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context: jet quenching in AA
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Clear indications of jet quenching in central events: where exactly does it turn off?

Influence/contribution of initial state (nPDF/shadowing) effects?
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context: collectivity in pp/pPb/PbPb
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Geometry in pp

 4

8

FIG. 4: Contour plots of the initial entropy density for five randomly selected p+p collisions at
p
s=200GeV

and impact parameter b=1.3 fm, computed with the MC-Glauber model using quark subdivision of the nucleon
density profile for both collision detection and entropy deposition, including additional multiplicity fluctuations in the

deposited entropy. See text for model description and discussion.

FIG. 5: Elliptic and triangular rms eccentricities, ✏2{2} (a,c) and ✏3{2} (b,d), for p+p collisions at
p
s=200GeV

(a,b) and 5020GeV (c,d). See text for detailed discussion.

in the final state. Note that the purple triangles and
black circles don’t move much by going from RHIC to
LHC energies, in spite of the 20% increase of the proton
radius.

The remaining three curves in Fig. 5 (labelled by red,
green, and blue squares connected by dotted, dash-dotted
and dashed lines, respectively) show the initial-state ec-
centricities in collisions between nucleons with valence
quark substructure, as described in Sec. II B 1, for gluon
cloud width parameters �g =0.25, 0.3, and 0.4 fm, respec-
tively. The largest of these �g values almost exhausts the
width

p
B=0.408 fm of the Gaussian describing the av-

erage nucleon density distribution at RHIC energies, ex-
plaining why in this case the eccentricities almost agree
with the results for smooth Gaussian nucleons without
quark subdivision (see Fig.!5a,b). As �g decreases, and
thus the variance �2

q of the fluctuating quark positions in
the nucleon increases, the fluctuating nucleon densities
become more inhomogeneous, resulting in larger eccen-
tricities. The largest eccentricity values would be ob-

tained for pointlike valence quarks (�g = 0) with quark
position variance �2

q =
3

2
B (see Eq. (19)). Note that

quark substructure increases ✏2 on average by up to 80%
and can more than double the average triangularity ✏3.
Due to the increasing proton radius

p
B from RHIC to

LHC energies, valence quarks with the same gluon cloud
radius �g experience more freedom at LHC energies for
moving around inside the proton, leading to larger ellip-
tic and triangular eccentricities at LHC than at RHIC
(c.f. panels (a,b) vs. (c,d) in Fig. 5).
Figure 6 shows the average rms radii of the initial en-

tropy density distributions for the same set of model as-
sumptions studied in Fig. 5, for p+p collisions at RHIC
and LHC energies. The traditional disk-like collision de-
tection criterium leads to the largest source radii. Using a
Gaussian nucleon profile for computing the collision prob-
ability favors more compact collision configurations, re-
sulting in more compact deposited entropy profiles. Fur-
ther quark-subdivision leads to still smaller initial source
radii, with the smallest valance quark gluon clouds (i.e.
the biggest variance for the quark positions inside the

Welsh, Singer, Heinz (2016)
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values according to the modified thickness functions. In
the IP-Glasma framework the additional parameter m
controls the infrared physics and thus a↵ects the spa-
tial size of the gluon distribution. Because of this the
values for the parameters Bqc and Bq in both models
cannot be directly compared. Examples of the proton
density profiles obtained from the IP-Glasma model with
the parametrization used in this work are illustrated in
Fig. 4 by showing 1 � ReTrV (x)/Nc.
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FIG. 4: Illustration of the proton density profile (1.0 �
Re Tr V (x, y)/Nc) obtained from the IP-Glasma framework at
x ⇡ 10�3 with parameters Bqc = 3.0 GeV�2, Bq = 0.3 GeV�2

and m = 0.4 GeV.

The total photon-proton cross section, and the pro-
ton structure functions, are proportional to the integral
of the dipole amplitude over impact parameter. As the
modification (21) is done in the exponent and the im-
pact parameter dependence factorizes only in the dilute
region, the replacement (21) a↵ects the overall normal-
ization of, for example, F2. In practice, including geo-
metric fluctuations (Bqc = 3.3 GeV�2, Bq = 0.7 GeV�2)
decreases F2 at x ⇠ 10�3, Q2 ⇠ 10 GeV2 by approxi-
mately 8%. The di↵ractive cross section changes more,
as it is proportional to the squared amplitude. Ideally
one should perform a new fit to HERA DIS data with
geometric fluctuations included, but this is beyond the
scope of this work. However, this normalization uncer-
tainty is similar for both coherent and incoherent cross
sections and will not a↵ect our conclusions about the re-
quired amount of geometric fluctuations in the proton
wave function.

To determine the sensitivity on the details of the as-
sumed proton shape we will also calculate the di↵ractive
cross sections using a three-dimensional exponential den-

sity profile for the constituent quark

Tq(b) =
1

8⇡B̃3
q

e�b/B̃q , (22)

and sample the constituent quark locations from a three-
dimensional exponential distribution ⇠ e�b/B̃qc . The
sampled quarks are then projected on the transverse
plane. We note that the resulting transverse density pro-
file is not exactly exponential.

B. Stringy proton

In order to explore the dependence on the model de-
tails we also implement the geometric fluctuations using
a color string inspired picture. Here, the idea is that
based on quenched lattice QCD calculations, the con-
stituent quarks are connected via gluon fields that merge
at the Fermat point2 of the quark triangle [99] (see also
Ref. [56]). We are not aware of calculations beyond the
quenched approximation, which would be a more appro-
priate input to our model.

We implement this picture by sampling the constituent
quark positions from a three dimensional Gaussian dis-
tribution with width Bt. Then, the density profile is ob-
tained by connecting the constituent quarks to the Fer-
mat point of the triangle by tubes whose transverse shape
is Gaussian with width Br. The 2-dimensional density
profile of the proton Tp(b) is then obtained by integrat-
ing over the longitudinal direction.

In this picture the total gluonic content of the pro-
ton also fluctuates event-by-event, as when the quarks
are sampled to be further away from each other, the flux
tubes are longer at a constant density, leading to more
gluons in the proton. This adds normalization fluctu-
ations to the picture, which are similar to those intro-
duced by saturation scale fluctuations (see the following
section). The overall normalization factor, which con-
trols the energy density of the tube, is fixed by requiring
that the proton structure function F2 calculated from the
stringy proton at Q2 = 10 GeV2, x = 10�3 is the same
as that from the original IPsat parametrization without
fluctuations. Example density profiles (integrated over
the longitudinal direction) are shown in Fig. 5. The pa-
rameters Bt and Br are fixed by requiring a good de-
scription of HERA coherent and incoherent di↵ractive
J/ production measurements [100].

2
The Fermat point of a triangle is defined such that the total

distance from that point to the vertices of the triangle is the

smallest possible.

Mantysaari & Schenke (2016)

Many glauber calculations assumed 
smooth, round nucleons: many 

phenomena (MPI, ridge) have implied 
need for geometric picture of proton: 

implications for pp and p+Pb



Nucleon geometry in p+Pb
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Global analysis of color fluctuation e↵ects in proton– and deuteron–nucleus collisions
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We test the hypothesis that configurations of a proton with a large-x parton, xp
>⇠ 0.1, have a

smaller than average size. The QCD Q2 evolution equations suggest that these small configurations
also have a significantly smaller interaction strength, which has observable consequences in collisions
with nuclei. We perform a global analysis of jet production data in proton– and deuteron–nucleus
collisions at RHIC and the LHC. Using a model which takes a distribution of interaction strengths
into account, we quantitatively extract the xp-dependence of the average interaction strength, �(xp),
over a wide kinematic range. By comparing the RHIC and LHC results, our analysis finds that the
interaction strength for small configurations, while suppressed, grows faster with collision energy
than does that for average configurations. We check that this energy dependence is consistent with
the results of a method which, given �(xp) at one energy, can be used to quantitatively predict
that at another. This finding further suggests that at even lower energies, nucleons with a large-xp

parton should interact much more weakly than those in an average configuration, a phenomenon in
line with explanations of the EMC e↵ect for large-xp quarks in nuclei based on color screening.

PACS numbers: 14.20.Dh, 25.40.Ve, 13.85.-t, 25.75.

Hadrons are composite, quantum mechanical systems
with a varying spatial and momentum configuration of
their internal quark and gluon constituents. During the
short time of a high energy hadronic collision this config-
uration remains approximately fixed. Thus certain phys-
ical properties of the parton system, such as the total
transverse area occupied by the color fields, may change
collision by collision, a phenomenon we refer to as color
fluctuations [1, 2]. These variations in the internal struc-
ture of hadrons have a wide range of observable conse-
quences, such as inelastic di↵raction [3–5]. In quantum
chromodynamics (QCD), the configurations in which a
large (> 10%) fraction of the hadron’s momentum is
carried by a single parton are spatially compact. For
these cases, in the wide range of energies where non-linear
(saturation) e↵ects are expected to be small [6], the in-
teraction strength of the entire configuration decreases
along with the overall area occupied by color [7]. Fur-
thermore, while the interaction strength for such small
configurations is reduced overall, it rises rapidly with
collision energy. In this Letter, we quantitatively investi-
gate these properties of QCD systems in proton– and
deuteron–nucleus (p/d+A) collision data at the Large
Hadron Collider (LHC) and the Relativistic Heavy Ion
Collider (RHIC), respectively.

Fig. 1 symbolically illustrates how proton configura-
tions of two di↵erent sizes contribute to p+A interactions.
For many processes, a large number of projectile config-
urations contribute to a studied observable, resulting in
a lack of sensitivity to color fluctuation e↵ects. However,
in processes to which only a restricted subset of projec-

FIG. 1. Schematic representation of a proton–nucleus col-
lision with fixed target nucleon-level geometry, with a more
weakly (more strongly) interacting projectile proton on the
left (right). The red tube shows the projection of the pro-
jectile proton’s transverse size through the nucleus, with im-
pacted nucleons in red. Typical observables have contribu-
tions from both types of events, while large-xp configurations
may preferentially select weakly interacting cases (left).

tile configurations contribute, these e↵ects are important
for understanding the experimental data. Historically,
they have played a role in interpreting multiplicity dis-
tributions in nuclear collisions [8] and in describing the
coherent di↵ractive production of dijets [9–11].

Experimentally, p+A collisions with a restricted subset
of projectile configurations may be selected with a spe-
cial trigger such as a hard QCD or electroweak process
involving a large-xp (>⇠ 0.1) parton in the proton [12].
In these large-xp configurations, color charge screening
within the dominant Feynman diagrams suppresses the
gluon field and density of qq̄ pairs, leading to an interac-
tion cross-section which is smaller but grows rapidly with
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values according to the modified thickness functions. In

the IP-Glasma
framework

the additional parameter m

controls the infrared
physics and

thus a↵ects the spa-

tial size of the gluon
distribution.

Because of this the

values for the parameters B
qc and

B
q in

both
models

cannot be directly
compared.

Examples of the proton

density profiles obtained from
the IP-Glasma model with

the parametrization used in this work are illustrated in
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FIG. 4:
Illustration

of the
proton

density
profile

(1.0 �

ReTrV (x, y)/N
c ) obtained from

the IP-Glasma framework at

x ⇡
10 �

3
with parameters B

qc =
3.0 GeV �

2
, B

q =
0.3 GeV �

2

and m
=

0.4 GeV.The total photon-proton
cross section, and

the pro-

ton structure functions, are proportional to the integral

of the dipole amplitude over impact parameter. As the

modification
(21) is done in

the exponent and
the im-

pact parameter dependence factorizes only in the dilute

region, the replacement (21) a↵ects the overall normal-

ization
of, for example, F

2 .
In

practice, including geo-

metric fluctuations (B
qc =

3.3 GeV �2
, B

q =
0.7 GeV �2

)

decreases F
2 at x ⇠

10 �3
, Q 2

⇠
10 GeV 2

by
approxi-

mately 8%. The di↵ractive cross section changes more,

as it is proportional to the squared
amplitude.

Ideally

one should
perform

a new
fit to HERA

DIS
data with

geometric fluctuations included, but this is beyond
the

scope of this work. However, this normalization
uncer-

tainty is similar for both
coherent and

incoherent cross

sections and will not a↵ect our conclusions about the re-

quired
amount of geometric fluctuations in

the proton

wave function.
To determine the sensitivity on

the details of the as-

sumed proton shape we will also calculate the di↵ractive

cross sections using a three-dimensional exponential den-

sity profile for the constituent quark

T
q (b) =

1
8⇡B̃ 3

q
e �b/B̃

q
,

(22)

and sample the constituent quark locations from
a three-

dimensional exponential distribution ⇠
e �b/B̃

qc.
The

sampled
quarks

are
then

projected
on

the
transverse

plane. We note that the resulting transverse density pro-

file is not exactly exponential.

B.
Stringy

proton

In order to explore the dependence on the model de-

tails we also implement the geometric fluctuations using

a
color string

inspired
picture.

Here, the idea
is that

based
on

quenched
lattice QCD

calculations, the con-

stituent quarks are connected via gluon fields that merge

at the Fermat point 2
of the quark triangle [99] (see also

Ref. [56]). We are not aware of calculations beyond the

quenched approximation, which would be a more appro-

priate input to our model.

We implement this picture by sampling the constituent

quark positions from
a three dimensional Gaussian dis-

tribution with width B
t . Then, the density profile is ob-

tained by connecting the constituent quarks to the Fer-

mat point of the triangle by tubes whose transverse shape

is Gaussian
with

width
B
r .

The 2-dimensional density

profile of the proton T
p (b) is then obtained by integrat-

ing over the longitudinal direction.

In
this picture the total gluonic content of the pro-

ton
also fluctuates event-by-event, as when

the quarks

are sampled to be further away from
each other, the flux

tubes are longer at a constant density, leading to more

gluons in
the proton.

This adds normalization
fluctu-

ations to the picture, which
are similar to those intro-

duced by saturation scale fluctuations (see the following

section).
The overall normalization

factor, which
con-

trols the energy density of the tube, is fixed by requiring

that the proton structure function F
2 calculated from

the

stringy proton at Q 2
=
10 GeV 2

, x =
10 �3

is the same

as that from
the original IPsat parametrization without

fluctuations.
Example density

profiles (integrated
over

the longitudinal direction) are shown in Fig. 5. The pa-

rameters B
t and

B
r are fixed

by
requiring

a good
de-

scription
of HERA

coherent and
incoherent di↵ractive

J/ 
production measurements [100].

2
T
he

Ferm
at

point
of

a
triangle

is
defined

such
that

the
total

distance
from

that
point

to
the

vertices
of

the
triangle

is
the

sm
allest

possible.
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values according to the modified thickness functions. In
the IP-Glasma framework the additional parameter m
controls the infrared physics and thus a↵ects the spa-
tial size of the gluon distribution. Because of this the
values for the parameters Bqc and Bq in both models
cannot be directly compared. Examples of the proton
density profiles obtained from the IP-Glasma model with
the parametrization used in this work are illustrated in
Fig. 4 by showing 1 � ReTrV (x)/Nc.
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FIG. 4: Illustration of the proton density profile (1.0 �
Re Tr V (x, y)/Nc) obtained from the IP-Glasma framework at
x ⇡ 10�3 with parameters Bqc = 3.0 GeV�2, Bq = 0.3 GeV�2

and m = 0.4 GeV.

The total photon-proton cross section, and the pro-
ton structure functions, are proportional to the integral
of the dipole amplitude over impact parameter. As the
modification (21) is done in the exponent and the im-
pact parameter dependence factorizes only in the dilute
region, the replacement (21) a↵ects the overall normal-
ization of, for example, F2. In practice, including geo-
metric fluctuations (Bqc = 3.3 GeV�2, Bq = 0.7 GeV�2)
decreases F2 at x ⇠ 10�3, Q2 ⇠ 10 GeV2 by approxi-
mately 8%. The di↵ractive cross section changes more,
as it is proportional to the squared amplitude. Ideally
one should perform a new fit to HERA DIS data with
geometric fluctuations included, but this is beyond the
scope of this work. However, this normalization uncer-
tainty is similar for both coherent and incoherent cross
sections and will not a↵ect our conclusions about the re-
quired amount of geometric fluctuations in the proton
wave function.

To determine the sensitivity on the details of the as-
sumed proton shape we will also calculate the di↵ractive
cross sections using a three-dimensional exponential den-

sity profile for the constituent quark

Tq(b) =
1

8⇡B̃3
q

e�b/B̃q , (22)

and sample the constituent quark locations from a three-
dimensional exponential distribution ⇠ e�b/B̃qc . The
sampled quarks are then projected on the transverse
plane. We note that the resulting transverse density pro-
file is not exactly exponential.

B. Stringy proton

In order to explore the dependence on the model de-
tails we also implement the geometric fluctuations using
a color string inspired picture. Here, the idea is that
based on quenched lattice QCD calculations, the con-
stituent quarks are connected via gluon fields that merge
at the Fermat point2 of the quark triangle [99] (see also
Ref. [56]). We are not aware of calculations beyond the
quenched approximation, which would be a more appro-
priate input to our model.

We implement this picture by sampling the constituent
quark positions from a three dimensional Gaussian dis-
tribution with width Bt. Then, the density profile is ob-
tained by connecting the constituent quarks to the Fer-
mat point of the triangle by tubes whose transverse shape
is Gaussian with width Br. The 2-dimensional density
profile of the proton Tp(b) is then obtained by integrat-
ing over the longitudinal direction.

In this picture the total gluonic content of the pro-
ton also fluctuates event-by-event, as when the quarks
are sampled to be further away from each other, the flux
tubes are longer at a constant density, leading to more
gluons in the proton. This adds normalization fluctu-
ations to the picture, which are similar to those intro-
duced by saturation scale fluctuations (see the following
section). The overall normalization factor, which con-
trols the energy density of the tube, is fixed by requiring
that the proton structure function F2 calculated from the
stringy proton at Q2 = 10 GeV2, x = 10�3 is the same
as that from the original IPsat parametrization without
fluctuations. Example density profiles (integrated over
the longitudinal direction) are shown in Fig. 5. The pa-
rameters Bt and Br are fixed by requiring a good de-
scription of HERA coherent and incoherent di↵ractive
J/ production measurements [100].

2
The Fermat point of a triangle is defined such that the total

distance from that point to the vertices of the triangle is the

smallest possible.

Substructure of nucleon can have measurable impact p+Pb:  
color fluctuations lead to cross-section fluctuations (Mark’s talk)
“Glauber-gribov” parameter characterizes width of fluctuations 

Affects centrality estimation, since smaller proton configurations see 
fewer nucleons in nucleus

Mark’s talk today



Nuclear PDFs
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Embedding nucleons in  
nuclear medium known to 
change observed structure, 

relative to free nucleons
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Fig. 1 Illustration of the EPPS16 fit function RA
i (x,Q2

0).

would otherwise (that is, if ↵ = 1) develop if xa < 0.1.
The coe�cients ai, bi, ci are fully determined by the
asymptotic small-x limit y0 = R

A
i (x ! 0, Q2

0), the an-
tishadowing maximum ya = R

A
i (xa, Q

2
0) and the EMC

minimum ye = R
A
i (xe, Q

2
0), as well as requiring con-

tinuity and vanishing first derivatives at the matching
points xa and xe. The A dependencies of y0, ya, ye are
parametrized as

yi(A) = yi(Aref)

✓
A

Aref

◆�i[yi(Aref )�1]

, (3)

where �i � 0 and Aref = 12. By construction, the nu-
clear e↵ects (deviations from unity) are now larger for
heavier nuclei. Without the factor yi(Aref) � 1 in the
exponent one can more easily fall into a peculiar situa-
tion in which e.g. yi(Aref) < 1, but yi(A � Aref) > 1,
which seems physically unlikely. For the valence quarks
and gluons the values of y0 are determined by requiring
the sum rules

Z 1

0
dxf

p/A
uV

(x,Q2
0) = 2, (4)

Z 1

0
dxf

p/A
dV

(x,Q2
0) = 1, (5)

Z 1

0
dxx

X

i

f
p/A
i (x,Q2

0) = 1, (6)

separately for each nucleus and thus the A dependence
of these y0 is not parametrized. All other parameters
than y0, ya, ye are A-independent. In our present frame-
work we consider the deuteron (A = 2) to be free
from nuclear e↵ects though few-percent e↵ects at high
x are found e.g. in Ref. [57]. The bound neutron PDFs

f
n/A
i (x,Q2) are obtained from the bound proton PDFs

by assuming isospin symmetry,

f
n/A
u,u (x,Q2) = f

p/A

d,d
(x,Q2), (7)

f
n/A

d,d
(x,Q2) = f

p/A
u,u (x,Q2), (8)

f
n/A
i (x,Q2) = f

p/A
i (x,Q2) for other flavours. (9)

Above the parametrization scale Q
2
> Q

2
0 the nu-

clear PDFs are obtained by solving the DGLAP evo-
lution equations with 2-loop splitting functions [58,59].
We use our own DGLAP evolution code which is based
on the solution method described in Ref. [60] and also
explained and benchmarked in Ref. [61]. Our parametri-
zation scale Q

2
0 is fixed to the charm pole mass Q

2
0 =

m
2
c where mc = 1.3GeV. The bottom quark mass is

mb = 4.75GeV and the value of the strong coupling
constant is set by ↵s(MZ) = 0.118, where MZ is the
mass of the Z boson.

As is well known, at NLO and beyond the PDFs do
not need to be positive definite and we do not impose
such a restriction either. In fact, doing so would be ar-
tificial since the parametrization scale is, in principle,
arbitrary and positive definite PDFs, say, at Q

2
0 = m

2
c

may easily correspond to negative small-x PDFs at a
scale just slightly below Q

2
0. As we could have equally

well parametrized the PDFs at such a lower value of Q2
0,

we see that restricting the PDFs to be always positive
would be an unphysical requirement.

3 Experimental data

All the `�A DIS, pA DY and RHIC DAu pion data sets
we use in the present analysis are the same as in the
EPS09 fit. The only modification on this part is that we
now remove the isoscalar corrections of the EMC, NMC
and SLAC data (see the next subsection), which is im-
portant as we have freed the flavour dependence of the
quark nuclear modifications. The `

�
A DIS data (cross

sections or structure functions F2) are always normal-
ized by the `

�D measurements and, as in EPS09, the
only kinematic cut on these data is Q

2
> m

2
c . This

is somewhat lower than in typical free-proton fits and
the implicit assumption is (also in not setting a cut in
the mass of the hadronic final state) that the possi-
ble higher-twist e↵ects will cancel in ratios of structure
functions/cross sections. While potential signs of 1/Q2

e↵ects have been seen in the HERA data [62] already
around Q

2 = 10GeV2, these e↵ects occur at signifi-
cantly smaller x than what is the reach of the `�A DIS
data.

From the older measurements, also pion-nucleus DY
data from the NA3 [48], NA10 [49], and E615 [50] col-
laborations are now included. These data have been

Several nPDF sets exist, all based on NLO pQCD calculations
EPS09 - l+A experiments, DY from FNAL, pi0 from RHIC
EPPS16 - uses dijets, W/Z from p+Pb at LHC 
nCTEQ15 - extension of CTEQ to nuclei (up to Pb)
DSSZ - incorporates RHIC high pT pion data

integrate over impact parameter: only EPS09s encodes centrality



Nuclear effects & centrality
• Until relatively recent (~pre-LHC) days, protons were assigned a simple 

spatial structure, while nuclei were considered in more detail
• RHIC & LHC data immediately pointed to need for better spatial understanding of 

proton structure

• Now details of hard - and soft - processes can stem from several factors
• Geometry of nucleus (Glauber)
• Geometry of nucleon (Glauber-Gribov)
• Structure of nucleons within a nucleus (nPDFs)

• Worse, centrality estimation itself can be influenced by these effects
• Our assumptions can lead to different values of Npart, Ncoll 
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Outline
• Centrality-inclusive physics in p+Pb (nPDFs)

• Electroweak probes
• Jet rates

• “Centrality"-dependent physics in p+Pb
• Electroweak physics
• Jet rates

• Along the way: several issues arise pertaining to 
centrality in p+Pb, and small systems in general

 8



nPDFs via electroweak & jet probes

 9

W Z γ
tuds cb

Centrality-inclusive measurements…
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Fig. 2. Differential cross section of the Z bosons in pPb collisions as a function of 
rapidity in the fiducial region for the combined leptonic decay channel. Colored 
boxes are predictions from the mcfm generator, scaled by 208 (see text), and using 
nuclear (EPS09 and DSSZ) or free (CT10) PDF sets. The bottom panel shows the ratio 
of the data and the nPDF predictions to the CT10 PDF set. The vertical bars (boxes) 
represent the statistical (systematic) uncertainties.

This measurement has an uncertainty of about 5% from the ex-
trapolation of the detector acceptance to the full phase space. The
powheg+pythia 6 generator after scaling predicts 136.1 ± 6.8 nb, 
which is consistent with the measured value.

Fig. 2 shows the differential cross section of the Z bosons in the 
fiducial region in pPb collisions as a function of rapidity. The lumi-
nosity normalization uncertainty of 3.5% is not shown. The mcfm
theoretical predictions, both with and without nuclear modifica-
tion, are consistent with the measured differential cross section 
within uncertainties. The corresponding rapidity dependence pre-
dicted by powheg+pythia 6 for pp collisions agrees with the mcfm
calculation for pN collisions using the CT10 PDF set without nu-
clear modification, showing that any dependences on isospin or 
the PDF set are within the theoretical uncertainties.

Nuclear effects are expected to modify the rapidity distribu-
tion asymmetrically and thus they can be further quantified by 
the forward–backward asymmetry defined in Eq. (1). This quantity 
is expected to be more sensitive to nuclear effects [24] because 
normalization uncertainties cancel both in theory and in experi-
ment. Fig. 3 shows the measured forward–backward asymmetry as 
a function of |ycm| compared to the mcfm predictions with and 
without nuclear modification.

While being consistent with the three theoretical predictions 
shown, the data tend to favor the presence of nuclear effects in 
PDFs. The ATLAS collaboration reached similar conclusions from 
their Z boson measurement [19]. Together with the measured 
W boson production in pPb collisions [17], these results can re-
duce the nPDF uncertainties by adding new data to the global fits 
in a previously unexplored region of the (Q 2, x) phase space.

In order to quantify the agreement between the measurements 
and the predictions with the different PDF sets, a χ2 test is per-
formed for the rapidity-dependent differential cross section and 
the forward–backward asymmetry. The few correlations in the ex-
perimental uncertainties, only relevant for the cross section but 
not for the asymmetry, are taken into account, as well as the cor-
relations in the theoretical uncertainties. The resulting χ2 values 
and probabilities are given in Table 2. The theoretical calculations 

Fig. 3. Forward–backward asymmetry RFB distribution of the Z bosons in pPb colli-
sions as a function of rapidity in the fiducial region for the combined leptonic decay 
channel compared to the predictions from the mcfm generator with nuclear (EPS09 
and DSSZ) or free (CT10) PDF sets. The bottom panel shows the ratio of the data 
and the nPDF predictions to the CT10 PDF set. The vertical bars (boxes) represent 
the statistical (systematic) uncertainties.

Fig. 4. Differential cross section of the Z bosons in pPb collisions as a function of 
transverse momentum in the fiducial region for the combined leptonic decay chan-
nel compared to the prediction from the powheg+pythia 6 generator scaled by the 
number of nucleons in the Pb nucleus. The vertical bars (boxes) represent the sta-
tistical (systematic) uncertainties. The 3.5% luminosity uncertainty is shown in the 
ratio plot as a hashed band together with the assumed 5% theoretical uncertainty, 
shown as a yellow band. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

including nuclear effects provide a somewhat better description of 
the measurements.

Fig. 4 shows the differential cross section as a function of pT
in the fiducial region. The results are compared only to theoretical 
predictions from powheg+pythia 6, because the expected nuclear 
modification of the pT spectrum is small compared to the uncer-
tainties in the theory [21,22]. No large deviations are found from 
the theoretical cross sections, apart from the lowest dilepton pT
bins where the differences from powheg+pythia 6 are similar to 
the ones observed in the pp measurements at 7 TeV [2,4].
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Z bosons in p+Pb give slight preference to nPDFs, 
without distinguishing between them: 

Both tend to be enhanced in Pb-going direction

Z BOSON PRODUCTION IN p + Pb COLLISIONS AT . . . PHYSICAL REVIEW C 92, 044915 (2015)

TABLE III. The measured integrated cross section (in nb) for several rapidity ranges, for Z → µµ, Z → ee, and the combined Z → ℓℓ.
The first uncertainty listed is statistical, and the second systematic. There is an additional 2.7% luminosity uncertainty for each cross section.
Cross sections predicted by the models (see text) are also listed. Uncertainties listed with the model calculations are the PDF and scale
uncertainties added in quadrature.

y∗
Z [− 2,0] [0,2] [− 3,2] [− 3.5,3.5]

Z → µµ 54.2 ± 1.6 ± 1.3 45.3 ± 2.1 ± 0.9 118.2 ± 3.3 ± 2.6 N/A
Z → ee 55.1 ± 1.8 ± 5.9 46.5 ± 2.2 ± 5.0 121 ± 3 ± 13 143 ± 5 ± 17
Z → ℓℓ 54.4 ± 1.3 ± 1.4 45.9 ± 1.4 ± 1.4 119.3 ± 2.2 ± 3.4 139.8 ± 4.8 ± 6.2

CT10 (NLO) 47.4 ± 0.9 46.8 ± 0.9 110.8 ± 2.9 132.2 ± 3.3
CT10 + EPS09 (NLO) 48.7 ± 1.0 43.5 ± 1.1 108.6 ± 3.1 127.4 ± 3.6
MSTW2008 (NNLO) 48.3+1.2

− 0.9 47.9+1.2
− 0.9 113.5+2.8

− 2.2 135.2+3.4
− 2.7

approximately 3% at midrapidity and rise to about 10% at
forward and backward rapidity.

