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•   Make a tomography of strongly interacIng QCD maKer produced in Pb‐Pb collisions  

•   Achieve same level of understanding as QED « Bethe‐Bloch » curve 

Jet quenching 3

ment non-perturbatively into a set of final-state hadrons. The characteristic colli-

mated spray of hadrons resulting from the fragmentation of an outgoing parton is

called a “jet”.

Fig. 2. “Jet quenching” in a head-on nucleus-nucleus collision. Two quarks suffer a hard scat-

tering: one goes out directly to the vacuum, radiates a few gluons and hadronises, the other

goes through the dense plasma created (characterised by transport coefficient q̂, gluon density

dNg/dy and temperature T ), suffers energy loss due to medium-induced gluonstrahlung and
finally fragments outside into a (quenched) jet.

One of the first proposed “smoking guns” of QGP formation was “jet quench-

ing” [6] i.e. the attenuation or disappearance of the spray of hadrons resulting from

the fragmentation of a parton having suffered energy loss in the dense plasma pro-

duced in the reaction (Fig. 2). The energy lost by a particle in a medium, !E , pro-

vides fundamental information on its properties. In a general way, !E depends both

on the characteristics of the particle traversing it (energy E , mass m, and charge) and

on the plasma properties (temperature T , particle-medium interaction coupling1 ",

and thickness L), i.e. !E(E,m,T,",L). The following (closely related) variables are
extremely useful to characterise the interactions of a particle inside a medium:

• the mean free path # = 1/($%), where $ is the medium density ($ & T 3 for an

ideal gas) and % the integrated cross section of the particle-medium interaction2,

• the opacity N = L/# or number of scatterings experienced by the particle in a
medium of thickness L,

• theDebye mass mD(T )! gT (where g is the coupling parameter) is the inverse of

the screening length of the (chromo)electric fields in the plasma.mD characterises

the typical momentum exchanges with the medium and also gives the order of

the “thermal masses” of the plasma constituents,

• the transport coefficient q̂"m2D/# encodes the “scattering power” of the medium
through the average transverse momentum squared transferred to the traversing

particle per unit path-length. q̂ combines both thermodynamical (mD,$) and dy-
namical (%) properties of the medium [7, 8, 9]:

q̂ " m2D/# = m2D $ % . (2)

1 The QED and QCD coupling “constants” are"em = e2/(4') and "s = g2/(4') respectively.
2 One has #! ("T )#1 since the QED,QCD screened Coulomb scatterings are %el & "/T 2.

Medium features : 
•  mean free path λ 
•  gluon density dNg/dy 
•  temperature T°C 
•  transverse size (L) 
=> transport coefficient <q> (α ΔΕ)  ^ 

QED  QCD 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1.  QCD factoriza5on (τparton << τQGP)   

    Final state : parton energy loss (modified fragmentaIon funcIon)  
    IniIal state : cold nuclear effect (nPDF, shadowing, Cronin effect) 
   

Collisional  RadiaIve (gluonstrahlung) 

2.  Models  

X 

E 
E 

ΔE 

ΔE E‐ΔE 

E‐ΔE 

(medium) 

€ 

dσ hard (A + B→ h + X)

= φa /A (x1,Q
2)

a,b
∑ ⊗ d ˆ σ hard

ab→c+X ⊗ Dc→h (z,Q2)

3.  Reference : parton fragmentaIon in vacuum (pp, p‐Pb collisions)  

energy loss  medium evoluIon 

+ 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TPC 

γ,π0 (EMCAL) 

charged parIcules 

neutral parIcules 

•   PID and tracking capabiliIes in high mulIplicity environment  
•   low‐pT hadrons measurements 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•   Naive picture :  

→ Clear suppression with pT dependence 
→ CollecIve medium effects at low‐pT (< 8 GeV/c) 

   Need to disentangle medium effects /      
   energy loss  component 

€ 

RAA (pT ,y;b) =
d2NAA /dydpT

TAA (b) × d
2σ pp /dydpT

Energy loss dependences : 
‐  iniIal parton energy → RAA(pT)     
‐  path length (L) → in plane / out of plane 
‐  color factor → baryon / meson 
‐  mass dependence → heavy / light quark 
    Par5cle iden5fica5on   

€ 

dσAB
hard =A ⋅ B ⋅ dσ pp

hard ⇔ dNAB
hard = Ncoll ⋅ dNpp

hard

•   Nuclear suppression factor : 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•   RAAπ < RAAcharged < RAAp  for pT  < 6‐8 GeV/c        interplay collecIve effects / Eloss  

•   RAAπ ≈ RAAcharged ≈ RAAp  for pT  > 8 GeV/c        fragmentaIon+hadronizaIon  
                          in vacuum (?)     

