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necessary to force! DAA to zero defines another systematic
uncertainty estimate.

The nearside jet is expected to have a surface bias
[43Ð45], which makes it more likely that the recoil parton
will travel a significant distance through the medium[46],
therefore enhancing awayside partonic energy loss effects.
The awayside widths, shown in Fig.3(a), at highpassoc

T are
the same inpþ p and Auþ Au on average, indicating that
jets containing high-pT fragments are not largely deflected
by the presence of the medium. The widths at lowpassoc

T are
indicative of broadening. However, as the low-passoc

T widths
are anticorrelated with the magnitude ofvassoc

3 vjet
3 , mea-

surements ofvjet
n are necessary before quantitative con-

clusions are drawn. The awaysideDAA, shown in Fig.3(b),
exhibits suppression of high-passoc

T hadrons and enhance-
ment of low-passoc

T jet fragments in Auþ Au, indicating
that jets in Auþ Au are significantly softer than those in
pþ p collisions. The amount of high-passoc

T suppression,
quantified by summingDAA only over bins with
passoc
T > 2 GeV=c, ranges from! 2.5 to ! 5 GeV=c as jet

pT increases. SummingDAA over allpassoc
T bins to obtain

the ! DAA values, shown in TableI, indicates that the

high-passoc
T suppression is balanced in large part by the

low-passoc
T enhancement.

Theoretical calculations from YaJEM-DE[47], a Monte
Carlo model of in-medium shower evolution, are also
shown for ! AS and DAA in Fig. 3 [42]. This model
incorporates radiative and elastic energy loss and describes
many high-pT observables from RHIC. After the intrinsic
transverse momentum imbalancekT of the initial hard
scattering was tuned to provide the best fit to the
pþ p yields (YAS;pþp), this model largely reproduced
several of the quantitative and qualitative features observed
in the data. At highpassoc

T the Auþ Au andpþ p widths
match and the jet yields are suppressed, while the missing
energy appears as an enhancement and broadening of the
soft jet fragments.

To conclude, jet-hadron correlations are used to inves-
tigate the properties of the quark-gluon plasma created in
heavy-ion collisions by studying jet quenching effects. The
trigger (nearside) jet sample is highly biased toward jets
that have not interacted with the medium, which may
enhance the effects of jet quenching on the recoil (away-
side) jet. While the widths of the awayside jet peaks are
suggestive of medium-induced broadening, they are highly
dependent on the shape of the subtracted background. It is
observed that the suppression of the high-pT associated
particle yield is in large part balanced by low-passoc

T
enhancement. The experimentally observed redistribution
of energy from high-pT fragments to low-pT fragments that
remain correlated with the jet axis is consistent with
radiative and collisional energy loss models for parton
interactions within the quark-gluon plasma.

We thank the RHIC Operations Group and RCF at BNL,
the NERSC Center at LBNL; the KISTI Center in Korea;
and the Open Science Grid consortium for providing
resources and support. This work was supported in part
by the Offices of NP and HEP within the U.S. DOE Office
of Science; the U.S. NSF, CNRS/IN2P3; FAPESP CNPq of
Brazil; Ministry of Education and Science of the Russian
Federation; NNSFC, CAS, MoST, and MoE of China;
the Korean Research Foundation; GA and MSMT of the
Czech Republic; FIAS of Germany; DAE, DST, and CSIR
of India; National Science Centre of Poland; National

 (GeV/c)assoc
T

p2 4 6 8 10 12 14 16

A
S

σ
A

w
ay

si
de

 G
au

ss
ia

n 
W

id
th

 

-110

1

(a)

 =jet,rec
T

         p
Data Au+Au, 0-20%
Data p+p

YaJEM-DE Au+Au
YaJEM-DE p+p

10-15 GeV/c   20-40 GeV/c

 (GeV/c)assoc
T

p
0 2 4 6 8 10 12 14 16

 (G
eV

/c
)

A
A

A
w

ay
si

de
 D

-2

-1

0

1

2

3

4

(b)

detector uncertainty

 uncertainty3 and v2v

trigger jet uncertainty

 = 200 GeVNNs

FIG. 3 (color online). The (a) Gaussian widths of the awayside
jet peaks (! AS) in Au þ Au (solid symbols) andpþ p (open
symbols) and (b) awayside momentum differenceDAA are shown
for two ranges ofpjet;rec

T : 10–15 GeV=c (red circles) and
20–40 GeV=c (black squares). Results for15–20 GeV=c (not
shown) are similar. The boundaries of thepassoc

T bins are shown
along the upper axes. YaJEM-DE model calculations (solid and
dashed lines) are from Ref.[42].

TABLE I. Awayside! DAA values with statistical and system-
atic uncertainties due to detector effects, the shape of the
combinatoric background, and the trigger jet energy scale.

pjet;rec
T

(GeV=c)
! DAA
(GeV=c)

Detector
uncertainty

(GeV=c)

v2 andv3
uncertainty

(GeV=c)

Jet energy scale
uncertainty
(GeV=c)

10Ð15 –0.6" 0.2 þ0.2
! 0.2

þ3.7
! 0.5

þ2.3
! 0.0

15Ð20 –1.8" 0.3 þ0.3
! 0.3

þ1.0
! 0.0

þ1.9
! 0.0

20Ð40 –1.0" 0.8 þ0.1
! 0.8

þ1.2
! 0.1

þ0.3
! 0.0
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Different triggers !  different biases
Observations:
• high-z suppression
• low-z enhancement
• modest azimuthal broadening at low pT
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FIG. 3 (color online). The (a) Gaussian widths of the awayside
jet peaks (! AS) in Au þ Au (solid symbols) andpþ p (open
symbols) and (b) awayside momentum differenceDAA are shown
for two ranges ofpjet;rec

T : 10–15 GeV=c (red circles) and
20–40 GeV=c (black squares). Results for15–20 GeV=c (not
shown) are similar. The boundaries of thepassoc

T bins are shown
along the upper axes. YaJEM-DE model calculations (solid and
dashed lines) are from Ref.[42].

TABLE I. Awayside! DAA values with statistical and system-
atic uncertainties due to detector effects, the shape of the
combinatoric background, and the trigger jet energy scale.
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But recoil hadrons only probe 
jet structure statistically!