IV. RESULTS

A. Z → ℓℓ cross section

From the combined Z → ee and Z → µµ data a total cross
section of 139.8 ± 4.8 (statistical) ± 6.2 (systematic) ± 3.8
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FIG. 4. (Color online) (a) The dσ/dy∗
Z distribution from Z →

ℓℓ, shown along with several model calculations in the upper panel.
Bars indicate statistical uncertainty, and shaded boxes systematic
uncertainty, of the data; uncertainties of model calculations are not
shown. (b)–(d) Ratios of the data to the models. Uncertainties of the
model calculations (scale and PDF uncertainties added in quadrature)
are shown as bands around unity in each panel. An additional 2.7%
luminosity uncertainty of the cross section is not shown.

(luminosity) nb is obtained in the |y∗
Z| < 3.5 acceptance. Based

on the MC simulation (and the models discussed below)
this acceptance covers approximately 99.5% of the total
Z → ℓℓ cross section. Restricting the results to the smaller
rapidity interval of − 3 < y∗

Z < 2, the cross section is 119.3 ±
2.2 (statistical) ± 3.4 (systematic) ± 3.2 (luminosity) nb.
Table III lists the integrated cross section in the larger and
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FIG. 5. (Color online) (a) The differential cross section of Z
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shown along with several model calculations. Bars indicate statistical
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2.7% luminosity uncertainty of the cross section.
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6 3 Results

direction.

The comparison between the CT10 and CT10+EPS09 calculations shows that the predicted
modifications of the PDFs are of the same order as the theoretical uncertainties. This indi-
cates that cross sections alone lack discriminating power, and motivates the study of various
asymmetries of the `+ and `� cross sections. The interest in such asymmetries is twofold. First,
some of the experimental (e.g. integrated luminosity) and theoretical (e.g. scale dependence)
uncertainties cancel in such asymmetries. Second, the various asymmetries exhibit different
sensitivities to the nuclear modifications of the PDFs, as discussed below.
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Figure 3: Production cross sections for W+ ! `+n (left) and W� ! `�n (right), as a function
of the lepton pseudorapidity. Error bars represent the statistical uncertainties, while brackets
show statistical and systematic uncertainties summed in quadrature. The global luminosity un-
certainty of ±3.5% is not displayed. Theoretical predictions with (CT10+EPS09, dashed green
line) and without (CT10, solid red line) PDF nuclear modifications are also shown, with the un-
certainty bands. The bottom panels show the ratio of the data (black points) and CT10+EPS09
(dashed green line) to the CT10 baseline. All theory uncertainty bands include scale and PDF
uncertainties, except the EPS09 of the bottom panels which only includes the EPS09 PDF un-
certainties.

The lepton charge asymmetry, defined as (N
+
` � N

�
` )/(N

+
` + N

�
` ) with N

±
` being the efficiency-

corrected lepton yields, is shown in Fig. 4, as a function of hlab, and compared to the theoret-
ical predictions. For hlab > �1, both calculations reproduce the present measurements. For
hlab < �1, however, the two calculations overpredict the asymmetry values. A possible physi-
cal origin of this disagreement could be a different modification of u and d quark distributions
in nuclei. In proton-(anti)proton collisions, the W-boson charge asymmetry is known to be a
sensitive probe of the down-to-up quark PDF ratio in a proton, dp/up [20, 31, 32]. Similarly,
this asymmetry in pPb collisions measured in the lead fragmentation region (i.e. hlab < 0.465)
probes these quark densities in a nucleon inside the lead nucleus. Assuming the standard
isospin symmetry (up = dn, un = dp), one can define a similar ratio, dp/A/up/A = dp/up ⇥
Rd/Ru, where Ri are the nPDF ratios, Ru ⌘ up/A/up and Rd ⌘ dp/A/dp. The typical quark
momentum fraction probed in the Pb nucleus is given by x ' MW/psNN ⇥ exp(�hlab + 0.465)
(assuming that the W boson rapidity is similar to that of the lepton), therefore x ' 0.02 � 0.20
in the range �2 < hlab < 0. In most global fit analyses of the nPDFs (as in the case of EPS09),
it is assumed that the nuclear ratios respect the isospin symmetry, namely Ru = Rd, essentially
to minimise the number of free parameters in the fits. However, no physical reason prevents
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large positive muon rapidity, because of the depletion of the antiquark PDF in nuclei at small
x = MW/psNN ⇥ exp(�yW) ' MW/psNN ⇥ exp(�h

µ
CM) ⇠ 10�3. Conversely, calculations in-

cluding nPDF modifications turn out to be above those using CT14 PDF in the negative rapidity
region, due to the slight quark anti-shadowing at large x ⇠ 0.1. When compared to data, all
theory calculations reproduce the measurement at backward rapidity, while at forward rapid-
ity the calculations including nPDF effects appear to be favored.

In order to fully exploit the information provided by the data, two additional set of observables
are measured: the muon charge asymmetry and the muon forward-backward ratios. The mea-
surement of asymmetries has several advantages compared to the cross sections. First, they are
more sensitive to the modifications of the quark PDFs [7]. Moreover, part of the theoretical and
experimental uncertainties in the cross section measurements, such as that of the integrated
luminosity or the theoretical scale dependence, cancel in these asymmetries.
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Figure 2: Production cross sections for W+ ! µ+nµ (left) and W� ! µ�nµ (right), as a function
of the muon pseudorapidity in the center-of-mass frame. The brackets represent the statistical
and systematic uncertainties summed in quadrature, while the error bars show the statistical
uncertainties only. The global luminosity uncertainty of ±5.0% is not shown. Calculations
using with CT14 PDF (red line), CT14+EPPS16 nPDF (green line) and CT14+nCTEQ15 nPDF
(brown line), are also displayed, including their PDF uncertainty bands at 68% confidence in-
terval. The bottom panels show the ratio of data (black points), CT14+EPPS16 (green line) and
CT14+nCTEQ15 (brown line) with respect to CT14.

The muon forward-backward ratios, defined as N
±
µ (+h

µ
CM)/N

±
µ (�h

µ
CM) for both positive and

negative muons, are compared in Fig. 3 to the CT14 PDF, CT14+EPPS16 nPDF and CT14+nCTEQ15
nPDF calculations. The results of both charged muons favor the predictions including nuclear
modifications over the free-proton PDF calculations. Given the precision of the experimental
results, the measurements provide constraints to both the CT14+EPPS16 and CT14+nCTEQ15
nPDF sets.

The yields of positive and negative charged muons are further combined to measure the forward-
backward ratio of all muons Nµ(+h

µ
CM)/Nµ(�h

µ
CM). This ratio probes the small-x nuclear mod-

ifications of the quark PDFs over the large-x nuclear modifications in the Pb nucleus. The re-
sults of this asymmetry are presented in Fig. 4, and they strongly deviate from the CT14 PDF
predictions, favoring the CT14+nCTEQ15 and CT14+EPPS16 nPDF sets. Moreover, the exper-
imental uncertainties turn out to be significantly smaller than the nPDF uncertainties. Conse-
quently, these measurements could constrain the quark and antiquark distributions in nuclei,
and will be valuable inputs for global fits to the data.

W+ W-

5.02 TeV

8.16 TeV
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charge-summed W bosons, which achieves a similar sensitivity. As in the case of the charge
asymmetry, this asymmetry can be related to the nuclear modifications of the PDFs within the
lead nucleus. Here, forward (backward) W boson production is sensitive to the PDFs of the sea
quark at x ⇠ 10�3 (valence quark at x ⇠ 10�1) in the lead nucleus. Therefore, the forward-
backward ratio probes the small-x modification of the lead nucleus PDF (shadowing) over the
large-x modifications (anti-shadowing). This asymmetry is shown in Fig. 6, and deviates from
unmodified PDFs, more clearly favouring CT10+EPS09 over CT10.
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Figure 6: The forward-backward asymmetry of charge-summed W bosons, as a function of the
lepton pseudorapidity. Error bars represent the statistical uncertainties, while brackets show
statistical and systematic uncertainties summed in quadrature. Theoretical predictions with
(CT10+EPS09, dashed green line) and without (CT10, solid red line) PDF nuclear modifications
are also shown, with their uncertainty bands.

In order to quantify the agreement between the data and the expectation from the CT10 and
CT10+EPS09 calculations, a c2 test is performed for each of the above (correlated) variables.
The few correlations in experimental uncertainties described above, only relevant for W± boson
cross sections but not for asymmetries, are taken into account, as well as the correlations in
theoretical uncertainties. The resulting c2 values and probabilities are given in Table 2. The
CT10+EPS09 calculations provide a better description of the data, with still a relatively low
probability for the lepton charge asymmetry, because of the backward region.

4 Summary
The first measurement of W boson production in pPb collisions has been reported, using the
electron and muon decay modes for leptons of pT above 25 GeV/c and |hlab| < 2.4. The dif-
ferential cross sections as a function of the lepton pseudorapidity agree with theoretical pre-
dictions assuming both unmodified (CT10) and modified (CT10+EPS09) nPDFs, except in the
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dorapidity. Error bars represent the statistical uncertainties, while brackets show statistical and
systematic uncertainties summed in quadrature. Theoretical predictions with (CT10+EPS09,
dashed green line) and without (CT10, solid red line) PDF nuclear modifications are also
shown, with their uncertainty bands.
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Figure 5: Forward-backward asymmetries, N`(+hlab)/N`(�hlab), for the positive (left) and
negative (right) leptons. Error bars represent the statistical uncertainties, while brackets show
statistical and systematic uncertainties summed in quadrature. Theoretical predictions with
(CT10+EPS09, dashed green line) and without (CT10, solid red line) PDF nuclear modifications
are also shown, with their uncertainty bands.

3. Results 9

ments of the lepton charge asymmetry at different collision energies are simply related by a
shift in the lepton pseudorapidity, A(h`,

p
s0) = A(h` ± ln(

p
s0/

p
s),

p
s). Following this pro-

cedure, it has been checked in Fig. 6 that the present results and the measurements performed
at psNN = 5.02 TeV [12] obey well this scaling property.
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Figure 5: Muon charge asymmetry, (N
+
µ � N

�
µ )/(N

+
µ + N

�
µ ), as a function of the muon pseu-

dorapidity in the center-of-mass frame. The brackets represent the statistical and system-
atic uncertainties summed in quadrature, while the error bars show the statistical uncertain-
ties only. Calculations using with CT14 PDF (red line), CT14+EPPS16 nPDF (green line) and
CT14+nCTEQ15 nPDF (brown line), are also displayed, including their PDF uncertainty bands
at 68% confidence interval.
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Figure 6: Comparison of the muon charge asymmetry measured at 8.16 TeV (black points)
and at 5.02 TeV [12] (blue squares). The muon pseudorapidity has been shifted according to
h

µ
ref = h

µ
CM ± ln

�
8.16 TeV/psNN

�
. The brackets represent the statistical and systematic uncer-

tainties summed in quadrature, while the error bars show the statistical uncertainties only.
Calculations using with CT14+EPPS16 nPDF at 8.16 TeV (green line) and at 5.02 TeV (brown
line), are also displayed, including their PDF uncertainty bands at 68% confidence interval.

The agreement between data and theory calculations is quantified through a c2 test performed
for each observable taking into account the bin-to-bin correlations of both experimental and
theoretical uncertainties. The results of the c2 test and the number of degrees of freedom (ndf)
of each observable are shown in Table 2. The CT14+EPPS16 and CT14+nCTEQ15 nPDF pre-
dictions prove compatible with the data, while the CT14 PDF calculations do not describe well
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Figure 3: Forward-backward ratios, Nµ(+h
µ
CM)/Nµ(�h

µ
CM), for the positive (left) and negative

(right) muons. The brackets represent the statistical and systematic uncertainties summed in
quadrature, while the error bars show the statistical uncertainties only. Calculations using with
CT14 PDF (red line), CT14+EPPS16 nPDF (green line) and CT14+nCTEQ15 nPDF (brown line),
are also displayed, including their PDF uncertainty bands at 68% confidence interval.
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Figure 4: The forward-backward ratio of all muons, Nµ(+h
µ
CM)/Nµ(�h

µ
CM), as a function of

h
µ
CM. The brackets represent the statistical and systematic uncertainties summed in quadrature,

while the error bars show the statistical uncertainties only. Calculations using with CT14 PDF
(red line), CT14+EPPS16 nPDF (green line) and CT14+nCTEQ15 nPDF (brown line), are also
displayed, including their PDF uncertainty bands at 68% confidence interval.

The muon charge asymmetry, defined as A ⌘ (N
+
µ � N

�
µ )/(N

+
µ + N

�
µ ), reflects the differences

in the production of W+ and W� bosons. Fig. 5 shows the results of the muon charge asym-
metry as a function of h

µ
CM, compared to the MCFM predictions calculated using CT14 PDF

only and including nuclear modifications described by the EPPS16 and nCTEQ15 nPDFs. All
calculations reproduce the present measurements in the entire muon pseudorapidity range. In
particular, the discrepancy between data and theory reported at negative muon pseudorapid-
ity in pPb collisions at psNN = 5.02 TeV [12] is not observed in the present measurements. It
should be noted that the present use of the CT14 proton PDF set decreases the value of the
charge asymmetry compared to the predictions based on CT10 in Ref. [12]. Moreover, the theo-
retical uncertainties are also enlarged in the EPPS16 nPDF sets, as compared to the EPS09 nPDF
sets used in the analysis at psNN = 5.02 TeV. It has been shown in Ref. [49] that the measure-

2

ratios are presented as a function of muon pseudorapidity in the center-of-mass frame.

2 Experimental methods
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
The forward hadron (HF) calorimeter uses steel as an absorber and quartz fibers as the sensi-
tive material. The two halves of the HF are located 11.2 m from the interaction region, one on
each end, and together they provide coverage in the range 3.0 < |h| < 5.2. They also serve as
luminosity monitors. Muons are measured in the pseudorapidity range |h| < 2.4, with detec-
tion planes made using three technologies: drift tubes, cathode strip chambers, and resistive
plate chambers. A more detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in Ref. [25].

During the data-taking period, the proton beam was initially circulating clockwise in the LHC
ring and its direction was reversed to counterclockwise after a data set corresponding to an in-
tegrated luminosity of 62.6 nb�1 was collected. The beam energies were 6.5 TeV for the protons
and 2.56 TeV per nucleon for the lead nuclei [26]. Due to the asymmetric collision system, mass-
less particles produced at a pseudorapidity hCM in the nucleon-nucleon center-of-mass (CM)
frame are reconstructed at hlab = hCM � 0.465 (clockwise proton beam) and hlab = hCM + 0.465
(counterclockwise proton beam) in the laboratory frame. By convention, the proton-going side
defines the positive pseudorapidity region (labelled as forward direction), while the Pb-going
side defines the negative pseudorapidity region (backward direction). The W boson measure-
ments presented in this note are expressed in terms of muon h

µ
CM.

The contamination from background events not originating from inelastic hadronic collisions
is suppressed by requiring a total energy deposited in at least one tower in both sides of the HF
calorimeter larger than 3 GeV/c. Events are also required to have at least one interaction vertex
reconstructed using two or more tracks within a distance from the collision point of 25 cm
along the beam axis and 2 cm along its transverse plane. The loss of W bosons due to the pPb
collision event selection has been determined to be less than 0.2%.

The main signature of the W ! µnµ process is the presence of a high-pT muon. Events of
interest for offline analysis are selected using a trigger algorithm [27] requiring the presence of
at least one muon candidate of transverse momentum pT > 12 GeV/c. Moreover, to enhance
the signal purity [10, 12], the fiducial region of the analysis has been restricted to muons of pT >
25 GeV/c. The muon candidates are reconstructed in CMS with an algorithm that combines the
information from the muon detectors and the tracker [28]. Muons are selected by applying the
standard tight selection criteria used in Ref. [29]. The particle-flow (PF) algorithm [30] is used
to identify the particles in the event.

The PF algorithm aims to reconstruct and identify each individual particle in an event, with
an optimized combination of information from the various elements of the CMS detector.
The energy of photons is directly obtained from the ECAL measurement, corrected for zero-
suppression effects. The energy of electrons is determined from a combination of the electron
momentum at the primary interaction vertex as determined by the tracker, the energy of the
corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially com-
patible with originating from the electron track. The momentum of muons is obtained from
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ments of the lepton charge asymmetry at different collision energies are simply related by a
shift in the lepton pseudorapidity, A(h`,

p
s0) = A(h` ± ln(

p
s0/

p
s),

p
s). Following this pro-

cedure, it has been checked in Fig. 6 that the present results and the measurements performed
at psNN = 5.02 TeV [12] obey well this scaling property.
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Figure 5: Muon charge asymmetry, (N
+
µ � N

�
µ )/(N

+
µ + N

�
µ ), as a function of the muon pseu-

dorapidity in the center-of-mass frame. The brackets represent the statistical and system-
atic uncertainties summed in quadrature, while the error bars show the statistical uncertain-
ties only. Calculations using with CT14 PDF (red line), CT14+EPPS16 nPDF (green line) and
CT14+nCTEQ15 nPDF (brown line), are also displayed, including their PDF uncertainty bands
at 68% confidence interval.
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Figure 6: Comparison of the muon charge asymmetry measured at 8.16 TeV (black points)
and at 5.02 TeV [12] (blue squares). The muon pseudorapidity has been shifted according to
h

µ
ref = h

µ
CM ± ln

�
8.16 TeV/psNN

�
. The brackets represent the statistical and systematic uncer-

tainties summed in quadrature, while the error bars show the statistical uncertainties only.
Calculations using with CT14+EPPS16 nPDF at 8.16 TeV (green line) and at 5.02 TeV (brown
line), are also displayed, including their PDF uncertainty bands at 68% confidence interval.

The agreement between data and theory calculations is quantified through a c2 test performed
for each observable taking into account the bin-to-bin correlations of both experimental and
theoretical uncertainties. The results of the c2 test and the number of degrees of freedom (ndf)
of each observable are shown in Table 2. The CT14+EPPS16 and CT14+nCTEQ15 nPDF pre-
dictions prove compatible with the data, while the CT14 PDF calculations do not describe well
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Figure 3: Nuclear modification factor RpPb for isolated, prompt photons as a function of E�
T , shown for di�erent ⌘⇤

selections in each panel. The data are identical in each row, but show comparisons to the expectations based on
J������ with the EPPS16 nuclear PDF set (top) or with the nCTEQ15 nuclear PDF set (middle), and with an initial
state energy loss calculation (bottom). In all plots, the yellow bands and vertical bars correspond to total systematic
and statistical uncertainties on the data, respectively. In the top and middle panels, the orange and purple bands
correspond to the systematic uncertainties on the calculations (see text).
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Errors still much larger than differences between CT14 & 
CT14+EPPS16

Clear observation of isospin effects from Pb in backward region.
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Figure 3: Nuclear modification factor RpPb for isolated, prompt photons as a function of E�
T , shown for di�erent ⌘⇤

selections in each panel. The data are identical in each row, but show comparisons to the expectations based on
J������ with the EPPS16 nuclear PDF set (top) or with the nCTEQ15 nuclear PDF set (middle), and with an initial
state energy loss calculation (bottom). In all plots, the yellow bands and vertical bars correspond to total systematic
and statistical uncertainties on the data, respectively. In the top and middle panels, the orange and purple bands
correspond to the systematic uncertainties on the calculations (see text).
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Errors still much larger than differences between CT14 & 
CT14+nCTEQ15

Clear observation of isospin effects from Pb in backward region.
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4

The number of events in each b jet category is obtained by fitting the sum of the contributions
for signal and backgrounds. The free parameters of the fit are the normalization of the signal,
QCD multijet, and W+jets yields (as well as the parameters of their functional forms described
above), the b-finding efficiency, i.e., the probability that a jet originating from the b quark from
a top quark decay passes both the kinematic and the b tagging selections, and an overall jet
energy scale factor. Figure 1 shows the mjj0 distribution for events with zero, one, or at least
two b-tagged jets, compared with the fit results.
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Figure 1: Invariant mass distributions of the W candidate, mjj0 , in the 0 (left), 1 (center), and
2 (right) b-tagged jet categories after all selections. The red and orange areas correspond to
the signal simulation (correct and wrong assignments, respectively) while the blue one corre-
sponds to the estimated non-top background contributions. The error bars indicate the statisti-
cal uncertainties.

To further examine the hypothesis that the selected data are consistent with the production of
top quarks, we define a proxy of the top quark mass, mtop, as the invariant mass of a t ! jj0b
candidate formed by pairing the W candidate with a b-tagged jet. This pairing is chosen to
minimize the absolute difference between the invariant masses of the t ! jj0b, and the t ! `nb
candidates. In the 0b and 1b categories, the jet(s) with the highest value(s) of the b quark
identification discriminator are considered for this purpose. Figure 2 shows the distribution
of mtop reconstructed for events in the 0, 1, and 2 b-tagged jet categories, with all signal and
background parameters kept fixed to those from the outcome of the mjj0 fit.
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Figure 2: Invariant mass distributions of the t ! jj0b candidates, mtop, in the 0 (left), 1 (center),
and 2 (right) b-tagged jet categories after all selections. All signal and background parameters
are kept fixed to the outcome of the mjj0 fit. Symbols and patterns are the same as in Fig. 1.

The total number of tt signal events obtained through the fit of the µ+jets and e+jets channels
combined, is 710. Sources of experimental uncertainty in the measurement include the uncer-
tainty in the b tagging efficiency, which is measured in situ and bears the largest effect of ±13%

6

difference in the theoretical tt cross section computed with the PDF for free protons and for
bound nucleons is small. A net overall antishadowing effect increases the total top-quark pair
cross section by only 4% for both the EPPS16 and EPS09 sets in pPb relative to pp collisions [5].
Such a difference is too small to be observed in the data with the current experimental uncer-
tainties. Figure 3 shows the measured and theoretical cross sections for tt production in pPb col-
lisions at

p
sNN = 8.16 TeV, compared with the results from pp collisions at

p
s = 8 TeV [38, 39]

scaled by A and by the ratio of 8.16 TeV over 8 TeV NNLO+NNLL cross sections.
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Figure 3: Total tt cross sections measured in the e+jets, µ+jets, and combined `+jets channels
in pPb collisions at

p
sNN = 8.16 TeV, compared to theoretical NNLO+NNLL predictions, and

to scaled
p

s = 8 TeV pp results [38, 39]. The total experimental error bars (theoretical error
bands) include statistical and systematic (PDF and scale) uncertainties added in quadrature.

In summary, the top pair production cross section has been measured for the first time in
proton-nucleus collisions, using pPb data at

p
sNN = 8.16 TeV with a total integrated luminosity

of 174 nb�1. The measurement is performed by analyzing events with exactly one isolated elec-
tron or muon and at least four jets. The significance of the tt signal against the background-only
hypothesis is above five standard deviations. The measured cross section is stt = 45± 8 nb, con-
sistent with the expectations from scaled pp data as well as perturbative quantum chromody-
namics calculations. This first measurement paves the way for further detailed investigations
of top quark production in nuclear interactions, providing in particular a new tool for studies
of the strongly interacting matter created in nucleus-nucleus collisions.
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Figure 6. Measurements of the nuclear modification factor for an inclusive centrality class for
both PbPb and pPb collisions. The RpA values are formed using the previously published CMS
pPb data [13] and the pp reference spectrum described in this paper. Please refer to the main text
about the exact procedure followed. The green and yellow boxes show the systematic uncertainties
for RpA and RAA, respectively, while the TpA, TAA, and pp luminosity uncertainties are shown as
boxes at low pT around unity.

to 400GeV. As collisions become more peripheral, a weakening of both the magnitude and

pT dependence of this suppression is observed. Comparisons of the measured RAA values

to the 2.76TeV results reveal similar pT dependence and similar suppression. Predictions

of the high-pT RAA coming from the scetG, Hybrid, and v-usphydro+BBMG models

are found to approximately reproduce the present data. In central collisions, the cujet

3.0 model and a model parametrizing the departure of the medium transport coefficient, q̂,

from an ideal estimate, both predict RAA suppressions that are slightly larger than seen in

data. A model allowing q̂ to vary is able to predict the data at high pT, but expects a larger

suppression around 10GeV. The nuclear modification factor in pPb collisions has been re-

computed switching from an interpolation-based reference to the newly measured pp data

at
√
s = 5.02TeV. In the pPb system, in contrast to the PbPb system, no suppression is

observed in the 2–10GeV region. A weak momentum dependence is seen for pT > 10GeV

in the pPb system, leading to a moderate excess above unity at high pT. The pPb and

PbPb nuclear modification factors presented in this paper, covering pT ranges up to 120 and

400GeV, respectively, provide stringent constraints on cold and hot nuclear matter effects.

– 18 –

Charged hadrons offer preliminary look at basic differences 
in jet suppression between p+Pb and Pb+Pb
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Jets in p+Pb
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Much more straightforward 
than in Pb+Pb

Background subtraction issues 
far less severe

Measurements exist for :
1) full jets
2) charged jets
3) HF (charm) jets
4) dijets
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. Vertical error bars represent the 
statistical uncertainty while the boxes represent the systematic uncertainties on the 
jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates 
the systematic uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T . 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (− 0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < − 0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2 ) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7 . The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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most central collisions, performed using a distance parame-
ter R = 0.4. Although the event selections and the jet recon-
struction are not exactly the same in the two measurements,
the results are in good agreement.

5 Summary

The inclusive jet spectra and nuclear modification factors
in pPb collisions at

√
sNN = 5.02 TeV have been mea-

sured. The data, corresponding to an integrated luminos-
ity of 30.1 nb−1, were collected by the CMS experiment in
2013. The jet transverse momentum spectra were measured
for pT > 56 GeV/c in six pseudorapidity intervals cover-
ing the range −2 < ηCM < 1.5 in the NN center-of-mass
system. The jet spectra were found to be softer away from
mid-rapidity. The jet production at forward and backward
pseudorapidity were compared, and no significant asymme-
try about ηCM = 0 was observed in the measured kinematic
range.

The differential jet cross section results were compared
with extrapolated pp reference spectra based on jet mea-
surements in pp collisions at

√
s = 7 TeV. The inclusive

jet nuclear modification factors R∗
pPb were observed to have

small enhancements compared to the reference pp jet spec-
tra at low jet pT in all ηCM ranges. In the anti-shadowing
region, for |ηCM| < 0.5 and 56 < pT < 300 GeV/c, the
value R∗

pPb = 1.17 ± 0.01 (stat) ± 0.12 (syst) was found.
The R∗

pPb appears to be approximately independent of pT,
except in the most backward pseudorapidity range. The R∗

pPb
measurements were found to be compatible with theoretical
predictions from NLO pQCD calculations that use EPS09
nPDFs.
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Measurements of the centrality and rapidity dependence of inclusive jet production in √sNN = 5.02 TeV
proton–lead (p + Pb) collisions and the jet cross-section in √

s = 2.76 TeV proton–proton collisions 
are presented. These quantities are measured in datasets corresponding to an integrated luminosity of 
27.8 nb−1 and 4.0 pb−1, respectively, recorded with the ATLAS detector at the Large Hadron Collider 
in 2013. The p + Pb collision centrality was characterised using the total transverse energy measured in 
the pseudorapidity interval −4.9 < η < −3.2 in the direction of the lead beam. Results are presented 
for the double-differential per-collision yields as a function of jet rapidity and transverse momentum 
(pT) for minimum-bias and centrality-selected p + Pb collisions, and are compared to the jet rate from 
the geometric expectation. The total jet yield in minimum-bias events is slightly enhanced above the 
expectation in a pT-dependent manner but is consistent with the expectation within uncertainties. The 
ratios of jet spectra from different centrality selections show a strong modification of jet production 
at all pT at forward rapidities and for large pT at mid-rapidity, which manifests as a suppression of 
the jet yield in central events and an enhancement in peripheral events. These effects imply that the 
factorisation between hard and soft processes is violated at an unexpected level in proton–nucleus 
collisions. Furthermore, the modifications at forward rapidities are found to be a function of the total 
jet energy only, implying that the violations may have a simple dependence on the hard parton–parton 
kinematics.
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1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 

⋆ E-mail address: atlas.publications@cern.ch.

effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 

http://dx.doi.org/10.1016/j.physletb.2015.07.023
0370-2693/© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
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Abstract Inclusive jet production in pPb collisions at a
nucleon–nucleon (NN) center-of-mass energy of

√
sNN =

5.02 TeV is studied with the CMS detector at the LHC. A
data sample corresponding to an integrated luminosity of
30.1 nb−1 is analyzed. The jet transverse momentum spec-
tra are studied in seven pseudorapidity intervals covering the
range −2.0 < ηCM < 1.5 in the NN center-of-mass frame.
The jet production yields at forward and backward pseudo-
rapidity are compared and no significant asymmetry about
ηCM = 0 is observed in the measured kinematic range. The
measurements in the pPb system are compared to reference
jet spectra obtained by extrapolation from previous measure-
ments in pp collisions at

√
s = 7 TeV. In all pseudorapidity

ranges, nuclear modifications in inclusive jet production are
found to be small, as predicted by next-to-leading order per-
turbative QCD calculations that incorporate nuclear effects
in the parton distribution functions.