π  p 

pT(GeV/c)  pT(GeV/c) 

•  compare baryon (proton) and meson (pion) suppression in Pb‐Pb collisions 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•  High‐pT hadron (trigger parIcle) correlated with associated hadrons 
•  Study (Δη,Δϕ) in the near‐side and away‐side 
            

Trigger   

Away‐side   
Near‐side   

PbPb compare to pp :  
‐  away‐side peak  →  suppression 
           →  broadening 
‐   near‐side peak   →  enhancement   

Near‐side   
Away‐side   

Detector, data sets and analysis.—The ALICE detector
is described in detail in [18]. The inner tracking system
(ITS) and the time projection chamber (TPC) are used for
vertex finding and tracking. The collision centrality is
determined with the forward scintillators (VZERO) as
well as for the estimation of the systematic uncertainty
with the first two layers of the ITS (silicon pixel detector,
SPD) and the zero degree calorimeters (ZDCs). Details can
be found in [19]. The main tracking detector is the TPC
which allows reconstruction of good-quality tracks with a
pseudorapidity coverage of j!j< 1:0 uniform in azimuth.
The reconstructed vertex is used to select primary track
candidates and to constrain the pt of the track.

In this analysis 14! 106 minimum-bias Pb-Pb events
recorded in fall 2010 at

!!!!!!!!
sNN

p " 2:76 TeV as well as 37!
106 pp events from March 2011 (

!!!
s

p " 2:76 TeV) are
used. These include only events where the TPC was fully
efficient to ensure uniform azimuthal acceptance. Events
are accepted which have a reconstructed vertex less than
7 cm from the nominal interaction point in beam direction.
Tracks are selected by requiring at least 70 (out of up to
159) associated clusters in the TPC, and a "2 per space
point of the momentum fit smaller than 4 (with 2 degrees of
freedom per space point). In addition, tracks are required to
originate from within 2.4 cm (3.2 cm) in transverse (lon-
gitudinal) distance from the primary vertex.

For the measurement of IAA and ICP the yield of asso-
ciated particles per trigger particle is studied as a function
of the azimuthal angle difference !’. This distribution is
given by 1=NtrigdNassoc=d!’ where Ntrig is the number of

trigger particles and Nassoc is the number of associated
particles. We measure this quantity for all pairs of particles
where pt;assoc <pt;trig within j!j< 1:0 as a function of

pt;assoc. Pair acceptance corrections have been evaluated
with a mixed-event technique but found to be negligible for
the yield ratios due to the constant acceptance in ’ and the
same detector conditions for the different data sets.

Corrections for detector efficiency (17%–18% depend-
ing on collision system, pt and centrality) and contamina-
tion (4%–8%) by secondary particles from particle-
material interactions, # conversions, and weak-decay prod-
ucts of long-lived particles are applied for trigger and
associated particles, separately. Additional secondary par-
ticles correlated with the trigger particle are found close to
!’ " 0 in particular due to decays and # conversions. We
correct for this contribution (2%–4%). These corrections
are evaluated with the HIJING 1.36 [20] Monte Carlo (MC)
generator which was tuned to reproduce the measured
multiplicity density [19] for Pb-Pb and the PYTHIA 6 [21]
MC generator with tune PERUGIA-0 [22] for pp using in
both cases a detector simulation based on GEANT3 [23].
MC simulations underestimate the number of secondary
particles. Therefore, we study the distribution of the dis-
tance of closest approach between tracks and the event
vertex.