Next Chapter:
Reconstruction of recoil jets;
again utilize different triggers and biases

Different triggers !  different biases
Observations:
• high-z suppression
• low-z enhancement
• modest azimuthal broadening at low pT



Jšrn Putschke for the STAR Collaboration, QM14 Darmstadt

Jets in STAR

3

Data sets: 

(i) Run 7 Au+Au and Run 6 p+p 
    !s

NN 
= 200 GeV, High Tower (HT) Trigger

    TPC+BEMC (charged+neutral) !  Di-Jet Imbalance AJ 

(ii) Run 11 Au+Au  !s
NN 

= 200 GeV Minimum Bias

     TPC (charged only in this analysis)
     !  Recoil Jets

Jet-Finding Algorithm:

Anti-kT algorithm (R=0.2-0.4)   
M. Cacciari and G. Salam
Phys. Lett. B 641, 57 (2006)
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Figure 8: ! ! 12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50Ð100%, (c) 30Ð50%, (d) 20Ð30%, (e) 10Ð20% and (f) 0Ð10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
! ! 12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA +DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart , as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ! ! 12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(! ! ) with centrality is explained by the decrease in jet azimuthal angle resolution from
" ! = 0.03 in peripheral events to " ! = 0.04 in central events, due to the impact of ßuctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA +DATA results. The difference between the pp and PYTHIA +DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

A J =
pT,1 ! pT,2

pT,1 + pT,2
, (1)

Calculate A j with constituent p T,cut >2 GeV/c
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120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
! ! 12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA +DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart , as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ! ! 12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(! ! ) with centrality is explained by the decrease in jet azimuthal angle resolution from
" ! = 0.03 in peripheral events to " ! = 0.04 in central events, due to the impact of ßuctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA +DATA results. The difference between the pp and PYTHIA +DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

A J =
pT,1 ! pT,2

pT,1 + pT,2
, (1)

Calculate A j with constituent p T,cut >2 GeV/c

Rerun jet-Þnding algorithm
anti-kT on these events ...
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! ! 12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA +DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart , as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ! ! 12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(! ! ) with centrality is explained by the decrease in jet azimuthal angle resolution from
" ! = 0.03 in peripheral events to " ! = 0.04 in central events, due to the impact of ßuctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA +DATA results. The difference between the pp and PYTHIA +DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
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3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

A J =
pT,1 ! pT,2

pT,1 + pT,2
, (1)

Calculate A j with constituent p T,cut >2 GeV/c

Geom. matching

Geom. matching

Calculate ÒmatchedÓ 
|Aj| with constituent
pT,cut >0.2 GeV/c.

Rerun jet-Þnding algorithm
anti-kT on these events ...
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Anti-k T R=0.4, pT,1>20 GeV & pT,2>10 GeV with p Tcut>2 GeV/c

|AJ|

Preliminary

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

Au+Au di-jets more imbalanced than p+p for p Tcut>2 GeV/c
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Au+Au di-jets more imbalanced than p+p for p Tcut>2 GeV/c
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Anti-k T R=0.4, pT,1>20 GeV & pT,2>10 GeV with p Tcut>2 GeV/c

|AJ|

Preliminary

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

Au+Au di-jets more imbalanced than p+p for p Tcut>2 GeV/c

Au+Au A J ~ p+p A J for matched di-jets (R=0.4) 
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(stat. error only)

p-value~0.8
(stat. error only)
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Null-Hypothesis
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Assumption:  Observed di-jet balancing for matched jets is only  due 
to background ßuctuations, not  due to correlated signal yield! 

pT,cut=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 Au+Au 0-20% 
Minimum Bias event 

Embed randomly 
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Assumption:  Observed di-jet balancing for matched jets is only  due 
to background ßuctuations, not  due to correlated signal yield! 

pT,cut=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 Au+Au 0-20% 
Minimum Bias event 

Embed randomly 

p
T
 [G

eV
/c

]

! "

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

vectors into 0-20% 
Au+Au HT event 2*R
away from reconstructed 
di-jet pair in that event 

Embed the two Jet
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Di-Jet Imbalance A J Au+Au 0-20% R=0.4 
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Anti-k T R=0.4, pT,1>20 GeV & pT,2>10 GeV with p Tcut>2 GeV/c

|AJ|

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

Select modiÞed di-jet pairs with p Tcut>2 GeV/c in Au+Au

!  quenched jet energy is recovered at low p T within 
a cone of R=0.4 $ consistent with Jet-Hadron results 

Preliminary
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p-value<10-5

(stat. error only)

p-value~0.8
(stat. error only)
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Anti-k T R=0.2, pT,1>16 GeV & pT,2>8 GeV with p Tcut>2 GeV/c

p-value<10-10

(stat. error only)
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Sys. Uncertainties:
- tracking eff. 6%
- tower energy
  scale 2% 

Matched Au+Au A J %  p+p AJ for R=0.2
!  (recoil) Jet broadening in 0.2 $ 0.4
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Anti-k T R=0.2, pT,1>16 GeV & pT,2>8 GeV with p Tcut>2 GeV/c

p-value<10-10

(stat. error only)

p-value<10-4
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R=0.4 R=0.2

Au+Au vs. p+p
pTCut>2 GeV/c

Matched
Au+Au vs. p+p

(pTCut>0.2 GeV/c)

X X

O X

X = ÒNon-identicalÓ AJ distribution (Au+Au vs. p+p)
O = ÒIdenticalÓ AJ distribution (Au+Au vs. p+p)
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Semi-inclusive Recoil Jets
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Trigger hadron 

Recoil jets 

Charged hadron trigger : 9<pT<19 GeV/c

Charged particle jets:
¥ Anti-kT R=0.3
¥ Constituent tracks: pT > 0.2 GeV/c

Recoil jet azimuth: |#-$|<$/4

Semi-inclusive Observable: 
Recoil jets per trigger

Ensemble-averaged analysis:  
• No rejection of jet candidates on a jet-by-jet basis
• Jet measurement is collinear-safe with low infrared cutoff (0.2 GeV/c)

Measured Calculable in fixed-order pQCD 

1

N h
trig

dNjet

dpT,jet
=

1

! AA ! h+ X

d! AA ! h+ jet + X

dpT,jet
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New Method: Combinatorial Jets via Mixed Events

12
3

É

Sample number of tracks 
from real event distribution 
in each centrality bin, & EP 
bin and z-vertex bin 

Mixed event

Real events

Run jet-Þnder on 
mixed events ...

Ev. 2 Ev. 3 Ev. NEv. 1 

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



Preliminary

Preliminary
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Semi-inclusive Recoil Jets SE and ME p Ttrig >9 GeV/c

13

Excellent description of combinatorial jets background 
via new event mixing method!