1 Introduction

Jet measurements play an important role in the study of the
quark gluon plasma (QGP) produced in relativistic heavy
ion collisions. A key observable in these studies is the phe-
nomenon of jet quenching [1–6], in which the partons pro-
duced in hard scattering lose energy through gluon radiation
and elastic scattering in the hot and dense partonic medium.
Jet quenching was first observed at RHIC through measure-
ments of high transverse momentum (pT) hadrons [7] and
dihadron correlations [8]. At the LHC, this phenomenon was
observed more directly as dijet momentum imbalance [9,10]
and photon–jet energy imbalance [11] in PbPb collisions.
An important ingredient in understanding how the presence
of a hot QCD medium affects the jets is the comparison to
reference measurements from collision systems that are not
expected to produce the QGP. Most often, pp collisions at the
same center-of-mass energy are used as a reference. Modifi-

⋆ e-mail: cms-publication-committee-chair@cern.ch

cations in jet yields [12,13], shapes [14], and fragmentation
patterns [15,16] in PbPb collisions have been found in com-
parison to expectations based on pp measurements. These
modifications are found to depend on the overlap between
the colliding nuclei, and are largest in the most central (i.e.,
largest overlap) PbPb collisions.

The interpretation of the jet modification results in
nucleus–nucleus collisions and the understanding of their
relation to the properties of the QGP requires detailed knowl-
edge of all nuclear effects that could influence the compar-
isons with the pp system. Nuclear modifications may already
be present at the initial state of the collisions, indepen-
dently of QGP formation. Such modifications are collectively
referred to as cold nuclear matter (CNM) effects and include
parton energy loss and multiple scattering before the hard
scattering, and modifications of the parton distribution func-
tions in the nucleus (nPDFs) with respect to those of a free
nucleon (PDFs). Some nPDF modifications have been pre-
viously deduced from measurements of lepton–nucleus deep
inelastic scattering and Drell–Yan production of lepton pairs
from qq annihilation in proton–nucleus collisions [17]. In
addition, measurements of π0 production in deuteron–gold
collisions at RHIC [18] are also included in recent nPDF
fits to better constrain the nuclear gluon distributions [19].
There are several ranges in the parton fractional momenta x
in which the data show suppression or enhancement in the
nPDFs relative to the proton PDFs. At small x (!0.01), the
nPDFs are found to be suppressed, a phenomenon commonly
referred to as “shadowing” [20]. In the range 0.02 ! x ! 0.2,
the nPDFs are enhanced (“antishadowing” [17]), and for
x " 0.2 a suppression has been seen (“EMC effect” [21]).

Proton–lead (pPb) collisions at the LHC provide an oppor-
tunity to evaluate the CNM effects and establish an additional
reference for the interpretation of measurements performed
in PbPb collisions. The results of several pPb studies involv-
ing jets or dijets [22–24], electroweak bosons [25,26], and
high pT charged particles [27,28] are already available. No
significant indication of jet quenching was found so far in the
pPb studies of inclusive jet production [22,29], dijet momen-
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Figure 10: Ratios of fragmentation functions as a function of the charged particle z in p+Pb collisions to those in
pp collisions for the six pjet

T intervals. The statistical uncertainties are shown as error bars and the total systematic
uncertainties are shown as shaded boxes.
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Fig. 5. (Color online.) Nuclear modification factors RpPb of charged jets for R = 0.2 (left) and R = 0.4 (right). The combined global normalization uncertainty from 〈TpPb
〉
, the 

correction to NSD events, the measured pp cross section, and the reference scaling is depicted by the box around unity.

system, while the second is separated from it by about one unit 
in rapidity. No significant change of the jet spectra is observed for 
these two ηlab regions centered at −0.45 and 0.45. Thus, the jet 
measurement has no strong sensitivity to the rapidity shift and 
the pseudorapidity dependent variation of the multiplicity (under-
lying event) within the statistical and systematic uncertainties of 
the measurement.

The nuclear modification factor RpPb is constructed based on 
the pT-differential yields and the extrapolated pp production cross 
section at 5.02 TeV for R = 0.2 and 0.4. It is shown in the left 
and right panel of Fig. 5, respectively. In the reported pT-range, 
it is consistent with unity, indicating the absence of a large mod-
ification of the initial parton distributions or a strong final state 
effect on jet production. Before comparing these results to the 
measured single-particle results for RpPb, one has to consider that 
the same reconstructed pT corresponds to a different underlying 
parton transverse momentum. Assuming that all spectra should 
obey the same power law behavior at high pT, an effective con-
version between the spectra can be derived at a given energy via 
the POWHEG+PYTHIA8 simulations described above. To match the 
single charged particle spectra in the simulation to charged jets 
with R = 0.4, a transformation ph±

T → 2.28ph±
T is needed. Thus, 

the reported nuclear modification factor for charged jets probes 
roughly the same parton pT-region as the ALICE measurement of 
single charged particles that shows a nuclear modification factor 
in agreement with unity in the measured high-pT range up to 
50 GeV/c [27].

Since the jet measurements integrate the final state particles, 
they have a smaller sensitivity to the fragmentation pattern of par-
tons than single particles. Differences between the nuclear modifi-
cation factor for jets and single high-pT particles, as suggested by 
measurements in [28,29], could point to a modified fragmentation 
pattern or differently biased jet selection in p–Pb collisions.

A modified fragmentation pattern may be also reflected in the 
collimation or transverse structure of jets. The first step in test-
ing possible cold nuclear matter effects on the jet structure is 
the ratio of jet production cross sections for two different reso-
lution parameters. It is shown for R = 0.2 and R = 0.4 in p–Pb
in Fig. 6 and compared to PYTHIA6 (Tune Perugia 2011) and 
POWHEG + PYTHIA8 at √sNN = 5.02 TeV and to ALICE results in 
pp collisions at 

√
s = 7 TeV [54]. All data show the expected in-

crease of the ratio from the increasing collimation of jets for higher 
transverse momentum and agree well within the uncertainties. No 
significant energy dependence or change with collision species is 
observed. The data for p–Pb collisions is well described by the 
NLO calculation as well as by the simulation of pp collisions with 
PYTHIA6 at the same energy. It should be noted that the ratio for 

Fig. 6. (Color online.) Charged jet production cross section ratio for different res-
olution parameters as defined in Eq. (7). The data in p–Pb collisions at √sNN =
5.02 TeV are compared to PYTHIA6 (tune: Perugia 2011, no uncertainties shown) 
and POWHEG+PYTHIA8 (combined stat. and syst. uncertainties shown) at the same 
energy, and to pp collisions at 7 TeV (only stat. uncertainties shown).

charged jets is, in general, above the ratio obtained for fully recon-
structed jets, containing charged and neutral constituents. This can 
be understood from the contribution from neutral pions that decay 
already at the collision vertex and lead to an effective broadening 
of the jet profile when including the neutral component in the jet 
reconstruction, mainly in the form of decay photons. For the same 
reason, the inclusion of the hadronization in the NLO pQCD cal-
culation is essential to describe the ratio of jet production cross 
section as also discussed in [62].

4. Summary

In this paper, pT-differential charged jet production cross sec-
tions in p–Pb collisions at √sNN = 5.02 TeV have been shown up 
to pT, ch jet of 120 GeV/c for resolution parameters R = 0.2 and 
R = 0.4. The charged jet production is found to be compatible with 
scaled pQCD calculations at the same energy using nuclear PDFs. 
At the same time, the nuclear modification factor RpPb (using a 
scaled measurement of jets in pp collisions at 

√
s = 7 TeV as a ref-

erence) does not show strong nuclear effects on jet production and 
is consistent with unity for R = 0.4 and R = 0.2 in the measured 
pT-range between 20 and 120 GeV/c. The jet cross section ratio of 
R = 0.2/0.4 is compatible with 7 TeV pp data and also with the 
predictions from PYTHIA6 Perugia 2011 and POWHEG + PYTHIA8 
calculations at 5.02 TeV. No indication of a strong nuclear modi-
fication of the jet radial profile is observed, comparing jets with 
different resolution parameters R = 0.2 and R = 0.4.
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Fig. 5. (Color online.) Nuclear modification factors RpPb of charged jets for R = 0.2 (left) and R = 0.4 (right). The combined global normalization uncertainty from 〈TpPb
〉
, the 
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system, while the second is separated from it by about one unit 
in rapidity. No significant change of the jet spectra is observed for 
these two ηlab regions centered at −0.45 and 0.45. Thus, the jet 
measurement has no strong sensitivity to the rapidity shift and 
the pseudorapidity dependent variation of the multiplicity (under-
lying event) within the statistical and systematic uncertainties of 
the measurement.

The nuclear modification factor RpPb is constructed based on 
the pT-differential yields and the extrapolated pp production cross 
section at 5.02 TeV for R = 0.2 and 0.4. It is shown in the left 
and right panel of Fig. 5, respectively. In the reported pT-range, 
it is consistent with unity, indicating the absence of a large mod-
ification of the initial parton distributions or a strong final state 
effect on jet production. Before comparing these results to the 
measured single-particle results for RpPb, one has to consider that 
the same reconstructed pT corresponds to a different underlying 
parton transverse momentum. Assuming that all spectra should 
obey the same power law behavior at high pT, an effective con-
version between the spectra can be derived at a given energy via 
the POWHEG+PYTHIA8 simulations described above. To match the 
single charged particle spectra in the simulation to charged jets 
with R = 0.4, a transformation ph±

T → 2.28ph±
T is needed. Thus, 

the reported nuclear modification factor for charged jets probes 
roughly the same parton pT-region as the ALICE measurement of 
single charged particles that shows a nuclear modification factor 
in agreement with unity in the measured high-pT range up to 
50 GeV/c [27].

Since the jet measurements integrate the final state particles, 
they have a smaller sensitivity to the fragmentation pattern of par-
tons than single particles. Differences between the nuclear modifi-
cation factor for jets and single high-pT particles, as suggested by 
measurements in [28,29], could point to a modified fragmentation 
pattern or differently biased jet selection in p–Pb collisions.

A modified fragmentation pattern may be also reflected in the 
collimation or transverse structure of jets. The first step in test-
ing possible cold nuclear matter effects on the jet structure is 
the ratio of jet production cross sections for two different reso-
lution parameters. It is shown for R = 0.2 and R = 0.4 in p–Pb
in Fig. 6 and compared to PYTHIA6 (Tune Perugia 2011) and 
POWHEG + PYTHIA8 at √sNN = 5.02 TeV and to ALICE results in 
pp collisions at 
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s = 7 TeV [54]. All data show the expected in-

crease of the ratio from the increasing collimation of jets for higher 
transverse momentum and agree well within the uncertainties. No 
significant energy dependence or change with collision species is 
observed. The data for p–Pb collisions is well described by the 
NLO calculation as well as by the simulation of pp collisions with 
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Fig. 6. (Color online.) Charged jet production cross section ratio for different res-
olution parameters as defined in Eq. (7). The data in p–Pb collisions at √sNN =
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charged jets is, in general, above the ratio obtained for fully recon-
structed jets, containing charged and neutral constituents. This can 
be understood from the contribution from neutral pions that decay 
already at the collision vertex and lead to an effective broadening 
of the jet profile when including the neutral component in the jet 
reconstruction, mainly in the form of decay photons. For the same 
reason, the inclusion of the hadronization in the NLO pQCD cal-
culation is essential to describe the ratio of jet production cross 
section as also discussed in [62].

4. Summary

In this paper, pT-differential charged jet production cross sec-
tions in p–Pb collisions at √sNN = 5.02 TeV have been shown up 
to pT, ch jet of 120 GeV/c for resolution parameters R = 0.2 and 
R = 0.4. The charged jet production is found to be compatible with 
scaled pQCD calculations at the same energy using nuclear PDFs. 
At the same time, the nuclear modification factor RpPb (using a 
scaled measurement of jets in pp collisions at 

√
s = 7 TeV as a ref-

erence) does not show strong nuclear effects on jet production and 
is consistent with unity for R = 0.4 and R = 0.2 in the measured 
pT-range between 20 and 120 GeV/c. The jet cross section ratio of 
R = 0.2/0.4 is compatible with 7 TeV pp data and also with the 
predictions from PYTHIA6 Perugia 2011 and POWHEG + PYTHIA8 
calculations at 5.02 TeV. No indication of a strong nuclear modi-
fication of the jet radial profile is observed, comparing jets with 
different resolution parameters R = 0.2 and R = 0.4.

Charged jets show 
no modification either, 

relative to pp: 
no suppression, 
no PDF effects

Even more detailed studies, such  
as comparing R=0.4 w/ R=0.2 

are well modeled by pQCD & PYTHIA
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Fig. 5. (Color online.) Nuclear modification factors RpPb of charged jets for R = 0.2 (left) and R = 0.4 (right). The combined global normalization uncertainty from 〈TpPb
〉
, the 

correction to NSD events, the measured pp cross section, and the reference scaling is depicted by the box around unity.

system, while the second is separated from it by about one unit 
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ification of the initial parton distributions or a strong final state 
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single charged particle spectra in the simulation to charged jets 
with R = 0.4, a transformation ph±

T → 2.28ph±
T is needed. Thus, 

the reported nuclear modification factor for charged jets probes 
roughly the same parton pT-region as the ALICE measurement of 
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they have a smaller sensitivity to the fragmentation pattern of par-
tons than single particles. Differences between the nuclear modifi-
cation factor for jets and single high-pT particles, as suggested by 
measurements in [28,29], could point to a modified fragmentation 
pattern or differently biased jet selection in p–Pb collisions.

A modified fragmentation pattern may be also reflected in the 
collimation or transverse structure of jets. The first step in test-
ing possible cold nuclear matter effects on the jet structure is 
the ratio of jet production cross sections for two different reso-
lution parameters. It is shown for R = 0.2 and R = 0.4 in p–Pb
in Fig. 6 and compared to PYTHIA6 (Tune Perugia 2011) and 
POWHEG + PYTHIA8 at √sNN = 5.02 TeV and to ALICE results in 
pp collisions at 

√
s = 7 TeV [54]. All data show the expected in-

crease of the ratio from the increasing collimation of jets for higher 
transverse momentum and agree well within the uncertainties. No 
significant energy dependence or change with collision species is 
observed. The data for p–Pb collisions is well described by the 
NLO calculation as well as by the simulation of pp collisions with 
PYTHIA6 at the same energy. It should be noted that the ratio for 

Fig. 6. (Color online.) Charged jet production cross section ratio for different res-
olution parameters as defined in Eq. (7). The data in p–Pb collisions at √sNN =
5.02 TeV are compared to PYTHIA6 (tune: Perugia 2011, no uncertainties shown) 
and POWHEG+PYTHIA8 (combined stat. and syst. uncertainties shown) at the same 
energy, and to pp collisions at 7 TeV (only stat. uncertainties shown).

charged jets is, in general, above the ratio obtained for fully recon-
structed jets, containing charged and neutral constituents. This can 
be understood from the contribution from neutral pions that decay 
already at the collision vertex and lead to an effective broadening 
of the jet profile when including the neutral component in the jet 
reconstruction, mainly in the form of decay photons. For the same 
reason, the inclusion of the hadronization in the NLO pQCD cal-
culation is essential to describe the ratio of jet production cross 
section as also discussed in [62].

4. Summary

In this paper, pT-differential charged jet production cross sec-
tions in p–Pb collisions at √sNN = 5.02 TeV have been shown up 
to pT, ch jet of 120 GeV/c for resolution parameters R = 0.2 and 
R = 0.4. The charged jet production is found to be compatible with 
scaled pQCD calculations at the same energy using nuclear PDFs. 
At the same time, the nuclear modification factor RpPb (using a 
scaled measurement of jets in pp collisions at 

√
s = 7 TeV as a ref-

erence) does not show strong nuclear effects on jet production and 
is consistent with unity for R = 0.4 and R = 0.2 in the measured 
pT-range between 20 and 120 GeV/c. The jet cross section ratio of 
R = 0.2/0.4 is compatible with 7 TeV pp data and also with the 
predictions from PYTHIA6 Perugia 2011 and POWHEG + PYTHIA8 
calculations at 5.02 TeV. No indication of a strong nuclear modi-
fication of the jet radial profile is observed, comparing jets with 
different resolution parameters R = 0.2 and R = 0.4.
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between the tagging efficiency derived from simulation and from 
the JP calculation (Eq. (1)) is used as the systematic uncertainty 
estimation.

The c jet purity calculation relies on another discriminating 
variable known as the corrected secondary vertex mass. This was 
first developed as a tool for identifying b jets by the experiments 
at LEP [40] and SLC [41] and is also used by the LHCb Collabora-
tion [42]. The motivation behind this variable is to correct for any 
missing mass of the decay vertex due to neutral or unobserved 
particles. If the momentum vector of the collection of particles as-
sociated to a vertex is not parallel to the vector pointing from the 
primary vertex to the secondary vertex decay point, i.e. the flight 
direction of the constituent particles, one can use conservation of 
momentum to calculate a minimum possible mass the vertex must 
have had. This minimum possible mass is called the corrected sec-
ondary vertex mass, or Mcorr, and is defined as:

Mcorr =
√

M2 + (p/c)2 sin2 θ + (p/c) sin θ, (2)

where M is the invariant mass of the vertex, p is the momentum 
of the vector sum of the reconstructed particles that form the sec-
ondary vertex, and θ is defined as the angle between that summed 
momentum vector and the flight direction of the vertex. If all par-
ticles that belong to a given secondary vertex are reconstructed, 
the angle θ should be zero, and the secondary vertex mass needs 
no correction. Otherwise, the value of Mcorr is used in the cal-
culation of the vertex mass to account for the nonreconstructed 
momentum.

The c jet purity is found using template fits of Mcorr, after using 
the SSVHP tagger. The numerical values of the SSVHP discrimi-
nator are correlated to the significance of the secondary vertex 
displacement with respect to the primary vertex and are obtained 
using the formula: SSVHP = ln(1 + |d|/σ (d)), where d is the three-
dimensional vertex displacement and σ (d) is the uncertainty in 
the displacement measurement. The working point used in this 
analysis requires SSVHP > 1.68, which maximizes the estimated 
c jet purity from the MC samples, increasing the c jet purity from 
around 10% to around 30%. Once the working point selection is 
applied to the sample, distributions of corrected secondary vertex 
mass from light parton, c, and b jets in the pythia+hijing or pythia
simulations are fit to distributions in data. The shapes of the dif-
ferent flavor templates are fixed, but the relative normalizations of 
each flavor template are allowed to float independently. As seen in 
Fig. 2 for pPb collisions, and in Fig. 3 for pp collisions at 5.02 TeV, 
b jets dominate the Mcorr distributions for vertex masses above 
3 GeV/c2, while the light parton jet contribution is significantly 
reduced by the SSVHP tagger requirement. Because of this light 
parton jet removal, the relative c jet contribution to the sample 
below 3 GeV/c2 is quite large, allowing for an accurate extraction 
of the c jet purity in the data sample.

Fig. 4 shows the c tagging purity and efficiency of the sample 
after applying the SSVHP tagger selection for 5.02 TeV pPb colli-
sions, both in data and simulation. Fig. 5 depicts the same for 5.02 
and 2.76 TeV pp collisions, again, both in data and simulation.

Once the efficiency and purity values are found, the total num-
ber of c jets in the sample is obtained pT bin by pT bin using:

Nc jets = Ntagged
jets

fc

ϵtag
, (3)

where Ntagged
jets is the number of jets passing the SSVHP working 

point selection, fc is again the c jet tagging purity, and ϵtag is the 
tagging efficiency. After correcting for tagging efficiency and purity, 
the c jet pT spectrum is obtained. This spectrum is then passed 

Fig. 2. Corrected secondary vertex mass distributions from pythia+hijing for c jets 
(green), light parton jets (blue), and b jets (red) in the jet pT range 55–80 GeV/c
(upper) and 120–170 GeV/c (lower). Relative normalizations of these three distribu-
tions are fit to a distribution from pPb collision data (black). Statistical uncertainties 
are shown in black for data and for individual simulated flavor components and are 
shown in blue for the sum of the simulated distributions. The bottom panels of both 
plots show the ratio of data to simulation. (For interpretation of the colors in this 
figure, the reader is referred to the web version of this article.)

through a singular value decomposition (SVD) [43] unfolding pro-
cedure, as implemented by the RooUnfold [44] package to remove 
the jet resolution effects.

4. Systematic uncertainties and cross checks

Systematic uncertainties for this analysis are divided into two 
primary categories: charm tagging and jet reconstruction.

4.1. Tagging systematic uncertainties

A number of systematic checks on the charm-tagged spectrum 
are considered, including varying the SSVHP working point, calcu-
lating the c tagging efficiency using the JP tagger method instead 
of obtaining the value from simulation, varying the gluon splitting 
fraction in the MC sample, varying the MC templates within their 
statistical uncertainties, and finally reweighting and varying the D 
meson decay parameters within the uncertainties of the world av-
erage in the simulation [45].

The tagger working point is varied over the discriminator work-
ing point region where the use of a discriminator enhances the c 
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Fig. 7. The c jet cross section (upper panel) and RpA (lower panel) as a function 
of c jet pT for 5.02 TeV pPb and pp data. Statistical uncertainties are solid black 
lines, while systematic uncertainties are shown as filled colored boxes. Integrated 
luminosity uncertainties for pp and pPb data are shown as filled boxes around unity.

5. Results

The c jet pT cross section in pp collisions are shown in Fig. 6 for 
5.02 TeV (upper) and 2.76 TeV (lower) collisions. The data are cor-
rected for jet resolution by a singular value decomposition (SVD) 
unfolding procedure. Both cross sections are compared to predic-
tions from the Z2 tune of pythia 6. The bottom panels of Fig. 6
show the c jet fraction, that is, the total number of charm jets 
relative to the number of inclusive jets, in pp for both collision 
energies. A comparison of the c jet fractions at 2.76 and 5.02 TeV
suggests that the collision energy dependence of the c jet fraction 
is small if any and the two measurements are consistent with each 
other within systematic uncertainties. In addition, data from both 
energies confirm the pythia predictions.

The c jet cross sections as functions of pT are shown in the 
upper panel of Fig. 7 for pPb and pp collisions at 5.02 TeV. The 
cross sections are normalized by the total integrated luminosity of 
the sample. The pPb c jet cross section is also scaled by the mass 
number of lead (A = 208) which normalizes the pPb measurement 
per binary nucleon–nucleon collision, as predicted by the Glauber 
model [48,49]. This additional scaling allows for a direct compar-
ison of the pPb data to the pp data at the same center-of-mass 
energy. The direct comparison is known as the RpA value, which is 
defined as:

RpA = 1
A

dσ pPb/dpT

dσ pp/dpT
. (4)

In the lower panel of Fig. 7, the c jet RpA value is calculated at 
5.02 TeV. We observe RpA values consistent with unity for all pT
bins, suggesting that initial state nuclear modification effects are 
small for c jets at large pT, confirming perturbative QCD predic-
tions indicating such behavior. This absence of initial state effects 
is consistent with similar CMS observations for b and inclusive 
jets [23,28]. Fitting a constant to the pPb c jet RpA pT distribu-
tion yields RpA = 0.92 ± 0.07 (stat) ± 0.11 (syst).

6. Summary

The transverse momentum differential cross section for c jets 
has been obtained for pPb collisions at √sNN = 5.02 TeV, as well 
as for pp collisions at 

√
s = 2.76 and 5.02 TeV. The c jet frac-

tion of ≈6% is consistent with pythia simulations for pp colli-
sions at both center-of-mass energies. By comparing the cross sec-

tions for pPb and pp collisions, a pT-independent RpA value of 
0.92 ± 0.07 (stat) ± 0.11 (syst) is observed for c jets at 5.02 TeV, 
indicating that no significant jet energy modification is present in 
pPb collisions for c jets with pT > 55 GeV/c. These measurements 
indicate that proton–lead initial state effects on c jets between 
55–400 GeV/c are small and that charm jet quenching in lead–lead 
collisions should not be influenced by such effects.
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Fig. 7. The c jet cross section (upper panel) and RpA (lower panel) as a function 
of c jet pT for 5.02 TeV pPb and pp data. Statistical uncertainties are solid black 
lines, while systematic uncertainties are shown as filled colored boxes. Integrated 
luminosity uncertainties for pp and pPb data are shown as filled boxes around unity.

5. Results
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5.02 TeV. We observe RpA values consistent with unity for all pT
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jets [23,28]. Fitting a constant to the pPb c jet RpA pT distribu-
tion yields RpA = 0.92 ± 0.07 (stat) ± 0.11 (syst).
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CMS has extracted contribution from charm-induced jets via tagging: 
also no modification relative to pp (modulo large uncertainties)
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where the numerator is defined in Eq. (1) and the denom-
inator is the corresponding theoretical calculation for B
meson production in pp collisions at the same center-of-
mass energy. The theoretical uncertainties represented by
the open blue boxes in Fig. 3 are computed by recalculating
RFONLL
pþA ðpTÞwith the upper and lower values of the FONLL

predictions represented by dashed histograms in Fig. 2.

The nuclear modification factors of the three B mesons
do not show evidence for modification of pþ Pb data
compared to the FONLL reference, in the considered pT
range within the quoted uncertainties. No significant
differences are observed between the three B meson
species. In the lowest pT interval measured, RFONLL

pþA ðpTÞ
is 1.11 % 0.08ðstatÞ % 0.17ðsystþ PbÞ þ0.33

−0.29 ðsyst FONLLÞ,
0.99% 0.15ðstatÞ% 0.18ðsystþPbÞþ0.30

−0.26ðsystFONLLÞ, and
0.93% 0.18ðstatÞ% 0.20ðsystþPbÞþ0.27

−0.24ðsystFONLLÞ, for
Bþ, B0, and B0

s , respectively.
The production cross section of Bþ is also studied as a

function of its rapidity in the center-of-mass frame (yCM).
The yCM-differential cross section of Bþ in the interval
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Fully-reconstructed bottom hadrons also show no modifiaction, 
within the limited statistical and systematic precision

Study of B Meson Production in pþ Pb Collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5 .02 TeV
Using Exclusive Hadronic Decays
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The production cross sections of theBþ,B0, andB0
s mesons, and of their charge conjugates, are measured

via exclusive hadronic decays in pþ Pb collisions at the center-of-mass energy
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV with the
CMS detector at the CERN LHC. The data set used for this analysis corresponds to an integrated luminosity
of 34.6 nb−1. The production cross sections are measured in the transversemomentum range between 10 and
60 GeV=c. No significant modification is observed compared to proton-proton perturbative QCD
calculations scaled by the number of incoherent nucleon-nucleon collisions. These results provide a
baseline for the study of in-medium b quark energy loss in Pbþ Pb collisions.

