
LPCC workshop ‘Prospects of p-Pb collisions during the 2012 LHC HI run’, 17 October 2011

Present status and prospects of high-pT 
and jets in proton-nucleus

José Guilherme Milhano 

CENTRA-IST (Lisbon) & CERN PH-TH

 

1



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

�� once dynamics under theoretical control, promote jet quenching to detailed 
probe of medium properties

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

�� once dynamics under theoretical control, promote jet quenching to detailed 
probe of medium properties

� two classes of jet quenching measurements

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

�� once dynamics under theoretical control, promote jet quenching to detailed 
probe of medium properties

� two classes of jet quenching measurements

�� without jets

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

�� once dynamics under theoretical control, promote jet quenching to detailed 
probe of medium properties

� two classes of jet quenching measurements

�� without jets

• leading high-pt hadron spectra, ‘jet-like’ di-hadon correlations, ...

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

�� once dynamics under theoretical control, promote jet quenching to detailed 
probe of medium properties

� two classes of jet quenching measurements

�� without jets

• leading high-pt hadron spectra, ‘jet-like’ di-hadon correlations, ...

�� fully reconstructed jets

2



jet quenching in AA collisions
the observable consequences of the effect of the hot and dense 
QCD medium created in heavy ion collisions on energetic partons  
[and their showers] that traverse [develop in] the such medium

� measurements of jet quenching have a dual role

�� identification of the microscopic dynamical ingredients responsible for the 
phenomenon 

�� once dynamics under theoretical control, promote jet quenching to detailed 
probe of medium properties

� two classes of jet quenching measurements

�� without jets

• leading high-pt hadron spectra, ‘jet-like’ di-hadon correlations, ...

�� fully reconstructed jets

• jet suppression, di-jet asymmetry, jet shapes, ...

2



7

 (GeV/c)
T

p

0 5 10 15 20

-2
) 

(G
e

V
/c

)
T

 d
p

η
) 

/ 
(d

c
h

N
2

) 
(d

T
 p
π

 1
/(

2
e
v
t

1
/N

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

-2
10

-1
10

1

10

2
10

3
10

4
10

5
10

scaled pp reference

0-5%

70-80%

 = 2.76 TeV
NN

sPb-Pb   

Figure 2: The pT distributions of primary charged particles at mid-rapidity (|η | < 0.8) in central (0–5%) and

peripheral (70–80%) Pb–Pb collisions at
√
s
NN

= 2.76 TeV. Error bars are statistical only. The systematic data

errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%

centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within

the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is

found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation

reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from

NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV

are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is

similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at

pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In

contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer

to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The

nuclear modification factor deviates from one in both samples. At high pT , where production from hard

processes is expected to dominate, there is a marked difference between peripheral and central events. In

peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-

pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ≈ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in

heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about

a factor of two is observed for 7< pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,

as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of

RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

jet quenching without jets

suppression of high-pt single hadronic spectra
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High energy heavy-ion collisions enable the study of strongly interacting matter under extreme condi-

tions. At sufficiently high collision energies Quantum-Chromodynamics (QCD) predicts that hot and

dense deconfined matter, commonly referred to as the Quark-Gluon Plasma (QGP), is formed. With the

advent of a new generation of experiments at the CERN Large Hadron Collider (LHC) [1] a new energy

domain is accessible to study the properties of this state.

Previous experiments at the Relativistic Heavy Ion Collider (RHIC) reported that hadron production

at high transverse momentum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass energy

per nucleon pair
√
s
NN
of 200 GeV is suppressed by a factor 4–5 compared to expectations from an

independent superposition of nucleon-nucleon (NN) collisions [2, 3, 4, 5]. The dominant production

mechanism for high-pT hadrons is the fragmentation of high-pT partons that originate in hard scatterings

in the early stage of the nuclear collision. The observed suppression at RHIC is generally attributed to

energy loss of the partons as they propagate through the hot and dense QCD medium [6, 7, 8, 9, 10].

To quantify nuclear medium effects at high pT , the so called nuclear modification factor RAA is used.

RAA is defined as the ratio of the charged particle yield in Pb–Pb to that in pp, scaled by the number of

binary nucleon–nucleon collisions 〈Ncoll〉

RAA(pT ) =
(1/NAA

evt )d
2NAA

ch /dηdpT
〈Ncoll〉(1/Npp

evt )d2N
pp

ch /dηdpT
,

where η = − ln(tanθ/2) is the pseudo-rapidity and θ is the polar angle between the charged particle
direction and the beam axis. The number of binary nucleon–nucleon collisions 〈Ncoll〉 is given by the
product of the nuclear overlap function 〈TAA〉 [11] and the inelastic NN cross section σNN

inel . If no nuclear

modification is present, RAA is unity at high pT .