Charged Jets Au+Au 60-80% Charged Jets Au+Au 0-10%

!  Triggered Recoil jet distribution: SE-ME

Preliminary
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Semi-inclusive Recoil Jets (SE-ME) p Ttrig >9 GeV/c
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Charged Jets Au+Au 60-80%

Preliminary

Peripheral Au+Au: Good agreement between data and PYTHIA

Au+Au background subtracted distributions (SE-ME):
• Ultimately: Correct to particle level via unfolding of bkgd fluctuations and detector effects
• Currently: Compare to PYTHIA p+p distribution “smeared” by these effects
Dominant sys uncertainty: Tracking eff. !  Jet energy scale (JES) uncertainty ~7%
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Semi-inclusive Recoil Jets (SE-ME) p Ttrig >9 GeV/c

14

Charged Jets Au+Au 0-10%

Preliminary

Central Au+Au: Strong suppression (relative to PYTHIA)

Charged Jets Au+Au 60-80%

Preliminary

Peripheral Au+Au: Good agreement between data and PYTHIA

Au+Au background subtracted distributions (SE-ME):
• Ultimately: Correct to particle level via unfolding of bkgd fluctuations and detector effects
• Currently: Compare to PYTHIA p+p distribution “smeared” by these effects
Dominant sys uncertainty: Tracking eff. !  Jet energy scale (JES) uncertainty ~7%
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First Look: Medium Induced Acoplanarity?

15

SE ME SE-ME

Δφ
Charged Jets Au+Au 0-10%

STAR Preliminary STAR Preliminary STAR Preliminary
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First Look: Medium Induced Acoplanarity?
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Charged Jets Au+Au 60-80%

Preliminary
(stat. errors
 only)

Charged Jets Au+Au 0-10%

Preliminary
(stat. errors
 only)

AuAu central vs peripheral: Similar widths; can measure large angle radiation 

SE ME SE-ME

Δφ
Charged Jets Au+Au 0-10%

STAR Preliminary STAR Preliminary STAR Preliminary
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First Look: Medium Induced Acoplanarity?
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RHIC vs LHC: Comparable widths

40<pTcorr<60 GeV

Pb+Pb 2.76 TeV 0-10%Charged Jets Au+Au 60-80%

Preliminary
(stat. errors
 only)

Charged Jets Au+Au 0-10%

Preliminary
(stat. errors
 only)

AuAu central vs peripheral: Similar widths; can measure large angle radiation 

SE ME SE-ME

Δφ
Charged Jets Au+Au 0-10%

STAR Preliminary STAR Preliminary STAR Preliminary
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Discussion: The Role of Biases
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T. Renk, PRC 87 (2013) 024905 and PRC 88 (2013) 054902 11

FIG. 7: Conditional distribution of production vertices in the transverse plane, given a trigger with observed energy Eobs

between 12 and 15 GeV in 0-10% central 200 AGeV Au-Au collisions for hadron triggers (left), a jet deÞnition used by STAR
(middle) and an idealized jet deÞnition (right). In all case s, the trigger object momentum vector deÞnes the ! x direction.
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FIG. 8: (Color online) Conditional momentum distribution o f
the away side parton given a triggered object in the range of
Eobs between 12 and 15 GeV for various possibilities for the
trigger. Shown for reference is the situation for p-p collis ions
(lines) as well as the situation in 0-10% central 200 AGeV
AuAu collisions (symbols).

curves show suppression at highzT whereas there is en-
hancement at low zT (which reßects the generic physics
of a MMFF as determined by comparison with a large
body of data [24] Ñ energy lost from hard shower modes
is recovered in the enhanced production of subleading
hadrons. Quantitatively, there are few di! erences be-
tween ! -h and ijet-h (which have a markedly di! erent
away side population of quark jets). Jet-h is not sepa-
rable from h-h, in spite of the fact that the underlying
kinematics is somewhat di! erent. There is however a
splitting in the high zT value of I AA between ! -h and
ijet-h on the ond hand and h-h and jet-h on the other
hand which reßects the di! erent geometry bias and/or
kinematcial bias. Note however that the split is not very

0 0.2 0.4 0.6 0.8 1
zT

0

0.5

1

1.5

2

I A
A

! -h
h-h
jet-h (STAR jet)
jet-h (ideal)

0-10% central 200 AGeV AuAu
Etrig = 12-15 GeV

FIG. 9: (Color online) Away side hadron yield modiÞcation
as a function of zT = Eh /E obs for various trigger objects in
0-10% 200 AGeV Au-Au collisions.

large and in practice might me di" cult to resolve within
the systematic uncertainties associated with the choice of
a hydrodynamical evolution model for the bulk matter.

There are two possible scenarios which can generate
the observed similarity between! -h and ijet-h: Either a
generic e! ect makes the outcome of the computation in-
sensitive to the details of the bias, or there is an acciden-
tial cancellation of biases acting in di! erent directions.

The result shown in Fig. 10 argues that the latter sce-
nario is true Ñ if the parton type bias is changed to the
(unphysical) case that only gluons recoil from a! trigger,
the stronger interaction of the gluon with the medium is
expected to lead to additional softening of the away side
yield Ñ which is exactly what is observed. Thus, the
observation that ! -h and ijet-h results fall almost on top
of each other is not due to some generic mechanism, but

pTCut>2 GeV

Biases (pTCut, R, ...) can be 
used to change systematically 
the pathlength of the recoil jet

Further advantage at RHIC:  Steeply falling spectrum at RHIC !  good correlation to the initial parton energy

(even more when also applied 
on recoil jet deÞnition)

hTrig JTrig JTrig ideal
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is recovered in the enhanced production of subleading
hadrons. Quantitatively, there are few di! erences be-
tween ! -h and ijet-h (which have a markedly di! erent
away side population of quark jets). Jet-h is not sepa-
rable from h-h, in spite of the fact that the underlying
kinematics is somewhat di! erent. There is however a
splitting in the high zT value of I AA between ! -h and
ijet-h on the ond hand and h-h and jet-h on the other
hand which reßects the di! erent geometry bias and/or
kinematcial bias. Note however that the split is not very
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large and in practice might me di" cult to resolve within
the systematic uncertainties associated with the choice of
a hydrodynamical evolution model for the bulk matter.

There are two possible scenarios which can generate
the observed similarity between! -h and ijet-h: Either a
generic e! ect makes the outcome of the computation in-
sensitive to the details of the bias, or there is an acciden-
tial cancellation of biases acting in di! erent directions.

