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Jets in Heavy-Ion Collisions 

!  Colored partons undergo a hard 
scatter 
!  Radiate soft gluons and quarks 
!  Hadronize into a spray of  

particles 
!  Produced early prior to QGP 

formation 
!  Interact and lose energy to the 

medium via radiation and 
collisions 

!  Expected to reflect the 
kinematics and topology of  the 
hard scattered partons 
!  Underlying background creates 

fake jets and smears the 
kinematics of  “true” jets 

There is no unambiguous 
definition of what a jet is! 
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Jets in Heavy-Ion Collisions 
Complications: Background 

!  Unlike in pp collisions, the underlying event in AA 
collisions makes jet finding difficult 
!  Fake jets ! Jet finder clusters particles from bulk  
!  Jet smearing ! Background fluctuates underneath jet 

!  First “jet” results used high pT hadrons as proxies 
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Where are 
the jets? 

√SNN = 200 GeV 

0-10% central 
STAR: 
ρch ~ 29 GeV 
ALICE: 
ρch ~ 130 GeV 
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Di-hadron Correlations 
A jet proxy 

Strong modification of  the recoil-jet indicated substantial  
partonic interaction with the QGP, d+Au results show not CNM 
•  Geometric “surface” bias  
•  What is the parton pT and flavor? 
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FIG. 2: (Color online) Background-subtracted azimuthal angle difference distributions for associated particles with pT between
1.0 and 2.5 GeV/c and for different ranges of trigger particle pT , ranging from 2.5− 3.0 GeV/c (left column) to 6− 10 GeV/c
(right column). Results are shown for Au+Au collisions (solid circles) with different centrality (rows) and d+Au reference
results (open circles). The rapidity range is |η| < 1 and as a result the rapidity-difference |∆η| < 2. Open red squares show
results for a restricted acceptance of |∆η| < 0.7, using tracks within |η| < 1. The solid and dashed histograms show the upper
and lower range of the systematic uncertainty due to the v2 modulation of the subtracted background.

pends on passocT and ptrigT . The measured jet-like yield

in d+Au collisions increases faster with ptrigT (going from
left to right in Fig. 3) than in Au+Au collisions, reduc-
ing the relative size of the enhancement in Au+Au. The
associated yield decreases with increasing passocT for both
d+Au and Au+Au collisions, but the decrease is stronger
in Au+Au, so that the measured yields in Au+Au ap-

proach the d+Au results at the highest passocT . A sum-
mary of the yields is presented in Fig. 6 (Section IVC).

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at 2.5 < passocT < 4.0 GeV/c (bottom row of
Fig. 3), where a broadening is seen, while the yield is
smaller than in d+Au. For 6 < ptrigT < 10 GeV/c (right-
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FIG. 2: (Color online) Background-subtracted azimuthal angle difference distributions for associated particles with pT between
1.0 and 2.5 GeV/c and for different ranges of trigger particle pT , ranging from 2.5− 3.0 GeV/c (left column) to 6− 10 GeV/c
(right column). Results are shown for Au+Au collisions (solid circles) with different centrality (rows) and d+Au reference
results (open circles). The rapidity range is |η| < 1 and as a result the rapidity-difference |∆η| < 2. Open red squares show
results for a restricted acceptance of |∆η| < 0.7, using tracks within |η| < 1. The solid and dashed histograms show the upper
and lower range of the systematic uncertainty due to the v2 modulation of the subtracted background.

pends on passocT and ptrigT . The measured jet-like yield

in d+Au collisions increases faster with ptrigT (going from
left to right in Fig. 3) than in Au+Au collisions, reduc-
ing the relative size of the enhancement in Au+Au. The
associated yield decreases with increasing passocT for both
d+Au and Au+Au collisions, but the decrease is stronger
in Au+Au, so that the measured yields in Au+Au ap-

proach the d+Au results at the highest passocT . A sum-
mary of the yields is presented in Fig. 6 (Section IVC).

On the away-side, we observe a broadening and en-
hancement of the yield in Au+Au compared to d+Au,
except at 2.5 < passocT < 4.0 GeV/c (bottom row of
Fig. 3), where a broadening is seen, while the yield is
smaller than in d+Au. For 6 < ptrigT < 10 GeV/c (right-

Au+Au |Δη| < 2.0 

Au+Au |Δη| < 0.7 

d+Au 

4< pT
trig < 6 GeV/c 

1 < pT
assoc < 2.5 GeV/c 

PhysRevC.82.024912 



γ-jet: Golden Probe of  the QGP 

!  Direct photon-jet analyses have 
many advantages 
!  Photon is highly correlated with 

the parton kinematics 
!  Process is dominated by Compton 

scattering (qg!qγ ) 
!  Fixes flavor 

!  Photon does not interact with the 
QGP 
!  Reflects the initial parton 

kinematics 

!  No geometric bias 

!  Allows jet-medium tomography 
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!  Disadvantages 
!  Low cross-section 

!  Still need to account 
for effect of  
underlying event 
!  Common to all jet 

analyses 

!  Use γ-h± as a jet proxy 



STAR detector 

Rosi Reed - Lehigh University - Jet and HF Meeting 2016 7 

!  Barrel Electromagnetic 
Calorimeter (BEMC) ! 
measures EM clusters 
!  High Tower Trigger 

!  Time Projection 
Chamber (TPC) ! 
identifies charged 
hadron tracks 

!   Acceptance (BEMC + 
TPC):  
!  2π-azimuth  
!  |η| < 1.0, both for 

BEMC and TPC 
!  Data sets: 

!  Au+Au  year-11: Lint = 2.8 nb-1 
!  pp year-9: Lint = 23 pb-1 



Transverse shower profile  
π0/γdir discrimination  
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BEMC 

BEMC	
  	
  
module	
  	
  

Shower 
Maximum 
Detector(BSMD)  

ϒ 
π0 

ϒ ϒ 

Smaller TSP Larger TSP 

BSMD and BEMC tower used to  
determine Transverse Shower Profile  
(TSP) 
•  Nearly pure sample of  π0 (π0

rich) 
•  Sample with enhanced fraction of  γdir  (γrich) 
 

TSP =
EclusterP

i eir
1.5
i

Ecluster: Cluster energy 
ei:  BSMD strip energy 
ri: distance between 
strip and cluster center 

Main background comes from π0àγγ decay 



Transverse shower profile  
π0/ϒdir discrimination  
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TSP =
EclusterP

i eir
1.5
i

Ecluster: Cluster energy 
ei:  BSMD strip energy 
ri: distance between 
strip and cluster center 