At the larger LHC energy the density of the medium is expected to be higher than at RHIC, leading to a

larger energy loss of high pT partons. On the other hand, the less steeply falling spectrum at the higher

energy will lead to a smaller suppression in the pT spectrum of charged particles, for a given magnitude

of partonic energy loss [9, 10]. Both the value of RAA in central collisions as well as its pT dependence

may also in part be influenced by gluon shadowing and saturation effects, which in general decrease with

increasing x and Q2.

This Letter reports the measurement of the inclusive primary charged particle transverse momentum

distributions at mid-rapidity in central and peripheral Pb–Pb collisions at
√
s
NN

= 2.76 TeV by the ALICE
experiment [12]. Primary particles are defined as prompt particles produced in the collision, including

decay products, except those from weak decays of strange particles. The data were collected in the first

heavy-ion collision period at the LHC. A detailed description of the experiment can be found in [12].

For the present analysis, charged particle tracking utilizes the Inner Tracking System (ITS) and the Time

Projection Chamber (TPC) [13], both of which cover the central region in the pseudo-rapidity range

|η | < 0.9. The ITS and TPC detectors are located in the ALICE central barrel and operate in the 0.5 T
magnetic field of a large solenoidal magnet. The TPC is a cylindrical drift detector with two readout

planes on the endcaps. The active volume covers 85< r < 247 cm and −250< z< 250 cm in the radial
and longitudinal directions, respectively. A high voltage membrane at z = 0 divides the active volume

into two halves and provides the electric drift field of 400 V/cm, resulting in a maximum drift time of

94 µs.

The ITS is used for charged particle tracking and trigger purposes. It is composed of six cylindrical layers

of high resolution silicon tracking detectors with radial distances to the beam line from 3.9 to 43 cm. The

two innermost layers are the Silicon Pixel Detectors (SPD) with a total of 9.8 million pixels, read out by

1200 chips. Each chip provides a fast signal if at least one of its pixels is hit. The signals from the 1200

chips are combined in a programmable logic unit which supplies a trigger signal. The SPD contributes

to the minimum-bias trigger, if hits are detected on at least two chips on the outer layer. The SPD is
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of partonic energy loss [9, 10]. Both the value of RAA in central collisions as well as its pT dependence

may also in part be influenced by gluon shadowing and saturation effects, which in general decrease with
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experiment [12]. Primary particles are defined as prompt particles produced in the collision, including

decay products, except those from weak decays of strange particles. The data were collected in the first

heavy-ion collision period at the LHC. A detailed description of the experiment can be found in [12].
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planes on the endcaps. The active volume covers 85< r < 247 cm and −250< z< 250 cm in the radial
and longitudinal directions, respectively. A high voltage membrane at z = 0 divides the active volume

into two halves and provides the electric drift field of 400 V/cm, resulting in a maximum drift time of

94 µs.

The ITS is used for charged particle tracking and trigger purposes. It is composed of six cylindrical layers

of high resolution silicon tracking detectors with radial distances to the beam line from 3.9 to 43 cm. The

two innermost layers are the Silicon Pixel Detectors (SPD) with a total of 9.8 million pixels, read out by

1200 chips. Each chip provides a fast signal if at least one of its pixels is hit. The signals from the 1200

chips are combined in a programmable logic unit which supplies a trigger signal. The SPD contributes

to the minimum-bias trigger, if hits are detected on at least two chips on the outer layer. The SPD is
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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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)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 fluctuations
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,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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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)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 fluctuations
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,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

CMS
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jet quenching with jets

� first systematic full jet measurement

�� significant jet energy loss [out of cone radiation] with no deflection 

�� dynamical constraints leading to novel theoretical ideas
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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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)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 fluctuations
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,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

CMS

J. Casalderrey-Solana, JGM, U. Wiedemann [jet collimation] 
C. Salgado, Y. Mehtar-Tani and K. Tywoniuk   + J. Casalderrey-Solana, E.Iancu [modification of coherence properties of showers in the medium]
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jet quenching with jets

� first systematic full jet measurement

�� significant jet energy loss [out of cone radiation] with no deflection 

�� dynamical constraints leading to novel theoretical ideas

�� background subtraction rather non-trivial
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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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)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. 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 fluctuations
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,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

CMS

J. Casalderrey-Solana, JGM, U. Wiedemann [jet collimation] 
C. Salgado, Y. Mehtar-Tani and K. Tywoniuk   + J. Casalderrey-Solana, E.Iancu [modification of coherence properties of showers in the medium]
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jet quenching with jets
Single Jet central to peripheral ratio: Rcp