The result shown in Fig. 10 argues that the latter sce-
nario is true Ñ if the parton type bias is changed to the
(unphysical) case that only gluons recoil from a! trigger,
the stronger interaction of the gluon with the medium is
expected to lead to additional softening of the away side
yield Ñ which is exactly what is observed. Thus, the
observation that ! -h and ijet-h results fall almost on top
of each other is not due to some generic mechanism, but
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!  balance restored including low p T constituents for R=0.4 wrt p+p
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T. Renk, PRC 87 (2013) 024905 and PRC 88 (2013) 054902 11

FIG. 7: Conditional distribution of production vertices in the transverse plane, given a trigger with observed energy Eobs

between 12 and 15 GeV in 0-10% central 200 AGeV Au-Au collisions for hadron triggers (left), a jet deÞnition used by STAR
(middle) and an idealized jet deÞnition (right). In all case s, the trigger object momentum vector deÞnes the ! x direction.

0 10 20 30 40
pT [GeV]

0

0.05

0.1

0.15

0.2

0.25

dN
/d

p T
 [1

/G
eV

]

! -h
h-h
jet-h (STAR jet)
jet-h (ideal)

0-10% central 200 AGeV AuAu
Eobs = 12-15 GeV

FIG. 8: (Color online) Conditional momentum distribution o f
the away side parton given a triggered object in the range of
Eobs between 12 and 15 GeV for various possibilities for the
trigger. Shown for reference is the situation for p-p collis ions
(lines) as well as the situation in 0-10% central 200 AGeV
AuAu collisions (symbols).

curves show suppression at highzT whereas there is en-
hancement at low zT (which reßects the generic physics
of a MMFF as determined by comparison with a large
body of data [24] Ñ energy lost from hard shower modes
is recovered in the enhanced production of subleading
hadrons. Quantitatively, there are few di! erences be-
tween ! -h and ijet-h (which have a markedly di! erent
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rable from h-h, in spite of the fact that the underlying
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large and in practice might me di" cult to resolve within
the systematic uncertainties associated with the choice of
a hydrodynamical evolution model for the bulk matter.

There are two possible scenarios which can generate
the observed similarity between! -h and ijet-h: Either a
generic e! ect makes the outcome of the computation in-
sensitive to the details of the bias, or there is an acciden-
tial cancellation of biases acting in di! erent directions.

The result shown in Fig. 10 argues that the latter sce-
nario is true Ñ if the parton type bias is changed to the
(unphysical) case that only gluons recoil from a! trigger,
the stronger interaction of the gluon with the medium is
expected to lead to additional softening of the away side
yield Ñ which is exactly what is observed. Thus, the
observation that ! -h and ijet-h results fall almost on top
of each other is not due to some generic mechanism, but
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used to change systematically 
the pathlength of the recoil jet

Further advantage at RHIC:  Steeply falling spectrum at RHIC !  good correlation to the initial parton energy

(even more when also applied 
on recoil jet deÞnition)

Di-Jet Imbalance A J:

Biased initial di-jet selection also on recoil jet (p Tcut>2 GeV)
!  smaller pathlength/energy loss at later times
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New di-jet measurements from STAR: 
AJ          : Balance restored for R=0.4 wrt p+p (for biased di-jets)
h-Jet   : (Strong) suppression wrt Pythia (R=0.3);
              no evidence of large angle scattering

More data available (6x more HT triggered data wrt Run 7)
and full jet analysis in Run 11.

Extension via new/future jet Measurements:
Explore systematically and differentially biases (p Tcut , R, ..) 
in particular utilizing di-jet coincidence measurements at RHIC

!  engineer geometrical biases 
!  Òjet - tomographyÓ
!  study evolution of soft gluon radiation

Coherent Jet Quenching Program in STAR:

Statistically: Di-Hadron, '-Jet, Jet-Hadron and 2+1 Correlations
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Preliminary
(stat. errors only)

R=0.4: !A J larger for Au+Au than p+p 
!  more energy recovered at low p T 

ΔAJ=AJ(pTcut>2GeV)-AJ(pTcut>0.2GeV)

E
ve

nt
 F

ra
ct

io
n



J A!
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

F
ra

ct
io

n

0

0.05

0.1

0.15

0.2

0.25

 AuAu MB"pp HT 

AuAu HT

Au+Au 0-20%

 R=0.4TAnti-K

|
J

|A
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

F
ra

ct
io

n

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

Au+Au 0-20%

 R=0.4TAnti-K

>2 GeV)>20 GeVcut

T
(pLead

T
p

>2 GeV)>10 GeVcut

T
(pSubLead

T
p

>2 GeVcut

T
 AuAu MB p!pp HT 

 AuAu MB Matched!pp HT 

>0.2 GeVcut

T
p

>2 GeVcut

T
AuAu HT p

>0.2 GeVcut

T
AuAu HT Matched p

|AJ|

Jšrn Putschke for the STAR Collaboration, QM14 Darmstadt

E-by-E AJ Difference: !A J Au+Au 0-20% R=0.4 & R=0.2

19

J A∆
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

F
ra

ct
io

n

0

0.05

0.1

0.15

0.2

0.25

0.3  AuAu MB⊗pp HT 

AuAu HT

Au+Au 0-20%

 R=0.2TAnti-K

>2 GeV)>16 GeVcut

T
(pLead

T
p

>2 GeV)>8 GeVcut

T
(pSubLead

T
p

Preliminary
(stat. errors only)

R=0.4: !A J larger for Au+Au than p+p 
!  more energy recovered at low p T 

R=0.2: !A J Au+Au ~  !A J p+p 
!  similar energy recovered at low p T

ΔAJ=AJ(pTcut>2GeV)-AJ(pTcut>0.2GeV)

E
ve

nt
 F

ra
ct

io
n



|
J

|A
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

F
ra

ct
io

n

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

Au+Au 0-20%

 R=0.4TAnti-K

>2 GeV)>20 GeVcut

T
(pLead

T
p

>2 GeV)>10 GeVcut

T
(pSubLead

T
p

>2 GeVcut

T
 AuAu MB p⊗pp HT 

 AuAu MB Matched⊗pp HT 

>0.2 GeVcut

T
p

>2 GeVcut

T
AuAu HT p

>0.2 GeVcut

T
AuAu HT Matched p

Ev
en

t F
ra

ct
io

n

Jšrn Putschke for the STAR Collaboration, QM14 Darmstadt

pp HT Reference  and Systematic Errors

20

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 efÞciency
between pp HT Y06 and
AuAu HT Y07

Systematic Uncertainties (Analogous to Jet-Hadron Corr.)