Main background comes from π0àγγ decay 

Compare π0
rich and γrich 

populations 
•  Path-length and color 

factor effects 
•  γrich away side should 

be less suppressed 



IAA vs zT: Previous Results 

D(zT)XX: per trigger away-side 
yield for X+X collisions 

!  IAA showed similar level of  
suppression for both 
samples 

!  Jet fragmentation function 
is enhanced at low pT 

!  Effect should be seen in zT 
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(STAR	
  Collab.,	
  PRC	
  82,	
  034909)	
  

IAA =
D(zT )AA
D(zT )pp

zT =
pT
assoc

pT
trig

8 < pT
trig < 16 GeV/c 

How much energy is lost 
and where is it recovered? 
Needed to extend measure 
to lower zT 



Raw Correlation functions  
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•  Uncorrelated background is subtracted  
•  Δϕ acceptance is corrected using the mixed events 

(modulated with elliptic flow for Au+Au collisions)  

|η| < 1.0 

 Away-side 
integration 
window 
 
background 
level  

Au+Au p+p 

STAR Preliminary 



Yield associated with π0 
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!  Near-side |Δϕ| ≤ 1.4  
!  Away-side |Δϕ – π| ≤ 1.4  
!   Away-side yields 

suppressed in central 
(0-12%) Au+Au collisions 

!  Near-side shows no 
significant suppression  

!  Integrating near-side 
yields 
!  ~85(±3)% energy fraction 

carried by π0  over  
“charged jet energy” (π0 + 
charged hadrons) in pp 
200 GeV 
!  γ carries nearly all, zT is 

not precisely the same 

Arxiv:1512.08782 



Yield associated with γ	
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!  Ya: away-side yield 
!  Yn: near-side yield 
!  Normalized per trigger 
!  Purity of  γdir vs γrich 

sample: 
!     

!  1-R = 
!  Central Au+Au ~70% 
!  pp ~40% 

!  Away-side yields 
suppressed in central 
(0-12%) Au+Au 
collisions 

Away-side |Δϕ – π| ≤ 1.4  

Yγdir+h =
Yγrich+h

a       − RYπ 0+h
a  

1-R

1− R =
Nγdir

Nγrich

Arxiv:1512.08782 



 IAA of  γdir and π0 
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•  IAA
π0-h , IAA

ϒdir-h less suppressed at zT<0.2 than at high zT   

•  Models don’t include absorption and redistribution of  

lost energy in the medium 
Wang: 
X. N. Wang et al., 
Phys. Rev. C 84, 034902 (2011) 
Phys. Rev. C 81, 064908 (2010) 
Phys. Rev. Lett. 103, 032302 (2009)  
(NLO pQCD + (3+1)hydro) 

IAA =
D(zT )AA
D(zT )pp

zT =
pT
assoc

pT
trig

Qin: 
G.-Y Qin et al.,PRC 80, 054909 (2009) 
(NLO pQCD + (3+1)hydro with 
 jet-medium and fragmentation 
 photon)  

IAA
π0-h  and  

IAA
ϒdir-h    show 

similar strong 
suppression 

Arxiv:1512.08782 



IAA vs Integration window 
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•  Error bars are largely correlated 

•  No significant dependence of suppression on integration 

window is observed for ϒdir-h± and π0-h± IAA results at high 

pT
Trig ( 12 < pT

Trig < 20 GeV/c) 

 

      

γ-h π0-h 

Arxiv:1512.08782 



IAA vs pT
assoc and pT

Trig 

Rosi Reed - Lehigh University - Jet and HF Meeting 2016 16 

•  Away-side suppression depends on pT
assoc  

•  High-pT suppression does not depend on direct photon 
trigger energy  

 
G.-Y Qin et al., 
PRC 80, 054909 (2009) 
 
X. N. Wang et al., 
Phys. Rev. C 84, 034902 (2011) 
Phys. Rev. C 81, 064908 (2010) 
Phys. Rev. Lett. 103, 032302 (2009)  
 
  
 
 
 
 

Arxiv:1512.08782 



Jet Correlations 
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Dihadron 
γ-hadron 

π0 

π0-hadron 

!  Different biases!Jet Geometry Engineering 
!  Apply jet techniques developed at LHC/RHIC to RHIC jets! 

!  Allows a measurement of  the dijet or γ-jet energy imbalance 
!  How much energy is still correlated with the initial parton?  Need 

jet reconstruction! 



Reconstructed Jet Correlations 

!  Biases for jets will be different than 
for π0 or γ	



!  Different biases!Jet Geometry 
Engineering 

!  New techniques and larger data 
samples allows jet-h+ h-jet correlations 

!  Probability density of  z = Eobs/Eparton 
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The Physics Case for sPHENIX Theoretical calculations of jets at RHIC
Jet Surface Emission Engineering
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Figure 1.24: Dijet surface bias in YaJEM for various trigger definitions. As the trigger is changed
from a single hadron (left) to a reconstructed jet with a minimum pT selection on charged tracks
and electromagnetic clusters (middle) to an ideally reconstructed jet (right), the surface bias in the
production point becomes less pronounced. sPHENIX is capable of all three types of measurements.
(Based on figure taken from [99].)
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Figure 1.25: (left) Calculation in VNI parton cascade of dijet AJ with T = 0.35 GeV and as = 0.3
compared to the CMS data [57]. (right) Calculation for RHIC jet energies, ET,1 > 20 GeV, for a circular
geometry of radius 5 fm of AJ for different values of as increasing to as = 0.6 (red line) [59].

Calculation results for the dijet asymmetry AJ = (E1 � E2)/(E1 + E2) in a QGP with a temperature
appropriate for LHC collisions and fixed as = 0.3 are shown in Figure 1.25 (left panel) [57]. The jets
in the calculation are reconstructed with the anti-kT algorithm with radius parameter R = 0.5 and
then smeared by a simulated jet resolution of 100%/

p
E, and with requirements of ET1 > 120 GeV

and ET2 > 50 GeV on the leading and sub-leading jet, respectively. The calculated AJ distributions
reproduce the CMS experimental data [78].
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space out of a circle (which would introduce an unphysical
sampling bias). In this way, computations become feasible.
This illustrates that good knowledge of the mapping of final-
state conditions to initial-state parameters in terms of biases is
not only conceptually important, but also has consequences of
immediate practical value.