• Observe:
!Comparable suppression in R = 0.2 and R = 0.4 
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3.3 Overall momentum balance of dijet events 21

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 unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, ⇥�p⌅T⇤, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The ⇥�p⌅T⇤ values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (�R < 0.8) one of the leading or subleading jet cones
(left) and outside (�R > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to ⇥�p⌅T⇤ for five transverse momentum ranges from 0.5–
1 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)

Leading Jet

Associated Jet

22 4 Summary

by the pT > 8 GeV/c range is balanced by the combined contributions from the 0.5–8 GeV/c
regions. Looking at the pT < 8 GeV/c region in detail, important differences between data
and simulation emerge. For PYTHIA+HYDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4–8 GeV/c, while the contribution from the
two regions spanning 0.5–2 GeV/c is very small. In peripheral PbPb data, the contribution of
0.5–2 GeV/c tracks relative to that from 4–8 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 in PYTHIA+HYDJET. In data, the 4–8 GeV/c region
makes almost no contribution to the overall momentum balance, while a large fraction of the
negative imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance measurement comes from the pT-
dependent uncertainty in the track reconstruction efficiency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the final result, stemming from the residual dif-
ference between the PYTHIA generator-level and the reconstructed PYTHIA+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 0–30% central events similar to the study described in Section 3.2. The
overall systematic uncertainty is shown as brackets in Figs. 14 and 15.

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 not �-symmetric on an event-by-event basis,
the back-to-back requirement was tightened to ��12 > 5⇤/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
the AJ > 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 < pT < 4 GeV/c whereas in MC more than 50% of the balance is
carried by tracks with pT > 4 GeV/c, with a negligible contribution from pT < 1 GeV/c.

The PYTHIA+HYDJET results are indicative of semi-hard initial or final-state radiation as the
underlying cause for large AJ events in the MC study. This has been confirmed by further
studies which showed that in PYTHIA the momentum balance in the transverse plane for events
with large AJ can be restored if a third jet with pT > 20 GeV/c, which is present in more than
90% of these events, is included. This is in contrast to the results for large-AJ PbPb data, which
show that a large part of the momentum balance is carried by soft particles (pT < 2 GeV/c) and
radiated at large angles to the jet axes (�R > 0.8).

4 Summary
The CMS detector has been used to study jet production in PbPb collisions at ⌥sNN = 2.76 TeV.
Jets were reconstructed using primarily the calorimeter information in a data sample corre-
sponding to an integrated luminosity of Lint = 6.7 µb�1. Events having a leading jet with
pT > 120 GeV/c and |⇥| < 2 were selected. As a function of centrality, dijet events with a
subleading jet of pT > 50 GeV/c and |⇥| < 2 were found to have an increasing momentum im-
balance. Data were compared to PYTHIA dijet simulations for pp collisions at the same energy
which were embedded into real heavy ion events. The momentum imbalances observed in the
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• Even for large cone radius, out of cone radiation is mostly soft

• The hard part of the near side seems mostly unchanged.
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were corrected for tracking efficiency and fake rates using corrections that were derived from
PYTHIA+HYDJET simulations and from the reconstruction of single tracks embedded in data.
In each panel, the area of each colored region in pT and �R corresponds to the total transverse
momentum per event carried by tracks in this region.

For the balanced-jet selection, AJ < 0.11, one sees qualitative agreement in the leading and
subleading jet momentum distributions between PYTHIA+HYDJET (top) and data (bottom). In
data and simulation, most of the leading and subleading jet momentum is carried by tracks
with pT > 8 GeV/c, with the data tracks having a slightly narrower �R distribution. A slightly
larger fraction of the momentum for the subleading jets is carried by tracks at low pT and
�R > 0.16 (i.e., beyond the second bin) in the data.

Moving towards larger dijet imbalance, the major fraction of the leading jet momentum con-
tinues to be carried by high-pT tracks in data and simulation. For the AJ > 0.33 selection, it is
important to recall that less than 10% of all PYTHIA dijet events fall in this category, and, as will
be discussed in Section 3.3, those that do are overwhelmingly 3-jet events.

While the overall change found in the leading jet shapes as a function of AJ is small, a strong
modification of the track momentum composition of the subleading jets is seen, confirming the
calorimeter determination of the dijet imbalance. The biggest difference between data and sim-
ulation is found for tracks with pT < 4 GeV/c. For PYTHIA, the momentum in the subleading
jet carried by these tracks is small and their radial distribution is nearly unchanged with AJ .
However, for data, the relative contribution of low-pT tracks grows with AJ , and an increasing
fraction of those tracks is observed at large distances to the jet axis, extending out to �R = 0.8
(the largest angular distance to the jet in this study).