DOI: 10.1103/PhysRevLett.116.032301

Relativistic heavy ion collisions allow the study of
quantum chromodynamics (QCD) at very high temperature
and density. Under such extreme conditions, a strongly
interacting state consisting of deconfined quarks and
gluons, the quark-gluon plasma (QGP) [1,2], is predicted
by lattice QCD calculations [3]. Hard-scattered partons are
expected to lose energy as they traverse the QGP via elastic
collisions and medium-induced gluon radiation. The result-
ing reduction of the measured yield of hadrons, compared
to expectations based on proton-proton (pp) data, is often
referred to as “jet quenching” [4,5]. The flavor dependence
of jet quenching is one of the most important testing
grounds for energy loss models [6–10]. However, other
phenomena can affect the yield of heavy-flavor particles,
independently of the presence of a deconfined partonic
medium. For instance, modifications of the parton distri-
bution functions (PDFs) in the nucleus with respect to
nucleon PDFs [11–13] could change the production rate.
Therefore, a complete understanding of the interactions of
heavy quarks in the deconfined medium formed in heavy
ion collisions requires a thorough knowledge of their
production in proton- (or deuteron-) nucleus, pðdÞ þ A,
collisions.
Currently, published data for heavy-flavor production in

pðdÞ þ A exist for open charm both at RHIC, in dþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, and at the LHC in pþ Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. At RHIC, the STAR
Collaboration measured the charm spectra in the rapidity
interval jyj < 1 from direct reconstruction ofD0 meson and
from indirect electron and positron measurements of charm

semileptonic decays [14]. The measured yields were found
to be consistent within the uncertainties with the hypothesis
of binary scaling (no modification with respect to nucleon-
nucleon (NN) cross section scaled by the number of
incoherent NN binary collisions). However, the PHENIX
Collaboration measured a significant enhancement of the
production of heavy-flavor decay electrons in jyj < 0.35 in
high-multiplicity dþ Au events with respect to a combined
data and theory pp Ref. [15]. Recently, PHENIX also
measured a significant enhancement of heavy-flavor pro-
duction via single-muon detection at backward rapidity
(the Au-going direction), and a suppression at forward
rapidities (the d-going direction) [16]. This measured
difference in heavy-flavor production between forward
and backward rapidities is significantly larger than pre-
dicted by leading-order perturbative QCD calculations with
nuclear PDFs [17]. In pþ Pb collisions at the LHC, the
ALICE Collaboration measured the production of the D
meson in the −0.96 < y < 0.04 interval and found it to be,
within uncertainties, compatible with pp data scaled by the
number of binary NN collisions, over a large transverse
momentum (pT) range [18]. The LHC results are well
described by theoretical calculations that do not require a
deconfined medium to be formed in the collision. This
supports the idea that the D meson suppression at high
pT observed in Pbþ Pb collisions by the ALICE
Collaboration [19] is due to parton interactions with the
deconfined medium. While measurements, both at RHIC
and LHC, support that most of the suppression observed in
AA collisions is due to partonic energy loss, the details of
the phenomena affecting open charm in pþ A and AA
collisions are still to be understood.
The production of B mesons was studied at the LHC in

proton-proton (pp) collisions at
ffiffiffi
s

p
¼ 7 TeV over wide pT

and rapidity intervals by CMS [20–22], ATLAS [23], and
LHCb [24]. In Pbþ Pb collisions, CMS measured the non-
prompt J=ψ from B hadron decays at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV

*Full author list given at the end of the article.
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Fig. 1. Dijet |kTy| distributions in p–Pb collisions in the 0–40% V0A multiplicity event class for several kinematic intervals of the full jet (pch+ne
T,jet ). The measurement is 

compared to PYTHIA8 (tune 4C, K = 0.7) with and without initial state radiation. The lower panels show the ratio between the measurement and PYTHIA8 including initial 
state radiation.

background fluctuations and the average momentum density ρ
were evaluated and found to be negligible.

4. Results

The dijet |kTy| distributions are presented as functions of the 
full-jet transverse momentum, the transverse momentum of the 
associated charged jet and event multiplicity classes. The results 
are compared to the predictions of the PYTHIA8.176 event genera-
tor with tune 4C and K = 0.7 [29,30]. This tune has been found to 
give a reasonable description of jet production at the LHC. The final 
state particles are shifted in pseudorapidity with ηshift = −0.465 to 
mimic the rapidity shift of the laboratory frame due to the energy 
difference of the proton and Pb beams.

4.1. Evolution with full-jet transverse momentum

Fig. 1 shows the corrected |kTy| distributions for several kine-
matic intervals for the full jet, from pch+ne

T,jet = 20 GeV/c to pch+ne
T,jet =

120 GeV/c, in the 0–40% V0A multiplicity class. The associated 
charged jet has a minimum transverse momentum, pch

T,assoc jet, of 
15 GeV/c and is always of lower transverse momentum than the 
full jet. The mean |kTy| increases with the transverse momen-
tum of the full jet. Increasing the transverse momentum of the 
full jet extends the kinematic reach of |kTy| by opening phase–
space for more gluon radiation. This results in a harder |kTy| dis-
tribution which drops at large |kTy| because the kinematic limit 
|kTy|max = pch+ne

T,jet,max sin(2π/3) is reached. The p–Pb data points 
and the PYTHIA8 calculation show a similar dependence on pch+ne

T,jet . 
The lower panels of Fig. 1 show the ratio between data and 
PYTHIA8, including initial state radiation (ISR), which is observed 
to be consistent with unity for all transverse momentum ranges 
studied. In the upper panels PYTHIA without the initial state radi-
ation option is shown in addition (dashed line). Without ISR the 
amount of QCD radiation (which includes NLO corrections) is re-
duced, resulting in a steeper |kTy| spectrum. The effect is most 
pronounced for the pch+ne

T,jet > 40 GeV/c where the p–Pb measure-
ment is in agreement with full PYTHIA simulation but differs sig-
nificantly from PYTHIA without ISR. This observation suggests that 

the dijet |kTy| spectrum for large Q 2 processes is highly sensitive 
to the increased available phase–space of QCD radiation processes. 
Measurements presented in [14] of the dijet transverse momentum 
imbalance for more energetic jets than the measurement presented 
here also show results which are comparable to simulated pp ref-
erence and independent of the forward transverse energy.

4.2. Evolution with event multiplicity and pch
T,assoc jet

In addition to the measurement of |kTy| in the highest multi-
plicity p–Pb events, the |kTy| distribution is also measured in the 
lower multiplicity V0A event class 40–100%. If strong nuclear ef-
fects are present they are expected to be stronger in the high 
multiplicity events due to the larger number of participants in 
the collision. A comparison is shown in the left panel of Fig. 2. 
The systematic uncertainties between the two measurements are 
fully correlated since they originate from the uncertainty on the 
jet energy scale of the full jet. The consistency between the |kTy|
distributions in the high and low multiplicity event class was eval-
uated by taking the ratio and performing a constant fit taking into 
account only the statistical errors. The fit is within 1.2σ consis-
tent with unity. This result shows that in the measured kinematical 
region, possible nuclear matter effects and/or shadowing in the 
|kTy| distributions in p–Pb collisions are not observed for dijets at 
midrapidity.

The sensitivity to dijet acoplanarity is enhanced by selecting 
more pT imbalanced jet pairs. The |kTy| distribution for full jets 
with 70 < pch+ne

T,jet < 120 GeV/c for various pch
T,assoc jet ranges is 

shown in the right panel of Fig. 2. The |kTy| distribution tends 
to become steeper if jets are more balanced indicating that the 
influence of QCD radiation decreases. This behavior supports the 
previous observation (Section 4.1) that the dijet |kTy| observable 
for highly energetic jets is over a wide range of |kTy| mainly sensi-
tive to QCD radiation processes rather than elastic scatterings.

4.3. Evolution and characterization via ⟨|kTy|⟩

The measured |kTy| distributions are further characterized by 
reporting the mean (⟨|kTy|⟩) of the distribution. To avoid that the 
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proton beam and 1.58 TeV per nucleon for the lead beam, result-
ing in collisions at a center of mass energy √sNN = 5.02 TeV. The 
nucleon–nucleon center-of-mass system moves in rapidity with re-
spect to the ALICE reference frame by −0.465 in the direction of 
the proton beam [16]. In the following η refers to the pseudora-
pidity in the ALICE reference frame.

The V0 detectors, two arrays of scintillator tiles covering the full 
azimuth within 2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C), 
were used for online minimum bias event triggering, offline event 
selection and characterization of events in different particle mul-
tiplicity classes. The minimum bias trigger required a signal from 
a charged particle in both the V0A and V0C. The total integrated 
luminosity of the minimum bias event sample is 37 µb−1.

The electromagnetic calorimeter (EMCal) in ALICE [17] covers 
100 degrees in azimuth, 1.4 < ϕ < π , and |η| < 0.7. For the an-
alyzed data set an online jet patch trigger of 32 × 32 adjacent 
towers, corresponding to an area of approximately 0.2 rad was 
used. This jet patch trigger fired if an integrated patch energy of 
at least 10 GeV (low-energy trigger) or 20 GeV (high-energy trig-
ger) was found. The low-energy triggered event sample provided 
a significant overlap in jet energy between the minimum bias and 
high-energy trigger event samples, allowing assessment of the trig-
ger biases. The event sample obtained with the low-energy trigger 
corresponds to a total integrated luminosity of 21 µb−1. The event 
sample with the high energy threshold has a total integrated lumi-
nosity of 1.6 nb−1.

The position of the primary vertex was determined using re-
constructed charged particle tracks in the ALICE tracking systems, 
Inner Tracking System (ITS) [18] and Time Projection Chamber 
(TPC) [19]. The algorithm to reconstruct the primary vertex is 
fully efficient for events with at least one primary track within 
|η| < 1.4 [20]. To ensure a high tracking efficiency uniform in η, 
events are accepted if the coordinate of the vertex along the beam 
direction is within ± 10 cm from the center of the detector.

The total event sample is divided into two multiplicity classes 
based on the total charge deposited in the V0A detector [21]. For 
the data sample used in this analysis, the V0A detector is located 
in the direction of the Pb remnants and thus sensitive to the frag-
mentation of the nucleus limiting a correlation in the definition 
of the multiplicity class with the dijet measurement at midra-
pidity. Two multiplicity classes 0–40% and 40–100% are used in 
this analysis. The higher multiplicity class (0–40%) corresponds 
to ⟨dN/dη⟩|η|< 0.5 = 37.2 ± 0.8 and the lower multiplicity class 
(40–100%) to ⟨dN/dη⟩|η|< 0.5 = 9.4 ± 0.2.

3. Jet reconstruction and dijet kTy

3.1. Jet reconstruction

Jets are reconstructed with the anti-kT jet algorithm of the 
FastJet package [22,23] combining charged tracks measured in the 
central tracking detectors, ITS and TPC, and neutral fragments mea-
sured with the EMCal [17]. Tracks from the combined ITS and TPC 
track reconstruction algorithm are used. Quality criteria for track 
selection follow the same strategy as in [24]. The tracking effi-
ciency is 70% for tracks with a transverse momentum pT,track =
0.15 GeV/c and increases to 85% at pT,track = 1 GeV/c and above. 
The pT resolution of tracks is 0.8% (3.8%) for pT,track = 1 GeV/c
(50 GeV/c). EMCal clusters are formed by a clustering algorithm 
that combines signals from adjacent EMCal towers, with cluster 
size limited by the requirement that each cluster contains only 
one local energy maximum. Energy deposited by charged particles 
in the EMCal is subtracted from the measured energy in the EMCal 
clusters which prevents counting the charged energy twice [20,25]. 
ALICE also reconstructs jets from charged particles only. These jets 

are referred to as ‘charged jets’, while jets reconstructed from 
charged and neutral fragments are called ‘full jets’ in this letter.

In this analysis, anti-kT jets are reconstructed using the boost-
invariant pT recombination scheme and a jet resolution parameter 
of R = 0.4. A jet is only accepted if it is fully contained in the 
acceptance in which the constituents are measured: for charged 
jets in the full azimuth and |ηch

jet| < 0.9 − R while for full jets 
1.4 + R < ϕch+ne

jet < π − R and |ηch+ne
jet | < 0.7 − R . It was veri-

fied that reducing the acceptance with 0.05 on all edges, in ηjet
and ϕjet, has a negligible effect on the measurement. Tracks with 
pT,track > 0.15 GeV/c and neutral constituents with ET > 0.3 GeV
are considered. The minimum required area for jets with a res-
olution parameter R = 0.4 is equal to 0.3 (≈ 60% of the area 
of a rigid cone with R = 0.4). This selection does not affect the 
jet finding efficiency for jets (full and charged) with transverse 
momentum pT,jet > 15 GeV/c. In addition, jets containing a track 
with pT,track > 100 GeV/c, for which the track momentum resolu-
tion exceeds 6.5%, are tagged and rejected. This last requirement 
has negligible effect in the reported range of jet momenta. The 
measurement is corrected to particle level as will be explained in 
Section 3.3.

The measured transverse momentum of the anti-kT jet is cor-
rected for the contribution of the underlying event by subtracting 
the average background momentum density, ρ for full jets and ρch
for charged jets, multiplied by the area of the considered jet. The 
contribution of the underlying event to the charged jets is esti-
mated using clusters reconstructed with the kT jet algorithm using 
only charged tracks. This is achieved by calculating event-by-event 
the median charged background density, ρch, from all kT clusters in 
the event with in addition a correction for the sparsely populated 
p–Pb events [26,27]. The average ρch in minimum-bias events is 
equal to 1.9 GeV/c for the 0–40% multiplicity class and 0.7 GeV/c
for the 40–100% event multiplicity class with a negligible statisti-
cal uncertainty in both cases. Finally, ρch is multiplied by a scale 
factor to account for the neutral energy to estimate ρ . The scale 
factor is determined by measuring the ratio between the energy of 
all the EMCal clusters and the charged tracks pointing into the EM-
Cal acceptance in the minimum-bias event sample. The extracted 
scale factor 1.28 is independent of event multiplicity. The influ-
ence of background fluctuations is quantified and corrected for on 
an inclusive basis, see Section 3.3.

3.2. Dijet kTy

Each measured full jet is correlated with the charged jet of 
highest transverse momentum in the opposite hemisphere. Only 
pairs for which the full jet has a larger transverse momentum than 
the associated charged jet are considered. Furthermore only dijets 
pairs with |%ϕdijet −π | < π/3, with %ϕdijet the angle between the 
jet axis of the full and charged jet, are considered in the analysis. 
The selection in %ϕdijet rejects 5–8% of the dijet pairs depending 
on the kinematic selection of the full and associated charged jet. 
The azimuthal acoplanarity of dijets is studied by measuring the 
transverse component of the kT vector of the dijet system, kTy, de-
fined as

kTy = pch+ne
T,jet sin(%ϕdijet), (1)

with pch+ne
T,jet the transverse momentum of the full jet. It should 

be noted that this definition differs from the one used in pre-
vious publications, for example [28]. Since dN/dkTy is a sym-
metric distribution around zero, |kTy| is reported throughout the 
paper. For events from the minimum-bias sample full jets with 
pch+ne

T,jet > 20 GeV/c are considered, while in the jet-triggered data 

ALICE has measured the kT of full jets  
recoiling against charged jets, vs. full-jet pT, 
well described by PYTHIA (including ISR)
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A measurement of dijet correlations in p–Pb collisions at √sNN = 5.02 TeV with the ALICE detector is 
presented. Jets are reconstructed from charged particles measured in the central tracking detectors and 
neutral energy deposited in the electromagnetic calorimeter. The transverse momentum of the full jet 
(clustered from charged and neutral constituents) and charged jet (clustered from charged particles only) 
is corrected event-by-event for the contribution of the underlying event, while corrections for underlying 
event fluctuations and finite detector resolution are applied on an inclusive basis. A projection of the 
dijet transverse momentum, kTy = pch+ne

T,jet sin("ϕdijet) with "ϕdijet the azimuthal angle between a full 
and charged jet and pch+ne

T,jet the transverse momentum of the full jet, is used to study nuclear matter 
effects in p–Pb collisions. This observable is sensitive to the acoplanarity of dijet production and its 
potential modification in p–Pb collisions with respect to pp collisions. Measurements of the dijet kTy as 
a function of the transverse momentum of the full and recoil charged jet, and the event multiplicity are 
presented. No significant modification of kTy due to nuclear matter effects in p–Pb collisions with respect 
to the event multiplicity or a PYTHIA8 reference is observed.

© 2015 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Dijets produced in 2 → 2 leading-order (LO) scattering pro-
cesses are balanced in transverse momentum and back-to-back in 
azimuth. In proton–proton collisions a small acoplanarity appears 
due to intrinsic transverse momentum kT from partonic Fermi mo-
tion [1] and initial state gluon radiation [2,3]. At large momentum 
transfer between the incoming partons, the phase space for hard 
gluon radiation in the parton shower or from next-to-leading-order 
(NLO) processes increases, resulting in acoplanarity of the dijet sys-
tem [4–6]. This also results in an imbalance of the jet transverse 
momenta also referred to as a broadening of the dijet transverse 
momentum. The relative contribution of hard QCD radiation to the 
dijet kT can be varied by applying kinematic and acceptance selec-
tions to the dijet sample.

In p–Pb collisions the dijet kinematics are potentially modified 
due to nuclear matter effects which are expected to induce a mo-
mentum imbalance and acoplanarity of dijet pairs with respect to 
pp collisions, so-called transverse momentum broadening [7]. For 
instance, multiple scatterings inside the nucleus of the initial- and 
final-state partons in hard scatterings can lead to such a transverse 
momentum broadening.

In heavy-ion collisions, jets produced in hard scattering pro-
cesses are used to probe the properties of the produced medium. 
Highly energetic partons propagate through the medium, which 

⋆ E-mail address: alice-publications@cern.ch.

modifies the parton shower resulting in a modified fragmentation
pattern of the final hadronization products [8,9]. Heavy-ion jet 
measurements are compared to measurements in pp collisions 
to determine the effect of hot nuclear matter on jet observ-
ables [10–13]. In the context of such studies, measurements in 
p–Pb collisions serve as a benchmark to study hard scattering pro-
cesses in a nuclear target.

Measurements presented in [14] of the dijet transverse mo-
mentum imbalance and dijet azimuthal angle distributions show 
results which are comparable to results obtained with pp data and 
independent of the event activity. This letter presents a measure-
ment of dijet acoplanarity in p–Pb collisions at √sNN = 5.02 TeV, 
recorded with the ALICE detector at the Large Hadron Collider 
(LHC). The jet azimuthal correlations are measured at mid-rapidity 
for jet transverse momentum between 15 and 120 GeV/c. Jets 
entering in the acceptance of electromagnetic calorimeter are re-
constructed from charged and neutral particles (full jet) while the 
recoil jet is reconstructed from charged particles only (charged jet). 
Measurements are presented as a function of the full and associ-
ated charged jet transverse momentum in two event multiplicity
classes which are correlated to the centrality of the p–Pb colli-
sions [15].

2. Experimental setup and data sample

Collisions of proton and lead beams were provided by the LHC 
in the first months of 2013. The beam energies were 4 TeV for the 

http://dx.doi.org/10.1016/j.physletb.2015.05.033
0370-2693/© 2015 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

No obvious dijet broadening in nuclear environment
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Figure 2: The measured pp dijet pseudorapidity spectra, shifted to match the hdijet range of the
pPb collisions, in bins of p

ave
T , overlaid with NLO pQCD calculations with the CT14 [57] and

MMHT14 [58] nucleon PDFs. The red boxes indicate systematic uncertainties in data and the
height of the NLO pQCD calculation boxes represent the PDF uncertainties.

the data are incompatible with the DSSZ and nCTEQ15 nPDFs, but not incompatible with the
EPS09. This supports the interpretation of the RHIC pion data by the EPS09 nPDF, in which the
modification of the pion spectra gives rise to the gluon EMC effect. The data also show smaller
shadowing, antishadowing, and EMC effects than what is implemented in the nCTEQ15 PDF
set. The results are consistent with EPPS16 with relaxed constraints on the nuclear PDF pa-
rameterization, which results in larger PDF uncertainties [16]. The conclusions obtained from
different p

ave
T intervals are similar, which provide important tests of the nuclear PDF at various

Q
2 values. The significantly smaller experimental uncertainties, in most of the p

ave
T and hdijet

intervals probed, as compared to the uncertainties of calculations using NLO PDF, indicate that
the present data, when included in the calculations of the next generation nPDFs, will result in
an improved description of the gluon nPDF.

In summary, measurements of the dijet pseudorapidity (hdijet) in different average transverse
momentum (p

ave
T ) intervals in pPb and pp collisions at a nucleon-nucleon center-of-mass en-

ergy
p

sNN = 5.02 TeV are reported. Ratios of the pPb and pp hdijet spectra using the pp refer-
ence data are also reported. Significant modifications of the hdijet distributions are observed in
pPb data compared to the pp reference in all p

ave
T intervals, which show shadowing, antishad-

owing, and EMC effects in nuclear parton distribution functions (nPDFs). The ratios of the
pPb and pp distributions are compared to next-to-leading order calculations with nucleon and
nPDFs. Based on these comparisons, the results present the first evidence that the gluon PDF
at large Bjorken x in lead ions is strongly suppressed with respect to that in unbound nucle-
ons. The data are incompatible with predictions using nucleon PDFs or using nPDFs without
large-x gluon suppression. Based on a statistical analysis, the EPS09 nPDF provides the best
overall agreement with the data. This data can be used to place strong constraints on the next-
generation of nPDFs, which are crucial for the understanding of high pT and high mass particle
production at collider energies.

Dijet pT balance observed to hold in p+Pb, unlike in Pb+Pb: no energy loss.
Self normalized dijet ηdijet=(η1+η2)/2 are very precise. 

New measurements of 5.02 TeV pp used to compare with previous p+Pb (w/ ∆η=0.465)
w/ ηdijet ~ ln(x2/x1) probing different regions of x1, x2
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Ratios of p+Pb/pp demonstrate differences (up to 20%) in PDFs: 
nPDF implementations differ systematically (also up to 20%)
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With many measurements 
demonstrating nucleonic substructure, 

nucleon size should vary event-to-event: 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Abstract The centrality dependence of the mean charged-
particle multiplicity as a function of pseudorapidity is mea-
sured in approximately 1 µb−1 of proton–lead collisions
at a nucleon–nucleon centre-of-mass energy of

√
sNN =

5.02 TeV using the ATLAS detector at the Large Hadron
Collider. Charged particles with absolute pseudorapidity less
than 2.7 are reconstructed using the ATLAS pixel detec-
tor. The p+ Pb collision centrality is characterised by the
total transverse energy measured in the Pb-going direction
of the forward calorimeter. The charged-particle pseudora-
pidity distributions are found to vary strongly with centrality,
with an increasing asymmetry between the proton-going and
Pb-going directions as the collisions become more central.
Three different estimations of the number of nucleons par-
ticipating in the p+Pb collision have been carried out using
the Glauber model as well as two Glauber–Gribov inspired
extensions to the Glauber model. Charged-particle multiplic-
ities per participant pair are found to vary differently for these
three models, highlighting the importance of including colour
fluctuations in nucleon–nucleon collisions in the modelling
of the initial state of p+ Pb collisions.
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1 Introduction

Proton–nucleus (p+A) collisions at the Large Hadron Col-
lider (LHC) [1] provide an opportunity to probe the physics
of the initial state of ultra-relativistic heavy-ion (A + A)
collisions without the presence of thermalisation and collec-
tive evolution [2]. In particular, p+ A measurements can
provide insight into the effect of an extended nuclear target
on the dynamics of soft and hard scattering processes and
subsequent particle production. Historically, measurements
of the average charged-particle multiplicity as a function of
pseudorapidity, dNch/dη, where pseudorapidity is defined as
η = − ln tan(θ/2)with θ the particle angle with respect to the
beam direction, have yielded important insight into soft par-
ticle production dynamics in proton– and deuteron–nucleus
(p/d+ A) collisions [3–8] and provided essential tests of
models of inclusive soft hadron production.

Additional information is obtained if measurements of
the charged-particle multiplicities are presented as a func-
tion of centrality, an experimental quantity that characterises
the p/d+ A collision geometry. Previous measurements in
d + Au collisions at the Relativistic Heavy Ion Collider
(RHIC) [9] have characterised the centrality using parti-
cle multiplicities at large pseudorapidity, either symmetric
around mid-rapidity [10] or in the Au fragmentation direc-
tion [11]. These measurements have shown that the rapidity-
integrated particle multiplicity in d+ Au collisions scales
with the number of inelastically interacting, or “participat-
ing”, nucleons, Npart. This scaling behaviour has been inter-
preted as the result of coherent multiple soft interactions of
the projectile nucleon in the target nucleus, and is known
as the wounded–nucleon (WN) model [12]. The charged-

123



ALICE Hybrid Method

 30

Particle production and centrality in p–Pb ALICE Collaboration
  

pP
b

Q

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2 =5.02 TeVNNsALICE p-Pb  
CL1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
V0M 〉 pA T〈 Syst. on  

 Syst. on normalization

 | < 0.3ηCharged particles |  

 (GeV/c)  Tp
0 5 10 15 20 25 30

  
pP

b
Q

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 V0A     0-5%

   5-10%

 10-20%

 20-40%

 40-60%

 60-80%

80-100%

G-PYTHIA

 (GeV/c)  
T

p
0 5 10 15 20 25 30

0.2

0.4
0.6
0.8

1
1.2

1.4

1.6
1.8

2 ZNA

Fig. 19: QpPb spectra (points) of all primary charged particles for various centrality classes obtained with
the different centrality estimators explained in the text. The lines are from G-PYTHIA calculations. The
systematic error on the spectra is only shown for the V0A 0-5% centrality bin and is the same for all
others. The systematic uncertainty on pp and p–Pb normalization is shown as a gray box around unity at
pT = 0. The systematic uncertainty on ⟨TpPb⟩MB is shown as a light blue box around unity at high pT.

is about 15%, and the differences in the height of the peak among centrality estimators are small
with respect to the absolute increases of the p–Pb yields. The enhancement is not reproduced
by our model of incoherent superposition of pp collisions. In contrast, in the low pT region,
below the Cronin peak, the yield is overestimated by the model. This overestimate at low pT
is expected because this pT region is dominated by soft processes and therefore is not expected
to scale with Ncoll. On the other hand, the intermediate pT region is expected to be dominated
by hard scatterings and should scale with Ncoll in the absence of nuclear effects. From this we
can conclude that the Cronin enhancement observed is due to nuclear modification effects, as
observed in other measurements [10–13], as well as in the minimum bias RpPb [2].

The bottom right plot of Fig. 19 shows the QpPb for the ZNA centrality selection. The classes
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Fig. 20: QpPb spectra with the hybrid method. Spectra are calculated in ZNA classes with ⟨Ncoll⟩as given
in Table 7, and are obtained with assumptions on particle production described in Sec. 6.

selected by the ZNA present spectra much more similar to each other than the other estimators,
as expected in the absence of a multiplicity bias. The height of the Cronin peak relative to the
yield at high-pT is larger with the V0A selection, which may be seen as a sign of a remaining
small bias in V0A, expected from the G-PYTHIA calculations. However, for peripheral colli-
sions (60-80% and 80-100%), the absolute values of the spectra at high pT indicate the presence
of a bias in the ZNA measurement. This is not due to the event selection, but is due to the in-
accurate estimate of ⟨Ncoll⟩ values for peripheral events, where a small, absolute uncertainty
results in a large relative deviation in the QpPbcalculation.

As discussed in Sec. 6, the hybrid method uses centrality classes selected with ZNA and ⟨Ncoll⟩
values determined with assumptions on particle production. Fig. 20 shows the resulting QpPb
values, QmultpPb on the left and Q

Pb−side
pPb on the right panel. Here it is important to note that the

ratios in the lower right panel in Fig. 19, and both panels in Fig. 20 have the same shape by
construction, and only differ due to the scaling (Ncoll) of the reference. The small differences
among the ⟨Ncoll⟩ values (Table 7) are reflected in consistentQpPb, which also remain consistent
with unity at high-pT for all centrality classes. This confirms the absence of initial state effects,
already observed for minimum bias collisions. The Cronin enhancement, which has already
been noted in minimum bias collisions, is observed to be stronger in central collisions and
nearly absent in peripheral collisions. The enhancement is also weaker at 5.02 TeV compared
to 200 GeV [60]. The geometry bias, described in Sec.5.3, is still present and uncorrected,
even with this method. Its effect is limited to only peripheral classes, resulting in QpPb < 1 for
80-100%.

The mean QpPb at high momentum for the various centrality estimators is shown as a func-
tion of centrality in Fig. 21. The centrality dependence of QGlauberpPb extracted from multiplicity
distributions is shown on the left. It is reminiscent of the multiplicity bias, and reproduced
by the G-PYTHIA calculation (lines in the figure). The mean QpPb changes less with increas-
ing rapidity gap between the centrality estimator and the region where the pT measurement is
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2. Nhigh−pTcoll : the yield of charged high-pT particles at mid-rapidity is proportional to the
number of binary NN collisions (Ncoll);

3. NPb−sidecoll : the target-going charged-particle multiplicity is proportional to the number of
wounded target nucleons (Ntargetpart = Npart- 1 = Ncoll).