III. TYPES OF BIASES

Following the discussion in Ref. [39], we can classify
the various biases induced by a trigger condition on the
final state of a hard event as follows. First, there are biases
on the structure of the hard pQCD event itself, which act
even in vacuum. These have to do with the relation between
hadronic (or jet) and parton kinematics dependent on parton
type. Once a medium is present, the correlation of the strength
of the medium modification with the density of the medium
and the time spent in the medium leads to additional biases on
the reaction geometry. Because all these biases act on the hard
event itself rather than the final-state shower, they affect both
the trigger side and the away side simultaneously. This can be
contrasted with shower biases, which affect the structure of
the shower evolution itself and do not bias the kinematics or
position of the hard event and are thus always only relevant
for the trigger side.

In this section, we review qualitatively the effects of the
most relevant biases, which we study later with case studies in
a full modeling framework. To illustrate the isolated effects of
the various biases, the examples shown outside the full case
studies are theoretical situations in which the initial state of
the shower is given, whereas the later experimentally relevant
case studies show results given an observed final state.

A. Biases in vacuum showers

Neither a hadron nor a jet typically contain all the initial
parton energy E. In the case of a hadron, this is because of the
production of subleading hadrons as well as hadron species
which are not registered by the detector in the shower. In the
case of a jet, the reason is typically the production of hadrons
at large angles with the jet axis which correspond to energy
flow outside the jet radius R, but, for instance, in charged jets
also neutral hadron production in the shower constitutes an
energy component that is not part of the jet.

For both jet and hadron, the relation of observed energy to
parton energy can be written in the form Eobs = zhad/jetE. Typ-
ically, the chief difference between jet and hadron observation
is that a jet tends to recover a higher fraction of the parton
energy than a single hard hadron, i.e., ⟨zjet⟩ > ⟨zhad⟩, where
the average is done over many showers with a fixed parton
energy E.

This is illustrated in Fig. 2, where P (z), the probability
to observe the fraction z of the original energy of a 20 GeV
quark in the final state is shown for three different objects:
(1) the leading hadron if it is π+,π−,π0,K+,K−, p, or p;
(2) a STAR jet definition [15], where all particles which are
π+,π−,π0,K+,K−, p, p, or γ and have PT > 2 GeV are
clustered using the anti-kT algorithm with a radius of R = 0.4;

0 0.2 0.4 0.6 0.8 1
z

0

2

4

6

8

P(
z)

leading hadron
STAR jet
ideal jet

20 GeV quark

FIG. 2. (Color online) The probability density P (z) to observe a
trigger object with fraction z = Eobs/E given an initial parton energy
E and an observed trigger energy Eobs for various possible trigger
objects, shown for the example of a fragmenting 20-GeV quark.

and (3) an ideal jet definition where all particles, regardless of
PID or PT , are clustered with anti-kT using R = 0.4.

It is evident that the leading hadron in this kinematical
regime typically carries only about 15% of the original parton
energy, whereas on the other end of the spectrum clustering
into a jet ideally recovers typically 95% of the energy. Jet
definitions matching realistic experimental conditions fall
between the two cases.

A kinematic bias arises then because in an experimental
context P (z) is typically not probed for fixed parton energy,
but rather folded with the steeply falling primary parton
production spectrum which can be computed in pQCD and
typically falls approximately like a power 1/pn

T with n = 7–8
at RHIC kinematics and n = 4–5 at the LHC. A trigger energy
requirement then demands a fixed Eobs = zE, where both z
and E are allowed to vary event by event. For the ideal jet
described above where P (z) ≈ δ(z − 1), the bias is negligible
and Eobs approximately corresponds to the parton energy. For a
hadron trigger, however, both E and z prefer to be individually
small, yet their product is forced to a certain value. As a result,
Eobs maps to a characteristic range in E which depends on n
and the details of P (z), i.e., the distribution of parton energies
contributing to a trigger is no longer the primary pQCD
spectrum but becomes biased. In Ref. [40] this is referred
to as “trigger bias”; however, in the following we use this term
in a more general sense to refer to any bias introduced by a
trigger condition in either vacuum or medium.

Another part of the kinematic bias is related to the fact
that owing to higher order pQCD effects and nuclear initial-
state effects a hard parton pair is never exactly back to back.
These effects can be approximated by introducing a randomly
oriented vector kt with a Gaussian distribution in magnitude,
which is added to the pair momenta. A trigger condition then
biases this a priori randomly oriented vector to be pointing
towards the trigger direction [39].

The parton-type bias then has to do with the fact that
the functional form of P (z) depends on the shower-initiating
parton type: On average, quarks fragment into harder and

054902-4

Renk, PHYS REV C 88, 054902 (2013)  



h-Charged Jet correlations 
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" Use all jet candidates on the other azimuthal hemisphere 
   within +/- 45° ! no fragmentaion bias on recoil side! 
Combinatorial recoil jets? à Event mixing! 
 
 
 

1

Nh
trig

dNjet

dpT,jet
=

1

�pp!h+X

d�pp!h+jet+X

dpT,jet

Semi-inclusive yield of  jets 
recoiling from a high pT hadron 
trigger 

Measured Calculable in pQCD 

Trigger  
particle 

Recoil jet(s) 
search area 

Trigger on high pT hadron ! 
Selection of  a high pT process 
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Pick one 
random  
track per real 
event 
→ add to mixed   
     event 

Mix only 
similar 
centrality, 
ΨEP ,  
z-vertex 
position  

Mixed 
event 

Real events 

Mixed Event Generation for Jets 

Ev. 1  Ev. 2  Ev. 3  Ev. 765  … 



Charged Raw Recoil Jet Spectrum: Central  

Rosi Reed - Lehigh University - Jet and HF Meeting 2016 21 

"  Excellent description of  
  low pT SE spectrum with ME 
 
"  Normalization region varied 
   systematically   
 
"  Significant jet signal at  
  pT − ρA > 10 GeV/c 

Combinatorial jet 
background 
!  statistically described 
by mixed event technique 



ICP for h-jet correlations 
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Preliminary 

Errors show combined systematics of  unfolding and track reconstruction 

Arxiv:1512.08784  

Energy Shift 
-6.3 ± 0.6 ± 0.8 

!  Significant suppression (~0.2) at 
pT > 10 GeV/c 
!  γ-jet similar? (Geometry) 

!  Dijet Momentum Imbalance? 
!  Energy Shift 

!  -6.3 (R=0.2) vs -3.8 (R=0.5) 
!  Ratio of  cone size relatively 

flat for pT > 10 GeV/c 
!  Compare RHIC and LHC ! 

