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¥ Jet shapes and fragmentation functions show excess at low pT (large radii) but high pT 
(core) is unchanged [G. Veres for the CMS, Nucl. Phys. A 904-905 (2013) 146c-153c]

¥ Two-particle correlations are sensitive to jet quenching and modification of jet 
fragmentation

¥ The jet shape can be deformed by a longitudinally flowing medium [N. Armesto, C. 
Salgado, U. Wiedemann - PRL 93, 242301 (2004)] !  different jet widths in %& and %' 
in central heavy-ion collisions: 

Motivation
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In the absence of a medium, the parton fragments accord-
ing to the vacuum distributionI tot ! I vac. The radiation
spectrum (4) characterizes the medium modiÞcation of
this distribution ! dI tot
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d!d k in the so-
called single hard scattering approximation [14,15,22].
Physically equivalent results are obtained in the multiple
soft scattering approximation [12], as explained in [22].
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For this jet shape, we use the parametrization [24] of the
Fermilab D0 Collaboration for jet energies in the range
+ 50< E t < 150 GeVand opening cones0:1 < R < 1:0.
We remove the unphysical singularity of this parametri-
zation forR ! 0 by smoothly interpolating with a poly-
nomial ansatz forR < 0:04 to %"R ! 0# ! 0. We then
calculate from Eq. (4) the modiÞcation [23] of%vac"R#
caused by the energy density and collective ßow of the
medium. To do so, we transform the gluon emission angle
arcsin"k=! #in (4) to jet coordinates# , $ ,

kdkd! ! ! 2 cos$
cosh3#

d#d$ ; (6)

where! denotes the angle between the transverse gluon
momentumk and the collective ßow componentq0.

Here, we focus on changes of the jet shape due to
longitudinal collective ßow effects. To specify input val-
ues for the momentum transfer from the medium, we
make the following considerations. First, the linear den-
sity n0 of scattering centers along the path of the hard
parton, which enters (4), can be reparametrized in terms
of the transport coefÞcient̂q Õn0&2; see Ref. [22]. Thus,
according to (2), the hard parton suffers a momentum
transfer that is monotonously increasing with the pressure
in the medium,n0&2 / p3=4 and which tests the compo-
nentsT?? andTzz (z parallel to the beam) of the energy-
momentum tensor (1). In the presence of a longitudinal
Bjorken-type ßow Þeldu& ! " 1; ~' #=

!!!!!!!!!!!!!!!
1 & ' 2

p
, the longi-

tudinal ßow component increases fromTzz ! p to Tzz !
p ' " p, where" p ! " ( ' p#uzuz ! 4p' 2="1 & ' 2#for
the equation of state of an ideal gas,( ! 3p. For a
rapidity difference# ! 0:5, 1.0, 1.5 between the rest
frame, which is longitudinally comoving with the jet,
and the rest frame of the medium, this corresponds to
an increase of the componentTzz by a factor 1, 5, 18,
respectively.We expect that the collective ßow component
q0 rises monotonously with the ßow-induced" p, as&
does withp. This suggests thatq0 lies in the parameter
rangeq0 * &.

In Fig. 1, we show the medium-modiÞed jet shape for a
jet of total energyET ! 100 GeV. To test the sensitivity
of this energy distribution to collective ßow, we have
chosen a rather small directed ßow component,q0 ! &.
The effective coupling constant in (4),n0L! sCR ! 1, the
momentum transfer per scattering center& ! 1 GeV,
and the length of the mediumL ! 6 fm were adjusted
such that an average energy" ET !

R
d!! dI med

d! !
23 GeVis redistributed by medium-induced gluon radia-
tion. Previous studies indicate that this value of" ET is a
conservative estimate for the modiÞcation of jets pro-
duced in Pb' Pb collisions at the Large Hadron
Collider (LHC) [23]. Despite these conservative esti-
mates, the contour plot of the jet energy distribution in
Fig. 1 displays marked medium-induced deviations. First,
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FIG. 1 (color online). Upper part: sketch of the distortion of
the jet energy distribution. Lower part: calculated distortion (5)
in the# % $ plane for a 100 GeV jet. The right-hand side is for
an average medium-induced radiated energy of 23 GeV and
equal contributions from density and ßow effects,& ! q0.
Scales of the contour plot are visible from Fig. 2.
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the jet structure broadens because of the medium-induced
Brownian motion of the partonic jet fragments in a dense
medium [22]. Second, the jet shape shows a marked rota-
tional asymmetry in the! ! " plane, which is character-
istic of the presence of a collective ßow Þeld.

