþ p. The systematic uncertainties
arise from the absolute normalization procedure, v2 esti-
mation, and R!. The estimated uncertainty from higher

flow moments is shown separately and is only significant
for the highest " pairs.

Unlike on the away side, on the trigger side (j!#j<
$=2) the direct !-h correlations in Auþ Au show an
integrated yield consistent with zero when considering
systematic uncertainties, which are dominated by the low-
est !# point, indicating that the statistical subtraction
method indeed yields direct photons and that the yield of
fragmentation photons in Auþ Au is negligible within
uncertainties.

On the away side the associated particle yield is visible,
and there is significant variation when comparing the
correlations in Auþ Au to pþ p. To further quantify
this variation, the yields are integrated over !# for
j$"!#j< $=2, as a function of ", to obtain the effective
fragmentation function. Figure 2(a) shows the integrated
away-side yields in Auþ Au and pþ p as circles and
squares, respectively. The statistical error bars include

the point-to-point uncorrelated systematic uncertainty
from the background subtraction, while the boxes around
the points show the correlated uncertainties. For reference,
the dependence on zT is also indicated as the upper scale
axis label.
To study medium modification of the jet fragmentation

function, we take a ratio of the " distribution inAuþ Au to
pþ p. This ratio, known as IAA, is shown in Fig. 2(b) and
can be written as IAA ¼ YAuþAu=Ypþp. Much of the global
scale uncertainty cancels in this ratio, but there is a remain-
ing 6% uncertainty. In the absence of modification, IAA
would equal 1. The data instead indicate suppression at low
" and enhancement at higher ". Including all systematic
uncertainties the %2=DOF value for the highest four points
compared to the hypothesis that IAA ¼ 1 is 17:6=4, corre-
sponding to a probability that IAA is 1.0 for "> 0:8 of less
than 0.1%.
The dashed curve in Fig. 2(b) shows IAA calculated at

Ejet ¼ 7 GeV using the BW-MLLA model in medium and

in vacuum. The vacuum calculation agrees well with the
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FIG. 2 (color online). Panel (a) shows per trigger yield as a
function of " for pþ p collisions (squares) and 0%–40% most
central Auþ Au collisions (circles). The points are shifted for
clarity. For reference, the dependence on zT is also indicated.
Panel (b) shows IAA, the ratio of Auþ Au to pþ p fragmenta-
tion functions. Also shown are predictions from BW-MLLA [18]
(dashed line), calculated at Ejet ¼ 7 GeV with fmed ¼ 0:8
selected for 0%–10% central Auþ Au and from YaJEM-DE
[27,28] (dot-dashed curve) for 0%–40% centrality and trigger
photons from 9–12 GeV=c, both for the full away side
(j!#" $j< $=2).
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ɣ+hadron measurements 
can’t distinguish E-loss 

from modification of 
fragmentation…

Substructure: ɣ-tagged jet FF



• Measurement of zg quantity, which in vacuum is sensitive to 
first branching in the parton shower  
➡ sensitive to coherent or de-coherent energy loss of parton 

shower in medium 
➡ systematic modification vs. centrality at the LHC

Jet substructure: zg

18
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• Collab. formed December 2015, Expt. received CD-0 in Fall 2016 
➡ extensive R&D and beam tests of core subsystems 
➡ physics goal: make analogous measurements at RHIC kinematics, 

where QGP is closer to transition temperature 

Fully assembled inner HCAL 

2 

EMCal + IHCal + 
“solenoid” + OHCal slice at 

Fermilab for beam tests

CAD drawing of 
sPHENIX detector
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Jets in sPHENIX
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thank you!
1. extreme 
kinematic 

reach

2. HF + EW 
probes

3. jet sub-
structure
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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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4. sPHENIX