For the charged-particle multiplicity in the Pb-going side we use the signal from the innermost
ring of the VZERO-A detector. We note that assumptions 1) and 2) are satisfied for minimum
bias collisions, where we measured a value of (dNch/dηcms)/⟨Npart⟩ consistent with that in
inelastic pp collisions (0.97± 0.08) [23] and an integrated RpA(10 <pT < 20 GeV/c) = 0.995±
0.010 (stat.) ± 0.090 (syst.) (see Sec. 7).

Therefore, in order to obtain the average number of binary NN collisions in each centrality
interval, the minimum bias value of ⟨Npart⟩MB= 7.9, is scaled using the ratio of the multiplicity
at mid-rapidity:

⟨Npart⟩multi = ⟨Npart⟩MB ·
(

⟨dN/dη⟩i
⟨dN/dη⟩MB

)

−1<η<0
(11)

⟨Ncoll⟩multi = ⟨Npart⟩multi −1 (12)

In a similar way the minimum bias value of ⟨Ncoll⟩MB = 6.9 is scaled using the ratio of the yield
of high-pT particles at mid-rapidity to obtain Nhigh−pTcoll :

⟨Ncoll⟩
high−pT
i = ⟨Ncoll⟩MB ·

⟨S⟩i
⟨S⟩MB

(13)

where S stands for the charged-particle yields with 10< pT < 20 GeV/c. Alternatively, one can
use the Pb-side multiplicity to obtain NPb−sidecoll

⟨Ncoll⟩Pb−sidei = ⟨Ncoll⟩MB ·
⟨S⟩i
⟨S⟩MB

(14)

where S stands for the raw signal of the innermost ring of VZERO-A. The obtained values of
⟨Ncoll⟩ in ZN-centrality classes are listed in Table 7 and shown in Fig. 14.

Centrality Nmultcoll Nhigh−pTcoll NPb−sidecoll
0 - 5 12.2 12.5 13.3
5 - 10 11.6 12.1 12.3
10 - 20 11.0 11.3 11.4
20 - 40 9.56 9.73 9.60
40 - 60 7.08 6.81 6.74
60 - 80 4.30 4.05 4.00
80 - 100 2.11 2.03 2.06

Table 7: ⟨Ncoll⟩ values obtained under the three assumptions discussed in the text.

The systematic uncertainty is given by the 8% uncertainty on the ⟨Ncoll⟩MB (or the 3.4% uncer-
tainty on the ⟨TpPb⟩MB) listed in Table 3. We assign no uncertainty to the assumptions made
for particle scaling. The differences between the three sets of values do not exceed 9% in all
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Fig. 18: Pseudorapidity density of charged particles measured in p–Pb collisions at mid-rapidity per
participant as a function of Npart (left), or as a function of the mid-rapidity density (right), for various
centrality estimators.

range in Nch reached with the ZNA selection is clearly visible. The data for CL1, V0M, V0A,
and ZNA show the bias discussed in Sec. 5, while the data extracted with the hybrid model, as
well as those scaled by Glauber-Gribov Npart, with the exception of the most peripheral point,
scale linearly with Npart, and extrapolate to the pp value. This indicates the sensitivity of the
Npart-scaling behaviour to the Glauber modelling, as well as the importance of the multiplicity
fluctuations.

7.2 Nuclear modification factors

As discussed in section 5, the various centrality estimators induce a bias on the nuclear modifi-
cation factor depending on the rapidity range they cover. In contrast to minimum bias collisions,
where ⟨Ncoll⟩= 6.9 is fixed by the ratio of the pN and p–Pb cross-sections, in general, Ncoll for
a given centrality class cannot be used to scale the pp cross-section, or to calculate centrality-
dependent nuclear modification factors. For a centrality selected event sample, we therefore
define QpPb as

QpPb(pT;cent) =
dNpPbcent/dpT

⟨NGlaubercoll ⟩dNpp/dpT
=

dNpPbcent/dpT
⟨TGlauberpPb ⟩dσpp/dpT

(15)

for a given centrality percentile according to a particular centrality estimator. In our notation
we distinguish QpPb from RpPb because the former is influenced by potential biases from the
centrality estimator which are not related to nuclear effects. Hence, QpPb can be different from
unity even in the absence of nuclear effects.

The pT distribution of primary charged particles in minimum bias collisions is given in [59].
The charged particle spectra are reconstructed with the two main ALICE tracking detectors,
the Inner Tracking System and the Time Projection Chamber, and are corrected for the detec-
tor and reconstruction efficiency using a Monte Carlo simulation based on the DPMJET event
generator [51]. The systematic uncertainties on corrections are estimated via a comparison to a
Monte Carlo simulation using the HIJING event generator [28], while the pT resolution is esti-
mated from the space-point residuals to the track fit and verified with data. The total systematic
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We report measurements of the primary charged-particle pseudorapidity density and transverse momentum
distributions in p-Pb collisions at

√
sNN = 5.02 TeV and investigate their correlation with experimental

observables sensitive to the centrality of the collision. Centrality classes are defined by using different
event-activity estimators, i.e., charged-particle multiplicities measured in three different pseudorapidity regions
as well as the energy measured at beam rapidity (zero degree). The procedures to determine the centrality,
quantified by the number of participants (Npart) or the number of nucleon-nucleon binary collisions (Ncoll) are
described. We show that, in contrast to Pb-Pb collisions, in p-Pb collisions large multiplicity fluctuations together
with the small range of participants available generate a dynamical bias in centrality classes based on particle
multiplicity. We propose to use the zero-degree energy, which we expect not to introduce a dynamical bias, as
an alternative event-centrality estimator. Based on zero-degree energy-centrality classes, the Npart dependence
of particle production is studied. Under the assumption that the multiplicity measured in the Pb-going rapidity
region scales with the number of Pb participants, an approximate independence of the multiplicity per participating
nucleon measured at mid-rapidity of the number of participating nucleons is observed. Furthermore, at high-pT

the p-Pb spectra are found to be consistent with the pp spectra scaled by Ncoll for all centrality classes. Our
results represent valuable input for the study of the event-activity dependence of hard probes in p-Pb collisions
and, hence, help to establish baselines for the interpretation of the Pb-Pb data.
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I. INTRODUCTION

Proton-lead collisions are an essential component of the
heavy ion program at the Large Hadron Collider (LHC) [1].
Measurements of benchmark processes in p-Pb collisions
serve as an important baseline for the understanding and
the interpretation of the nucleus-nucleus data. These mea-
surements allow one to disentangle hot-nuclear-matter effects
which are characteristic of the formation of the quark-gluon
plasma (QGP) from cold-nuclear-matter effects. The latter are
the effects due to the presence of the nuclei themselves and
not the QGP; for example, kT broadening, nuclear modification
of parton densities, and partonic energy loss in cold nuclear
matter.

Of particular interest are studies of nuclear effects on parton
scatterings at large momentum transfer (hard processes). To
this end, we measure the nuclear modification factor, which is
defined as the ratio of particle or jet transverse-momentum
(pT) spectra in minimum-bias (MB) p-Pb to those in pp
collisions scaled by the average number of binary p-nucleon
(p-N) collisions ⟨Ncoll⟩ [2]. The latter is given by the ratio
of p-N and p-Pb inelastic cross sections times the mass
number A. In the absence of nuclear effects, the nuclear
modification factor is expected to be unity. In heavy-ion
collisions, binary scaling is found to hold in measurements of
prompt photons [3] and electroweak probes [4,5], which do not
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strongly interact with the medium. The observation of binary
scaling in p-Pb demonstrates that the strong suppression of
hadrons [6], jets [7], and heavy flavor hadrons [8,9] seen in
Pb-Pb collisions is due to strong final-state effects. Centrality-
dependent measurements of the nuclear modification factor
RpPb(pT,cent), defined as

RpPb (pT,cent) = dN
pPb
cent /dpT〈

N cent
coll

〉
dNpp/dpT

, (1)

require the determination of the average N cent
coll for each

centrality class.
Moreover, it has been recognized that the study of p-

Pb collisions is also interesting in its own right. Several
measurements [10– 13] of particle production in the low-
and intermediate-transverse-momentum region clearly show
that p-Pb collisions cannot be explained by an incoherent
superposition of pp collisions. Instead, the data are compatible
with the presence of coherent [14] and collective [15] effects.
Their strength increases with multiplicity, indicating a strong
collision-geometry dependence. In order to corroborate this
hypothesis a more detailed characterization of the collision
geometry is needed.

The Glauber model [16] is generally used to calculate geo-
metrical quantities of nuclear collisions (A-A or p-A). In this
model, the impact parameter bcontrols the average number of
participating nucleons (hereafter referred as “participants” or
also “wounded nucleons” [17,18]), Npart and the corresponding
number of collisions, Ncoll. It is expected that variations of
the amount of matter overlapping in the collision region will
change the number of produced particles, and parameters such
as Npart and Ncoll have traditionally been used to describe those
changes quantitatively and to relate them to pp collisions.

0556-2813/2015/91(6)/064905(28) 064905-1 ©2015 CERN, for the ALICE Collaboration
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When integrating over all ET, the total yield in the
PCM is the same as in the UCM. However, p+A config-
urations at fixed Ncoll with a large ET will contribute a
larger fraction of the total yield.

C. Variably Correlated Model

If Eq. 7 is averaged over many NN configurations, one

can integrate out the Ej(p)
T /k✓ term and replace it with

its mean value of 1. In that case, the average hard scat-
tering yield in any NN collision j reduces to

Yj = C
⇣
Ej

T

.
k✓ + 1

⌘.
2. (9)

As will be seen later, even though this replacement
removes the stochastic component of the correlation be-
tween the yield and the UE activity in NN collisions, the
resulting centrality bias is numerically identical within
statistical precision. This suggests that in addition to
the PCM, the magnitude of the bias can be explored as
a continuous function of the strength of the correlation
between the hard scattering yield and UE activity. The
correlation strength is specified by a parameter 0 < ↵ < 1
such that the average yield in any NN collision j is

Yj = C
⇣
↵ Ej

T

.
k✓ + (1� ↵)

⌘
, (10)

and the average yield at fixed Ncoll is therefore

YNcoll(ET) = C
⇣
↵
NcollX

j=1

Ej
T/k✓ + (1� ↵)Ncoll

⌘
. (11)

Numerically, the choice of ↵ = 1
2 is equivalent to the

(Ej(p)
T -integrated) PCM, while ↵ = 0 describes the UCM.

III. RESULTS

In a given centrality interval, the total hard scattering
yield under the assumptions of each model is calculated
by integrating the yield from each value of Ncoll within
the ET range defining the interval, (Emin

T , Emax
T ). Define

Y as the higher-order function which, given a correlation
between the average yield and the total ET, returns the
total yield in some centrality interval,

Y
⇥
YNcoll(ET);Emin

T , Emax
T

⇤
=

X

Ncoll

Z Emax
T

Emin
T

dETP (Ncoll)PNcoll(ET)YNcoll(ET).(12)

Let ⇢ be the ratio of the total yield between one of
the correlated models (PCM or VCM) and the UCM in
a given centrality interval,
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FIG. 2. Correlation between the normalized yield Y/C and
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T, shown for p+Pb events with Ncoll = 5
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VCM with ↵ = 0.5 (diagonal line). The contribution from the

proton participant, Eevt(p)
T , is not included in the horizontal

axis of the plot to better demonstrate the main features of
the models.

⇢ = Y [ YNcoll(ET) ] / Y [ CNcoll ] , (13)

where the ET range is suppressed for clarity.
The quantity ⇢ encodes, in a given experimentally se-

lected centrality interval, how the rate of point-like pro-
cesses is modified in those events due to the presence
of a correlation between the UE activity and the hard
scattering yield in NN collisions. Thus, the values of
⇢ determine how the hard scattering yield in each cen-
trality interval is modified as a result of the centrality
bias e↵ect. Experimentally, the values of ⇢ should be ap-
plied to the raw yield Y to determine the corrected yield
Y corr = Y/⇢.
In general, the values of ⇢ depend on the description

of the UE activity (e.g. k and ✓) and the chosen cen-
trality intervals. Thus, the prescription presented here
must be tailored to the individual conditions within each
experiment. This paper gives results for ⇢ within the
ATLAS framework for centrality-selected p+Pb collisions
at 5.02 TeV, and within the PHENIX framework for
d+Au collisions at 200 GeV.
ATLAS characterizes the centrality of the collision

with the sum of the transverse energy, ET, in the Pb-
going forward calorimeter [39]. The distribution of
ET is modeled as a Gamma distribution with Npart-
dependent parameters. The best fit uses k(Npart) =
k0 + k1(Npart � 2), which is applied in our model by set-
ting k = k1 = 0.425 and kevt = k0�k1 = 0.965. Further-
more, an Npart-dependent ✓ term is used to account for
a possible shift of the overall dN/dy distribution of soft
particles with increasingNpart [40], which was included in
the model via ✓(Npart) = 3.41+ 1.30 log(Npart � 1) GeV.

6

TABLE I. Multiplicative change in the hard scattering yield, ⇢, arising from a correlation between the centrality signal and
the mean yield in NN collisions. Results are shown for d+Au and p+Pb collisions. The PHENIX bias factors (BF) are taken
from the calculation in Ref. [19]. For p+Pb collisions, results are shown for the standard Glauber model and for the Glauber
Gribov Color Fluctuation model with two choices of the parameter ⌦.

d+Au 200 GeV p+Pb 5.02 TeV
centrality ⇢ 1/BF (PHENIX) centrality ⇢ (default) ⇢ (⌦ = 0.55) ⇢ (⌦ = 1.01)

0–10% 1.20 ± 0.10 1.09 ± 0.04 1.07 ± 0.03
0–20% 1.15 ± 0.07 1.06 ± 0.01 10–20% 1.06 ± 0.03 1.03 ± 0.02 1.03 ± 0.01
20–40% 0.99 ± 0.01 1.00 ± 0.01 20–30% 1.00 ± 0.01 1.00 ± 0.01 1.01 ± 0.01
40–60% 0.92 ± 0.04 0.97 ± 0.02 30–40% 0.96 ± 0.02 0.98 ± 0.01 0.99 ± 0.01
60–88% 0.82 ± 0.09 0.86 ± 0.06 40–60% 0.91 ± 0.04 0.96 ± 0.02 0.97 ± 0.02

60–90% 0.82 ± 0.07 0.87 ± 0.06 0.88 ± 0.06

uncertainties arising from the geometric modeling of p+A
collisions are not evaluated in this work, but could be de-
termined by evaluating ⇢ with Npart or Ncoll distributions
generated by di↵erent sets of MC Glauber parameters as
is done in Ref. [19].

Finally, in the d+Au and default p+Pb results, the
standard Glauber model with fixed �NN was used to de-
termine P (Npart). However, the procedure is easily gen-
eralized to take any P (Npart) distribution as input, e.g.
that provided by the Glauber-Gribov Color Fluctuation
(GGCF) model [41, 42]. In this model, which has been
investigated by ATLAS [39], �NN varies from event to
event to reflect fluctuations in the configuration of the
proton wavefunction, resulting in a less steep P (Npart)
distribution at high Npart than in the standard Glauber
model. Due to the flatter P (Npart) distribution, the val-
ues of ⇢ are systematically closer to 1 than in the default
Glauber model. Table I lists the values of ⇢ for the p+Pb
centrality intervals for two choices of the parameter ⌦
which characterizes the width of the �NN fluctuations.

IV. DISCUSSION

The approach presented here was motivated by the ap-
proximately direct relationship between the UE activity
and the average hard scattering yield observed in pp col-
lisions. Small deviations from the relationship posited in
Eq. 1, while straightforward to accommodate in numer-
ical implementations, are not expected to substantially
change the values of ⇢. Nevertheless, additional measure-
ments of how the average yields of hard processes evolve
with UE activity in pp collisions would help clarify the
picture and refine the results.

Interestingly, although this approach was motivated by
studies of the regime in which the mean yield per collision
is C ⌧ 1, this quantity cancels analytically in Eq. 13.
Thus, within the present model, the centrality bias is
independent of the overall hard scattering rate and is
applicable even if C > 1.

This approach di↵ers from that proposed by
PHENIX [19] in several respects. First, the relationship
between the hard scattering rate and the chargeQ in each

NN collision is recast in terms of the average yield as a
function of Q, instead of a modified dN/dQ distribution
for a particular NN collision within the d+Au collision.
Thus the correlation between the yield and Q is treated
continuously rather than as a binary division of events
into those with and without a hard scattering. Addi-
tionally, because the procedure calculates per collision
yields instead of probabilities, it naturally incorporates
the possibility of multiple hard interactions (or multiple
final-state objects) per p+A or even NN collision.
For the d+Au system, each value of ⇢ is compared to

the reciprocal of the centrality bias factor (BF) estimated
by PHENIX [19]. For peripheral events, the BF includes
an additional trigger bias correction, which is not mod-
eled in our procedure and thus ignored for the purposes
of the comparison. The values of ⇢ are systematically
farther from unity than the corresponding 1/BF values.
Nevertheless, the two values are consistent within or only
slightly outside the quoted uncertainties in all centrality
intervals. Moreover, the sign of the centrality bias e↵ect
is the same, such that the bias determined in both models
has opposite sign to the high-pT modifications observed
in Refs. [24, 25].
Within the p+Pb system, ALICE has observed that

the apparent strength of the centrality bias in data de-
pends on the pseudorapidity distance, �⌘, between the
measured hard probe and the centrality detector [43, 44].
Thus the VCM with a�⌘-dependent ↵ could provide cor-
rections for yields in di↵erent kinematic regions. More
generally, variations in ↵ could help model the net de-
gree of correlation between the centrality signal and the
average yield of hard processes in NN collisions.

V. CONCLUSION

This paper presents a new approach for determining
how the hard scattering yield in centrality-selected p+A
events is modified from the presence of a positive cor-
relation between the average yield and underlying event
activity in pp collisions. Furthermore, it describes how to
adapt the procedure to the centrality frameworks used at
RHIC and LHC experiments. Finally, the paper discusses
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at ⟨Npart⟩ = 2. Bars indicate statistical uncertainty; shaded boxes,
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by bin. The ⟨Ncoll⟩ uncertainty plotted does not include the bin-by-
bin fully correlated uncertainty stemming from the uncertainty of
σ (N + N → X), which is instead included in the CT10 prediction
uncertainty. As a reference, data are plotted as they would be with no
centrality bias correction in the open points.

this, the yield of Z bosons per event scaled by ⟨Ncoll⟩,
within −3 < y∗

Z < 2, is displayed as a function of ⟨Npart⟩ in
Fig. 7. The yield is independent of centrality defined using the
standard Glauber model. Using the GGCF centrality models
increases ⟨Ncoll⟩ in central events and reduces it in peripheral
events; consequently, the yield divided by ⟨Ncoll⟩ is reduced
in central events and increased in peripheral events. Figure 7
also shows the yield without the application of the centrality
bias corrections discussed in Sec. III C.

The ATLAS Collaboration has previously measured the
inclusive charged-hadron multiplicity in p + Pb collisions as
a function of centrality [22], and the centrality dependence
of that quantity is similar to that observed in the present
measurement. In order to quantify the similarity, the ratio
(dNZ/dy∗

Z)/(dNch/dη) is plotted vs ⟨Npart⟩ in Fig. 8. The
charged-particle yield is expected to scale with ⟨Npart⟩ and the
Z boson yield with ⟨Ncoll⟩ = ⟨Npart⟩ −1, and so the ratio is
fit to a function with the form a· (⟨Npart⟩ −1)/⟨Npart⟩. This
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The ATLAS Collaboration measures the inclusive production of Z bosons via their decays into electron
and muon pairs in p + Pb collisions at

√
sNN = 5.02 TeV at the Large Hadron Collider. The measurements

are made using data corresponding to integrated luminosities of 29.4 and 28.1 nb−1 for Z → ee and Z →
µµ, respectively. The results from the two channels are consistent and combined to obtain a cross section
times the Z → ℓℓ branching ratio, integrated over the rapidity region |y ∗

Z| < 3.5, of 139.8 ± 4.8 (statistical) ±
6.2 (systematic) ± 3.8 (luminosity) nb. Differential cross sections are presented as functions of the Z boson
rapidity and transverse momentum and compared with models based on parton distributions both with and
without nuclear corrections. The centrality dependence of Z boson production in p + Pb collisions is measured
and analyzed within the framework of a standard Glauber model and the model’s extension for fluctuations of
the underlying nucleon-nucleon scattering cross section.

DOI: 10.1103/PhysRevC.92.044915 PACS number(s): 25.75.Bh, 25.75.Dw, 14.70.Hp

I. INTRODUCTION

The study of electroweak bosons in Pb + Pb collisions at
the Large Hadron Collider (LHC) at CERN has demonstrated
that the production rate of non–strongly interacting particles
scales with the number of nucleon-nucleon collisions, Ncoll.
This has been observed for photons [1], W bosons [2,3], and
Z bosons [4,5]. The momentum and rapidity distributions of
Z boson yields are consistent with PYTHIA [6] simulations
of pp collisions multiplied by the average nuclear thickness
function, ⟨TAA⟩, which is equivalent to ⟨Ncoll⟩ divided by the
total nucleon-nucleon cross section [4]. Z boson production
in Pb + Pb collisions was found to be consistent with next-to-
leading-order perturbative quantum chromodynamics (NLO
QCD) calculations that disregard nuclear modifications in the
treatment of parton distribution functions (PDFs). However,
nuclear modification is not excluded within the precision of
the measurement [7]. The production of Z bosons, examined
as a function of centrality, was also found to scale with ⟨Ncoll⟩.

To differentiate between initial- and final-state effects in
heavy-ion collisions, the study of p + Pb collisions is used at
the LHC. One would expect that hot and dense QCD medium
cannot be formed in such collisions, unlike in the Pb + Pb
case, and that modifications to final-state particles relative to
nucleon-nucleon collisions should originate from the initial
state of the nucleus. This assumption was challenged by the
very first results from p + Pb collisions at

√
sNN = 5.02 TeV

produced at the LHC in 2012. Results on multiparticle
correlations, published for three LHC experiments [8–14],
revealed collective behavior in p + Pb collisions similar to
that previously measured in heavy-ion collision systems. The
yields of jets measured by ATLAS scale with ⟨Ncoll⟩ when
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measured inclusively for all centralities but show significant
deviations from binary scaling when considered in centrality
selections [15]. The CMS Collaboration has measured dijet
pseudorapidity distributions and found them to agree better
with predictions that include nuclear PDF modifications than
with predictions that do not include nuclear effects [16]. The
CMS Collaboration has also recently measured the production
of W bosons in p + Pb collisions and observed hints of nuclear
modifications of the PDF [17]. Collectively, these results have
highlighted the need for a better understanding of the initial
conditions of p + Pb collisions.

Unlike symmetric Pb + Pb collisions, in p + Pb collisions
nuclear modifications of the PDFs in the lead nucleus create
an asymmetry in the rapidity-dependent cross section of Z
bosons; this presents an attractive observable for the study of
initial-state nuclear conditions. The centrality-dependent yield
of Z bosons is a well-suited probe to test our understanding of
p + Pb collision geometry. The LHCb Collaboration has made
a first exploratory measurement of Z bosons at far forward and
backward rapidities [18] based on an integrated luminosity of
1.6 nb−1.

This paper presents the results of the measurement of Z
boson production in p + Pb collisions at

√
sNN = 5.02 TeV

using the ATLAS detector. The yield of Z bosons is measured
as a function of their transverse momentum pZ

T , rapidity in
the center-of-mass frame (y ∗

Z),1 and centrality. The leptonic

1ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the center of the detector and the z axis
along the beam pipe. The x axis points from the interaction point to
the center of the LHC ring, and the y axis points upward. Cylindrical
coordinates (r,φ) are used in the transverse plane, φ being the
azimuthal angle around the beam pipe. The rapidity in the laboratory
frame is given by y lab = 1

2 ln E+pz

E−pz
and pseudorapidity is defined as

η = − ln[tan(θ/2)]. Positive rapidity corresponds to the direction the
proton beam travels, “proton-going,” and negative rapidity is referred
to as “Pb-going.” In this convention the asymmetric beam energies
result in a center of mass shifted to rapidity, y ∗ = y lab − 0.465.
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FIG. 7. (Color online) The yield of Z bosons per event scaled by
the mean number of nucleon-nucleon collisions ⟨Ncoll⟩ as a function of
the mean number of participating nucleons ⟨Npart⟩. Each panel uses
a different Glauber model configuration in calculating ⟨Npart⟩ (and
⟨Ncoll⟩). Standard Glauber model (a) with no Glauber-Gribov color
fluctuations (GGCFs) and ωσ = 0.11 and (b) with GGCFs and ωσ =
0.2. The data are compared to the CT10 model prediction plotted
at ⟨Npart⟩ = 2. Bars indicate statistical uncertainty; shaded boxes,
systematic uncertainty. Systematic uncertainties are correlated bin
by bin. The ⟨Ncoll⟩ uncertainty plotted does not include the bin-by-
bin fully correlated uncertainty stemming from the uncertainty of
σ (N + N → X), which is instead included in the CT10 prediction
uncertainty. As a reference, data are plotted as they would be with no
centrality bias correction in the open points.

this, the yield of Z bosons per event scaled by ⟨Ncoll⟩,
within −3 < y∗

Z < 2, is displayed as a function of ⟨Npart⟩ in
Fig. 7. The yield is independent of centrality defined using the
standard Glauber model. Using the GGCF centrality models
increases ⟨Ncoll⟩ in central events and reduces it in peripheral
events; consequently, the yield divided by ⟨Ncoll⟩ is reduced
in central events and increased in peripheral events. Figure 7
also shows the yield without the application of the centrality
bias corrections discussed in Sec. III C.

The ATLAS Collaboration has previously measured the
inclusive charged-hadron multiplicity in p + Pb collisions as
a function of centrality [22], and the centrality dependence
of that quantity is similar to that observed in the present
measurement. In order to quantify the similarity, the ratio
(dNZ/dy∗

Z)/(dNch/dη) is plotted vs ⟨Npart⟩ in Fig. 8. The
charged-particle yield is expected to scale with ⟨Npart⟩ and the
Z boson yield with ⟨Ncoll⟩ = ⟨Npart⟩ −1, and so the ratio is
fit to a function with the form a· (⟨Npart⟩ −1)/⟨Npart⟩. This
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FIG. 9. (Color online) (a) Rapidity differential Z boson yields,
scaled by ⟨Ncoll⟩, for three centrality ranges compared with the
CT10 model calculation. Bars indicate statistical uncertainty; shaded
boxes, systematic uncertainty. The ⟨Ncoll⟩ is defined with the standard
Glauber model (ωσ = 0). The scale uncertainty stemming from the
centrality calculation for each bin is included in the systematic
uncertainty. Uncertainty associated with the model is not plotted.
(b) Ratios of the data to the model. The uncertainty of the model
added in quadrature to the scale uncertainty due to uncertainty in the
inclusive NN cross section is shown as a band around unity. (c) RCP

(see text for details). The 0–10% and 40–90% centrality points are
offset for visual clarity. Arrows in (b) and (c) indicate values outside
the plotted axes.
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FIG. 7. (Color online) The yield of Z bosons per event scaled by
the mean number of nucleon-nucleon collisions ⟨Ncoll⟩ as a function of
the mean number of participating nucleons ⟨Npart⟩. Each panel uses
a different Glauber model configuration in calculating ⟨Npart⟩ (and
⟨Ncoll⟩). Standard Glauber model (a) with no Glauber-Gribov color
fluctuations (GGCFs) and ωσ = 0.11 and (b) with GGCFs and ωσ =
0.2. The data are compared to the CT10 model prediction plotted
at ⟨Npart⟩ = 2. Bars indicate statistical uncertainty; shaded boxes,
systematic uncertainty. Systematic uncertainties are correlated bin
by bin. The ⟨Ncoll⟩ uncertainty plotted does not include the bin-by-
bin fully correlated uncertainty stemming from the uncertainty of
σ (N + N → X), which is instead included in the CT10 prediction
uncertainty. As a reference, data are plotted as they would be with no
centrality bias correction in the open points.

this, the yield of Z bosons per event scaled by ⟨Ncoll⟩,
within −3 < y∗

Z < 2, is displayed as a function of ⟨Npart⟩ in
Fig. 7. The yield is independent of centrality defined using the
standard Glauber model. Using the GGCF centrality models
increases ⟨Ncoll⟩ in central events and reduces it in peripheral
events; consequently, the yield divided by ⟨Ncoll⟩ is reduced
in central events and increased in peripheral events. Figure 7
also shows the yield without the application of the centrality
bias corrections discussed in Sec. III C.