We note that for each single jet, the! ! " rotation
symmetry is broken statistically due to Þnite multiplicity
ßuctuations and dynamically due to thekT ordering of the
Þnal state parton shower. Both effects break the symme-
try in a randomdirection in the! ! " plane; thus rota-
tional symmetry is restored in sufÞciently large jet
samples. Moreover, jet samples that are rotationally sym-
metric in # are elongated by the Jacobian (6) in the"
direction. This asymmetry is< 10% for R < 0:3 but can
become sizeable for larger jet cones. Thus, a plot of the jet
energy distribution in the! ! " plane reduces the effect
of ! broadening due to longitudinal ßow, but it can be
corrected for analytically.

In general, the strength of the jet asymmetry due to
collective ßow effects depends on the (momentum) ra-
pidity difference between the jet and that part of the
medium through which the jet propagates. Hence, the
rapidity distribution of the jet asymmetry may provide
a valuable test of, e.g., hydrodynamical model simula-
tions [7] which predict deviations from a longitudinally
boost-invariant Bjorken expansion of the medium. For
illustrative purposes, we focus here on jet samples cen-

tered around midrapidity in the collision of identical
nuclei. Such samples are symmetric with respect to! !
" ! , since the oriented momentum transfer points with
equal probability in the positive or negative beam direc-
tion, # q0 or " q0, respectively. In Fig. 2, we show
the average jet energy distribution for the! !
" ! -symmetrized jet sample given in Fig. 1. Jet samples
are symmetrized by identifying the calorimetric centers
of every jet in the sample, thus mimicking a possible
experimental procedure. This may result in an energy
distribution with a double-hump shape (see Fig. 2), but
details of this shape are subject to signiÞcant uncertain-
ties in the parametrization of (5) and in our calculation of
(4) at small angles. Thus, Fig. 2 demonstrates that the
asymmetry of the jet energy distribution can be charac-
terized by measuring its widths in different directions in
the ! ! " plane which are very sensitive to the strength
and direction of the collective ßow Þeld.

The calculation of medium-induced gluon radiation is
most reliable for calorimetric measurements, but it also
provides a framework for the discussion of medium-
modiÞed multiplicity distributions. In particular, we
have checked that the azimuthal asymmetries seen in
Figs. 1 also persist on the level of particle distributions.
We have compared our calculation to data of the STAR
Collaboration [25,26], which measured the widths of the
! and " distributions of produced hadrons associated

FIG. 3 (color online). The width in azimuth and rapidity of
the nearside distribution of charged hadrons associated with
high-pT trigger particles of transverse momentum4 GeV<
pT < 6 GeVin Au # Au collisions at

!!!!!!!!
sNN

p
$ 200 GeV. Black

points are preliminary data from the STAR collaboration [25].
The band represents our calculation for longitudinal ßow Þelds
in the range2 < q 0=$ < 4; see text for further details.

FIG. 2. Jet energy distribution for a sample of jets for which
the medium was moving with equal probability in the positive
and negative beam direction. The different curves denote the
vacuum and medium contributions to the radiation spectrum as
well as their sum. The directions of the cuts on the transverse
jet proÞle are deÞned by# 0, with d! d" $ RdRd# 0.
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Data points: STAR preliminary [F. Wang for 
the STAR Collaboration, Quark Matter 2004]
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¥ The quark and gluon jets can be distinguishable (on statistical basis) due to their 
multiplicity and width [J. Gallicchio and M. D. Schwartz, PRL 107, 172001 (2011)] and 
also baryon and meson content [OPAL, Eur.Phys.J.C8:241-254,1999]: 

- the baryon production in gluon jets is enhanced with respect to quark jets

¥ Dividing V0-h correlations into two samples: meson-h (K0-h) and (anti)baryon-h ((anti)(-h) 
we might be able to study (on statistical basis):

- gluon jet enriched sample via (anti)(-h correlations

- quark/gluon jet sample via K0-h correlations  

¥ The advantage using V0-h correlations is good V0 identification up to very high pT via 
reconstruction of the daughter tracks:

V0-h angular correlations
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A Large Ion Collider Experiment 

Tracking (|'| < 0.9)

Centrality 

Data: 
- Pb-Pb #sNN = 2.76 TeV, 15 M  
events (0-90%) 2010 
- pp #s = 2.76 TeV, 55 M 2011
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Same Npairs(%&,%') (uncorrected) distribution 

Same event pairs: the Near-side jet-like peak 
sits on a triangular shaped background.