The tail of this distribution is dominantly populated by
secondary particles and the comparison of data and MC
calculations shows that the secondary yield in the MC
events needs to be increased by about 10% (depending
on pt). An MC study shows that effects of the event
selection and vertex reconstruction are negligible for the
extracted observables. The correction procedure was vali-
dated by comparing corrected simulated events with the
MC truth.
Figure 1(a) shows a typical distribution of the corrected

per-trigger pair yield before background subtraction. The
fact that the !’ distribution is flat outside the near- and
away-side regions gives us confidence that the background
can be estimated with the zero yield at minimum (ZYAM)
assumption [24]. This procedure estimates the pedestal
value by fitting the flat region close to the minimum of
the !’ distribution (j!’# $=2j< 0:4) with a constant.
The validity of the ZYAM assumption has been questioned
in cases where collective effects dominate [25,26]; how-
ever, for the high-pt correlations of this analysis, the
narrow width and large amplitude of the correlated signal
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FIG. 1 (color online). Corrected per-trigger pair yield for 4<
pt;assoc < 6 GeV=c for central Pb-Pb events (histogram), periph-
eral Pb-Pb events (red circles) and pp events (blue squares).
(a) Azimuthal correlation; (b) zoom on the region where the
pedestal values (horizontal lines) and the v2 component
( cos2!’) are indicated. Solid lines are used in the yield ex-
traction while the dashed lines are used for the estimation of the
uncertainty of the pedestal calculation; (c) background-
subtracted distributions using the flat pedestal. Error bars indi-
cate statistical uncertainties only.
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is described in detail in [18]. The inner tracking system
(ITS) and the time projection chamber (TPC) are used for
vertex finding and tracking. The collision centrality is
determined with the forward scintillators (VZERO) as
well as for the estimation of the systematic uncertainty
with the first two layers of the ITS (silicon pixel detector,
SPD) and the zero degree calorimeters (ZDCs). Details can
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which allows reconstruction of good-quality tracks with a
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The reconstructed vertex is used to select primary track
candidates and to constrain the pt of the track.
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are accepted which have a reconstructed vertex less than
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point of the momentum fit smaller than 4 (with 2 degrees of
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originate from within 2.4 cm (3.2 cm) in transverse (lon-
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For the measurement of IAA and ICP the yield of asso-
ciated particles per trigger particle is studied as a function
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MC generator with tune PERUGIA-0 [22] for pp using in
both cases a detector simulation based on GEANT3 [23].
MC simulations underestimate the number of secondary
particles. Therefore, we study the distribution of the dis-
tance of closest approach between tracks and the event
vertex.

The tail of this distribution is dominantly populated by
secondary particles and the comparison of data and MC
calculations shows that the secondary yield in the MC
events needs to be increased by about 10% (depending
on pt). An MC study shows that effects of the event
selection and vertex reconstruction are negligible for the
extracted observables. The correction procedure was vali-
dated by comparing corrected simulated events with the
MC truth.
Figure 1(a) shows a typical distribution of the corrected

per-trigger pair yield before background subtraction. The
fact that the !’ distribution is flat outside the near- and
away-side regions gives us confidence that the background
can be estimated with the zero yield at minimum (ZYAM)
assumption [24]. This procedure estimates the pedestal
value by fitting the flat region close to the minimum of
the !’ distribution (j!’# $=2j< 0:4) with a constant.
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narrow width and large amplitude of the correlated signal

0.4

0.6

0.8

1.0

c < 15 GeV/
t,trig

p8 < 
c < 6 GeV/

t,assoc
p4 < 
 = 2.76 TeVNNs

a) not background subtracted

)
-1

 (
ra

d
!"

/d
as

so
c

N
 d

tr
ig

N
1/

0.40

0.42

0.44
b) zoomed

!" (rad)
0 2 4

0.0

0.2

0.4

0.6
Pb-Pb 0-5% centrality

Pb-Pb 60-90% centrality
pp

c) background subtracted

FIG. 1 (color online). Corrected per-trigger pair yield for 4<
pt;assoc < 6 GeV=c for central Pb-Pb events (histogram), periph-
eral Pb-Pb events (red circles) and pp events (blue squares).
(a) Azimuthal correlation; (b) zoom on the region where the
pedestal values (horizontal lines) and the v2 component
( cos2!’) are indicated. Solid lines are used in the yield ex-
traction while the dashed lines are used for the estimation of the
uncertainty of the pedestal calculation; (c) background-
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cate statistical uncertainties only.
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8 < pT,trig < 15 GeV/c 
4 < pT,asso < 6 GeV/c  PRL 108, 092301 (2012) 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•  Jet reconstrucIon gives detailed informaIons about energy loss : 
      shape : radiated gluons angle (RAAjet as a funcIon of Rcone) 
      fragmentaIon : radiated gluons energy  