- Tracking efÞciency uncertainties 6%

- Relative Tower energy scale uncertainty 2%

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

- Remaining uncertainties negligible

Preliminary
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Systematic uncertainties of the h+jet distribution

Jet	
  Energy	
  Scale	
  (JES)	
  uncertainty:	
  7%
Dominant	
  contribu9on:	
  tracking	
  efficiency

¥	
  studied	
  via	
  embedding	
  in	
  Run11	
  data
¥	
  average	
  charged	
  track	
  reconstruc9on	
  efficiency	
  is	
  about	
  68%	
  at	
  high	
  pT
¥	
  the	
  pT-­‐dependent	
  efficiencies	
  were	
  varied	
  by	
  +/-­‐10%	
  (rela9ve)	
  and	
  applied	
  to	
  the	
  
PYTHIA	
  tracks	
  as	
  a	
  systema9c	
  uncertainty	
  on	
  reference	
  (instead	
  of	
  unfolding	
  of	
  data,	
  
TBD)

Track	
  momentum	
  resolu9on:	
  negligible	
  contribu9on	
  to	
  JES	
  resolu9on	
  (~1-­‐2%)

Event	
  plane	
  correla9ons
No	
  evidence	
  of	
  a	
  correla9on	
  of	
  high	
  pT	
  par9cles	
  with	
  the	
  
event	
  plane
	
  	
  	
  (e.g.:	
  STAR	
  Phys.Rev.LeX.	
  93	
  (2004)	
  252301)
	
  	
  	
  ! 	
  a	
  bias	
  of	
  the	
  jet	
  spectrum	
  due	
  to	
  event	
  plane	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  correla9ons	
  with	
  the	
  trigger	
  par9cle	
  are	
  unlikely.
	
  	
  	
  ! 	
  an	
  upper	
  limit	
  was	
  es9mated	
  by	
  using	
  two
	
  	
  	
  	
  	
  	
  	
  	
  different	
  Delta	
  pT	
  distribu9ons	
  which	
  were	
  
calculated	
  in	
  and	
  out	
  of	
  plane.
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Sys. Uncertainties:
- tracking eff. 6%
- tower energy
  scale 2% 
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AuAu Embedding: p TCut>2 GeV
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Anti-k T R=0.4, pT,1>20 GeV & pT,2>10 GeV with p Tcut>2 GeV

Preliminary
(Support)

(stat. errors only)
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AuAu Embedding: Matched jets with p Tcut>0.2 GeV

25

|AJ|

pp HT matched ⊗ AuAu 0-20%
pp HT matched
pp HT matched & rel. track eff.

Anti-k T R=0.4, pT,1>20 GeV & pT,2>10 GeV with p Tcut>2 GeV

Preliminary
(Support)

(stat. errors only)
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 PYTHIA8 Particle Level (PL) and Toy Bkg. Model
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FIG. 9. (Color online) Fraction of events with!" 12 > 3.026 as a
function ofNpart, among events withpT,1 > 120 GeV/ c andpT,2 >
50 GeV/ c. The result for reconstructedPYTHIA dijet events (blue
Þlled star) is plotted atNpart = 2. The other points (from left to right)
correspond to centrality bins of 50%Ð100%, 30%Ð50%, 20%Ð30%,
10%Ð20%, and 0%Ð10%. The red squares are for reconstruction of
PYTHIA + DATA events and the Þlled circles are for the PbPb data,
with statistical (vertical bars) and systematic (brackets) uncertainties.

PbPb results at
!

sNN = 2.76 TeV, this discrepancy seen in
the higher-energy pp comparison is included in the systematic
uncertainty estimation. It is important to note that thePYTHIA
simulations include events with more than two jets, which
provide the main contribution to events with large momentum
imbalance or!" 12 far from# .

Figures8(b)Ð8(f) show the dijet!" 12 distributions for PbPb
data in Þve centrality bins, compared toPYTHIA + DATA simula-
tions. The distributions for the four more peripheral bins are in
good agreement with thePYTHIA + DATA reference, especially
for !" 12 ! 2. The three centrality bins spanning 0%Ð30%
show an excess of events with azimuthally misaligned dijets
(!" 12 " 2), compared with more peripheral events. A similar
trend is seen for thePYTHIA + DATA simulations, although
the fraction of events with azimuthally misaligned dijets is
smaller in the simulation. The centrality dependence of the
azimuthal correlation inPYTHIA + DATA can be understood
as the result of the increasing fake-jet rate and the drop in jet
reconstruction efÞciency near the 50 GeV/ c threshold from
95% for peripheral events to 88% for the most central events.
In PbPb data, this effect is magniÞed since low-pT away-side
jets can undergo a sufÞciently large energy loss to fall below
the 50 GeV/ c selection criteria.

Furthermore, a reduction of the fraction of back-to-back
jets above!" 12 ! 3 is observed for the most central bin.
This modiÞcation of the!" 12 distribution as a function of
centrality can be quantiÞed using the fractionRB of dijets
with !" 12 > 3.026, as plotted in Fig.9, for pT,1 > 120 GeV/ c
and pT,2 > 50 GeV/ c. The threshold of 3.026 corresponds
to the median of the!" 12 distribution for PYTHIA (without
embedding). The results for both the PbPb data andPYTHIA +
DATA dijets are shown as a function of the reaction centrality,
given by the number of participating nucleonsNpart, as
described in Sec.II C. This observable is not sensitive to
the shape of the tail at!" 12 < 2 seen in Fig.8, but can be
used to measure small changes in the back-to-back correlation
between dijets. A decrease in the fraction of back-to-back jets
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size!R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
notφ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!φ12 > 5π/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum!"p#

T$for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The!"p#

T$values are shown as a function
of dijet asymmetryAJ for 0%Ð30%
centrality, inside (!R < 0.8) one of the
leading or subleading jet cones (left-
hand side) and outside (!R > 0.8)
the leading and subleading jet cones
(right-hand side). For the solid circles,
vertical bars and brackets represent the
statistical and systematic uncertainties,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size!R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
notφ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!φ12 > 5π/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum!"p#

T$for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The!"p#

T$values are shown as a function
of dijet asymmetryAJ for 0%Ð30%
centrality, inside (!R < 0.8) one of the
leading or subleading jet cones (left-
hand side) and outside (!R > 0.8)
the leading and subleading jet cones
(right-hand side). For the solid circles,
vertical bars and brackets represent the
statistical and systematic uncertainties,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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In order to clarify the situation, in Fig. 5 the depen-
dence of the energy deposition on the initial parton en-
ergy E0 is shown. This mainly affects how soon finite
energy correction become relevant. The dependence of
the total mean energy deposition on initial parton energy

can be well fit by ∆E ∼ E 0
1GeV

0.37
. This suggests that at

good part of the normalization difference between Figs.2
and 4 is due to the difference in E0, which is confirmed
by an explicit calculation.