Need similar bias ! Theory 
Calculation 



Jets and Jet Correlations 
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Dihadron 
(π0-hadron) 

γ-hadron 

!  Hadron triggered correlations do not allow a direct measure of  the 
dijet momentum imbalance 

!  Experimentally we require a minimum pT constituent cut 
!  How does this effect the balance?  

h-jet 
dijet 

ATLAS, PRL 105, 252303	


CMS, PRC 84, 024906 (2011)	





(Biased) Di-Jet Selection 

!  Constituent pT
Cut = 2 GeV/c 

!  Reduce BG 

!  Reduce combinatorial jets 

!  Di-jet Selection: 
!  Jet pT

Lead>20 GeV/c  
!  Jet pT

SubLead>10 GeV/c 

!  |Δφ - π|<0.4 

Rosi Reed - Lehigh University - Jet and HF Meeting 2016 24 



Matched Di-jets w/o Constituent pT Cut  
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pTCut=0.2 GeV/c 
pTLead>20 GeV/c (pTCut=2 GeV/c) 
pTSubLead>10 GeV/c (pTCut=2 GeV/c) 

Keep this jet selection


Geom. matching


Geom. matching


Calculate “matched” |AJ| with 
constituent pT,cut>0.2 GeV/c.


Rerun jet-finding algorithm

anti-kT on these events


pTCut=2 GeV/c 
pTLead>20 GeV/c  
pTSubLead>10 GeV/c 
|Δφ-π|<0.4 

pJetT = precT � ⇢ApJetT = precT � ⇢A

Geom. matching: ΔR<0.4	
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Di-Jet Imbalance AJ  
Central Au+Au, R=0.4  
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Anti-kT R=0.4, pTLead>20 GeV & pTSubLead>10 GeV with pTcut>2 
GeV/c 

|AJ| 

Preliminary 

Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

Au+Au di-jets more imbalanced than p+p for pTcut>2 GeV/c 
Au+Au AJ ~ p+p AJ for matched di-jets (R=0.4)  

E
ve

n
t 

Fr
ac

ti
on

 

p-value < 10-4 

(stat. error only) 

p-value = 0.8 
(stat. error only) 

Central Au+Au 
anti-kT, R=0.4 

Arxiv:1509.08833 



STAR Statistics 
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Table 1: Summary of observables, analyzers, and projected year of completion. See text for additional
details on the analysis. The post-doc will be funded from the PI’s start-up. Three graduate students are
proposed to be funded from this proposal, along with the PI’s summer salary. The students will be staggered,
such that the first student labeled ”Student A”, will finish in the fourth year of the grant based on Lehigh
University’s strict five year graduation requirement. The grant will then cover the salary of a new student,
labeled ”Student C”, who will come in at that time. The PI’s start-up will cover any overlap salary that is
necessary.

Observable Data-Set Analyzer Year Analysis Completed Paper Published
�-jet spectra Au+Au Post-doc Year 1 Year 2
�-jet spectra pp Post-doc Year 2 Year 3

X�Jet Au+Au Student A Year 2 Year 3
b-jet spectra Au+Au Post-doc Year 3 Year 4
Jet Shape Au+Au Student B Year 3 Year 4
�-jet shape Au+Au PI Year 3 Year 4

X�Jet pp Student A Year 3 Year 4
Jet Shape pp Student B Year 4 Year 5
�-jet shape pp PI Year 4 Year 5
b-jet spectra pp Student C Year 5 Post Propsal
b-jet shape Au+Au PI Year 5 Post Propsal

Table 2: Integrated luminosity measured by STAR versus year and particle species.
Year Species

p
s
NN

Integrated Luminosity
2006 pp 200 GeV 11 pb�1

2007 Au+Au 200 GeV 535 µb�1

2009 pp 200 GeV 23 pb�1

2011 Au+Au 200 GeV 2.8 nb�1

2014 Au+Au 200 GeV 43.9 nb�1

2015 pp 200 GeV 382 pb�1

2015 p+Au 200 GeV 1.27 pb�1

2016 Au+Au 200 GeV To be recorded

2011. Additionally, in the Beam Use Request (BUR) for 2016, STAR currently requests that the measured
integrated luminosity doubles. This increase in statistics will make it possible to measure �-jet observables.
In addition to measuring the spectra of jets that are reconstructed opposite of a � enhanced trigger selection,
we will have the statistics to measure the more di↵erential observables X�Jet and ⇢(r). The prompt � allows
a direct measure of the hard fragmenting parton’s p

T

, jet reconstruction will allow the away side parton’s
direction in ⌘ and � to be measured. This makes it possible to measure the jet shape for �-jet events, and
determine how the energy was distributed with respect to the jet’s parent parton, with the added advantage
that the prompt photon makes it possible to directly compare to pp events with the same Q2.
Previous �-hadron Analyses from the STAR collaboration An initial study of the away-side charged
particle spectra in �dir tagged events versus ⇡0 tagged events was published in [2], from an integrated
luminosity of 535 µb�1 of Au–Au collisions collected in 2007 and 11 pb�1 of pp collisions collected in 2006.
These results showed that the dependence of I

AA

(�dir -h±) on the trigger p
T

did not have a significant
dependence on the initial parton energy in the region 0.4 < zT < 0.9, where zT is defined as the ratio of the
associated p

T

to the trigger p
T

. Additionally, there was not a significant di↵erence between the gamma
rich and ⇡0 rich I

AA

s. This result can be seen in the left side of Figure 1.
These results were extended to higher �dir and ⇡0 momentum, which corresponds to lower z

T

, when the
analysis was repeated using the 2.8 nb�1 of Au–Au collisions collected in 2011 and the 23 pb�1 of pp collisions
collected in 2009. With the increased statistics and increased range, both the �dir triggered and ⇡0 triggered
I
AA

show a similar z
T

dependence, but the distribution is not flat at the lowest z
T

values which can be seen
in the right panel of Figure 1. These results are in collaboration review, and will be published shortly.

4

!  Increased statistics recorded in 2011 will allow for 
γrich-jet correlations 
!  Compare h-jet and γrich-jet 
!  Path-length dependence 
!  Energy loss 

 
!  Measuring the same observable at RHIC and the 

LHC with the same parton pT and flavor will be key 
!  Complementary to our understanding of  QCD 
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CMS: Phys. Lett., B718:773–794, 2013.  

xJγ =
pJetT

pγT
4

γ

σ
σ

ψ π
γ

γ

ψ π
γ

σ
σ

FIG. 3: The isolated photon-tagged jet asymmetry distribu-
tion for different coupling strengths between the jet and the
medium. Top panel: Pb+Pb collisions at

√
sNN = 2.76 TeV.