The major systematic uncertainties for the track-jet correlation measurement come from the
pT-dependent uncertainty in the track reconstruction efficiency. The algorithmic track recon-
struction efficiency, which averages 70% over the pT > 0.5 GeV/c and |⇥| < 2.4 range included
in this study, was determined from an independent PYTHIA+HYDJET sample, and from sim-
ulated tracks embedded in data. Additional uncertainties are introduced by the underlying
event subtraction procedure. The latter was studied by comparing the track-jet correlations
seen in pure PYTHIA dijet events for generated particles with those seen in PYTHIA+HYDJET
events after reconstruction and background subtraction. The size of the background subtrac-
tion systematic uncertainty was further cross-checked in data by repeating the procedure for
random ring-like regions in 0–30% central minimum bias events. In the end, an overall sys-
tematic uncertainty of 20% per bin was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig. 13.

3.3 Overall momentum balance of dijet events

The requirements of the background subtraction procedure limit the track-jet correlation study
to tracks with pT > 1.0 GeV/c and �R < 0.8. Complementary information about the over-
all momentum balance in the dijet events can be obtained using the projection of missing pT
of reconstructed charged tracks onto the leading jet axis. For each event, this projection was
calculated as

⇥p⌃T = ⇥
i
�pi

T cos (�i � �Leading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and |⇥| < 2.4. The results were then
averaged over events to obtain ⇤⇥p⌃T⌅. No background subtraction was applied, which allows
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jet quenching with jets

� clear jet energy loss, energy recovered in soft components at large angles, 
apparent no modification of fragmentation, ...

�� many questions...
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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 unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, ⇥�p⌅T⇤, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The ⇥�p⌅T⇤ values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (�R < 0.8) one of the leading or subleading jet cones
(left) and outside (�R > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to ⇥�p⌅T⇤ for five transverse momentum ranges from 0.5–
1 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)
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by the pT > 8 GeV/c range is balanced by the combined contributions from the 0.5–8 GeV/c
regions. Looking at the pT < 8 GeV/c region in detail, important differences between data
and simulation emerge. For PYTHIA+HYDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4–8 GeV/c, while the contribution from the
two regions spanning 0.5–2 GeV/c is very small. In peripheral PbPb data, the contribution of
0.5–2 GeV/c tracks relative to that from 4–8 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 in PYTHIA+HYDJET. In data, the 4–8 GeV/c region
makes almost no contribution to the overall momentum balance, while a large fraction of the
negative imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance measurement comes from the pT-
dependent uncertainty in the track reconstruction efficiency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the final result, stemming from the residual dif-
ference between the PYTHIA generator-level and the reconstructed PYTHIA+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 0–30% central events similar to the study described in Section 3.2. The
overall systematic uncertainty is shown as brackets in Figs. 14 and 15.

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 not �-symmetric on an event-by-event basis,
the back-to-back requirement was tightened to ��12 > 5⇤/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
the AJ > 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 < pT < 4 GeV/c whereas in MC more than 50% of the balance is
carried by tracks with pT > 4 GeV/c, with a negligible contribution from pT < 1 GeV/c.

The PYTHIA+HYDJET results are indicative of semi-hard initial or final-state radiation as the
underlying cause for large AJ events in the MC study. This has been confirmed by further
studies which showed that in PYTHIA the momentum balance in the transverse plane for events
with large AJ can be restored if a third jet with pT > 20 GeV/c, which is present in more than
90% of these events, is included. This is in contrast to the results for large-AJ PbPb data, which
show that a large part of the momentum balance is carried by soft particles (pT < 2 GeV/c) and
radiated at large angles to the jet axes (�R > 0.8).

4 Summary
The CMS detector has been used to study jet production in PbPb collisions at ⌥sNN = 2.76 TeV.
Jets were reconstructed using primarily the calorimeter information in a data sample corre-
sponding to an integrated luminosity of Lint = 6.7 µb�1. Events having a leading jet with
pT > 120 GeV/c and |⇥| < 2 were selected. As a function of centrality, dijet events with a
subleading jet of pT > 50 GeV/c and |⇥| < 2 were found to have an increasing momentum im-
balance. Data were compared to PYTHIA dijet simulations for pp collisions at the same energy
which were embedded into real heavy ion events. The momentum imbalances observed in the
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• Even for large cone radius, out of cone radiation is mostly soft

• The hard part of the near side seems mostly unchanged.
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were corrected for tracking efficiency and fake rates using corrections that were derived from
PYTHIA+HYDJET simulations and from the reconstruction of single tracks embedded in data.
In each panel, the area of each colored region in pT and �R corresponds to the total transverse
momentum per event carried by tracks in this region.