The ATLAS Collaboration has previously measured the
inclusive charged-hadron multiplicity in p + Pb collisions as
a function of centrality [22], and the centrality dependence
of that quantity is similar to that observed in the present
measurement. In order to quantify the similarity, the ratio
(dNZ/dy∗

Z)/(dNch/dη) is plotted vs ⟨Npart⟩ in Fig. 8. The
charged-particle yield is expected to scale with ⟨Npart⟩ and the
Z boson yield with ⟨Ncoll⟩ = ⟨Npart⟩ −1, and so the ratio is
fit to a function with the form a· (⟨Npart⟩ −1)/⟨Npart⟩. This
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FIG. 9. (Color online) (a) Rapidity differential Z boson yields,
scaled by ⟨Ncoll⟩, for three centrality ranges compared with the
CT10 model calculation. Bars indicate statistical uncertainty; shaded
boxes, systematic uncertainty. The ⟨Ncoll⟩ is defined with the standard
Glauber model (ωσ = 0). The scale uncertainty stemming from the
centrality calculation for each bin is included in the systematic
uncertainty. Uncertainty associated with the model is not plotted.
(b) Ratios of the data to the model. The uncertainty of the model
added in quadrature to the scale uncertainty due to uncertainty in the
inclusive NN cross section is shown as a band around unity. (c) RCP

(see text for details). The 0–10% and 40–90% centrality points are
offset for visual clarity. Arrows in (b) and (c) indicate values outside
the plotted axes.
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Z boson production in p + Pb collisions at
√
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The ATLAS Collaboration measures the inclusive production of Z bosons via their decays into electron
and muon pairs in p + Pb collisions at

√
sNN = 5.02 TeV at the Large Hadron Collider. The measurements

are made using data corresponding to integrated luminosities of 29.4 and 28.1 nb−1 for Z → ee and Z →
µµ, respectively. The results from the two channels are consistent and combined to obtain a cross section
times the Z → ℓℓ branching ratio, integrated over the rapidity region |y ∗

Z| < 3.5, of 139.8 ± 4.8 (statistical) ±
6.2 (systematic) ± 3.8 (luminosity) nb. Differential cross sections are presented as functions of the Z boson
rapidity and transverse momentum and compared with models based on parton distributions both with and
without nuclear corrections. The centrality dependence of Z boson production in p + Pb collisions is measured
and analyzed within the framework of a standard Glauber model and the model’s extension for fluctuations of
the underlying nucleon-nucleon scattering cross section.

DOI: 10.1103/PhysRevC.92.044915 PACS number(s): 25.75.Bh, 25.75.Dw, 14.70.Hp

I. INTRODUCTION

The study of electroweak bosons in Pb + Pb collisions at
the Large Hadron Collider (LHC) at CERN has demonstrated
that the production rate of non–strongly interacting particles
scales with the number of nucleon-nucleon collisions, Ncoll.
This has been observed for photons [1], W bosons [2,3], and
Z bosons [4,5]. The momentum and rapidity distributions of
Z boson yields are consistent with PYTHIA [6] simulations
of pp collisions multiplied by the average nuclear thickness
function, ⟨TAA⟩, which is equivalent to ⟨Ncoll⟩ divided by the
total nucleon-nucleon cross section [4]. Z boson production
in Pb + Pb collisions was found to be consistent with next-to-
leading-order perturbative quantum chromodynamics (NLO
QCD) calculations that disregard nuclear modifications in the
treatment of parton distribution functions (PDFs). However,
nuclear modification is not excluded within the precision of
the measurement [7]. The production of Z bosons, examined
as a function of centrality, was also found to scale with ⟨Ncoll⟩.

To differentiate between initial- and final-state effects in
heavy-ion collisions, the study of p + Pb collisions is used at
the LHC. One would expect that hot and dense QCD medium
cannot be formed in such collisions, unlike in the Pb + Pb
case, and that modifications to final-state particles relative to
nucleon-nucleon collisions should originate from the initial
state of the nucleus. This assumption was challenged by the
very first results from p + Pb collisions at

√
sNN = 5.02 TeV

produced at the LHC in 2012. Results on multiparticle
correlations, published for three LHC experiments [8–14],
revealed collective behavior in p + Pb collisions similar to
that previously measured in heavy-ion collision systems. The
yields of jets measured by ATLAS scale with ⟨Ncoll⟩ when

∗Full author list given at the end of the article.
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Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.

measured inclusively for all centralities but show significant
deviations from binary scaling when considered in centrality
selections [15]. The CMS Collaboration has measured dijet
pseudorapidity distributions and found them to agree better
with predictions that include nuclear PDF modifications than
with predictions that do not include nuclear effects [16]. The
CMS Collaboration has also recently measured the production
of W bosons in p + Pb collisions and observed hints of nuclear
modifications of the PDF [17]. Collectively, these results have
highlighted the need for a better understanding of the initial
conditions of p + Pb collisions.

Unlike symmetric Pb + Pb collisions, in p + Pb collisions
nuclear modifications of the PDFs in the lead nucleus create
an asymmetry in the rapidity-dependent cross section of Z
bosons; this presents an attractive observable for the study of
initial-state nuclear conditions. The centrality-dependent yield
of Z bosons is a well-suited probe to test our understanding of
p + Pb collision geometry. The LHCb Collaboration has made
a first exploratory measurement of Z bosons at far forward and
backward rapidities [18] based on an integrated luminosity of
1.6 nb−1.

This paper presents the results of the measurement of Z
boson production in p + Pb collisions at

√
sNN = 5.02 TeV

using the ATLAS detector. The yield of Z bosons is measured
as a function of their transverse momentum pZ

T , rapidity in
the center-of-mass frame (y ∗

Z),1 and centrality. The leptonic

1ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the center of the detector and the z axis
along the beam pipe. The x axis points from the interaction point to
the center of the LHC ring, and the y axis points upward. Cylindrical
coordinates (r,φ) are used in the transverse plane, φ being the
azimuthal angle around the beam pipe. The rapidity in the laboratory
frame is given by y lab = 1

2 ln E+pz

E−pz
and pseudorapidity is defined as

η = − ln[tan(θ/2)]. Positive rapidity corresponds to the direction the
proton beam travels, “proton-going,” and negative rapidity is referred
to as “Pb-going.” In this convention the asymmetric beam energies
result in a center of mass shifted to rapidity, y ∗ = y lab − 0.465.
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FIG. 7. (Color online) The yield of Z bosons per event scaled by
the mean number of nucleon-nucleon collisions ⟨Ncoll⟩ as a function of
the mean number of participating nucleons ⟨Npart⟩. Each panel uses
a different Glauber model configuration in calculating ⟨Npart⟩ (and
⟨Ncoll⟩). Standard Glauber model (a) with no Glauber-Gribov color
fluctuations (GGCFs) and ωσ = 0.11 and (b) with GGCFs and ωσ =
0.2. The data are compared to the CT10 model prediction plotted
at ⟨Npart⟩ = 2. Bars indicate statistical uncertainty; shaded boxes,
systematic uncertainty. Systematic uncertainties are correlated bin
by bin. The ⟨Ncoll⟩ uncertainty plotted does not include the bin-by-
bin fully correlated uncertainty stemming from the uncertainty of
σ (N + N → X), which is instead included in the CT10 prediction
uncertainty. As a reference, data are plotted as they would be with no
centrality bias correction in the open points.

this, the yield of Z bosons per event scaled by ⟨Ncoll⟩,
within −3 < y∗

Z < 2, is displayed as a function of ⟨Npart⟩ in
Fig. 7. The yield is independent of centrality defined using the
standard Glauber model. Using the GGCF centrality models
increases ⟨Ncoll⟩ in central events and reduces it in peripheral
events; consequently, the yield divided by ⟨Ncoll⟩ is reduced
in central events and increased in peripheral events. Figure 7
also shows the yield without the application of the centrality
bias corrections discussed in Sec. III C.

The ATLAS Collaboration has previously measured the
inclusive charged-hadron multiplicity in p + Pb collisions as
a function of centrality [22], and the centrality dependence
of that quantity is similar to that observed in the present
measurement. In order to quantify the similarity, the ratio
(dNZ/dy∗

Z)/(dNch/dη) is plotted vs ⟨Npart⟩ in Fig. 8. The
charged-particle yield is expected to scale with ⟨Npart⟩ and the
Z boson yield with ⟨Ncoll⟩ = ⟨Npart⟩ −1, and so the ratio is
fit to a function with the form a· (⟨Npart⟩ −1)/⟨Npart⟩. This
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FIG. 8. (Color online) Ratio of the Z boson multiplicity to the
inclusive charged particle multiplicity, (dNZ/dy∗
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also shown. The normalization ais set based on the GGCF with ωσ =
0.11 points. Statistical uncertainties are plotted as bars; systematic
uncertainties, as shaded boxes.
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FIG. 9. (Color online) (a) Rapidity differential Z boson yields,
scaled by ⟨Ncoll⟩, for three centrality ranges compared with the
CT10 model calculation. Bars indicate statistical uncertainty; shaded
boxes, systematic uncertainty. The ⟨Ncoll⟩ is defined with the standard
Glauber model (ωσ = 0). The scale uncertainty stemming from the
centrality calculation for each bin is included in the systematic
uncertainty. Uncertainty associated with the model is not plotted.
(b) Ratios of the data to the model. The uncertainty of the model
added in quadrature to the scale uncertainty due to uncertainty in the
inclusive NN cross section is shown as a band around unity. (c) RCP

(see text for details). The 0–10% and 40–90% centrality points are
offset for visual clarity. Arrows in (b) and (c) indicate values outside
the plotted axes.
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Fig. 6 Distributions of the dijet pseudorapidity (ηdijet) for leading jets
with pT,1 > 120 GeV/c and subleading jets with pT,2 > 30 GeV/c are
shown (a) without any selection on the HF transverse energy E4< |η|< 5.2

T ,
and b–f for different E4< |η|< 5.2

T classes. Results for pPb events are
shown as the red solid circles, while the crosses show the results for

pythia + hijing simulated events. Results for the simulated pythia
events are shown as the grey histogram which is replicated in all the
panels. The error bars for the statistical uncertainties are smaller than
the marker size and the total systematic uncertainties are shown as
yellow boxes
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Fig. 2. Distributions of |kTy| for two V0A event classes (left panel) and three pch
T,assoc jet ranges (right panel).

Fig. 3. Mean of the |kTy| distributions as a function of the full jet transverse momentum pch+ne
T,jet (left) and the associated charged jet transverse momentum pch

T,assoc jet (right) 
compared to PYTHIA8.

extracted moment is biased by statistical fluctuations for large val-
ues of |kTy|, the distributions are extrapolated using a template 
generated with PYTHIA8 (tune 4C, K = 0.7), which agrees well 
with the p–Pb measurement (see Fig. 1). The PYTHIA |kTy| distribu-
tion is normalized to minimize the χ2 between data and PYTHIA. 
The transition from the data to the normalized template is fixed 
at 60% of the kinematic limit |kTy|max. The transition point is var-
ied to estimate the systematic uncertainty from this extrapolation 
procedure. In addition, the normalization of the PYTHIA template 
is varied by one standard deviation of the fit uncertainty. This re-
sults in an additional systematic uncertainty on the extraction of 
⟨|kTy|⟩. For low pch+ne

T,jet the uncertainty on the extracted mean is 
equal to 2.9% and increases to 8.1% for the highest pch+ne

T,jet val-
ues.

The left panel of Fig. 3 shows the mean of the measured |kTy|
distributions as a function of the full jet transverse momentum and 
is compared to the PYTHIA values. The measured moment in p–Pb 
collisions agrees within the uncertainties of the measurement with 
the PYTHIA8 expectation. The mean increases with pch+ne

T,jet since 
the additional kT due to radiative QCD processes increases with 
pch+ne

T,jet .
The right panel of Fig. 3 shows the evolution of ⟨|kTy|⟩ as a 

function of pch
T,assoc jet for 70 < pch+ne

T,jet < 120 GeV/c. The mean, 
⟨|kTy|⟩, is compared to the earlier presented PYTHIA8 tune in 
Section 4.1 and is in agreement within the uncertainties of the 
measurement. The mean for 60 < pch+ne

T,jet < 80 GeV/c is reported 
for two multiplicity event classes in Table 1. No significant dif-
ference is observed as a function of the multiplicity measured 
with V0A.

Table 1
Mean of the |kTy| distributions for 60 < pch+ne

T,jet < 80 GeV/c and 15 < pch
T,assoc jet <

pch+ne
T,jet GeV/c in a high (0–40%) and low (40–100%) V0A multiplicity event class. 

The first quoted uncertainty is statistical while the second is systematic. The last 
column corresponds to the values from the PYTHIA8 calculation at particle level 
with the same kinematic selection. The uncertainty on the PYTHIA calculation is 
statistical.

0–40% 40–100% PYTHIA8 pp

⟨|kTy|⟩ (GeV/c) 14.7 ± 0.8 ± 0.3 13.6 ± 1.1 ± 0.5 15.1 ± 0.1

5. Conclusion

The dijet acoplanarity in p–Pb collisions was studied by mea-
suring dijet transverse momentum |kTy|. The evolution of |kTy| as 
function of the transverse momentum of the full jet, associated 
charged jet and event multiplicity was presented. The |kTy| spectra 
for different full and associated charged jet transverse momentum 
ranges in the 0–40% V0A event multiplicity class were found con-
sistent with the PYTHIA prediction. The observed increase with jet 
energy from the mean |kTy| of 6.6 ± 0.4 (stat.) ± 0.2 (syst.) GeV/c
to 18.8 ± 1.3 (stat.) ± 1.5 (syst.) GeV/c as well as the observed 
narrowing of |kTy| for more balanced jets suggests that the dijet 
|kTy| spectrum for large Q 2 processes is mainly sensitive to the 
increased available phase–space for QCD radiation processes. Fur-
thermore the dijet acoplanarity was found to be consistent (within 
1.2σ ) in the two event multiplicity classes analyzed in this study, 
indicating that in the measured kinematical region no strong nu-
clear matter effects in p–Pb collisions are observed. Since these 
results indicate that nuclear kT effects are small, the pT imbalance 
of jet correlations in Pb–Pb results [35,36] are unlikely to originate 
from multiple scatterings in the nuclear target.

Using forward scintillator, ALICE tests for modifications of dijet 
acoplanarity (changes in ∆ɸ): no significant change observed
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dijet transverse momentum, kTy = pch+ne

T,jet sin("ϕdijet) with "ϕdijet the azimuthal angle between a full 
and charged jet and pch+ne

T,jet the transverse momentum of the full jet, is used to study nuclear matter 
effects in p–Pb collisions. This observable is sensitive to the acoplanarity of dijet production and its 
potential modification in p–Pb collisions with respect to pp collisions. Measurements of the dijet kTy as 
a function of the transverse momentum of the full and recoil charged jet, and the event multiplicity are 
presented. No significant modification of kTy due to nuclear matter effects in p–Pb collisions with respect 
to the event multiplicity or a PYTHIA8 reference is observed.

© 2015 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Dijets produced in 2 → 2 leading-order (LO) scattering pro-
cesses are balanced in transverse momentum and back-to-back in 
azimuth. In proton–proton collisions a small acoplanarity appears 
due to intrinsic transverse momentum kT from partonic Fermi mo-
tion [1] and initial state gluon radiation [2,3]. At large momentum 
transfer between the incoming partons, the phase space for hard 
gluon radiation in the parton shower or from next-to-leading-order 
(NLO) processes increases, resulting in acoplanarity of the dijet sys-
tem [4–6]. This also results in an imbalance of the jet transverse 
momenta also referred to as a broadening of the dijet transverse 
momentum. The relative contribution of hard QCD radiation to the 
dijet kT can be varied by applying kinematic and acceptance selec-
tions to the dijet sample.

In p–Pb collisions the dijet kinematics are potentially modified 
due to nuclear matter effects which are expected to induce a mo-
mentum imbalance and acoplanarity of dijet pairs with respect to 
pp collisions, so-called transverse momentum broadening [7]. For 
instance, multiple scatterings inside the nucleus of the initial- and 
final-state partons in hard scatterings can lead to such a transverse 
momentum broadening.

In heavy-ion collisions, jets produced in hard scattering pro-
cesses are used to probe the properties of the produced medium. 
Highly energetic partons propagate through the medium, which 

⋆ E-mail address: alice-publications@cern.ch.

modifies the parton shower resulting in a modified fragmentation
pattern of the final hadronization products [8,9]. Heavy-ion jet 
measurements are compared to measurements in pp collisions 
to determine the effect of hot nuclear matter on jet observ-
ables [10–13]. In the context of such studies, measurements in 
p–Pb collisions serve as a benchmark to study hard scattering pro-
cesses in a nuclear target.

Measurements presented in [14] of the dijet transverse mo-
mentum imbalance and dijet azimuthal angle distributions show 
results which are comparable to results obtained with pp data and 
independent of the event activity. This letter presents a measure-
ment of dijet acoplanarity in p–Pb collisions at √sNN = 5.02 TeV, 
recorded with the ALICE detector at the Large Hadron Collider 
(LHC). The jet azimuthal correlations are measured at mid-rapidity 
for jet transverse momentum between 15 and 120 GeV/c. Jets 
entering in the acceptance of electromagnetic calorimeter are re-
constructed from charged and neutral particles (full jet) while the 
recoil jet is reconstructed from charged particles only (charged jet). 
Measurements are presented as a function of the full and associ-
ated charged jet transverse momentum in two event multiplicity
classes which are correlated to the centrality of the p–Pb colli-
sions [15].

2. Experimental setup and data sample

Collisions of proton and lead beams were provided by the LHC 
in the first months of 2013. The beam energies were 4 TeV for the 

http://dx.doi.org/10.1016/j.physletb.2015.05.033
0370-2693/© 2015 CERN for the benefit of the ALICE Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 3. Corrected !recoil distributions measured for p–Pb collisions at √sNN = 5.02 TeV, for the MB and EA-selected populations. The acceptance for TT and recoil jets in the 
CM frame are denoted y∗

TT and y∗
jet , respectively. Left panels: R = 0.2; right panels: R = 0.4. Also shown are !recoil distributions for pp collisions at √s = 5.02 TeV simulated 

by PYTHIA 6 Tune Perugia 11 and PYTHIA 8 Tune 4C. The solid line in the upper panels is the fit of an exponential function to the p–Pb distribution, with fit parameters as 
specified. Lower panels: ratio of p–Pb MB and pp distributions to the fit function.

measured central value in each bin using a Gaussian distribution, 
with σ equal to the uncorrelated statistical error in the bin. Each 
randomized instance is analyzed using (i) corrections for the pri-
mary analysis (see Sect. 6), and (ii) corrections that include a 
systematic variation. For each randomized instance, the ratio of 
corrected !recoil spectra resulting from (ii) and (i) is formed. The 
systematic uncertainty in each pch

T,jet-bin is defined as the me-
dian of the distribution of ratios obtained from all randomized 
instances.

Table 1 gives representative systematic uncertainties for R = 0.2
and R = 0.4 in EA-biased events based on ZNA. The cumulative 
systematic uncertainty is calculated by adding contributions from 
all systematic sources in quadrature. For pch

T,jet = 15–20 GeV/c, sev-

eral components contribute with similar magnitude. For pch
T,jet =

40–50 GeV/c, the cumulative uncertainty is due predominantly to 
the uncertainty in tracking efficiency. Similar uncertainties are ob-
tained for event selection using the EA bias based on V0A.

The systematic uncertainty of the ratio of !recoil distributions 
was obtained similarly, taking into account the correlated uncer-
tainties of numerator and denominator.

8. Results

Fig. 3, upper panels, show the corrected !recoil distributions for 
p–Pb collisions at √sNN = 5.02 TeV for the MB event population 
and for populations selected by EA using ZNA and V0A, and for pp 
collisions at 

√
s = 5.02 TeV simulated by PYTHIA. The upper panels 

also show the result of a fit to the p–Pb MB distributions by an 
exponential function, a · exp

(
− pch

T,jet/b
)

.

The PYTHIA-generated distributions for pp collisions are pre-
sented only for comparison and are not utilized in the jet quench-
ing analysis. Fig. 3, lower panels, show the ratio of the measured 
p–Pb MB and PYTHIA-generated pp distributions to the fit distri-
bution. The central values of the PYTHIA-generated distributions 

for pp collisions lie below those of the p–Pb data, with a differ-
ence of 25% for pch

T,jet < 20 GeV/c. PYTHIA 8 tune 4C agrees better 
with the p–Pb data, notably at the highest pch

T,jet and for R = 0.4. 
For pp collisions at 

√
s = 7 TeV, PYTHIA-generated !recoil distribu-

tions have central values that are in good agreement with data [9]. 
We note, however, that the pT,trig intervals in the two analyses are 
different: this analysis uses TT{12,50}, whereas that in ref. [9] used 
TT{20,50}. Reanalysis of the pp 7 TeV data with the trigger selec-
tion TT{12,50} shows a similar level of agreement with PYTHIA as 
that seen in Fig. 3 [106]. We also note that at present there are sig-
nificant uncertainties in the light hadron fragmentation functions 
at LHC energies [91,92], which may affect hadron trigger selection 
in the PYTHIA calculation and thereby contribute to the differences 
between PYTHIA and data seen in the figure.

The !recoil distributions for EA-selected event populations and 
for the MB population shown in Fig. 3 are all qualitatively simi-
lar. Measurement of the dependence of the !recoil distribution on 
EA selection is therefore carried out using the ratios of such dis-
tributions, denoted REA, to maximize the sensitivity to variations 
with EA.

Fig. 4 shows ratios of the !recoil distributions for EA-selected 
event populations, with R = 0.2 and 0.4. Since the numerator and 
denominator come from different, exclusive intervals in EA, they 
are statistically independent in each panel. However, some sys-
tematic uncertainties are correlated between numerator and de-
nominator, which has been taken into account in the systematic 
uncertainty of the ratio. Note that the same dataset is used for 
R = 0.2 and R = 0.4, and for the ZNA and V0A selections, so that 
the results shown in the different panels are correlated.

Jet quenching may result in transport of jet energy out of the 
jet cone, resulting in suppression of the !recoil distribution at fixed 
pch

T,jet. Under the assumptions (i) that jet quenching is more likely 
to occur in events with larger EA, and (ii) that the hadron trigger 
bias is independent of EA (Sect. 5), this effect corresponds to sup-
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of jet quenching in small systems at the LHC. In p–Pb collisions with high event activity, the average 
medium-induced out-of-cone energy transport for jets with R = 0.4 and 15 < pch

T,jet < 50 GeV/c is 
measured to be less than 0.4 GeV/c at 90% confidence, which is over an order of magnitude smaller 
than a similar measurement for central Pb–Pb collisions at √sNN = 2.76 TeV. Comparison is made to 
theoretical calculations of jet quenching in small systems, and to inclusive jet measurements in p–Pb 
collisions selected by event activity at the LHC and in d–Au collisions at RHIC.
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1. Introduction

The collision of heavy nuclei at high energies generates a 
Quark–Gluon Plasma (QGP), a dense, highly inviscid, strongly-
coupled fluid governed by sub-nucleonic degrees of freedom [1]. 
While the structure and dynamical behavior of the QGP arise at 
the microscopic level from the interactions between quarks and 
gluons that are described by Quantum Chromodynamics (QCD), 
the QGP also exhibits emergent collective behavior. Current under-
standing of the properties of the QGP is based primarily on two 
phenomena observed in high energy nuclear collisions and their 
comparison to theoretical calculations: strong collective flow [2], 
and jet quenching, which arises from interaction of energetic jets 
with the medium [3].

Jets in hadronic collisions are generated by hard (high momen-
tum transfer Q 2) interactions between quarks and gluons from 
the projectiles, with outgoing quarks and gluons from the in-
teraction observed in detectors as correlated sprays of hadrons 
(“jets”). Theoretical calculations of jet production based on per-

⋆ E-mail address: alice -publications @cern .ch.

turbative QCD (pQCD) are in excellent agreement over a broad 
kinematic range with jet measurements in pp collisions at the 
Large Hadron Collider (LHC) [4–7]. Measurements in pp collisions 
of charged-particle jets, which consist of the charged component 
of the hadronic jet shower, are also well-described by QCD-based 
Monte Carlo calculations [8,9].

In nuclear collisions, the interaction of jets with the QGP is ex-
pected to modify the observed rate of jet production and internal 
jet structure. Indeed, marked effects due to jet quenching have 
been observed for high transverse momentum (high-pT) hadrons 
and jets in central Au–Au collisions at the Relativistic Heavy Ion 
Collider (RHIC) [10–20] and in central Pb–Pb collisions at the 
LHC [9,21–32]. Jets therefore provide well-calibrated probes of the 
QGP.

Measurements of asymmetric p–Pb collisions at the LHC and of 
light nucleus–Au collisions at RHIC reveal evidence of collective ef-
fects that are similar in magnitude to those observed in symmetric 
collisions of heavy nuclei [33–50]. These measurements in asym-
metric systems are reproduced both by model calculations that 
incorporate a locally thermalized hydrodynamic medium in the 
final state, and by calculations without QGP but with large fluc-
tuations in the initial-state wavefunctions of the projectiles (see 

https://doi.org/10.1016/j.physletb.2018.05.059
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Fig. 2. Uncorrected semi-inclusive distributions of charged jets recoiling from a high-pT hadron trigger in p–Pb collisions at √sNN = 5.02 TeV with the EA selection of 50–100% 
in ZNA for R = 0.4 (top panels), and with the EA selection of 0–20% in ZNA for R = 0.2 (middle panels) and R = 0.4 (bottom panels). The acceptance for TT and recoil jets 
in the CM frame are denoted y∗

TT and y∗
jet , respectively. Left panels: raw distributions for TT{12,50} (red circles) and TT{6,7} (blue boxes), and the corresponding !recoil

distribution (Eq. (5), black circles). Right panels: ratio of yields for TT{12,50}/TT{6,7} measured by ALICE in p–Pb collisions and calculated using detector level PYTHIA Perugia 
11 simulation of pp collisions at √s = 5.02 TeV. The PYTHIA-generated ratios in the top right and bottom right panels are the same. The arrow indicates the 0–1 GeV/c bin 
which is used to calculate cRef . The uncertainties are statistical only. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

!M
recoil(preco,ch

T,jet )

= Rfull(preco,ch
T,jet , ppart

T,jet) ⊗
[

eff(ppart
T,jet) · !T

recoil(ppart
T,jet)

]
, (6)

where eff(ppart
T,jet) is the jet reconstruction efficiency and Rfull is the 

cumulative response matrix excluding jet reconstruction efficiency. 
The explicit specification of jet reconstruction efficiency in this ex-
pression, distinct from the unfolding step, makes interpretation of 
the unfolding procedure more transparent. Rfull(preco,ch

T,jet ,ppart
T,jet) is 

further assumed to factorize as the product of separate response 
matrices for background fluctuations and instrumental response,

Rfull(preco,ch
T,jet , ppart

T,jet) = Rbkgd(preco,ch
T,jet , pdet

T,jet)⊗ R instr(pdet
T,jet, ppart

T,jet).

(7)

The matrix Rfull can be close to singular, in which case the solution 
of Eq. (6) via direct inversion of Rfull generates large fluctuations in 
central values and large variance due to the statistical variation in 

Jets recoiling against trigger tracks (TT), 
with UE fluctuations removed statistically 

by selection on a lower pT TT: 
“recoil” depends on two pT selections
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tically in the ratio. Equation (3) therefore remains valid for trigger 
selection efficiency less than unity.

The study of jet quenching using inclusive yields requires com-
parison of the inclusive distribution measured in heavy ion colli-
sions to a reference distribution measured in a system in which 
quenching effects are not expected, usually pp collisions at the 
same √sNN. Such comparisons must account for the effect of mul-
tiple nucleon–nucleon collisions in each collision of heavy nuclei, 
which arises due to nuclear geometry. For inclusive distributions in 
p–Pb collisions this is accomplished by scaling inclusive cross sec-
tions for pp collisions by 

〈
TpPb

〉
, which is calculated by modeling 

based on Glauber theory under the assumption that EA is corre-
lated with the collision geometry [56–60,62,63,65,66,68,69].

For the semi-inclusive distribution in Eq. (3), the reference dis-
tribution without nuclear effects is

1

σ pPb→h+X
ref

d2σ pPb→h+jet+X
ref

dpch
T,jet dηjet

∣∣∣∣ h∈TT
#ϕ∈recoil

= 1〈
TpPb

〉
· σ pp→h+X

〈
TpPb

〉
· d2σ pp→h+jet+X

dpch
T,jet dηjet

∣∣∣∣ h∈TT
#ϕ∈recoil

= 1
σ pp→h+X

d2σ pp→h+jet+X

dpch
T,jet dηjet

∣∣∣∣ h∈TT
#ϕ∈recoil

. (4)

Since the scaling factors 
〈
TpPb

〉
in the numerator and denomina-

tor cancel identically, the reference distribution for this observable 
has no dependence on 

〈
TpPb

〉
. In other words, this distribution is 

self-normalized, and measurement of jet quenching using this ob-
servable does not require Glauber modeling for the reference spec-
trum. In particular, the assumption that event activity is correlated 
with the collision geometry is not required.