Black and magenta points are CMS experimental data in p+p
and Pb+Pb collision, respectively. Bottom panel: Au+Au
collisions at

√
sNN = 200 GeV.

below zJγ = 1. We define the mean value of zJγ as:

⟨zJγ⟩ =
∫

dzJγzJγ
1

σ

dσ

dzJγ
, (5)

and show its values in Table I. The steeper falling cross
sections at RHIC energies lead not only to a narrower zJγ
distribution in p+p collisions but also to larger broaden-
ing end shift in ⟨zJγ⟩ in A+A collisions in spite of the
fact that, on average, less energy per jet is dissipated as
the parton shower forms and propagates in the QGP. Our
results, quoted in Table I, can also be compared directly
to the most central Pb+Pb data, where CMS measured
the ratio ⟨zJγ⟩ = 0.73± 0.02(stat.)± 0.04(syst.) [23].
In summary, we presented first results for the differen-

tial cross sections and momentum imbalance of isolated
photon-tagged jets in p+p and A+A collisions at RHIC
and LHC. We found that a theoretical approach that
combines the O(αemα2

s) perturbative cross sections with
the medium-induced parton splitting and parton shower
energy dissipation in the QGP describes quantitatively
the increase of the transverse momentum imbalance ob-
served by the CMS experiment in central Pb+Pb reac-
tions at

√
sNN = 2.76 TeV. Through comparison between

TABLE I: Theoretical results for ⟨zJγ⟩ in p+p, central Pb+Pb
and central Au+Au reactions. Center-of-mass energies are:
LHC

√
sNN = 2.76 TeV, RHIC

√
sNN = 200 GeV.

System ⟨zJγ⟩LHC ⟨zJγ⟩RHIC

p+p 0.94 0.90

A+A, CNM 0.94 0.89

A+A, gmed = 1.8 ,Rad.+Col. 0.84 0.78

A+A, gmed = 2.0 ,Rad.+Col. 0.80 0.74

A+A, gmed = 2.2 ,Rad.+Col. 0.71 0.70

theoretical predictions, such as the modification of the
γ+jet cross sections and the associated zJγ distribution
presented here, and upcoming experimental results, the
emerging picture of in-medium parton shower formation
and evolution can further be tested at RHIC and LHC.
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2.76 TeV 

200 GeV 

!  The steeper falling RHIC 
cross-sections  
!  Narrow xJγ distribution in pp  
!  Larger broadening shift in 

⟨xJγ⟩ in A+A collisions 
! Less energy per jet is 

dissipated on average 
!  Order of  magnitude increase 

in statistics make this 
feasible! 



Conclusions 
!  Away-side hadrons of  triggered γdir and π0 show similar 

suppression 
!  Expected result of IAAπ0-h  <  IAAγdir-h isn’t observed in 0.1 

< zT < 0.9 range, within uncertainties 
!  Suppression at low zT is less compared to high zT 

!  Low pT enhancement of jet fragmentation function 
!  No direct photon trigger energy dependence of  

suppression is observed at high-pT 
!  Clear away-side pT

assoc dependence of  suppression is 
observed for IAAγdir-h  

!  ICP of  h-jet is ~0.2 
!  Energy shift is smaller for larger cone size 

!  For biased dijets, the lost energy is recovered within R = 
0.4, differs from LHC results 

!  Increased data will allow differential jet measurements 
at RHIC energies 
!  Complementary with LHC results 
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FIG. 3: The isolated photon-tagged jet asymmetry distribu-
tion for different coupling strengths between the jet and the
medium. Top panel: Pb+Pb collisions at

√
sNN = 2.76 TeV.

Black and magenta points are CMS experimental data in p+p
and Pb+Pb collision, respectively. Bottom panel: Au+Au
collisions at

√
sNN = 200 GeV.

below zJγ = 1. We define the mean value of zJγ as:

⟨zJγ⟩ =
∫

dzJγzJγ
1

σ

dσ

dzJγ
, (5)

and show its values in Table I. The steeper falling cross
sections at RHIC energies lead not only to a narrower zJγ
distribution in p+p collisions but also to larger broaden-
ing end shift in ⟨zJγ⟩ in A+A collisions in spite of the
fact that, on average, less energy per jet is dissipated as
the parton shower forms and propagates in the QGP. Our
results, quoted in Table I, can also be compared directly
to the most central Pb+Pb data, where CMS measured
the ratio ⟨zJγ⟩ = 0.73± 0.02(stat.)± 0.04(syst.) [23].
In summary, we presented first results for the differen-

tial cross sections and momentum imbalance of isolated
photon-tagged jets in p+p and A+A collisions at RHIC
and LHC. We found that a theoretical approach that
combines the O(αemα2

s) perturbative cross sections with
the medium-induced parton splitting and parton shower
energy dissipation in the QGP describes quantitatively
the increase of the transverse momentum imbalance ob-
served by the CMS experiment in central Pb+Pb reac-
tions at

√
sNN = 2.76 TeV. Through comparison between

TABLE I: Theoretical results for ⟨zJγ⟩ in p+p, central Pb+Pb
and central Au+Au reactions. Center-of-mass energies are:
LHC

√
sNN = 2.76 TeV, RHIC

√
sNN = 200 GeV.

System ⟨zJγ⟩LHC ⟨zJγ⟩RHIC

p+p 0.94 0.90

A+A, CNM 0.94 0.89

A+A, gmed = 1.8 ,Rad.+Col. 0.84 0.78

A+A, gmed = 2.0 ,Rad.+Col. 0.80 0.74

A+A, gmed = 2.2 ,Rad.+Col. 0.71 0.70

theoretical predictions, such as the modification of the
γ+jet cross sections and the associated zJγ distribution
presented here, and upcoming experimental results, the
emerging picture of in-medium parton shower formation
and evolution can further be tested at RHIC and LHC.
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!  PYTHIA simulation shows 
expected statistics (no cut 
on lower pT jets) with new 
data 
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Overview 
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!  Motivation 

!  Data Analysis 
!  Data Selection and Jet Reconstruction 

!  Method 

!  Results 

!  Summary 
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!  Ensemble-based 
!  hard trigger ! small 

modification 
!  Suppression at high pT 

!  Enhancement at low pT 

!  Broadening in Δφ	



!  Goal: jet-by-jet E-loss  
 !Di-jet Imbalance AJ 

Di-hadron 
STAR, PRL 91, 072304 (2003)	