For the balanced-jet selection, AJ < 0.11, one sees qualitative agreement in the leading and
subleading jet momentum distributions between PYTHIA+HYDJET (top) and data (bottom). In
data and simulation, most of the leading and subleading jet momentum is carried by tracks
with pT > 8 GeV/c, with the data tracks having a slightly narrower �R distribution. A slightly
larger fraction of the momentum for the subleading jets is carried by tracks at low pT and
�R > 0.16 (i.e., beyond the second bin) in the data.

Moving towards larger dijet imbalance, the major fraction of the leading jet momentum con-
tinues to be carried by high-pT tracks in data and simulation. For the AJ > 0.33 selection, it is
important to recall that less than 10% of all PYTHIA dijet events fall in this category, and, as will
be discussed in Section 3.3, those that do are overwhelmingly 3-jet events.

While the overall change found in the leading jet shapes as a function of AJ is small, a strong
modification of the track momentum composition of the subleading jets is seen, confirming the
calorimeter determination of the dijet imbalance. The biggest difference between data and sim-
ulation is found for tracks with pT < 4 GeV/c. For PYTHIA, the momentum in the subleading
jet carried by these tracks is small and their radial distribution is nearly unchanged with AJ .
However, for data, the relative contribution of low-pT tracks grows with AJ , and an increasing
fraction of those tracks is observed at large distances to the jet axis, extending out to �R = 0.8
(the largest angular distance to the jet in this study).

The major systematic uncertainties for the track-jet correlation measurement come from the
pT-dependent uncertainty in the track reconstruction efficiency. The algorithmic track recon-
struction efficiency, which averages 70% over the pT > 0.5 GeV/c and |⇥| < 2.4 range included
in this study, was determined from an independent PYTHIA+HYDJET sample, and from sim-
ulated tracks embedded in data. Additional uncertainties are introduced by the underlying
event subtraction procedure. The latter was studied by comparing the track-jet correlations
seen in pure PYTHIA dijet events for generated particles with those seen in PYTHIA+HYDJET
events after reconstruction and background subtraction. The size of the background subtrac-
tion systematic uncertainty was further cross-checked in data by repeating the procedure for
random ring-like regions in 0–30% central minimum bias events. In the end, an overall sys-
tematic uncertainty of 20% per bin was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig. 13.

3.3 Overall momentum balance of dijet events

The requirements of the background subtraction procedure limit the track-jet correlation study
to tracks with pT > 1.0 GeV/c and �R < 0.8. Complementary information about the over-
all momentum balance in the dijet events can be obtained using the projection of missing pT
of reconstructed charged tracks onto the leading jet axis. For each event, this projection was
calculated as

⇥p⌃T = ⇥
i
�pi

T cos (�i � �Leading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and |⇥| < 2.4. The results were then
averaged over events to obtain ⇤⇥p⌃T⌅. No background subtraction was applied, which allows
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Fig. 2: 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 |Δη |-region (circles, only on the
near-side). The line shows a PYTHIA 8 study illustrating the effect of gluon filtering in the medium. For details
see text. For clarity, the data points are slightly displaced on the pt,assoc-axis. The shaded bands denote systematic
uncertainties.

to medium effects. Two other observations in the same transverse momentum region can provide insight
into possible explanations of the near-side enhancement: the strong suppression of the trigger particles
(RAA ≈ 0.2) and the rising slope of RAA(pt) [9]. The product RAA(pt,trig)IAA(pt,trig, pt,assoc) measures
the hadron-pair suppression JAA(pt,trig, pt,assoc) [29]. Assuming no modification of the fragmentation
function, on the near-side, JAA(pt,trig, pt,assoc) is approximately RAA(pt,trig+ pt,assoc). Then a rising RAA
directly leads to an IAA above unity, increasing with pt,assoc.