Trigger particles (h): 6 < pT,trig < 15 GeV/c
Associated particles (h): 3 < pT,assoc < pT,trig 

%& = &associated ) &trigger %' = ' associated ) ' trigger

Near-sideNear-side

Away-sideAway-side

&
'

triggertrigger associated associated

associated
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Mixed Npairs(%&,%') distributions 

Background determination: the triangular 
shape can be reproduced by mixed pairs, 
where the trigger and the associated 
particle come from different events.

&

trigger

&
associated

Event 1 Event 2
%& = &associated ) &trigger 
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Acceptance corrected correlations 
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Background subtraction:

The normalization factor * was chosen in 
such a way that the mixed Npairs(%&,%') 
distribution is 1 at %& = %' = 0. 

Additional corrections to be applied:
- single track efficiency and contamination correction (from secondary particles)
- track merging/splitting correction
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Di-hadron angular correlations
The angular correlations can be quantified by the per trigger associated particle yield:

for pT,trig and pT,assoc intervals.

 

Andreas Morsch, Hard Probes 2012, Cagliari, May 28, 2012Andreas Morsch, Hard Probes 2012, Cagliari, May 28, 2012                                        5

Di-Hadron Correlations

● Study jet properties in heavy ion collisions in a transverse momentum range where 
event-by-event jet reconstruction over the fluctuations of the underlying event is not 
possible.

● Analyze angular correlations in azimuth  Δϕ and pseudo-rapidity Δη differences 
between a trigger particle (trig) and all associated (assoc) particles satisfying 
specific cuts on p

T,trig
 and p

T,assoc 
are studied and quantified by the per trigger per trigger 

associated particle yieldassociated particle yield: 

ηϕ ΔΔ dd

Nd

N

assoc

trig

21

p
T,trig

 

p
T,assoc

 

Nears-side peak (Δϕ=Δη =0) and away-side ridge (Δϕ=π)
are reminiscent of LO back-to-back parton production 
(jets).

At low p
T
 correlations at large Δη and away-side 

dominated by collective effects (v
2
, v

3
, ...)

Δϕ

Δη

Near-side
Away-side

• The Near-side peak located at %& + %' + 0

• The Away-side peak (recoiling jet) located 
at %& + , and spread out in %'

• Both peaks sit on a flow modulated 
background (more pronounced for low 
pT,trig and pT,assoc intervals) 

ALI-PREL-15872
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Flow modulated background subtraction
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c) Projections

Background from 
the side bands (red)

Signal

• Assumptions: flow is independent of %' 
and the jet does not contribute to |%'|>1.0

• Signal extracted by subtracting the side 
bands 1 < | %'| < 1.6 ('-gap method)

- Not suitable for Away-side peak study 

%& projection

4 GeV/c < pT,trig  < 8 GeV/c - 1 GeV/c < p T,assoc  < 2 GeV/c - 0-10%
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Jet-like peak shape evolution

0-10% 60-70% pp

 2< pT,trig < 3GeV/c
 1< pT,assoc < 2GeV/c

 4< pT,trig < 8GeV/c
 2< pT,assoc < 3GeV/c

broadening

broadening

similar

similar

lower pT

higher pT
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Centrality dependence of the $%& and $%'

• The Near-side peak was fitted with a sum of two 2D Gaussians centred at 
%& = %' = 0, the fit parameters were used to calculate $ in %& and in %'

• The $%& : independent of centrality, decreasing with higher pT,assoc and pT,trig

• The $%' : broader moving to central events, decreasing with higher pT,assoc 
and pT,trig
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Centrality dependence of the excess kurtosis