STAR, PRL 95,152301 (2005)	



A Decade+ of  Jet Quenching in STAR 
 Di-Jets 

STAR, PRL 97, 162301 (2006)	


2+1 
STAR, PRC 83, 061901 (2011)	



Jet-hadron 
STAR, PRL 112, 122301 (2014)	





The Solenoidal Tracker At RHIC 
(STAR) 

7/2/2015 35 Kolja Kauder, WSU - Hard Probes '15 

!  Tracking (charged) and EMC (neutral) in 2π 
(azimuth) × ±1 (η) 

!  High Tower (HT) trigger: 
ET>5.5 GeV in one tower 

!  AuAu 2007: cut to 0-12% central 

!  pp from 2006: Embed into 0-12% central Au
+Au 

!  Efficiency difference and systematic 
uncertainty assessed in embedded pp 

 

Jet-Finding: 
FastJet3 
M. Cacciari and G. Salam 
Phys. Lett. B 641, 57 (2006) 

!  Anti-kT, R=0.4 (0.2) 
!  Background: kT, same R 

pJetT = precT � ⇢A



(Biased) Di-Jet Selection 
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Constituent pTCut = 2 GeV/c 
 à Reduce BG 
 à Reduce combinatorial jets 

 
Di-jet Selection: 

 Jet pTLead>20 GeV/c  
 Jet pTSubLead>10 GeV/c 
 |Δφ-π|<0.4 

Constituent pTCut = 0.2 GeV/c 

ATLAS, PRL 105, 252303	


CMS, PRC 84, 024906 (2011)	





Di-Jet Imbalance AJ  
Central Au+Au, R=0.4  

Anti-kT R=0.4, pTLead>20 GeV & pTSubLead>10 GeV with pTcut>2 
GeV/c 

|AJ| 

Preliminary 

Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

Au+Au di-jets more imbalanced than p+p for pTcut>2 GeV/c 
Can the balance be restored? 

E
ve

n
t 

Fr
ac

ti
on

 

p-value < 10-4 

(stat. error only) 
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Central Au+Au 
anti-kT, R=0.4 

Pearson’s χ2-test of  

“The two 
histograms sample 
the same 
distribution” 

N.D. Gagunashvili, 
arXiv:physics/
0605123 



Matched Di-jets w/o Constituent pT Cut  
pTCut=0.2 GeV/c 
pTLead>20 GeV/c (pTCut=2 GeV/c) 
pTSubLead>10 GeV/c (pTCut=2 GeV/c) 

Keep this jet selection


Geom. matching


Geom. matching


Calculate “matched” |AJ| with 
constituent pT,cut>0.2 GeV/c.


Rerun jet-finding algorithm

anti-kT on these events
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pTCut=2 GeV/c 
pTLead>20 GeV/c  
pTSubLead>10 GeV/c 
|Δφ-π|<0.4 

pJetT = precT � ⇢ApJetT = precT � ⇢A

Geom. matching: ΔR<0.4	





Di-Jet Imbalance AJ  
Central Au+Au, R=0.4  

Anti-kT R=0.4, pTLead>20 GeV & pTSubLead>10 GeV with pTcut>2 
GeV/c 

|AJ| 

Preliminary 

Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

Au+Au di-jets more imbalanced than p+p for pTcut>2 GeV/c 
Au+Au AJ ~ p+p AJ for matched di-jets (R=0.4)  

E
ve

n
t 

Fr
ac

ti
on

 

p-value < 10-4 

(stat. error only) 

p-value = 0.8 
(stat. error only) 
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Central Au+Au 
anti-kT, R=0.4 



pTCut=2 GeV/c 
pTLead>20 GeV  
pTSubLead>10 GeV 

Method 1: Random Cone (RC):  
Take di-jet pair pTCut>2 GeV/c (w/o low pT) 

Calculate |AJ| 
with pTCut>0.2 
GeV/c  
using cone of  R 

 
the 2 Jet vectors 
into a central  
 Au+Au MB event  

Embed randomly  

p
T
 [

G
eV

/c
] 

η ϕ 

Method 2: EtaCone (EC):  
Take di-jet pair  
pTCut>2 GeV/c (w/o low pT) 

 
vectors into a Au+Au HT 
event,  2R away from  
reconstructed di-jet  
pair in that event  

Embed the two Jet 

Null-Hypothesis:  
Balance Restored by Uncorrelated BG? 
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Effect of  Background Fluctuations 
Anti-kT R=0.4, pTLead>20 GeV & pTSubLead>10 GeV with pTcut>2 GeV/c 

|AJ| 

Preliminary 

Method 1  
(RC) 

Method 2  
(EC) 

Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

Balancing of Au+Au matched di-jets due 
to  
correlated signal yield in a cone of R=0.4   

E
ve

n
t 

Fr
ac

ti
on
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Central Au+Au 
anti-kT, R=0.4 

41 
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R=0.4 

pT
Cut > 2 GeV/c 

Jet Selection 

R=0.4 

pT
Cut > 1 GeV/c 

pT
Cut > 0.2 GeV/c 

R=0.2 
Differential Measurements 

Study Broadening 

Study Softening 

Geom. matching: ΔR<0.4	





Jet Broadening – Match to  
R=0.2 
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Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

For the same R=0.4, pT,1>20, pT,2>10 GeV Jets, 
balance can not be restored within R=0.2 à Broadening 

Preliminary 

Anti-kT R=0.4 and 0.2, pTLead>20 GeV & pTSubLead>10 GeV with pTcut>2 GeV/c 

Central Au+Au 
anti-kT, R=0.4 

p-value = 0.8 
(stat. error only) 

p-value = 2 × 10-4 

(stat. error only) 



Jet Softening – Match to  
pT

Cut = 1GeV/c 
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Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

Preliminary 

Central Au+Au 
anti-kT, R=0.4 

Anti-kT R=0.4 and 0.2, pTLead>20 GeV & pTSubLead>10 GeV with pTcut>2 GeV/c 

pT
Cut = 1GeV/c not sufficient to restore balance 
à signs of jet softening between 1 and 2 GeV/c 

p-value = 0.8 

(stat. error only) 

p-value =5-20% 
 (stat. error only) 



For the first time:  “Lost” energy of 
the dijets is recovered in a jet of 
R=0.4 
for pTCut = 0.2 GeV/c 
 
Interpretation: 