Another argument for the modification of IAA on the near-side can be derived from the fact that gluons
have a stronger coupling to the medium and are therefore subject to a larger energy loss as compared
to quarks. Hence, in Pb–Pb collisions the trigger particles may come predominantly from quark frag-
mentation as opposed to the gluon dominated pp reference [30]. At LHC energies, hadrons from quark

pPb calibration?
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to medium effects. Two other observations in the same transverse momentum region can provide insight
into possible explanations of the near-side enhancement: the strong suppression of the trigger particles
(RAA ≈ 0.2) and the rising slope of RAA(pt) [9]. The product RAA(pt,trig)IAA(pt,trig, pt,assoc) measures
the hadron-pair suppression JAA(pt,trig, pt,assoc) [29]. Assuming no modification of the fragmentation
function, on the near-side, JAA(pt,trig, pt,assoc) is approximately RAA(pt,trig+ pt,assoc). Then a rising RAA
directly leads to an IAA above unity, increasing with pt,assoc.

Another argument for the modification of IAA on the near-side can be derived from the fact that gluons
have a stronger coupling to the medium and are therefore subject to a larger energy loss as compared
to quarks. Hence, in Pb–Pb collisions the trigger particles may come predominantly from quark frag-
mentation as opposed to the gluon dominated pp reference [30]. At LHC energies, hadrons from quark

pPb calibration?
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of particles in and the momentum distribution of the underlying event appear to be largely independent of
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� jet quenching in dAu [?] with no broadening [?]

�� initial state effects ?

�� CNM parton energy loss ? [Wang et al + Vitev et al]
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high pt measurements in pA [d-Au, p-Pb]

� jet quenching in dAu [?] with no broadening [?]

�� initial state effects ?

�� CNM parton energy loss ? [Wang et al + Vitev et al]

�� RHIC limitations on determination of jet energy scale [no hadron calorimetry] ?
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awayjet

T

/p

leadjet

T

>0.7 and |��

jet
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TransMax and TransMin regions in the “leading” and “back-to-back” sets we can extract information about
the various components in the UE. The properties of the UE in both pp and d-Au events are being studied,
this is the first time such an analysis has been undertaken for d-Au collisions. Since this study is preformed at
mid-rapidity it is likely that there is little to no contribution from the beam-beam remnants. Both the number
of particles in and the momentum distribution of the underlying event appear to be largely independent of
the leading jet’s p
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in both pp and d-Au collisions, Fig. 6. The mean transverse momentum is similar for pp

and d-Au events in both the TransMax and TransMin regions as can be seen in Fig. 6 left panel. Meanwhile
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high pt measurements in pA [d-Au, p-Pb]

� jet quenching in dAu [?] with no broadening [?]

�� initial state effects ?

�� CNM parton energy loss ? [Wang et al + Vitev et al]

�� RHIC limitations on determination of jet energy scale [no hadron calorimetry] ?

�� just Ncoll gone wrong ?
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TransMax and TransMin regions in the “leading” and “back-to-back” sets we can extract information about
the various components in the UE. The properties of the UE in both pp and d-Au events are being studied,
this is the first time such an analysis has been undertaken for d-Au collisions. Since this study is preformed at
mid-rapidity it is likely that there is little to no contribution from the beam-beam remnants. Both the number
of particles in and the momentum distribution of the underlying event appear to be largely independent of
the leading jet’s p
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the various components in the UE. The properties of the UE in both pp and d-Au events are being studied,
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high pt measurements in pA [d-Au, p-Pb]

� jet quenching in dAu [?] with no broadening [?]

�� initial state effects ?

�� CNM parton energy loss ? [Wang et al + Vitev et al]

�� RHIC limitations on determination of jet energy scale [no hadron calorimetry] ?

�� just Ncoll gone wrong ?

• What is the true baseline for hot matter effects? 
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initial and final state radiation of the scattered parton. The TransMax region has an enhanced probability of
containing contributions from these hard initial and final state radiation components. Thus, by comparing the
TransMax and TransMin regions in the “leading” and “back-to-back” sets we can extract information about
the various components in the UE. The properties of the UE in both pp and d-Au events are being studied,
this is the first time such an analysis has been undertaken for d-Au collisions. Since this study is preformed at
mid-rapidity it is likely that there is little to no contribution from the beam-beam remnants. Both the number
of particles in and the momentum distribution of the underlying event appear to be largely independent of
the leading jet’s p
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in both pp and d-Au collisions, Fig. 6. The mean transverse momentum is similar for pp

and d-Au events in both the TransMax and TransMin regions as can be seen in Fig. 6 left panel. Meanwhile
the average number of charged particles per unit ⌘ and � increases by ⇠factor 5 from pp and d-Au collisions,
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the various components in the UE. The properties of the UE in both pp and d-Au events are being studied,
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mid-rapidity it is likely that there is little to no contribution from the beam-beam remnants. Both the number
of particles in and the momentum distribution of the underlying event appear to be largely independent of
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jets in pA@LHC