pTh ≈ 0.5pTjet  

RAA=0.3 

RAA=0.3 

→ RAAjet ≈ 0.3 ≈ leading hadron suppression 
→ Energy loss not found in R = 0.2 (larger angle, R > 0.5 ?) 
→ pThadron cut is a fundamental parameter 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•  Medium effects included in modified fragmentaIon funcIon (theoreIcal models) 

•  Observables :        , 

•  « Hump Back plateau » structure in pp  modified in AA collisions ( high‐pT,  low‐pT)     

€ 

x = pT
hadron pT

jet

€ 

ξ = log(pT
jet pT

hadron ) = log(1 x)

Ime 

€ 

Eparton
initial

€ 

Eparton
initial −ΔE

PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 61
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OPAL,
%&&&
s"192–209 GeV

in vacuum, Ejet"100 GeV

in medium, Ejet"100 GeV

TASSO,
%&&&
s"14 GeV

in vacuum, Ejet"7 GeV

in medium, Ejet"7 GeV

Fig. 42. – Left: Medium over vacuum ratio of the gluon fragmentation functions plotted for a medium with

q̂ = 10 GeV2/fm (green) and q̂ = 50 GeV2/fm (red), and for two di!erent medium lengths: L = 2 fm (solid)

and 6 fm (dashed). Figure taken from Ref. [304]. Right: Single inclusive hadron distribution as a function

of ! = log
!

Ejet/p
"

. e+e! data from TASSO [307] and OPAL [308] compared to vacuum-FFs (solid curves)

and to medium-FFs (dashed/dotted curves, obtained with fmed = 0.8 in the LO splitting functions). Figure
taken from Ref. [303].

functions defined by the quenching weights, Eq. (45) is formally recovered. In the approach of

Borghini and Wiedemann [303], the medium e!ect is argued to modify the splitting functions by

enhancing its singular part; for example, the quark splitting function is

Pqq(z) = CF

#

2(1 + fmed)

(1 ! z)+
! (1 + z)

$

,(51)

where fmed = 0 gives back the vacuum Pvac. An interesting application is the medium mod-

ification of the single-inclusive energy distribution of hadrons inside a jet, dN/d!, where ! =
log(Ejet/Eh). This leads to a distortion of the usual hump-back plateau, predicted within the
Modified Leading Logarithmic Approximation (MLLA) of QCD and observed experimentally

in e+e!, DIS and hadronic collisions (for a review see e.g. [309]). As can be seen in Fig. 42

(right), the number of highly-energetic particles (small !) is suppressed while the soft gluon
yield is enhanced at large ! due to energy-momentumconservation. The inclusion of 2" 2 elas-

tic rescatterings, which accounts for elastic energy loss, can be accomplished by supplementing

the DGLAP evolution equations with a gain and loss term, which describes partons scattered into

and away from a given kinematic variable bin, and is also suitable for a Monte Carlo interpreta-

tion [305].

Several parton showers in the medium have been recently developed [310-314]. As com-

pared to analytic calculations, parton showers have many advantages such as conserving energy-

momentum throughout the evolution. They allow one to directly compare their multiple-di!erential

hadronic distributions to experimental data, and thus give a better access to the microscopic dy-

namics. They also allow to study the particle and energy flow inside a jet. As an example,

first results from the JEWEL parton shower [310], indicate that the distribution of 1, 2 and 3

jets events (reconstructed using a given granularity parameter, ycut) is sensitive to the elastic or

inelastic nature of parton rescatterings.