 (Constituent) pTCut = 2 GeV/c 
  +   High Tower 
  +  (Jet) pTLead>20 GeV/c 

  à Surface Bias 
 
 
 
 
 
 
    
 + (Recoil) pTSubLead>10 GeV/c 

   à Path Length Control 

Contrast to LHC: 
 
 
 
 
 
 
 
 

 Large imbalance, balanced at large 
angles 
 
 
 
 
 
 
•  “Unbiased” di-jet selection 

 à longer path lengths 
& Larger energy loss at early times 

 → more diffusion in medium  

Discussion 
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STAR: 
pT

lead>15 GeV/c 
pTcut>2 GeV/c 
T. Renk, PRC 87, 
024905 (2013)	



CMS, PRC 84,	


024906 (2011)	



LHC: 
AJ Dijet Trigger 
T. Renk, PRC 85, 
064908 (2012)	





Unique Opportunity for Jet 
Geometry Engineering at RHIC 

7/2/2015 

!  pT
SubLead

 & Constituent pT ! systematically dial in the path length of  the recoil jet 

!  Dijet Imbalance = Recoil E-loss? 

!  Found  a “sweet spot” 
Lost energy seems to be 
contained within R=0.4 

!  Matching: Differentially study 
!  Broadening – jet-by-jet 

!  Softening – jet-by-jet 

!  Future:  
Statistics × 7 
!Fragmentation function and  
radial profile of  in-medium  
jet energy loss 
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R=0.4,pT
Cut>2 

GeV/c 
T. Renk,  PRC 87, 
024905 (2013)	



RHIC Advantage: 
Steeply falling spectrum 
  ! Good correlation between 
jet  and original energy 



Summary 
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!  Jet reconstruction of  leading and recoil jet 
! Energy loss jet-by-jet instead of  ensemble-based 

!  AJ: Define a subset of  imbalanced di-jets in Au+Au, 
that can be restored to pp balance 

!  “Lost” energy seems contained within R=0.4 and 
low pT 

!  Imbalance remains for smaller cone or higher 
constituent cutoff   

! Observed Broadening and Softening jet-by-jet 



Backup 
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pp Reference 
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Au+Au HT pp HT Central Au+Au pp @  Au+Au Cannot compare


Compare


No correction to particle level. To compare on equal 
footing: 
•  Embed full pp events into (unbiased) central events 
 
Tower and efficiency uncertainty studied in pp 
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 pp HT Reference  and Systematic Errors 

STAR, PRL 112, 122301 (2014)	



Reference: 

pp HT ⊗ AuAu MB 
Embed pp HT randomly 
into AuAu 0-20% 
minimum 
bias event, adjusted for 
relative tracking efficiency 
between pp HT Y06 and 
AuAu HT Y07 

Systematic Uncertainties (Analogous to Jet-Hadron Corr.) 

- Tracking efficiency uncertainties 6% 

- Relative Tower energy scale uncertainty 2% 

- Background/vn: Null-Hypothesis Method1 vs. Method2 

- Remaining uncertainties negligible 

Preliminary 
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Di-Jet Imbalance AJ  
Central Au+Au, R=0.2 

5
1

Sys. Uncertainties: 
- tracking eff. 6% 
- tower energy 
  scale 2%  

|AJ| 

Preliminary 
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Anti-kT R=0.2, pTLead>16 GeV & pT,SubLead>8 GeV with pTcut>2 GeV/c 

p-value < 10-10 

(stat. error only) 

p-value < 10-4 

(stat. error only) 

Matched Au+Au AJ ≠  p+p AJ for R=0.2 
→ (recoil) Jet broadening in 0.2 − 0.4 

7/2/2015 
Kolja Kauder, WSU - Hard Probes '15 

Central Au+Au 
anti-kT, R=0.2 



 PYTHIA8 Particle Level (PL) and Toy Bkg. Model 

Anti-kT R=0.4, pT,1>20 GeV & pT,2>10 GeV with pTcut>2 GeV 

Pythia8 PL 
Pythia8 PL & Bkg 
Pythia8 PL & Bkg (v2) 
Pythia8 PL & Bkg 
& track eff. Y07 
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Peter Jacobs 
Lawrence Berkeley National Laboratory 

for the STAR Collaboration 

Semi-inclusive charged jet 
measurements in Au+Au 

collisions at √sNN= 200 GeV 



Observable: semi-inclusive h+jet 
correlation  
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Trigger  
hadron 

Recoil jet 
acceptance 

Trigger-normalized yield of jets recoiling from a high pT hadron trigger 

Measured Calculable in pQCD 

Semi-inclusive: event selection only requires trigger hadron 
•  experimentally clean; trigger bias theoretically 

calculable 

Count all recoil jet candidates:  
•  uncorrelated background corrected at level of ensemble-

averaged distributions  
•  jet selection does not impose fragmentation bias 

1

Nh
trig

dNjet

dpT,jet
=

1

�AA!h+X

d�AA!h+jet+X

dpT,jet

Expected geometric bias: surface, not tangential 
•  Large path length for recoil  
•  Model studies: T. Renk, PRC74, 024903; H. Zhang et al., PRL98 212301;… 



Analysis details 
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Dataset 
Year 2011 data: Au+Au, √sNN=200 GeV 
Minbias trigger; 500M events after cuts 

•  Offline centrality selection 0-10%, 60-80% (mid-rapidity raw multiplicity) 
 
Charged jet reconstruction 
Charged tracks: 0.2<pT

track<30 GeV/c 
Algorithm: anti-kT, R=0.2, 0.3, 0.4, 0.5 

•  Jet centroid: |ηjet|<1.0 – R 
•  Recoil jet centroid acceptance: [π-π/4, π+π/4] 

Trigger  
hadron 

Recoil jet 
acceptance Hadron trigger 

Charged particle, 9<pT<30 GeV/c 
•  Inclusive selection: choose one trigger particle without regard to 

rest of event # trigger may not be highest pT track 

Uncorrelated background measured via mixed events (new method) 
 
Correction for background fluctuations and instrumental effects 

•  Event-wise pedestal shift ρ*A (Fastjet prescription) 
•  Unfolding of ensemble averaged distribution 