• Excess kurtosis (K%&, K%') = µ4/µ22 - 3 (µn - nth moment about the mean): measurement of 
peakedness of the distribution (Laplace: K=3, Gaussian: 0, semicircle: -1, uniform: -1.2)

• Both kurtosis (in %& and in %') decrease going to lower pT (the peaks are Òless sharpÓ) 
and decrease in more central events

• Almost flat top for lowest pT interval in %'

Gaussian

Semicircle
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Outlook on studying V0-h correlations

Data: 
- Pb-Pb at #sNN = 2.76 TeV, 30 M events 
effectively triggered on centrality, taken in 2011 

V0 selection:
- V0 candidates were selected using track 
topological cuts
- |y|<0.75

Invariant mass distributions for most central events (0-10%):

V0 candidates in coloured area are used for the correlation analysis. 
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Outlook on studying V0-h correlations

K0S-h ((+anti()-h

Acceptance corrected correlations (the plots are not efficiency corrected):

The jet-like peaks are clear and well above the background: the analysis is feasible.
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Trigger particles (V0): 6 < pT,trig < 15 GeV/c
Associated particles (h): 3 < pT,assoc < pT,trig 
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Summary

¥ Jet-like peaks in di-hadron correlations get broader going to lower pT 
intervals of trigger and associated particles and to more central Pb-Pb 
collisions  

¥ Jet-like peak width in %&: no centrality dependence 

¥ Jet-like peak width in %': broadening in central Pb-Pb collisions 
(interplay with longitudinal flow?) 

¥ Kurtosis study: peak narrowing for higher pT (trigger and associated) 
correlations and flattening in central Pb-Pb collisions

¥ V0-h correlations: with possible tagging of quark and gluon jets on 
statistical basis it is an interesting alternative of measuring colour charge 
type energy loss   

¥ Outlook for V0-h: clear jet-like peaks show feasibility of measurement in 
central Pb-Pb (0-10%), it will be interesting to study V0-h also in pp and 
p-Pb collisions  
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Same Npairs(%&,%') (uncorrected) distributions (0-10%) 

Same event pairs: the Near-side jet-like peak 
sits on a triangular shaped background.

Trigger particles (V0s/h): 6 < pT,trig < 15 GeV/c
Associated particles (h): 3 < pT,assoc < pT,trig 

K0S-h ((+anti()-h

Marek Bombara, Strangeness in Quark Matter 2013, Birmingham, July 23, 2013

 (rad)�q�6
-1 0 1 2 3 4

�d�6

-1.5
-1

-0.5
0

0.5
1

1.5

Sa
m

e 
ev

en
t p

ai
rs

 (a
.u

.)

0

2

4

6

8

10
310×

 = 2.76 TeV, (0-10)%NNsPb-Pb 
 < 15 GeV/ctrig

T
p-h, 6 < S

0K
trig
T

p < assoc
T

p3 GeV/c < 
05.07.2013

!"# �é$%&'�é()*)+

 (rad)�q�6
-1

0 1 2
3 4

�d�6

-1.5
-1

-0.5
0

0.5
1

1.5

S
am

e 
ev

en
t p

ai
rs

 (
a.

u.
)

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

310!

 = 2.76 TeV, (0-10)%NNsPb-Pb 

 < 15 GeV/ctrig

T
p)-h, 6 < �R+�R(

trig

T
p < assoc

T
p3 GeV/c < 

05.07.2013

!"# �é$%&'�é()*)+

18



 (rad)�q�6
-1

0 1 2
3 4

�d�6

-1.5
-1

-0.5
0

0.5
1

1.5

M
ix

ed
 e

ve
nt

 p
ai

rs
 (

a.
u.

)

0

10

20

30

40

50

310!

 = 2.76 TeV, (0-10)%NNsPb-Pb 

 < 15 GeV/ctrig

T
p)-h, 6 < �R+�R(

trig

T
p < assoc

T
p3 GeV/c < 

05.07.2013

!"# �é$%&'�é()*+)

Mixed Npairs(%&,%') distributions (0-10%) 

Background determination: the triangular shape can be reproduced by mixed pairs, 
where the trigger and the associated particle come from different events.

K0S-h ((+anti()-h
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