V. EVENT-BY-EVENT FLUCTUATIONS

A. Fluctuation sources

There are multiple sources for event-by-event fluctu-
ations around the mean energy deposition of a shower
given an in-medium path. They can broadly be grouped
into the following categories:

¥ fluctuations of the energy deposition of single par-
tons along their path

¥ fluctuations of Npart (z) in the shower evolution

¥ fluctuations in the background medium density,
translating into fluctuations of the transport coef-
ficients

The approximate scaling of medium effects with ∆Q2
tot

identified in [20] and explicit calculations in [43] suggest
that fluctuations in the medium density are a subleading
effect. On the other hand, the relative strength of the
Crescendo effect observed in Figs. 2,3 and 4 above the
baseline calculations that contains already fluctuations
in the energy deposition of single partons suggests that
particle numbers are large and the dominant effect are
fluctuations in Npart (z) which are captured by YaJEM.

B. Results

In Fig. 6, the mean energy deposition of a 120 GeV
gluon is shown along with the energy deposition in 10
individual events. The fluctuations are fairly strong, up
to a factor three different from the average, and thre rel-
ative strength of fluctuations persists during the whole
evolution. Upward spikes in the energy deposition can
clearly be seen and identified as the emission of a daugh-
ther parton to the point that it is resolved by the medium
where the length in x of the upward spike correlates with
the energy of the daughter parton and the (fluctuating) ê
governing its energy loss — as soon as a daughter parton
energy is depleted, the total energy deposition decreases
again.
The strong fluctuations seen in this result argue that

in order to have a realistic picture of energy deposition
into the medium, the average energy deposition is not
sufficient and EbyE fluctuations need to be taken into
account.
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FIG. 6: (Color online) Energy deposition of a parton shower
initiated by an 120 GeV gluon placed into the center of an
evolving medium, shown both as mean value and for 10 in-
dividual shower events. The relative strength of öq and öe is
determined by data.

VI. SCALE SEPARATION AND ENERGY
BALANCE

Let us now return to the effect of q̂ on the energy bal-
ance. In YaJEM, a shower gains the energy for transverse
broadening largely from the medium. The microscopical
interpretation of this is that medium partons are being
’swept away’ by the shower and hence become correlated
by the jet, thus if their energy is formally counted as part
of the jet, the in-medium jet energy keeps growing [20].
As mentioned before, this is not a reasonable physical

interpretation, because there is no physical distinction
between soft medium and soft jet gluons, and hence soft
gluons can not be counted as part of a perturbative jet
inside a medium. For a proper interpretation, we need
to introduce a separation scale between hard perturba-
tive and soft fluid-like physics below which partons are
counted as part of the medium. Note that there’s an im-
plicit assumption involved that the medium is strongly
interacting and manifestly not perturbative below the
separation scale — with just a separation scale selected,
even a vacuum shower would lead to a positive energy de-
position for the simple reason that some radiated gluons
would fall below the separation scale, however no such
reasoning is justified since the emission of soft gluons
appears to remain sufficiently perturbative in vacuum.
The assumption is hence that soft gluons would not only
fall below the separation scale but also be subject to the
physics conditions below the scale, i.e. they would be
isotropized just as the rest of the bulk medium.

A priori the choice of the separation scale is not
unique. We might think for instance of a fixed momen-
tum scale or a multiple of the system temperature T .

T. Renk, PRC 88, 044905 

LHC: 
Larger energy loss at early times
!  more diffusion in medium 
!  larger angles



Jšrn Putschke for the STAR Collaboration, QM14 Darmstadt

Discussion: RHIC vs LHC

28

OBSERVATION AND STUDIES OF JET QUENCHING IN. . . PHYSICAL REVIEW C84, 024906 (2011)

sees that indeed the momentum balance of the events, shown
as solid circles, is recovered within uncertainties, for both
centrality ranges and even for events with large observed dijet
asymmetry, in both data and simulation. This shows that the
dijet momentum imbalance is not related to undetected activity
in the event due to instrumental (e.g., gaps or inefÞciencies in
the calorimeter) or physics (e.g., neutrino production) effects.

The Þgure also shows the contributions to!"p#
T$ for Þve

transverse momentum ranges from 0.5Ð1 GeV/ c to pT >
8 GeV/ c. The vertical bars for each range denote statistical
uncertainties. For data and simulation, a large negative
contribution to!"p#

T$ (i.e., in the direction of the leading jet)
by the pT > 8 GeV/ c range is balanced by the combined
contributions from the 0.5Ð8 GeV/ c regions. Looking at the
pT < 8 GeV/ c region in detail, important differences between
data and simulation emerge. ForPYTHIA + HYDJET both
centrality ranges show a large balancing contribution from the
intermediatepT region of 4Ð8 GeV/ c, while the contribution
from the two regions spanning 0.5Ð2 GeV/ c is very small. In
peripheral PbPb data, the contribution of 0.5Ð2 GeV/ c tracks
relative to that from 4Ð8 GeV/ c tracks is somewhat enhanced
compared to the simulation. In central PbPb events, the relative
contribution of low and intermediate-pT tracks is actually
the opposite of that seen inPYTHIA + HYDJET. In data, the
4Ð8 GeV/ c region makes almost no contribution to the overall
momentum balance, while a large fraction of the negative
imbalance from highpT is recovered in low-momentum tracks.

The dominant systematic uncertainty for thepT balance
measurement comes from thepT-dependent uncertainty in
the track reconstruction efÞciency and fake rate described in
Sec.III B . A 20% uncertainty was assigned to the Þnal result,
stemming from the residual difference between thePYTHIA
generator level and the reconstructedPYTHIA + HYDJET tracks
at high pT. This is combined with an absolute 3 GeV/ c
uncertainty that comes from the imperfect cancellation of the
background tracks. The background effect was cross checked
in data from a random cone study in 0%Ð30% central events
similar to the study described in Sec.III B . The overall
systematic uncertainty is shown as brackets in Figs.14and15.

Further insight into the radial dependence of the momentum
balance can be gained by studying!"p#

T$separately for tracks
inside cones of size!R = 0.8 around the leading and
subleading jet axes, and for tracks outside of these cones.
The results of this study for central events are shown in Fig.15
for the in-cone balance and out-of-cone balance for MC and
data. As the underlying PbPb event in both data and MC is
notφ symmetric on an event-by-event basis, the back-to-back
requirement was tightened to!φ12 > 5π/ 6 for this study.