 
Corrected pT

jet > 0 

Procedures are coupled 



Recoil jet spectrum 
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Central Au+Au 

preco,ch
T,jet = praw,ch

T,jet � ⇢ ·A

Peripheral Au+Au 

Trigger  
hadron 

Recoil jets 

Mixed event distribution is good description of  combinatorial jet background 

Preliminary Preliminary 

ρ = estimated background energy density 



Recoil jet spectrum: RHIC 
vs LHC 
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Central Au+Au, √sNN=200 GeV 

arXiv:1506.03984 
Closely related ALICE measurement 

Trigger  
hadron 

Recoil jets 

Central Pb+Pb, √sNN=2.76 TeV 
Preliminary 



SE-ME    

Unfolding generates large off-diagonal covariance# corrected distribution is unbinned 
 

•  Unfolding algorithms: SVD, Bayesian  
•  Systematic variations: prior, regularization, tracking efficiency, ME normalization, bkgd 

fluctuation distribution  
•  Consistency check: χ2 of backfolding 

Correction of  pT-scale via 
unfolding 

QM15  
Semi-inclusive h+Jet in Au+Au collisions 58 

Preliminary 

SE-ME 

Preliminary 



Recoil yield suppression 
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R=0.3 R=0.5 

Calculate spectrum shift 
•  requires distributions ~ exponential, ratio ~ flat $

Spectrum Shift Periph/pp èCentral 
pch

T,jet range 
[GeV] 

Shift R=0.3 
[GeV] 

Shift R=0.5 
[GeV] 

Au+Au @ 200 GeV [10,20] -6.3 ± 0.6 ± 0.8 -3.8 ± 0.5 ± 1.8 

Pb+Pb @ 2.76 TeV 
ALICE arXiv:1506.03984 

[60,100] -8 ± 2 

Preliminary 
Preliminary 

RHIC: smaller shift for larger R 
 
R=0.5: smaller shift at RHIC than LHC 
 
Out-of-cone energy transport ? 
•  comparison requires similar trigger 

bias # theory calculation 



Preliminary Preliminary 

Intra-jet broadening: recoil yield 
vs. R 
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Redistribution of jet energy transverse to jet axis 

Au+Au peripheral Au+Au central 

0.5 

0.3 

Ratios for peripheral and central are consistent within 
uncertainties 
•  compatible with some broadening within R<0.5 
•  future measurement (higher stats): reduce uncert. 

arXiv:1506.03984 

LHC: similar picture in overlapping pT range 

Au+Au central 



Inter-jet broadening:  
secondary scattering off  the QGP 

61 

d’Eramo et al, arXiv:1211.1922 Discrete scattering centers or 
effectively continuous medium? 

QM15  
Semi-inclusive h+Jet in Au+Au collisions 

Distribution of momentum transfer kT 

Strong coupling:  
Gaussian distribution 

Weak coupling :

hard tail ⇠ 1

k4T

Δφ	


? 

Conjecture for weak coupling: Δφ 
distribution dominated by single hard 
Molière scattering at “sufficiently large” Δφ	


•  vacuum QCD effects fall off more rapidly 
•   “sufficiently large” not yet known   



Inter-jet broadening: data 
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Quantitative search requires absolute normalization  
# semi-inclusive distribution 

Consistent with zero 
at current precision 

QCD calculation in 
progress (d’Eramo): will 
indicate integrated 
luminosity needed for 
significant measurement 

Δφ	



Preliminary Preliminary 

Au+Au √sNN=200 GeV 
pT

trig>9 GeV/c 

Low energies: hint of finite 
yield at large Δφ yield at 
but not fully corrected for 
uncorrelated background 

Δφ	

Δφ	



peripheral central 



Summary and Outlook 
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Semi-inclusive h+jet correlations: 
•  jet measurements with large R over full pT range at RHIC  
•  comparable to similar ALICE measurement 

Recoil yield is suppressed 
Suggests less out-of-cone energy transport for  
•  large R 
•  central A+A collisions 
•  central AA @ RHIC vs. LHC 

Intra-jet broadening: 
•  compatible with some broadening within R<0.5 

Large-angle scattering: probe quasi-particle degrees of freedom in QGP 
•  proof of principle; low energy jets are crucial 
•  QCD calculation in progress # future measurements at RHIC and LHC 
 
Next step: extend to fully measured jets with BEMC (higher int lumi in Year 14 data) 
•  reduced systematic uncertainties for all observables 
 
Theory calculations needed to assess biases, compare RHIC/LHC 



Backup slides 
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Ev. 1  Ev. 2  Ev. 3  Ev. 765  

… 

Pick one random  
track per real event 
→ add to mixed   
     event 

Mix only similar 
centrality, ΨEP ,  
z-vertex position  

Mixed event 

Real events 

Uncorrelated Background: Mixed Events 

QM15  
Semi-inclusive h+Jet in Au+Au collisions 65 



Comparison of  recoil jet 
spectra: 

STAR Au+Au 60-80 and PYTHIA 
pp 
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Peripheral 60-80% 

Smeared PYTHIA: convolute recoil jet 
spectrum from p+p@200 GeV with 
distribution of background fluctuations 
 
Compare Au+Au 60-80% with smeared 
PYTHIA 
 
Both shape and yield in good agreement 



Jets in STAR: inclusive jet cross section in p+p 
collisions at √s=200 GeV  
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•  Good and improvable systematic uncertainties over broad kinematic range 
•  Good agreement with NLO pQCD 
 
Jets in heavy ion collisions: instrument is in place, need the right algorithms 



Intra-jet structure:  
(semi-)inclusive ratios at 

different R 
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Phys.Rev. D90 
(2014) 072006 

pT
jet  (GeV) 

σ
(R

=0
.5

)/σ
(R

=0
.7

) 

pp √s=7 TeV 

Phys.Lett. B722 (2013) 262 σ
(R

=0
.2

)/σ
(R

=0
.4

) 

Inclusive jets, pp √s= 2.76, 7 TeV 

Semi-inclusive h+jet, pp √s=7 TeV 

CMS 5 fb-1 

arXiv:1506.03984 

Jets with different R 
sensitive to different 
components of shower 

Calculable perturbatively: 
•  require (N)NLO + non-

pert. corrections 
•  MC models ~OK 

Ratios in vacuum 
•  sensitive to transverse jet 

structure 
•  rigorous data/theory comparison 

 
# Now use to measure intra-jet 
broadening due to quenching 

R 



ΔΦ, at low pT 

•  Significant difference at 5 < pT-ρA < 8 GeV/c 
  ! Flow? 
  ! Φ dependent normalization needed? 
  ! Background from multiple interactions? 
  ! More studies needed! Central 

Peripheral 

Preliminary 

Preliminary 
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69 

Secondary scattering off  the 
QGP: low pT

jet 