A similar approach, utilizing a coincidence observable to mea-
sure jet quenching in high-multiplicity pp collisions, was recently 
proposed in [105].

Fig. 2, left panels, show recoil-jet distributions for R = 0.4 in 
p–Pb collisions with the 50–100% ZNA selection, and for R = 0.2
and 0.4 with the 0–20% ZNA selection. Distributions in EA inter-
vals selected with V0A and with 20–50% ZNA are similar [106]. 
The distributions have non-zero yield for preco,ch

T,jet < 0, because re-
gions of an event can have energy density less than ρ [9]. These 
distributions are significantly narrower in the region preco,ch

T,jet < 0
than those observed in central Pb–Pb collisions, where the uncor-
related component of the event is significantly larger [9].

Fig. 2, right panels, show ratios of the distributions for the 
two TT classes. The right panels also show the corresponding ratio 
for pp collisions at 

√
s = 5.02 TeV, using simulated detector-level 

events generated with PYTHIA Perugia 11. For preco,ch
T,jet ∼ 0 the two 

distributions agree within ∼ 10% for both values of R , consistent 
with the expectation that yield in this region arises predominantly 
from processes that are uncorrelated with the trigger hadron [9]. 
At larger preco,ch

T,jet , the distribution for TT{12,50} exceeds that for 
TT{6,7}. This dependence of the recoil distribution on pT,trig is ex-
pected from QCD-based considerations, since higher pT,trig biases 
towards hard processes with higher Q 2 on average. Indeed, hard-
ening of the semi-inclusive recoil jet distribution with increasing 
pT,trig is also seen in the PYTHIA-generated ratios for pp collisions 
at 

√
s = 5.02 TeV shown in the figure, and has been measured in 

pp collisions at 
√

s = 7 TeV and observed in theoretical calculations 
based on NLO pQCD and on PYTHIA [9].

The PYTHIA-generated ratio for pp collisions reproduces well 
the ratio measured for low-EA p–Pb collisions (ZNA 50–100%, Fig. 2
upper right panel), while the level of agreement between the sim-

ulation and measurements is not as good for high-EA p–Pb col-
lisions (ZNA 0–20%, Fig. 2, middle and bottom right panels). This 
occurs because there is larger uncorrelated background in high-EA 
than in low-EA p–Pb collisions.

The distribution of jet candidates that are uncorrelated with the 
trigger is independent of pT,trig, by definition. The distribution of 
correlated recoil jets can therefore be measured using the #recoil
observable, which is the difference of the two normalized recoil 
distributions [9],

#recoil

(
pch

T,jet

)
= 1

Ntrig

d2Njets

dpch
T,jet

∣∣∣∣
pT,trig ∈TTSig

− cRef · 1
Ntrig

d2Njets

dpch
T,jet

∣∣∣∣
pT,trig ∈TTRef

, (5)

where TTSig and TTRef refer to Signal and Reference TT intervals, in 
this analysis corresponding to TT{12,50} and TT{6,7} respectively. 
#recoil is normalized per unit ηjet , notation not shown.

The Reference spectrum in #recoil is scaled by the factor cRef
to account for the invariance of the jet density with TT-class, as 
indicated by comparison of the spectrum integrals in Fig. 2 and 
the larger yield of Signal spectrum at high preco,ch

T,jet [9]. The value of 
cRef in this analysis is taken as the ratio of the Signal and Reference 
spectra in the bin 0 < preco,ch

T,jet < 1 GeV/c, as shown by the arrow in 
Fig. 2, right panels. The value of cRef lies between 0.92 and 0.99 
for the various spectra. Additional variation in the value of cRef
was used to assess systematic uncertainties.

We note that the TTRef distribution includes correlated recoil jet 
yield, so that the subtraction in Eq. (5) removes both the trigger-
uncorrelated yield and the TTRef-correlated yield. The #recoil ob-
servable is therefore a differential, not absolute, measurement of 
the recoil spectrum [9], though the TTRef component is signifi-
cantly smaller than that in the TTSig component over most of the 
preco,ch

T,jet range. The #recoil distributions in Fig. 2 lie significantly be-

low the TT-specific distributions for preco,ch
T,jet < 5 GeV/c but agree 

with the TT{12,50} distribution within 15% for preco,ch
T,jet > 15 GeV/c. 

These features indicate that the region of negative and small pos-
itive preco,ch

T,jet is dominated by uncorrelated jet yield, while the re-

gion for large positive preco,ch
T,jet is dominated by recoil jet yield that 

is correlated with TTSig.
One contribution to uncorrelated background is jet yield due to 

Multiple Partonic Interactions (MPI), which can occur when two 
independent high-Q 2 interactions in the same p–Pb collision gen-
erate the trigger hadron and a jet in the recoil acceptance. Since 
the two interactions are independent, the recoil jet distribution 
generated by MPI will be independent of pT,trig, by definition, and 
will be removed from #recoil by the subtraction. No correction of 
#recoil for the contribution of MPI is therefore needed in the anal-
ysis.

The raw #recoil distributions, such as those in Fig. 2, must still 
be corrected for jet momentum smearing due to instrumental ef-
fects and local background fluctuations, and for jet reconstruction 
efficiency. Jet quenching effects are measured by comparing the 
corrected #recoil distributions for different EA classes, and at dif-
ferent R .

6. Corrections

Corrections for instrumental effects and local background fluc-
tuations are carried out using unfolding methods [107–109]. The 
measured distribution #M

recoil is related to the true distribution 
#T

recoil by a linear transformation,
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Fig. 4. Ratio of !recoil distributions for events with high and low EA measured in p–Pb collisions at √sNN = 5.02 TeV. Left panels: V0A 0–20% / 50–100%; right panels: 
ZNA 0–20% / 50–100%. Upper panels: R = 0.2; lower panels: R = 0.4. The grey boxes show the systematic uncertainty of the ratio, which takes into account the correlated 
uncertainty of numerator and denominator. The red line indicates the ratio for a pT-shift of the high-EA distribution of −0.4 GeV/c.

pression below unity of the ratios in Fig. 4. However, in all panels 
the ratio is consistent with unity within the statistical error and 
the systematic uncertainty at all pch

T,jet , indicating that jet quench-
ing effects are negligible relative to the uncertainties.

These data can nevertheless provide a limit on the magni-
tude of medium-induced energy transport to large angles. In order 
to extract a limit, we parameterize the 0–20% and 50–100% EA-
selected !recoil distributions with the exponential function used in 
Fig. 3, and assume that the slope parameter b is the same for the 
two distributions. We also assume that the average magnitude of 
energy transported out-of-cone is independent of pch

T,jet, which is 
consistent with the observation that the ratios REA in Fig. 4 are in-
dependent of pch

T,jet within uncertainties. The assumption that the 
average magnitude of out-of-cone radiation is independent of pch

T,jet
is likewise consistent with !recoil measurements in Pb–Pb colli-
sions at 2.76 TeV [9]. Consideration of a more complex dependence 
on pch

T,jet is beyond the scope of this phenomenological study.
The ratios REA are then expressed in terms of an average shift s̄

in pch
T,jet between low and high EA events, where s̄ = −b · ln (REA). 

Fits to !recoil for R = 0.4 over the range 15 < pch
T,jet < 50 GeV/c

give b = 9.26 ± 0.33 GeV/c for 50–100% ZNA and b = 9.05 ±
0.30 GeV/c for 50–100% V0A. Fits to the ratios in Fig. 4 then 
give s̄ = (−0.12 ± 0.35stat ± 0.03syst) GeV/c for 0–20% ZNA, and 
s̄ = (−0.06 ± 0.34stat ± 0.02syst) GeV/c for 0–20% V0A, both of 
which are consistent with zero within uncertainties. Fits to nar-
rower ranges in pch

T,jet give similar results.

These values are to be compared with the shift s̄ = (8  ±
2stat) GeV/c measured in central Pb–Pb collisions at √

sNN =
2.76 TeV for R = 0.5 [9], indicating significant medium-induced 
energy transport to large angles in that collision system. This com-
parison of out-of-cone energy transport in p–Pb and Pb–Pb colli-
sions supports theoretical calculations which predict much smaller 
jet quenching effects in p–Pb relative to Pb–Pb collisions [52,54], 
and disfavors the calculation which predicts strong jet quenching 
in small systems [53].

The measured value of s̄ provides a constraint on the magni-
tude of out-of-cone energy transport due to jet quenching in p–Pb 
collisions. We calculate this constraint as the linear sum of the 
central value of s̄, the one-sided 90% confidence upper limit of 
its statistical error, and the absolute value of its systematic uncer-
tainty. For jets with R = 0.4 in the range 15 < pch

T,jet < 50 GeV/c, 
the medium-induced charged energy transport out of the jet cone 
for events with high V0A or high ZNA is less than 0.4 GeV/c, at 
90% confidence. The red line in each panel of Fig. 4 shows the ra-
tio for a pT-shift of −0.4 GeV/c of the high-EA distribution relative 
to the low-EA distribution.

9. Comparison to other measurements

The EA-selected !recoil distribution ratios in Fig. 4 are consis-
tent with unity in the range 15 < pch

T,jet < 50 GeV/c. These dis-
tributions therefore have no significant dependence on EA, in 
agreement with inclusive jet measurements for p–Pb collisions at √

sNN = 5.02 TeV by ALICE [68 ], but in contrast to such measure-

Recoil is self-normalized 
(effectively a dijet measurement) 

so just probes modifications 
vs. event activity

None-observed but combining 
systematic and statistical uncertainties 

provides an upper limit on shift 
of charged jet spectrum of 0.4 GeV
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contrast to inclusive jet observables. These measurements provide new constraints on the magnitude 
of jet quenching in small systems at the LHC. In p–Pb collisions with high event activity, the average 
medium-induced out-of-cone energy transport for jets with R = 0.4 and 15 < pch

T,jet < 50 GeV/c is 
measured to be less than 0.4 GeV/c at 90% confidence, which is over an order of magnitude smaller 
than a similar measurement for central Pb–Pb collisions at √sNN = 2.76 TeV. Comparison is made to 
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1. Introduction

The collision of heavy nuclei at high energies generates a 
Quark–Gluon Plasma (QGP), a dense, highly inviscid, strongly-
coupled fluid governed by sub-nucleonic degrees of freedom [1]. 
While the structure and dynamical behavior of the QGP arise at 
the microscopic level from the interactions between quarks and 
gluons that are described by Quantum Chromodynamics (QCD), 
the QGP also exhibits emergent collective behavior. Current under-
standing of the properties of the QGP is based primarily on two 
phenomena observed in high energy nuclear collisions and their 
comparison to theoretical calculations: strong collective flow [2], 
and jet quenching, which arises from interaction of energetic jets 
with the medium [3].

Jets in hadronic collisions are generated by hard (high momen-
tum transfer Q 2) interactions between quarks and gluons from 
the projectiles, with outgoing quarks and gluons from the in-
teraction observed in detectors as correlated sprays of hadrons 
(“jets”). Theoretical calculations of jet production based on per-

⋆ E-mail address: alice -publications @cern .ch.

turbative QCD (pQCD) are in excellent agreement over a broad 
kinematic range with jet measurements in pp collisions at the 
Large Hadron Collider (LHC) [4–7]. Measurements in pp collisions 
of charged-particle jets, which consist of the charged component 
of the hadronic jet shower, are also well-described by QCD-based 
Monte Carlo calculations [8,9].

In nuclear collisions, the interaction of jets with the QGP is ex-
pected to modify the observed rate of jet production and internal 
jet structure. Indeed, marked effects due to jet quenching have 
been observed for high transverse momentum (high-pT) hadrons 
and jets in central Au–Au collisions at the Relativistic Heavy Ion 
Collider (RHIC) [10–20] and in central Pb–Pb collisions at the 
LHC [9,21–32]. Jets therefore provide well-calibrated probes of the 
QGP.

Measurements of asymmetric p–Pb collisions at the LHC and of 
light nucleus–Au collisions at RHIC reveal evidence of collective ef-
fects that are similar in magnitude to those observed in symmetric 
collisions of heavy nuclei [33–50]. These measurements in asym-
metric systems are reproduced both by model calculations that 
incorporate a locally thermalized hydrodynamic medium in the 
final state, and by calculations without QGP but with large fluc-
tuations in the initial-state wavefunctions of the projectiles (see 

https://doi.org/10.1016/j.physletb.2018.05.059
0370-2693/© 2018 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. Vertical error bars represent the 
statistical uncertainty while the boxes represent the systematic uncertainties on the 
jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates 
the systematic uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T . 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (− 0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < − 0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2 ) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7 . The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).

Inclusive jets show no obvious  
modification relative to xT-scaled pp: 
nor do nPDFs predict much change

What if we impose centrality cuts?
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factorisation between hard and soft processes is violated at an unexpected level in proton–nucleus 
collisions. Furthermore, the modifications at forward rapidities are found to be a function of the total 
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1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 
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effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 

http://dx.doi.org/10.1016/j.physletb.2015.07.023
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Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.

The results presented here use the standard Glauber model 
with fixed σNN to estimate the geometric quantities. The impact of 
geometric models which incorporate event-by-event changes in the 
configuration of the proton wavefunction [41] has also been stud-
ied. Using the so called Glauber–Gribov Colour Fluctuation model 
to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
increased.

10. Conclusions

This paper presents the results of a measurement of the cen-
trality dependence of jet production in p + Pb collisions at √sNN =
5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
−4.9 < η < −3.2. The average number of nucleon–nucleon colli-
sions and the mean nuclear thickness factor were evaluated for 
each centrality interval using a Glauber Monte Carlo analysis.

Results are presented for the nuclear modification factor R pPb
with respect to a measurement of the inclusive jet cross-section 
in 

√
s = 2.76 TeV pp collisions corresponding to 4.0 pb−1 of in-

tegrated luminosity. The pp cross-section was xT-interpolated to 
5.02 TeV using previous ATLAS measurements of inclusive jet pro-

duction at 2.76 and 7 TeV. Results are also shown for the central-
to-peripheral ratio RCP. The centrality-inclusive R pPb results for 
0–90% collisions indicate only a modest enhancement over the ge-
ometric expectation. This enhancement has a weak pT and rapidity 
dependence and is generally consistent with predictions from the 
modification of the parton distribution functions in the nucleus, 
which is small in the kinematic region probed by this measure-
ment.

The results of the RCP measurement indicate a strong centrality-
dependent reduction in the yield of jets in central collisions rela-
tive to that in peripheral collisions, after accounting for the effects 
of the collision geometries. In addition, the reduction becomes 
more pronounced with increasing jet pT and at more forward 
(downstream proton) rapidities. These two results are reconciled 
by the centrality-dependent R pPb results, which show a suppres-
sion in central collisions and enhancement in peripheral collisions, 
a pattern which is systematic in pT and y∗ .

The RCP and R pPb measurements at forward rapidities are also 
reported as a function of pT × cosh(⟨y∗⟩), the approximate total jet 
energy. When plotted this way, the results from different rapidity 
intervals follow a similar trend. This suggests that the mechanism 
responsible for the observed effects may depend only on the to-
tal jet energy or, more generally, on the underlying parton–parton 
kinematics such as the fractional longitudinal momentum of the 
parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. Vertical error bars represent the 
statistical uncertainty while the boxes represent the systematic uncertainties on the 
jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates 
the systematic uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(⟨y∗⟩) ≈ E , where ⟨y∗⟩
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T . 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(⟨y∗⟩) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP
values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (− 0.3 < y∗ < +0.8), but the RCP
values at backward rapidities (y∗ < − 0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(⟨y∗⟩) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2 ) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(⟨y∗⟩), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7 . The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(⟨y∗⟩). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(⟨y∗⟩). Thus, the single trend in RCP versus pT × cosh(⟨y∗⟩) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(⟨y∗⟩).
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1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 
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effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 

http://dx.doi.org/10.1016/j.physletb.2015.07.023
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(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.



ATLAS p+Pb jets vs. centrality

 40

ATLAS Collaboration / Physics Letters B 748 (2015) 392–413 399

Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.

The results presented here use the standard Glauber model 
with fixed σNN to estimate the geometric quantities. The impact of 
geometric models which incorporate event-by-event changes in the 
configuration of the proton wavefunction [41] has also been stud-
ied. Using the so called Glauber–Gribov Colour Fluctuation model 
to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
increased.

10. Conclusions

This paper presents the results of a measurement of the cen-
trality dependence of jet production in p + Pb collisions at √sNN =
5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
−4.9 < η < −3.2. The average number of nucleon–nucleon colli-
sions and the mean nuclear thickness factor were evaluated for 
each centrality interval using a Glauber Monte Carlo analysis.

Results are presented for the nuclear modification factor R pPb
with respect to a measurement of the inclusive jet cross-section 
in 

√
s = 2.76 TeV pp collisions corresponding to 4.0 pb−1 of in-

tegrated luminosity. The pp cross-section was xT-interpolated to 
5.02 TeV using previous ATLAS measurements of inclusive jet pro-

duction at 2.76 and 7 TeV. Results are also shown for the central-
to-peripheral ratio RCP. The centrality-inclusive R pPb results for 
0–90% collisions indicate only a modest enhancement over the ge-
ometric expectation. This enhancement has a weak pT and rapidity 
dependence and is generally consistent with predictions from the 
modification of the parton distribution functions in the nucleus, 
which is small in the kinematic region probed by this measure-
ment.

The results of the RCP measurement indicate a strong centrality-
dependent reduction in the yield of jets in central collisions rela-
tive to that in peripheral collisions, after accounting for the effects 
of the collision geometries. In addition, the reduction becomes 
more pronounced with increasing jet pT and at more forward 
(downstream proton) rapidities. These two results are reconciled 
by the centrality-dependent R pPb results, which show a suppres-
sion in central collisions and enhancement in peripheral collisions, 
a pattern which is systematic in pT and y∗ .

The RCP and R pPb measurements at forward rapidities are also 
reported as a function of pT × cosh(⟨y∗⟩), the approximate total jet 
energy. When plotted this way, the results from different rapidity 
intervals follow a similar trend. This suggests that the mechanism 
responsible for the observed effects may depend only on the to-
tal jet energy or, more generally, on the underlying parton–parton 
kinematics such as the fractional longitudinal momentum of the 
parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 
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effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 
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Fig. 6. Measured RCP values for R = 0.4 jets in 0–10% p + Pb collisions. The panel on the left shows the five rapidity ranges that are the most forward-going, while the panel 
on the right shows the remaining five. The RCP values at each rapidity are plotted as a function of pT × cosh(⟨y∗⟩), where ⟨y∗⟩ is the midpoint of the rapidity bin. Vertical 
error bars represent the statistical uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge (in the left panel) 
and right edge (in the right panel) of the RCP = 1 horizontal line indicates the systematic uncertainty on Rcoll .

Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(⟨y∗⟩), where ⟨y∗⟩ is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
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1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 
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effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 
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Fig. 6. Measured RCP values for R = 0.4 jets in 0–10% p + Pb collisions. The panel on the left shows the five rapidity ranges that are the most forward-going, while the panel 
on the right shows the remaining five. The RCP values at each rapidity are plotted as a function of pT × cosh(⟨y∗⟩), where ⟨y∗⟩ is the midpoint of the rapidity bin. Vertical 
error bars represent the statistical uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge (in the left panel) 
and right edge (in the right panel) of the RCP = 1 horizontal line indicates the systematic uncertainty on Rcoll .

Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(⟨y∗⟩), where ⟨y∗⟩ is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
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Measurements of the centrality and rapidity dependence of inclusive jet production in √sNN = 5.02 TeV
proton–lead (p + Pb) collisions and the jet cross-section in √

s = 2.76 TeV proton–proton collisions 
are presented. These quantities are measured in datasets corresponding to an integrated luminosity of 
27.8 nb−1 and 4.0 pb−1, respectively, recorded with the ATLAS detector at the Large Hadron Collider 
in 2013. The p + Pb collision centrality was characterised using the total transverse energy measured in 
the pseudorapidity interval −4.9 < η < −3.2 in the direction of the lead beam. Results are presented 
for the double-differential per-collision yields as a function of jet rapidity and transverse momentum 
(pT) for minimum-bias and centrality-selected p + Pb collisions, and are compared to the jet rate from 
the geometric expectation. The total jet yield in minimum-bias events is slightly enhanced above the 
expectation in a pT-dependent manner but is consistent with the expectation within uncertainties. The 
ratios of jet spectra from different centrality selections show a strong modification of jet production 
at all pT at forward rapidities and for large pT at mid-rapidity, which manifests as a suppression of 
the jet yield in central events and an enhancement in peripheral events. These effects imply that the 
factorisation between hard and soft processes is violated at an unexpected level in proton–nucleus 
collisions. Furthermore, the modifications at forward rapidities are found to be a function of the total 
jet energy only, implying that the violations may have a simple dependence on the hard parton–parton 
kinematics.

© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 

⋆ E-mail address: atlas.publications@cern.ch.

effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 

http://dx.doi.org/10.1016/j.physletb.2015.07.023
0370-2693/© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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triggered data if a jet constituent fell into the same region
of the calorimeter that provided the trigger signal. The
trigger e�ciency was estimated for each event class by
checking this condition as a function of precT in minimum-
bias events. The precT -level spectra were corrected for this
e�ciency, which rose monotonically with precT and was
approximately 70% (98%) at 10 GeV/c (25 GeV/c).

Monte Carlo simulations were used to determine the
response of the detector to jets and to correct the mea-
sured spectra. In simulation, jets are defined by apply-
ing the anti-kt algorithm to long-lived primary particles,
resulting in jets with a particle-level transverse momen-
tum (pT ). The pythia 6.4 event generator [30] with the
d6t tune [31] and cteql1 parton distribution function
set [32] was used to generate hard scattering p+p events
with a jet within the acceptance of the East arm. Six
separate samples with exclusive selections on the hard-
scattering momentum transfer in pythia, consisting of
105 events each, were weighted according to their partial
cross-section and combined to form a pT spectrum from 8
to 80 GeV/c. The response of the detector was simulated
with geant3 [33] and the resulting events were analyzed
identically to the data. To understand the e↵ects of the
underlying event in d+Au collisions, jet reconstruction
was also performed on the simulated events after they
were embedded into minimum-bias d+Au data events of
each centrality. In each event class, particle-level jets
were matched with detector-level jets and the correspon-
dence between the true pT and the measured precT was
collected into a response matrix R(pT , precT ).

The reconstruction and selection e�ciency, ✏(pT ), for
particle-level jets within |⌘| < 0.3 rose with pT and was
⇡ 35% (50%) at 10 GeV/c (25 GeV/c) in p+p collisions.
The ine�ciency was dominated by the minimum require-
ment on the calorimetric fraction of the jet momentum.
For a given selection on the particle-level jet pT , the mean
value of the precT /pT distribution ⇡ 0.65-0.70 resulted
from missing neutral hadronic energy and tracking inef-
ficiency. The width of this distribution was ⇡20%–25%,
rose slightly with pT , and was driven by jet-by-jet fluc-
tuations in the neutral hadronic momentum fraction and
not by the resolution on the constituent momenta. In the
d+Au event classes, the impact of the underlying event
on the response decreased systematically with increas-
ing jet pT . For pT =20 GeV/c jets in 0%–20% centrality
d+Au events, the underlying event background increased
the e�ciency by 2%, the average precT by 0.1–0.2 GeV/c,
and the precT resolution by 1%, relative to that in p+p
events.

The precT -level spectra were corrected for the de-
tector response and the presence of the underlying
event in d+Au collisions through the singular-value-
decomposition unfolding method [34, 35]. For an ob-
served spectrum dN/dprecT , this method inverts the equa-
tion dN/dprecT = R · dN/dpT by expressing dN/dpT as a
linear combination of the left singular vectors of R, with

coe�cients determined by dN/dprecT . This inversion is
regularized by keeping the contribution only from the k
vectors with the largest singular values. The contribu-
tion from the remaining vectors is truncated to ensure
that dN/dpT is una↵ected by statistical fluctuations.
Following standard techniques [34], k was fixed at 5,

and the results were validated by comparing dN/dpT ,
propagated through R, to dN/dprecT , and by examin-
ing the curvature of dN/dpT with respect to the sim-
ulated pT spectrum used to populate R. The iterative
Bayesian method [36] gave consistent results. The statis-
tical uncertainties on dN/dpT were evaluated by resam-
pling dN/dprecT according to its uncertainties and observ-
ing the changes in dN/dpT . Finally, the dN/dpT spectra
were corrected for the reconstruction e�ciency ✏(pT ). At
low pT in 0%–20% events, the RdAu after unfolding was
lower than the detector-level RdAu by ⇡20%, while the
two are comparable at high pT or in peripheral events.
The p+p di↵erential cross section was constructed [16]

via 2⇡�ppN jet(pT )/✏ppN evt✏(pT )�pT�⌘��, where
�pp = 23.0 ± 2.2 mb is the minimum-bias cross section,
✏pp = 0.79 ± 0.02 is the fraction of jet events meeting
the minimum-bias condition, and 2⇡/�pT�⌘�� are
phase-space factors. Figure 1 shows the d+Au yields
and the p+p cross section, which compares well with a
perturbative QCD calculation [37, 38].
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FIG. 1. (Color online) Measured anti-kt, R = 0.3 jet yields
in d+Au collisions, and the measured and calculated jet cross
section in p+p collisions, with the data series o↵set by mul-
tiplicative factors. Total systematic uncertainties, including
overall normalization uncertainties, and statistical uncertain-
ties are shown as shaded bands and vertical bars, respectively.
In the bottom panel, the p+p data and perturbative QCD cal-
culation [37, 38] are divided by a fit to the data.

The measured spectra and nuclear-modification factors
are subject to systematic uncertainties from a variety
of sources. For most sources, the e↵ects on the results
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FIG. 2. (Color online) RdAu for (a) 0%–100% and (b)
centrality-selected collisions, and (c) RCP, as a function of
pT . Systematic, statistical and normalization uncertainties
are shown as shaded bands, vertical bars, and the leftmost
bands centered at 1, respectively. When error bands overlap
vertically, their horizontal widths have been adjusted so that
both are visible. Dashed lines show the uncertainty range
of calculations incorporating nuclear parton densities [1] and
energy loss [4].

were determined by modifying the simulation sample, the
event or jet-selection criteria, or the unfolding procedure
itself, and repeating the analysis. The variations were
applied simultaneously in the analyses of the d+Au and
p+p spectra to allow for their full or partial cancellation

in the RdAu and RCP quantities, with the exception of
the variation of k, described below.
The impact of uncertainties on the detector energy

scales was determined by varying the momenta of the
reconstructed tracks and clusters in simulation. The
cluster energies were varied by 3%. The track momenta
were varied by a track pT -dependent amount, which was
2% for pT  10 GeV/c and increased linearly to 4%
for pT = 30 GeV/c. The sensitivity of the results to
the jet selection was evaluated by varying the maximum
and minimum requirement on the calorimetric content of
the jet, and by raising the required number of jet con-
stituents. The uncertainty in the jet acceptance was eval-
uated by doubling the fiducial distance between jets and
the edges of the detector, and by restricting the vertex
z position to a narrower range. The uncertainties asso-
ciated with the unfolding procedure were evaluated by
changing the power law index of the simulated pT spec-
trum by ±1, and by increasing and decreasing the value
of k. Because they are statistical in nature, the e↵ects
on the spectra from varying k were treated as uncorre-
lated between the event classes. The sensitivity to the
underlying physics model was evaluated by performing
the corrections with a sample of pythia events analo-
gous to the nominal one but generated with tune a [39]
and the cteq5l [40] set. A 2% uncertainty, uncorrelated
between event classes, was assigned to the spectra be-
low 25 GeV/c to cover possible defects in modeling the
trigger e�ciency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total sys-
tematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT = 12 GeV/c to 30% or higher
at pT = 50 GeV/c and was dominated at all pT by the
energy scale. Because the reconstruction procedure in
d+Au and p+p collisions was identical, and the perfor-
mance, corrections and resulting spectra are very similar,
the e↵ects of the variations on RdAu and RCP canceled to
a large degree. The uncertainties on this quantity ranged
from 4% at pT = 12 GeV/c (with no single source dom-
inating) to 15% or higher (dominated by unfolding and
physics model) at pT = 50 GeV/c.
Additional normalization uncertainties on the p+p

cross section of 10% arose from the uncertainty on
�pp/✏pp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total un-
certainty on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT -independent within uncertain-
ties. The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear e↵ects are
small at high-Q2 in the nuclear Bjorken-x range ⇡ 0.1–
0.5. When compared to calculations over a range of en-
ergy loss rates in the cold nucleus [4], the data favor only

PHENIX data on centrality-
dependent jets in d+Au show 

same phenomenon: 
1) inclusive RdAu ~ 1   
2) centrality “splitting”  

3) decrease of RCP with pT~E

1

2
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Fig. 3 Nuclear modification factors QpPb of charged jets for several
centrality classes. Ncoll has been determined with the hybrid model.
Top and bottom panels show the result for R = 0.4 and R = 0.2,
respectively. The combined global normalisation uncertainty from Ncoll,
the measured pp cross section, and the reference scaling is indicated by
the box around unity

Recently, the PHENIX collaboration reported on a central-
ity dependent modification of the jet yield in d–Au collisions
at

√
sNN = 200 GeV in the range of 20 < pT < 50 GeV/c

[59 ]: a suppression of 20 % in central events and correspond-
ing enhancement in peripheral events is observed. Even when
neglecting the impact of any possible biases in the central-
ity selection, the measurement of the nuclear modification at
lower

√
sNN cannot be directly compared to the measure-

ments at LHC for two reasons. First, in case of a possi-
ble final state energy loss the scattered parton momentum
is the relevant scale. Here, the nuclear modification factor
at lower energies is more sensitive to energy loss, due to the
steeper spectrum of scattered partons. Second, for initial state
effects the nuclear modification should be compared in the
probed Bjorken-x , which can be estimated at mid-rapidity to
xT ≈ 2pT/

√
sNN, and is at a given pT approximately a factor

of 25 smaller in p–Pb collisions at the LHC.
The ratio of jet production cross sections reconstructed

with R = 0.2 and 0.4 is shown in Fig. 6. For all centrality
classes, the ratio shows the expected stronger jet collimation
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Fig. 5 Centrality evolution of QpPb for selected pT, ch jet-bins and R =
0.4

towards higher pT. Moreover, the ratio is for all centrali-
ties consistent with the result obtained in minimum bias p–
Pb collisions, which agrees with the jet cross section ratio in
pp collisions as shown in [25]. The result is fully compatible
with the expectation, since even in central Pb–Pb collisions,
where a significant jet suppression in the nuclear modification
factor is measured, the cross section ratio remains unaffected
[15].