One observes that for both data and MC an in-cone
imbalance of!"p#

T$ % &20 GeV/ c is found for theAJ > 0.33
selection. In both cases this is balanced by a corresponding
out-of-cone imbalance of!"p#

T$ %20 GeV/ c. However, in
the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < p T < 4 GeV/ c, whereas in MC
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FIG. 15. (Color online) Average
missing transverse momentum!"p#

T$for
tracks withpT > 0.5 GeV/ c, projected
onto the leading jet axis (solid circles).
The!"p#

T$values are shown as a function
of dijet asymmetryAJ for 0%Ð30%
centrality, inside (!R < 0.8) one of the
leading or subleading jet cones (left-
hand side) and outside (!R > 0.8)
the leading and subleading jet cones
(right-hand side). For the solid circles,
vertical bars and brackets represent the
statistical and systematic uncertainties,
respectively. For the individualpT

ranges, the statistical uncertainties are
shown as vertical bars.
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In order to clarify the situation, in Fig. 5 the depen-
dence of the energy deposition on the initial parton en-
ergy E0 is shown. This mainly affects how soon finite
energy correction become relevant. The dependence of
the total mean energy deposition on initial parton energy

can be well fit by ∆E ∼ E 0
1GeV

0.37
. This suggests that at

good part of the normalization difference between Figs.2
and 4 is due to the difference in E0, which is confirmed
by an explicit calculation.

V. EVENT-BY-EVENT FLUCTUATIONS

A. Fluctuation sources

There are multiple sources for event-by-event fluctu-
ations around the mean energy deposition of a shower
given an in-medium path. They can broadly be grouped
into the following categories:

¥ fluctuations of the energy deposition of single par-
tons along their path

¥ fluctuations of Npart (z) in the shower evolution

¥ fluctuations in the background medium density,
translating into fluctuations of the transport coef-
ficients

The approximate scaling of medium effects with ∆Q2
tot

identified in [20] and explicit calculations in [43] suggest
that fluctuations in the medium density are a subleading
effect. On the other hand, the relative strength of the
Crescendo effect observed in Figs. 2,3 and 4 above the
baseline calculations that contains already fluctuations
in the energy deposition of single partons suggests that
particle numbers are large and the dominant effect are
fluctuations in Npart (z) which are captured by YaJEM.

B. Results

In Fig. 6, the mean energy deposition of a 120 GeV
gluon is shown along with the energy deposition in 10
individual events. The fluctuations are fairly strong, up
to a factor three different from the average, and thre rel-
ative strength of fluctuations persists during the whole
evolution. Upward spikes in the energy deposition can
clearly be seen and identified as the emission of a daugh-
ther parton to the point that it is resolved by the medium
where the length in x of the upward spike correlates with
the energy of the daughter parton and the (fluctuating) ê
governing its energy loss — as soon as a daughter parton
energy is depleted, the total energy deposition decreases
again.
The strong fluctuations seen in this result argue that

in order to have a realistic picture of energy deposition
into the medium, the average energy deposition is not
sufficient and EbyE fluctuations need to be taken into
account.
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FIG. 6: (Color online) Energy deposition of a parton shower
initiated by an 120 GeV gluon placed into the center of an
evolving medium, shown both as mean value and for 10 in-
dividual shower events. The relative strength of öq and öe is
determined by data.

VI. SCALE SEPARATION AND ENERGY
BALANCE

Let us now return to the effect of q̂ on the energy bal-
ance. In YaJEM, a shower gains the energy for transverse
broadening largely from the medium. The microscopical
interpretation of this is that medium partons are being
’swept away’ by the shower and hence become correlated
by the jet, thus if their energy is formally counted as part
of the jet, the in-medium jet energy keeps growing [20].
As mentioned before, this is not a reasonable physical

interpretation, because there is no physical distinction
between soft medium and soft jet gluons, and hence soft
gluons can not be counted as part of a perturbative jet
inside a medium. For a proper interpretation, we need
to introduce a separation scale between hard perturba-
tive and soft fluid-like physics below which partons are
counted as part of the medium. Note that there’s an im-
plicit assumption involved that the medium is strongly
interacting and manifestly not perturbative below the
separation scale — with just a separation scale selected,
even a vacuum shower would lead to a positive energy de-
position for the simple reason that some radiated gluons
would fall below the separation scale, however no such
reasoning is justified since the emission of soft gluons
appears to remain sufficiently perturbative in vacuum.
The assumption is hence that soft gluons would not only
fall below the separation scale but also be subject to the
physics conditions below the scale, i.e. they would be
isotropized just as the rest of the bulk medium.

A priori the choice of the separation scale is not
unique. We might think for instance of a fixed momen-
tum scale or a multiple of the system temperature T .
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LHC: 
Larger energy loss at early times
!  more diffusion in medium 
!  larger angles

RHIC: 
Quenched energy closer to initial 
parton/jet direction. Can utilize biases
for systematic exploration.
!  (easier) to study soft gluon radiation



Jšrn Putschke for the STAR Collaboration, QM14 Darmstadt

Biases are not always bad - actually a strength of RHIC

29

12

0 20 40 60 80
pT [GeV]

0

0.05

0.1

0.15

0.2

0.25

dN
/d

p T
 [1

/G
eV

]

LHC 2.76 ATeV parton spectrum
RHIC 200 AGeV parton spectrum 

Tr 20-40 GeV

FIG. 11: Conditional distribution of away side parton mo-
menta given a triggered jet assuming the kinematical condi-
tions at RHIC vs. LHC.

VII. CONCLUSIONS

On the conceptual side, jet-h correlations o! er a num-
ber of advantages. The use of a jet trigger as compared to
a hadron or evenγ trigger allows experiments to collect
much higher statistics since the rate of jets into a given
PT range is higher than the rate of hadrons or photons,
and this in turn allows di ! erential studies of the away
side. At least for RHIC kinematics, there is a reasonably
good correlation between jet trigger energy range and the
underlying parton energy range which is probed, however
this is no longer the case at LHC Ñ here presumablyγ-h
correlations are needed to constrain parton kinematics.

At the same time, jet triggers appear very versatile
tools which can be engineered to lead to a certain geo-
metrical bias by a suitable choice of the jet constituent
PT cut. In simulations, both an almost unbiased distri-
bution and a distribution biased beyond what is seen for
hadron triggered events could be achieved.

Measuring the correlation of hadrons on the away side
allows to probe the longitudinal and transverse single
particle distributions of jet constituents down to very
low PT and out to large angles, which is a particular
advantage for tracing the medium-induced modiÞcation
to jet structure. In this, a correlation measurement is
superior to jet Þnding on the away side, as jet Þnding in
an A-A environment is limited in its ability to reach to
large angles and lowPT . In principle, in order to access
the medium-modiÞcation of intra-jet correlations and to

probe physics like a modiÞed subjet structure or modiÞ-
cations of angular ordering [37], correlations of a trigger
with two away side particles can be used.