Applications of modified DGLAP equations have been studied only in the context of A +

A collisions (see, e.g., [215, 315]) testable at RHIC and LHC. It would be very interesting to

also study jet modifications in e + A collisions, which would be accessible at the Electron-Ion

TheoreIcal predicIons 
(hep‐ph/0506218) 

Need to carrefully define what we called « fragmentaIon funcIon » : 
    

€ 

FF2 = E hadron E parton
initial

€ 

FF1 = E hadron (Eparton
initial −ΔE)   bias FF with respect to Eloss (ΔE) 

  theoreIcal FF definiIon 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€ 

xE ≈ z =
ph

pparton

€ 

xE = −
phT
pγT

cosΔΦ
Isolated photon 

pTγ ≈ pTparton 

•   Access parton energy via photon energy measurement 
•   Study parton fragmentaIon for pT < 30 GeV/c (complementary to jet analysis)  

Compton 
scaKering 



Baseline for the study of medium 
modified parton fragmentaIon 

 in Pb‐Pb   

Fit : Ae‐Bx 

B = 7.8 ± 0.9 

•  Select direct photon with pT > 8 GeV/c (EMCal) 
   

•  Select charged hadrons with pT > 0.2 GeV/c (TPC+ITS) 

11 

Photon ID : background removal 
cluster shape (decay γ) 
IsolaIon (fragmentaIon/decay γ) 

   

R λ02 

λ12 

Shower shape 

IsolaIon (R=0.4) 



•  ALICE measures a wide list of parton energy loss observables : 

    excellent capabiliIes for PID and low‐pT measurements 
    probes complementary to other experiments (RHIC, LHC, …) 
   

•  We can start to discriminate some energy loss mechanisms : 

    current picture : radiaIve + collisionnal energy loss, fragmentaIon (vacuum) 
    challenge : disentangle soy / hard components 

•  On‐going work to study more observables :  

  gamma‐hadron correlaIons, gamma‐jets 
  heavy‐quark 
        interplay soy / hard component  

12 



Back up 



•  Measure pp collisions spectra → NLO predicIons  

•  Measure p‐Pb collisions spectra → cold nuclear effects (nPDF, shadowing)  

Inclusive charged hadrons (pp)  Inclusive charged hadrons (p‐Pb) 

p‐Pb spectra show : 
•  η dependence 
•  excess at pT < 3 GeV/c 

data on charged leptons DIS with nuclear targets and Drell-Yan in proton-nucleus collisions.

Checks of the compatibility with other hard processes are also available: the inclusive particle

production at high transverse momentum from d+Au collisions at RHIC has been included in

the analysis of [25] without signs of tension among the different data sets; the compatibility with

neutrino DIS data with nuclear targets has also been checked in Ref. [29]2. Moreover, the most

recent data from Z-production at the LHC [30] also show good agreement with the factoriza-
tion assumption although errors are still moderately large. In spite of these successes, the gluon

distribution remains poorly constrained for the nucleus, as can be seen in Fig. 1 where different

sets of nPDFs are shown, together with the corresponding uncertainty bands. DGLAP evolution

is, however, very efficient in removing the nuclear effects for gluons at small-x, which quickly
disappear for increasing Q2. In this way, these uncertainties become smaller for the hardest

available probes — see Fig. 1 — except for the large-x region where substantial effects could
survive for large virtualities. This region is, however, dominated by valence quarks which in

turn are rather well constrained by DIS data with nuclei.

An alternative approach [31] computing the small-x shadowing by its connection to the
hard diffraction in electron-nucleon scattering has been used to obtain the nuclear PDF at an

initial scale Q0 which are then evolved by NLO DGLAP equations. The inputs in this calcula-

tion are the diffractive PDFs measured in DIS with protons at HERA. These distributions are

dominated by gluons, resulting in a stronger shadowing for gluons than the corresponding one

for quarks. In Fig. 1 the results from this approach for the gluon case are also plotted. The

differences at small-x become even larger at smaller virtualities (not shown) [31].
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Fig. 1: Current knowledge of nuclear PDFs, shown as the ratio of bound over free proton gluon distributions,

RPb
g (x,Q2), obtained by the NLO global fits EPS09 [25], HKN07 [26] and nDS [27] at two different virtualities,

Q2 = 1.69 GeV2 and Q2=100 GeV2. Also shown for Q2 = 100 GeV2 are the results from Ref. [31] (FGS10) in

which gluon shadowing is computed from the DIS diffraction cross section measured at HERA.