0 50 100 150 200 250 300 350
-310

-210

-110

1

10

210

310

310

410

510

610

710

810

b/
G

eV
)

µ (
Th

ar
de

st
/d

E
n 

je
ts

σd

NLO QCD, CTEQ6.1M
-algorithm, R=1.0Tk

>20 GeVTi/2, E
T

=Eµ

 (GeV)ThardestE

|<2.5
lab
η|

0 50 100 150 200 250 300 350
-310

-210

-110

1

10

210

310

210

310

410

510

610

710

810-1s-2 cm29L=10
p(3500)+Pb(1380) s6

ev
en

ts
 in

 1
0

 (GeV)ThardestE

|<1
lab
η|

20 40 60 80 100 120 140 160 180
-610

-510

-410

-310

-210

-110

1

10

210

310

-110

1

10

210

310

410

510

610

710

810

 (GeV)ThardestE

black: 1+2+3 jets
red: 2 jets
green: 3 jets

<4.75
lab
η3<

30 40 50 60 70 80 90
-810

-710

-610

-510

-410

-310

-210

-110

1

10

210

-310

-210

-110

1

10

210

310

410

510

610

710dashed: no EPS09
solid: EPS09
dotted: EKS98

 (GeV)ThardestE

<-3
lab
η-4.75<

8



jets in pA@LHC

� 1 standard month of running [106 s with L=1029 cm-2 s-1]
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jets in pA@LHC

� 1 standard month of running [106 s with L=1029 cm-2 s-1]

�� abundant samples up to high ET + small initial state nuclear effects [smaller 
than expected/known effects in AA]
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jets in pA@LHC

� 1 standard month of running [106 s with L=1029 cm-2 s-1]

�� abundant samples up to high ET + small initial state nuclear effects [smaller 
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2

(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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need to be integrated while this integration is implicit in the PDFs obtained in the collinear
factorization. In this situation, the computation of the ratios needs information external to the
theoretical framework of the CGC about the inelastic p+p and p+A cross sections, or, alterna-
tively, about the average number of nucleon-nucleon collisions 〈Ncoll〉, usually computed in the
Glauber model. This additional ingredient translates into a normalization factor in the ratio
RpA(pT , η)— 〈Ncoll〉 has been fixed to be the same as for RHIC in Fig. 7 but could be larger at
the LHC. If the presence of saturation effects turns out to be a matter of precision, e.g. compat-
ibility of different data sets within a global fit in either a DGLAP or a CGC approach, a good
control over the normalization cross sections and/or the validity of the Glauber model is needed.
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Fig. 7: Nuclear modification factor for inclusive charged hadrons in p+Pb collisions for different rapidities —
notice, centre-of-mass rapidities here — computed in the saturation approach of [69] compared with the same
quantity computed in collinear factorization [68] using EPS09 nuclear PDFs [25], including the corresponding
uncertainty bands — notice that they overlap in most of the pT -region plotted. As explained in the text, the total
normalization of the CGC calculation is proportional to the 〈Ncoll〉 computed within the Glauber model. For this
particular case, this quantity has been fixed to the one computed by the BRAHMS experiment for RHIC conditions,
〈Ncoll〉 = 3.6.

Another generic feature of the presence of saturation of partonic densities is the modifica-
tion of particle correlations due to collective effects in the initial wave function. In the extreme
case, the momentum imbalance of one given particle can be shared among a large number of
other particles, leading to a loss of the correlation signal. Preliminary data from RHIC [70]
find such a decorrelation, compatible with a calculation in saturation physics [71], although
alternative explanations have also been put forward [72].

The present status of the phenomenological calculations within the CGC framework have
strongly benefited from the inclusion of NLO terms in the corresponding BK evolution equa-
tions. These terms are essential to make the comparison with experimental data meaningful
at the quantitative level and to convert this framework into a predictive tool for which the
p+A programme at the LHC will provide ideal testable conditions. Improvements in the limi-
tations of the formalism mentioned above are being worked out and have partly already been
used [73] in the description of the centrality dependence of multiplicities in Pb+Pb collisions
measured by ALICE [67].
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(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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(??) resides in the nPDF fi/A(x, Q2). It is customary to
characterize nuclear effects by the ratio

RA
i (x, Q2) ≡ fi/A(x, Q2)

/

fi/p(x, Q2) . (2)

In global nPDF analyses, characteristic deviations of
RA

i (x, Q2) from unity are found for all scales of Q2 tested
so far and for essentially all scales of the momentum frac-
tion x. These effects are typically referred to as nuclear
shadowing (x <∼ 0.01), anti-shadowing (0.01 <∼ x <∼ 0.2),
EMC effect (0.2 <∼ x <∼ 0.7) and Fermi motion (x >∼ 0.7).
The shape of the nuclear x-dependence of RA

i (x, Q2) ex-
tracted from current global nPDF fits is qualitatively
similar for gluons, valence and sea quarks, though there
are significant quantitative differences. A typical exam-
ple for a ratio (??) is shown in the left upper plot of
Fig. ??.