On the physics side, the longitudinal and transverse jet
structure of modiÞed jets as measured byDAA(PT ) and
the angular Gaussian width is well described by YaJEM-
DE except in the very low PT region where the physics
is not dominated by pQCD and the model is expected to
fail. Thus, the observed jet modiÞcation is well in line
with the general idea that the medium opens additional
kinematical phase space for radiation, the induced soft
radiation is rapidly decorrelated by subsequent interac-
tions with the medium while a small part of the energy
lost from hard partons directly excites medium degrees
of freedom. The combination of these mechanisms leads
to apparently unmodiÞed but rate-suppressed jets above
a scale of! 3 GeV and a wide-angle, soft plateau-like
structure below this scale.

Of particular interest for determining the precise na-
ture of the interaction of hard partons with the bulk
medium is the origin of the scale Pmed " 3 GeV. It
is certainly consistent with a back-of-the-envelope esti-
mate that the scale is given by the typical accumulated
medium momentum probed during subsequent interac-
tions Pmed = L/ λ#P$. Choosing a typical length L = 5
fm, a mean-free pathλ = 1 fm and for the typical mo-
mentum scale in the medium#P$= 3 T with the medium
temperature T = 200 MeV leads to Pmed " 3 GeV. How-
ever, in this case it would be very interesting to demon-
strate the change of the scale by experimentally vary-
ing temperature (e.g. by comparing RHIC and LHC)
or by varying mean free path. An alternative position is
that Pmed is set by strong coupling physics not accessible
via pQCD arguments. Future reaction plane di! erential
measurements of jet-h correlations at RHIC and LHC
might be a suitable way to distinguish these scenarios
and to establish in detail what aspects of jet physics are
governed by pQCD and what aspects by strong coupling
QCD.
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Due to the steeply falling spectrum at RHIC, even 
with imposing biases (p TCut, ...), a good correlation 
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central 200 AGeV Au-Au collisions for two di ! erent jet trigg er energy ranges (left and right panel), compared with the p- p
baseline width for the same energy without medium modiÞcati on and preliminary STAR data [3]

FIG. 9: Comparison of the probability density of a vertex
in the transverse (x, y ) plane to fulÞll a 10-15 GeV trigger
condition in 0-10% central 200 AGeV Au-Au collisions for an
ideal jet trigger (see text). The trigger parton moves into t he
! x direction.

B. The role of the pQCD parton spectrum

A cornerstone of several arguments presented above
was the fact that for a steeply falling parton spectrum
fragmentation is strongly forced to be hard and collinear
by imposing a trigger condition, as the situation that a
rare hard parton undergoes soft fragmentation is very
suppressed. One of the consequences is a relatively good
correlation between trigger momentum range and actual
away side parton energy distribution.

However, when going to higher
!

s where the spectral
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FIG. 10: Conditional distribution of away side parton mo-
menta given a triggered jet for the STAR jet deÞnition and
for an ideal jet with R = 0 .4 (see text).

shape ßattens, this argument applies increasingly less.
In order to illustrate the importance of this effect in iso-
lation, we compare the simulation for RHIC conditions
with a situation in which only the parton spectrum is
computed for LHC conditions, everything else is kept
Þxed (in reality, also intrinsic kT and most important
the medium density is expected to change).

One can easily see that the qualitative argument given
above is correct Ñ the correlation between trigger mo-
mentum range and away side parton momentum weak-
ens signiÞcantly, and a long tail of highPT partons con-
tributes to the away side yield, complicating the interpre-
tation of any away side measurement which represents
then an average over a wide momentum range. From
this perspective, the steeply falling parton spectrum at
RHIC constitutes actually an advantage over LHC kine-
matic conditions.
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FIG. 1: Comparison of the probability density of a vertex in the transverse (x, y) plane to fulfill a 10-15 GeV trigger condition
in 0-10% central 200 AGeV Au-Au collisions. Left panel for a jet trigger as used by STAR (see text), right panel for comparison
for a single charged hadron trigger). In all cases, the trigger parton moves into the −x direction.
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FIG. 2: Relative fraction of the total jet energy in a cone
of R = 0.4 recovered as a function of constituent PT cut for
vacuum (black solid) and medium-modified jet (black dashed)
as well as energy di! erence between vacuum and medium jet
induced by the cut (red solid) for a 20 GeV quark (see text).

coming from a 20 GeV quark jet with the STAR PID cuts
applied is shown as a function of the constituent PT cut.
From the figure, it is evident that a large fraction of the
jet energy for this kinematics is carried by hadrons below
3 GeV even in vacuum, and that the distribution is even
softer in a medium-modified jet.
To study the e! ect of the PT cut on the jet rate sup-

pression in medium, the energy di! erence between vac-
uum and medium case (i.e. the medium-induced energy
radiated out of the jet definition) as a function of the PT

cut is shown where the energy of the in-medium jet has
been artificially normalized to the vacuum case at PT = 0
to eliminate the e! ect of the cone radius cut.

It is evident that the di! erence peaks at about 1.5 GeV,
i.e. applying a constituent cut of about 1.5 GeV makes
a jet maximally sensitive to the additional softening of
the fragmentation pattern in the medium and leads to
the most significant medium-induced suppression. For a
higher PT cut, both vacuum and medium case are very
much suppressed, but there is little additional medium
suppression. It is the fact that the 2 GeV cut applied by
STAR is very close to the optimal 1.5 GeV which makes
the resulting jet rate very sensitive to the e! ect of the
medium.

C. Kinematic bias

In order to discuss the kinematic bias, it is useful to
study the distribution of away side parton momenta given
a triggered object. In the absence of higher order QCD
e! ects, intrinsic kT , shower evolution and background
fluctuations in jet finding, the back-to-back partons are
expected to have the same energy, i.e. the distribution
should be a delta function at the trigger energy for van-
ishing trigger momentum bin width and smeared across
the trigger range with a weight given by the parton pro-
duction cross section as a function of momentum for any
realistic situation. As can be seen from Fig. 3, the actual
distribution when all these e! ects are taken into account
is a fairly broad Gaussian.
The probability of having a gluon jet on the near

or away side P near
glue , P away

glue along with the average mo-
menum on near and away side and the Gaussian width of
the away side momentum distribution as extracted from
Fig. 3 is shown in Tables I for a 10-15 GeV trigger range

Ideal

pTCut>2 GeV

Biases (p TCut, ...) can be used to change 
systematically the pathlength of the recoil jet

Biases (p TCut, ...) can be further utilized to favor gluon recoil jets