It is worth noticing that in contrast to RHIC, where there are constraints at mid-rapidity

(x >! 10!2) for nuclear distributions from DIS and DY data, the LHC will probe completely

unexplored regions of phase space. This complicates the interpretation of the A+Adata before

a p+Abenchmarking programme removes these uncertainties, e.g. for the suppression of high

transverse momentum particles observed in [3]. The experimental data from d+Au collisions at

RHIC have already proven to be an appropriate testing ground for nPDFs studies: as mentioned

before, data on inclusive production at high-pT has been included in global fits, providing con-
straints for gluons; nPDFs are also extensively used in phenomenological studies of hard probes

2See, however, Ref. [28] for contradicting results.
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•  Use ALICE PID capabiliIes to measure                                      
idenIfied hadrons RAA 

•   Hadrons producIon pT regimes : 
  1. Low (pT ≤ 2 GeV/c) 
  → radial flow (mass dependence) 
  → energy loss (radiated gluons) 

  2. Intermediate (2 GeV/c ≤ pT ≤ 8 GeV/c) 
  → radial flow (mass dependence) 
  → jet‐medium coalescence  
  → energy loss (radiated gluons) 

  3. High (pT ≥ 8 GeV/c) 
  → high‐pT parton fragmentaIon 



calculations spanning the parameter space and cannot be
done with current calculations (e.g., [30]). Such a study is
beyond the scope of this Letter.

Comparison to RHIC.—Similar measurements have
been performed at RHIC. Although the same range in
pt;trig does not necessarily probe the same parton pt region

at different
!!!
s

p
, we assess changes from RHIC to LHC in

the following. The STARmeasurement [8] (which includes
only statistical uncertainties) of the near-side IAA is con-
sistent with unity, albeit with a large uncertainty (18%–
40%). On the away side the result from STAR is about 50%
lower than the results shown in Fig. 2. We also calculated
IAA for the 20% most central events to compare to
PHENIX [7] (only v2-subtracted data on the away side
available). For pt;assoc < 4 GeV=c, the flow influence in
this centrality interval is about 75%, too large to provide
a reliable measurement. For 4<pt;assoc < 10 GeV=c, the
v2-subtracted IAA is 0:5! 0:6" 0:08. This result is
slightly larger than results from PHENIX in a similar
pt;trig region of 7< pt;trig < 9 GeV=c: 0:31" 0:07 and

0:38" 0:11 for pt;assoc # 3:5 GeV=c and 5:8 GeV=c, re-
spectively. Based on an analysis in a lowerpt region, where
collective effects are significantly larger than in the

measurement presented here, the STAR collaboration men-
tions a slightly enhanced jetlike yield in Au-Au compared
to d-Au collisions, but does not assess the effect quantita-
tively [31]. In conclusion, the observed away-side suppres-
sion at the LHC is less than at RHIC (IAA is larger), while
the single-hadron suppression RAA is found to be slightly
larger (RAA is smaller) than at RHIC [9].
Near-side enhancement.—These measurements repre-

sent the first observation of a significant near-side enhance-
ment of IAA and ICP in the pt region studied. This
enhancement suggests that the near-side parton is also
subject to medium effects.
IAA is sensitive to (i) a change of the fragmentation

function, (ii) a possible change of the quark/gluon jet ratio
in the final state due to the different coupling to the
medium, and (iii) a bias on the parton pt spectrum after
energy loss due to the trigger particle selection. If the
fragmentation function (FF) is softened in the medium,
hadrons carry a smaller fraction of the initial parton mo-
mentum in Pb-Pb collisions as compared to pp collisions.
Therefore, hadrons with a given pt originate from a larger
average parton momentum which may lead to more
associated particles and IAA > 1. An increased fraction of
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FIG. 2 (color online). (a) IAA for central (0%–5% Pb-Pb/pp, open black symbols) and peripheral (60%–90% Pb–Pb/pp, filled red
symbols) collisions and (b) ICP. Results using different background subtraction schemes are presented: using a flat pedestal (squares),
using v2 subtraction (diamonds) and subtracting the large j!!j region (circles, only on the near side). For details see text. For clarity,
the data points are slightly displaced on the pt;assoc axis. The shaded bands denote systematic uncertainties.
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Fig. 2. Associated yield per trigger particle as a function of !" averaged over |!#| <
1.8 for pairs of charged particles with 2 < pT,trig < 4 GeV/c and 1 < pT,assoc <