Nuclear effects on single inclusive hadron production
are typically characterized as a function of the transverse
momentum pT and the rapidity y of the produced hadron
in terms of the nuclear modification factor

Rh
p A(pT , y) =

dσpA→h+X

dp2
T dy

/

NpA
coll

dσpp→h+X

dp2
T dy

. (3)

Here, NpA
coll denotes the average number of equivalent

nucleon-nucleon collisions in a pA collision. It is de-
termined by Glauber theory, which can be subjected
to independent phenomenological tests. The lower left
plot of Fig. ?? shows the nuclear modification fac-
tor Rπ0

d Au(pT , y) for the production of neutral pions in√
sNN = 200 GeV deuteron-gold collisions at RHIC, cal-

culated within the factorized ansatz (??) at leading order
(LO). Results shown in Fig. ?? are also consistent with

the NLO-calculation of Rπ0

d Au(pT , y) in [? ]. All our cal-
culations use LO PDFs from CTEQ6L [? ] with nuclear
modifications EPS09LO [? ] and the KKP fragmenta-
tion functions [? ]. We have confirmed our conclusions
with another set of fragmentation functions [? ] (data
not shown).

The pT -dependence of the nuclear modification factor
traces the x-dependence of nPDFs. The precise kine-
matic connection between the momentum fractions x1,
x2 and the measured hadronic momentum pT is com-
plicated by the convolution of the distributions in (??).
Qualitatively, at fixed rapidity y of the produced hadron,
increasing pT tests larger values of x1, x2. Inspection of
the nuclear modification factor Rh

p A(pT , y) in the lower
left panel of Fig. ?? reveals that the enhancement of
Rπ0

d Au(pT , y) in the region around pT $ 4 GeV at mid-
rapidity tests momentum fractions in the anti-shadowing
region. We note that RHIC data [? ] in Fig. ??
have been used in constraining the nPDF analysis EPS09
[? ]. However, in the anti-shadowing region, nPDFs
show generically a characteristic enhancement, even if
extracted without constraints from hadron collision data
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FIG. 1. (left,top) The ratio (??) of nuclear to nucleon PDFS
for valence up-quarks at Q2 = (10GeV)2 obtained in the
EPS09 LO analysis. Dashed lines characterize the range of
uncertainties. (left,bottom) The nuclear modification factor
(??) for neutral pion production in

√

sNN = 200 GeV dAu
(RHIC). Data from PHENIX [? ] are compared to a EPS09
LO calculation. Hereafter, uncertainty bands are from EPS09
LO only (uncertainties from proton PDFs and FF are ne-
glected). (right, bottom) ibidem, for

√

sNN = 8.8 GeV pPb
(LHC). (right, top) The corresponding single inclusive pion
spectra. The kinematic range up to 50 GeV can be accessed
with significant statistics after one month of running.

[? ]. In this sense, the agreement of data and calculation
in Fig. ?? arises as a consequence of a generic, kinematic
reason.

The characteristic enhancement of the nuclear modi-
fication factor in hadron-nucleus collisions at a pT -scale
of a few GeV is typically referred to as Cronin effect [?
]. The above calculation reproduced the entire nuclear
dependence in terms of a nuclear modification of the lon-
gitudinal parton momentum distribution. Alternatively,
however, it has been suggested [? ] that transverse par-
ton momentum broadening induced by multiple scatter-
ing prior to the hard partonic process can be responsible
for the Cronin effect. Transverse nuclear broadening is
the prototype of a generic nuclear modification, for which
we do not know whether and how it could be absorbed in
collinear, process-independent nPDFs. How can one test
whether the physics underlying the nuclear modification
measured in Rh

p A(pT , y) can be attributed to a nuclear
modification of longitudinal parton momentum distribu-
tions and thus can indeed provide reliable quantitative
constraints on nPDFs? To address this question, we have
calculated the nuclear modification factor Rπ0

p Pb(pT , y),
as a function of pT and center-of-mass y, for the produc-
tion of neutral pions in proton-lead collisions at the LHC,
see the right hand side of Fig. ??.

The LHC can collide protons and nuclei with beam mo-
menta of up to 7 TeV Z

A in two counter-rotating beams.
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