2 GeV/c in p–Pb collisions at
!
sNN = 5.02 TeV for different event classes, and in pp

collisions at 2.76 and 7 TeV. The yield between the peaks (determined at !" " 1.3)
has been subtracted in each case. Only statistical uncertainties are shown; system-
atic uncertainties are less than 0.01 (absolute) per bin.

p–Pb collisions and for pp collisions at
!
s = 7 TeV, and increase

with increasing multiplicity in p–Pb collisions.
To quantify the change from low to high multiplicity event

classes, we subtract the per-trigger yield of the lowest (60–100%)
from that of the higher multiplicity classes. The resulting distri-
bution in !" and !# for the 0–20% event class is shown in
Fig. 3 (left). A distinct excess structure in the correlation is ob-
served, which forms two ridges, one on the near side and one on
the away side. The ridge on the near side is qualitatively similar
to the one recently reported by the CMS Collaboration [22]. Note,
however that a quantitative comparison would not be meaning-
ful due to the different definition of the per-trigger yield and the
different detector acceptance and event-class definition.

On the near side, there is a peak around (!" " 0, !# " 0)
indicating a small change of the near-side jet yield as a function
of multiplicity. The integral of this peak above the ridge within
|!#| < 0.5 corresponds to about 5–25% of the unsubtracted near-
side peak yield, depending on pT. In order to avoid a bias on the
associated yields due to the multiplicity selection and to prevent
that this remaining peak contributes to the ridge yields calculated
below, the region |!#| < 0.8 on the near side is excluded when
performing projections onto !" . The effect of this incomplete

Fig. 3. Left: Associated yield per trigger particle in !" and !# for pairs of charged particles with 2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at!
sNN = 5.02 TeV for the 0–20% multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top right: the associated per-trigger yield

after subtraction (as shown on the left) projected onto !# averaged over |!"| < $/3 (black circles), |!" # $ | < $/3 (red squares), and the remaining area (blue triangles,
!" < #$/3, $/3 < !" < 2$/3 and !" > 4$/3). Bottom right: as above but projected onto !" averaged over 0.8 < |!#| < 1.8 on the near side and |!#| < 1.8 on the
away side. Superimposed are fits containing a cos(2!") shape alone (black dashed line) and a combination of cos(2!") and cos(3!") shapes (red solid line). The blue
horizontal line shows the baseline obtained from the latter fit which is used for the yield calculation. Also shown for comparison is the subtracted associated yield when the
same procedure is applied on HIJING shifted to the same baseline. The figure shows only statistical uncertainties. Systematic uncertainties are mostly correlated and affect
the baseline. Uncorrelated uncertainties are less than 1%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
Letter.)

•  Near‐side « ridge » (!) 

Different explanaIons : 
‐  longitudinal flow 
‐  large angle emissions 
‐  Cerenkov‐like radiaIon 
‐  shock wave phenomena  
‐  …  



π0‐jet γ‐jet  γfragmenta5on‐jet  hadron‐jet 

IsolaIon  Photon idenIficaIon +

Inclusive isolated clusters 

EMCal clusters : 

UE 

Signal  Background  UE 

Purity : p = S/(S+B) 

underlying event 

(Background (B) dominated by π0) 

(xEπ
0 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xEhadron) 



Select direct photons : 
•  most of direct photons are isolated, most of decay photons are not (jet) 
•   isolaIon parameters : cone radius                       , pTthreshold 

R 

≈ x8 

AnnihilaIon  Compton 

Isolated cluster  
 

no parIcle with pT above 0.5 GeV/c in 
cone R = 0.4 



•  Isolated clusters sample = isolated photons + background 
•  Binned likelihood fit of the shower shape distribu5on : 
    combined signal (MC) and background (data) shower shape to fit data 

Purity  =  

+ 

pT bins 
(GeV/c) 

Purity 

8‐12  0.08 ± 0.01 

12‐16  0.31 ± 0.05 

16‐25  0.59 ± 0.04 