6 Summary

Centrality-dependent results on charged jet production in p–
Pb collisions at

√
sNN = 5.02 TeV have been shown for

transverse momentum range 20 < pT, ch jet < 120 GeV/c
and for resolution parameters R = 0.2 and R = 0.4. The
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Recently, the PHENIX collaboration reported on a central-
ity dependent modification of the jet yield in d–Au collisions
at

√
sNN = 200 GeV in the range of 20 < pT < 50 GeV/c

[59 ]: a suppression of 20 % in central events and correspond-
ing enhancement in peripheral events is observed. Even when
neglecting the impact of any possible biases in the central-
ity selection, the measurement of the nuclear modification at
lower

√
sNN cannot be directly compared to the measure-

ments at LHC for two reasons. First, in case of a possi-
ble final state energy loss the scattered parton momentum
is the relevant scale. Here, the nuclear modification factor
at lower energies is more sensitive to energy loss, due to the
steeper spectrum of scattered partons. Second, for initial state
effects the nuclear modification should be compared in the
probed Bjorken-x , which can be estimated at mid-rapidity to
xT ≈ 2pT/

√
sNN, and is at a given pT approximately a factor

of 25 smaller in p–Pb collisions at the LHC.
The ratio of jet production cross sections reconstructed

with R = 0.2 and 0.4 is shown in Fig. 6. For all centrality
classes, the ratio shows the expected stronger jet collimation
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0.4

towards higher pT. Moreover, the ratio is for all centrali-
ties consistent with the result obtained in minimum bias p–
Pb collisions, which agrees with the jet cross section ratio in
pp collisions as shown in [25]. The result is fully compatible
with the expectation, since even in central Pb–Pb collisions,
where a significant jet suppression in the nuclear modification
factor is measured, the cross section ratio remains unaffected
[15].

6 Summary

Centrality-dependent results on charged jet production in p–
Pb collisions at

√
sNN = 5.02 TeV have been shown for

transverse momentum range 20 < pT, ch jet < 120 GeV/c
and for resolution parameters R = 0.2 and R = 0.4. The
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1. Introduction

Jets are the observable final state of a fragmenting parton pro-
duced e.g. in scattering of partons in nuclei with a large mo-
mentum transfer, Q 2. At sufficiently large Q 2, the jet production 
cross section is computable since it can be factorized into the 
non-perturbative parton distribution and fragmentation functions 
and the cross section of partonic scatterings, which is calculable 
in perturbative QCD (pQCD) [1]. Jet measurements in p–Pb and 
their comparison to pp provide a tool to better constrain effects 
of (cold) nuclear matter on these factors. In particular, they can be 
used to examine the role of a modification of the initial distribu-
tion of quarks and gluons, e.g. shadowing effects and gluon satu-
ration [2,3], and the impact of multiple scatterings and hadronic 
re-interactions in the initial and final state [4,5].

In central heavy-ion collisions, the production of jets and 
high-pT particles is strongly modified: in Pb–Pb collisions at the 
LHC, the observed hadron yields are suppressed by up to a factor of 
seven compared to pp collisions, approaching a factor of two sup-
pression at high pT [6–8]. A similar suppression is also observed 
for reconstructed jets in central Pb–Pb [9–13]. This phenomenon, 
referred to as jet quenching, has also been observed previously in 
high-pT particle production in central Au–Au collisions at RHIC 
[14–19]. It is attributed to the creation of a quark–gluon plasma 
(QGP) in the final state, where hard scattered partons radiate 
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gluons in strong interactions with the medium as first predicted 
in [20,21]. This results in a radiative energy loss of the leading 
parton and a modified fragmentation pattern.

Initially, p–Pb collisions have been seen as the testing ground 
for isolated cold nuclear matter effects, without the formation 
of a hot and dense medium. However, recent results on low-pT
particle production and long range correlations in p–Pb collisions 
at √sNN = 5.02 TeV [22–25] exhibit features of collective behav-
ior, similar to those found in Pb–Pb collisions, where they are 
attributed to the creation of a QGP. At high pT, results on the pro-
duction of unidentified charged particles [26–29] and jets [30,31]
in p–Pb collisions at √sNN = 5.02 TeV are consistent with the ab-
sence of a strong final state suppression. The question to what 
extent other nuclear effects lead to an enhancement of particle 
production at high pT is still open, a possible enhancement in p–Pb
collisions has been reported for single charged hadrons [28]. The 
measurement of jets in p–Pb collisions compared to single hadrons 
tests the parton fragmentation beyond the leading particle with 
the inclusion of low-pT and large-angle fragments.

A jet is defined experimentally by the algorithm that combines 
the measured detector information such as tracks and/or calorime-
ter cells into jet objects and by the parameters of the algorithm. 
The desired properties of such algorithms in pp(p̄) collisions and in 
the corresponding theoretical framework have been discussed e.g. 
in [32]. In general, jet algorithms aim to reconstruct the kinematic 
properties of the initial parton with as little dependence on the 
details of its fragmentation process as possible, i.e. the algorithms 
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Table 2
Comparison of RCP and R∗

CP for inclusive jet production in asymmetric collisions at RHIC and the LHC. See text 
for details.

Collision system Comparison of spectra pT,jet (GeV/c) RCP or R∗
CP

d–Au, pp√
sNN = 0.2 TeV [59]

d–Au 0–20%/60–88% 16 RCP = 0.71 ± 0.01stat ± 0.03sys
32 RCP = 0.54 ± 0.04stat ± 0.06sys

pp w/wo −0.6 GeV/c shift 15 R∗
CP = 0.79

30 R∗
CP = 0.85

p–Pb√
sNN = 5.02 TeV

y∗ = 0.3 [66]

p–Pb 0–10%/60–90% 57 RCP = 1.09 ± 0.02stat ± 0.03sys
113 RCP = 0.93 ± 0.01stat ± 0.02sys

p–Pb MB w/wo −0.6 GeV/c shift 50 R∗
CP = 0.95

110 R∗
CP = 0.97

ments in d–Au collisions at √sNN = 200 GeV by PHENIX [59] and 
in p–Pb collisions at √sNN = 5.02 TeV by ATLAS [66], which exhibit 
strong dependence on EA. In this section we explore whether these 
inclusive and coincidence measurements can provide a consistent 
picture of jet quenching in asymmetric systems.

We first note that these measurements differ in several as-
pects, and that their detailed comparison requires calculations 
based on theoretical models of jet quenching that are beyond the 
scope of this paper. Here we explore a more limited question, 
whether the inclusive jet measurements are also consistent with 
a pT-independent limit of out-of-cone charged-energy transport of 
0.4 GeV/c. Since the ALICE inclusive jet measurement does not 
find an EA-dependence, it is consistent with such a limit by con-
struction, without the need for additional calculation. We therefore 
focus in the rest of this section on comparison to the PHENIX and 
ATLAS inclusive jet measurements.

To do so, we compare the effect of a pT-independent shift 
of the inclusive spectra to the measured EA-dependence of RCP, 
which is the ratio of inclusive jet spectra for event populations 
identified as “central” and “peripheral”, with the spectra scaled 
by 

〈
TpPb

〉
or ⟨TdAu⟩. Since the inclusive spectra are measured with 

fully-reconstructed jets, including neutral energy, we increase the 
90% confidence limit for out-of-cone energy transport to the value 
0.6 GeV/c. Note in addition that the choice of percentile binning 
differs in the various measurements, which cannot be accounted 
for directly in the comparison; this difference should also be borne 
in mind when comparing the measurements.

The effect of the pT-shift on jet yield depends upon the inclu-
sive spectrum shape. In order to assess this effect we select a rep-
resentative spectrum for each data set, impose a pT-independent 
shift of −0.6 GeV/c on this spectrum, and calculate R∗

CP, the ratio 
of distributions with and without the shift. Since R∗

CP represents a 
90% confidence limit, no uncertainty is assigned to it.

Table 2 compares R∗
CP to the values of EA-selected RCP mea-

sured in asymmetric collisions at RHIC and the LHC. While some 
values are in agreement, R∗

CP and RCP have opposite dependence 
on pT,jet for both datasets. Within the limits of this compari-
son, a pch

T,jet-independent out-of-cone charged-energy transport of 
0.4 GeV/c is not consistent with measurements of RCP for inclusive 
jet production in EA-selected d–Au collisions at RHIC and p–Pb col-
lisions at the LHC.

Effects other than jet quenching in the final state can modify jet 
yields in nuclear collisions, in particular the initial-state effects of 
shadowing and energy loss in cold matter [55,111]. In addition, 
calculation of the Glauber scaling factor for inclusive measure-
ments may be affected by fluctuations and dynamical correlations 
between a high Q 2 process and the soft observables used to tag 
EA [56,70–80]. Such non-quenching effects could be the origin of 
the inconsistency observed here in the EA-dependence of inclusive 
and coincidence jet measurements, since inclusive and coincidence 

observables have different sensitivity to initial-state effects, and 
Glauber scaling is required only for inclusive observables.

10. Summary

We have reported measurements of the semi-inclusive distri-
bution of charged jets recoiling from a high-pT hadron trigger 
in p–Pb collisions at √sNN = 5.02 TeV, selected by event activity 
in forward (Pb-going) charged multiplicity and zero-degree neu-
tral energy. Interpretation of this coincidence observable does not 
require the assumption that event activity is correlated with col-
lision geometry, with the corresponding uncertainties of Glauber 
modeling. It provides a new probe of jet quenching in p–Pb col-
lisions that is systematically different from quenching measure-
ments based on inclusive jet production.

No significant difference is observed in recoil jet distributions 
for different event activity. This measurement provides a limit on 
out-of-cone energy transport due to jet quenching in p–Pb colli-
sions at the LHC of less that 0.4 GeV/c at 90% confidence for jet 
radius R = 0.4. Comparison of this measurement to theoretical cal-
culations favors models with little or no energy loss in small sys-
tems. Comparison to inclusive jet measurements in small systems 
at RHIC and LHC indicates that the inclusive jet yield modifica-
tion observed in EA-selected populations is not consistent with jet 
quenching. Future p–Pb measurements at the LHC, with higher sta-
tistical precision and greater kinematic reach, will provide more 
stringent limits on jet quenching in light systems.
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The ALICE Collaboration reports the measurement of semi-inclusive distributions of charged-particle jets 
recoiling from a high-transverse momentum trigger hadron in p–Pb collisions at √sNN = 5.02 TeV. Jets are 
reconstructed from charged-particle tracks using the anti-kT algorithm with resolution parameter R = 0.2
and 0.4. A data-driven statistical approach is used to correct the uncorrelated background jet yield. Recoil 
jet distributions are reported for jet transverse momentum 15 < pch

T,jet < 50 GeV/c and are compared in 
various intervals of p–Pb event activity, based on charged-particle multiplicity and zero-degree neutral 
energy in the forward (Pb-going) direction. The semi-inclusive observable is self-normalized and such 
comparisons do not require the interpretation of p–Pb event activity in terms of collision geometry, in 
contrast to inclusive jet observables. These measurements provide new constraints on the magnitude 
of jet quenching in small systems at the LHC. In p–Pb collisions with high event activity, the average 
medium-induced out-of-cone energy transport for jets with R = 0.4 and 15 < pch

T,jet < 50 GeV/c is 
measured to be less than 0.4 GeV/c at 90% confidence, which is over an order of magnitude smaller 
than a similar measurement for central Pb–Pb collisions at √sNN = 2.76 TeV. Comparison is made to 
theoretical calculations of jet quenching in small systems, and to inclusive jet measurements in p–Pb 
collisions selected by event activity at the LHC and in d–Au collisions at RHIC.

© 2018 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access 
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The collision of heavy nuclei at high energies generates a 
Quark–Gluon Plasma (QGP), a dense, highly inviscid, strongly-
coupled fluid governed by sub-nucleonic degrees of freedom [1]. 
While the structure and dynamical behavior of the QGP arise at 
the microscopic level from the interactions between quarks and 
gluons that are described by Quantum Chromodynamics (QCD), 
the QGP also exhibits emergent collective behavior. Current under-
standing of the properties of the QGP is based primarily on two 
phenomena observed in high energy nuclear collisions and their 
comparison to theoretical calculations: strong collective flow [2], 
and jet quenching, which arises from interaction of energetic jets 
with the medium [3].

Jets in hadronic collisions are generated by hard (high momen-
tum transfer Q 2) interactions between quarks and gluons from 
the projectiles, with outgoing quarks and gluons from the in-
teraction observed in detectors as correlated sprays of hadrons 
(“jets”). Theoretical calculations of jet production based on per-
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turbative QCD (pQCD) are in excellent agreement over a broad 
kinematic range with jet measurements in pp collisions at the 
Large Hadron Collider (LHC) [4–7]. Measurements in pp collisions 
of charged-particle jets, which consist of the charged component 
of the hadronic jet shower, are also well-described by QCD-based 
Monte Carlo calculations [8,9].

In nuclear collisions, the interaction of jets with the QGP is ex-
pected to modify the observed rate of jet production and internal 
jet structure. Indeed, marked effects due to jet quenching have 
been observed for high transverse momentum (high-pT) hadrons 
and jets in central Au–Au collisions at the Relativistic Heavy Ion 
Collider (RHIC) [10–20] and in central Pb–Pb collisions at the 
LHC [9,21–32]. Jets therefore provide well-calibrated probes of the 
QGP.

Measurements of asymmetric p–Pb collisions at the LHC and of 
light nucleus–Au collisions at RHIC reveal evidence of collective ef-
fects that are similar in magnitude to those observed in symmetric 
collisions of heavy nuclei [33–50]. These measurements in asym-
metric systems are reproduced both by model calculations that 
incorporate a locally thermalized hydrodynamic medium in the 
final state, and by calculations without QGP but with large fluc-
tuations in the initial-state wavefunctions of the projectiles (see 
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Measurements of the centrality and rapidity dependence of inclusive jet production in √sNN = 5.02 TeV
proton–lead (p + Pb) collisions and the jet cross-section in √

s = 2.76 TeV proton–proton collisions 
are presented. These quantities are measured in datasets corresponding to an integrated luminosity of 
27.8 nb−1 and 4.0 pb−1, respectively, recorded with the ATLAS detector at the Large Hadron Collider 
in 2013. The p + Pb collision centrality was characterised using the total transverse energy measured in 
the pseudorapidity interval −4.9 < η < −3.2 in the direction of the lead beam. Results are presented 
for the double-differential per-collision yields as a function of jet rapidity and transverse momentum 
(pT) for minimum-bias and centrality-selected p + Pb collisions, and are compared to the jet rate from 
the geometric expectation. The total jet yield in minimum-bias events is slightly enhanced above the 
expectation in a pT-dependent manner but is consistent with the expectation within uncertainties. The 
ratios of jet spectra from different centrality selections show a strong modification of jet production 
at all pT at forward rapidities and for large pT at mid-rapidity, which manifests as a suppression of 
the jet yield in central events and an enhancement in peripheral events. These effects imply that the 
factorisation between hard and soft processes is violated at an unexpected level in proton–nucleus 
collisions. Furthermore, the modifications at forward rapidities are found to be a function of the total 
jet energy only, implying that the violations may have a simple dependence on the hard parton–parton 
kinematics.

© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 

⋆ E-mail address: atlas.publications@cern.ch.

effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy √

sNN = 5.02 TeV. The measurement was per-
formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 

http://dx.doi.org/10.1016/j.physletb.2015.07.023
0370-2693/© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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“Centrality bias”: central events pick events with higher yield, 
peripheral events pick events with lower yield

ATLAS/PHENIX effect is the opposite:  
peripheral events have a higher yield per nucleon, 

central events have a lower yield per nucleon

Perhaps there is a trivial energy conservation effect:  
in pp, can a forward jet deplete the backwards ΣET?
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tween the hard process and soft production [9]. More generally, 
the modification of soft particle production in N N collisions in the 
presence of a hard process is expected to affect estimates of the 
collision geometry of p + Pb collisions with a hard scatter [10–12]. 
Thus a control measurement in pp collisions to determine how 
soft particle production at negative pseudorapidities varies with 
the x in the projectile (target) beam-proton headed towards pos-
itive (negative) rapidity can provide insight into the relevance of 
these various scenarios.

This Letter presents a measurement of the average of the sum 
of the transverse energy at large pseudorapidity,1

〈∑
ET

〉
, down-

stream of one of the protons in pp collisions, as a function of 
the hard-scattering kinematics in dijet events. For each kinematic 
selection, 

〈∑
ET

〉
is the average of the 

∑
ET distribution in the 

selected events. The 
∑

ET measurement was deliberately made 
in only one of the two forward calorimeter modules on either 
side of the interaction point. This was done in analogy with the 
centrality definition in p + Pb collisions [5,13], which is charac-
terised by the 

∑
ET in the forward calorimeter module situated at 

−4.9 < η < −3.2, in the nucleus-going direction. In pp collisions 
the asymmetric choice of the 

∑
ET-measuring region means that 

the target proton plays the role of one of the nucleons in the Pb 
nucleus.

The value of 
∑

ET was measured by summing the transverse 
energy in the forward calorimeter cells and correcting for the de-
tector response. The average value, 

〈∑
ET

〉
, is reported as a func-

tion of the average dijet transverse momentum, pavg
T = (pT,1 +

pT,2)/2, and pseudorapidity, ηdijet = (η1 + η2)/2. In these quanti-
ties, pT,1 and η1 are the transverse momentum and pseudorapidity 
of the leading (highest-pT) jet in the event, while pT,2 and η2 are 
those for the subleading (second highest-pT) jet. Results are also 
reported as a function of two kinematic quantities xproj and xtarg
defined by

xproj = pavg
T (e+η1 + e+η2)/

√
s, (1)

xtarg = pavg
T (e−η1 + e−η2)/

√
s. (2)

In a perturbative approach, at leading order, xproj (xtarg) cor-
responds approximately to the Bjorken-x of the hard-scattered 
parton in the beam-proton with positive (negative) rapidity. Es-
timates of the initial parton–parton kinematics through jet-level 
variables have been used previously in dijet measurements at the 
CERN Spp̄S collider [14,15] and in measurements of dihadrons in 
d + Au collisions at RHIC [16]. Finally, to better reveal the rela-
tive dependence of 

〈∑
ET

〉
on the hard-scattering kinematics, re-

sults are also reported as a ratio to a reference value 
〈∑

ET
〉ref, 

which is the 
〈∑

ET
〉

evaluated at a fixed choice of dijet kinematics, 
50 GeV < pavg

T < 63 GeV and |ηdijet| < 0.3.
Fig. 1 schematically illustrates the meaning of the kinematic 

variables utilised in this measurement. The top panel in Fig. 1
shows the convention used in p + Pb collisions at ATLAS, in which 
the proton beam is the “projectile” and has positive rapidity, while 
the nuclear beam is the “target” and has negative rapidity. The 
centrality of the p + Pb collision, an experimental quantity sensi-
tive to the collision geometry, is characterised by the 

∑
ET in the 

forward calorimeter situated in the nucleus-going direction. The 
middle panel in Fig. 1 illustrates the measurement in pp collisions 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction point (IP) in the centre of the detector and the z-axis along the beam pipe. 
The x-axis points from the IP to the centre of the LHC ring, and the y-axis points 
upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the 
azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of 
the polar angle θ as η = − ln tan(θ/2).

Fig. 1. Schematic illustration of the kinematic variables in the measurement. Panel 
(a) illustrates the convention in p + Pb collisions. Panels (b) and (c) illustrate how 
a single pp event provides a measurement of ∑ ET at two values of ηdijet = (η1 +
η2)/2, in this case for ηdijet = +1 and for ηdijet = −1, respectively.

reported in this Letter, in which the proton beam with positive ra-
pidity is considered to be the analogue of the projectile proton in 
p + Pb collisions, while the target proton with negative rapidity is 
the analogue of a single nucleon within the Pb nucleus, and the ∑

ET is measured in the forward calorimeter downstream of the 
target proton. Due to the symmetric nature of pp collisions, each 
event can also be interpreted by exchanging the roles of the tar-
get and projectile between the two protons, and measuring the ∑

ET in the opposite forward calorimeter module. To keep the 
same convention in this case, the z-axis (and thus the pseudo-
rapidity) is inverted and the kinematic variables are determined 
within this new coordinate system as shown in the bottom panel 
of Fig. 1. The full analysis was performed separately using each 
forward calorimeter side, one at a time, and the final results were 
obtained by averaging the 

〈∑
ET

〉
measurements from each side. 

This increased the number of 
∑

ET measurements by a factor of 
two and also provided an important cross-check on the detector 
energy scale. For simplicity, all η values in the selection cuts and 
ηdijet values in the results described below are always presented 
according to the convention where 

∑
ET is measured at negative 

pseudorapidity.
The dataset used in this measurement was collected during the √

s = 2.76 TeV pp collision data-taking in February 2013 at the 
Large Hadron Collider, with an integrated luminosity corresponding 
to 4.0 pb−1. During data-taking, the mean number of pp interac-
tions per bunch crossing varied from 0.1 to 0.5. This dataset is 
particularly suitable for the measurement because the small mean 
interaction rate per crossing allows rejection of dijet-producing pp
events with additional pp interactions in the same bunch crossing 
(pileup) with good systematic control while simultaneously having 
enough integrated luminosity to measure dijet production over a 
wide kinematic range with good statistical precision.
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Fig. 4. Measured ratio 〈∑ ET
〉
/ 〈∑ ET

〉ref in hard-scatter pp collisions, shown as a 
function of pavg

T for different selections on ηdijet . The vertical shaded bands rep-
resent the total systematic and statistical uncertainties in quadrature while the 
vertical error bars represent statistical uncertainties only. When two error bands 
overlap vertically, their horizontal widths have been adjusted so that the edges of 
both are visible.

the data in the kinematic selections shown here and in most other 
selections analysed. While the generators systematically underpre-
dict the overall scale of the 

∑
ET production, the 

〈∑
ET

〉
is gener-

ally anticorrelated with pavg
T in each one just as it is in the data. 

The observation of an anticorrelation with pavg
T at mid-rapidity in 

pp collisions is important for interpreting the p + Pb results, since 
it indicates a non-trivial correlation between hard-scattering kine-
matics and 

∑
ET production, but the pavg

T quantity offers only an 
indirect relationship to the underlying Bjorken-x values. The first 
point in the upper panel of Fig. 3 shows the reference value for 
data of 

〈∑
ET

〉ref = 11.2+1.0
−1.2 GeV. For the generators considered in 

this analysis, the value of 
〈∑

ET
〉ref in simulation is 7.5 GeV in

Pythia 6, 9.2 GeV in Pythia 8, and 8.2 GeV in Herwig++.
To further explore the variation of the results with the

Bjorken-x of the hard-scattered partons, the dependence on the av-
erage pseudorapidity of the dijet was investigated. At fixed pavg

T , di-
jets with large positive or negative ηdijet arise from parton–parton 
configurations with large x in the projectile or target proton, re-
spectively. Fig. 4 shows the ratio 

〈∑
ET

〉
/ 
〈∑

ET
〉ref as a function 

of pavg
T for different ranges of ηdijet. In the ratio 

〈∑
ET

〉
/ 
〈∑

ET
〉ref, 

much of the uncertainty in the data and the overall scale differ-
ence between data and the generators cancels, allowing a precise 
measurement of the relative dependence of 

〈∑
ET

〉
on dijet kine-

matics and comparison to generators. When the dijet pair is at 
positive pseudorapidity (in the direction of the projectile proton), 
the relationship between the 

〈∑
ET

〉
and pavg

T is similar to that 
for mid-rapidity dijets. However, as the dijet pair pseudorapidity 
moves to negative rapidities close to the 

∑
ET-measuring region 

(in the direction of the target proton), this anti-correlation be-
comes stronger and the overall level of the 

∑
ET decreases. For 

the ηdijet selection nearest to the region in which the 
∑

ET is 
measured (−2.8 < ηdijet < −2.1), 

〈∑
ET

〉
decreases by 40% as pavg

T
increases by a factor of two from 50 GeV to 100 GeV.

Finally, the pattern of how the 
〈∑

ET
〉

values for dijets at all 
pavg

T and ηdijet depend on the underlying hard scattering kinemat-
ics can be explored more directly by plotting them as a func-
tion of the kinematic variables xproj and xtarg. Fig. 5 shows the 
ratio 

〈∑
ET

〉
/ 
〈∑

ET
〉ref as a function of each variable, while inte-

grating over the other. The value of 
〈∑

ET
〉

is largely insensitive 
to xproj (which corresponds to the Bjorken-x in the proton mov-
ing to positive rapidity), changing by only 10% over the entire 
range 0 < xproj < 1. On the other hand, 

〈∑
ET

〉
varies strongly 

with xtarg (which corresponds to the Bjorken-x in the proton mov-
ing to negative rapidity), decreasing by more than a factor of 
two between xtarg = 0 and 0.9 in an approximately linear fash-
ion.

Since xproj and xtarg are generally anti-correlated in dijet events, 
the data were also analysed by fixing each variable in a narrow 
range and testing the dependence of 

〈∑
ET

〉
on the other, and this 

gave results quantitatively similar to those in Fig. 5. The genera-
tors considered here have qualitatively similar behaviour. They de-
scribe the xproj dependence well, but Pythia 6 and Pythia 8 show 
a slightly stronger dependence on xtarg, while Herwig++ shows a 
much weaker one. The observed dependence admits a simple in-
terpretation: when the hard scattering involves a parton with large 
xtarg, the beam remnant has less longitudinal energy and trans-
verse energy production at large pseudorapidity is substantially 
reduced.

Fig. 5. Measured ratio 〈∑ ET
〉
/ 〈∑ ET

〉ref in hard-scatter pp collisions, shown as a function of xtarg (left) and xproj (right). The vertical shaded bands represent total systematic 
and statistical uncertainties in the data in quadrature while the vertical bars represent statistical uncertainties only. The bottom panel shows the ratio of the predictions of 
three MC event generators to the data. ATLAS studied ΣET production as  

function of dijet kinematic variables, 
xproj (defined away from ATLAS FCal)  
& xtarg (defined toward ATLAS FCal)
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The relationship between jet production in the central region and the underlying-event activity in a 
pseudorapidity-separated region is studied in 4.0 pb−1 of √

s = 2.76 TeV pp collision data recorded 
with the ATLAS detector at the LHC. The underlying event is characterised through measurements of 
the average value of the sum of the transverse energy at large pseudorapidity downstream of one of the 
protons, which are reported here as a function of hard-scattering kinematic variables. The hard scattering 
is characterised by the average transverse momentum and pseudorapidity of the two highest transverse 
momentum jets in the event. The dijet kinematics are used to estimate, on an event-by-event basis, the 
scaled longitudinal momenta of the hard-scattered partons in the target and projectile beam-protons 
moving toward and away from the region measuring transverse energy, respectively. Transverse energy 
production at large pseudorapidity is observed to decrease with a linear dependence on the longitudinal 
momentum fraction in the target proton and to depend only weakly on that in the projectile proton. 
The results are compared to the predictions of various Monte Carlo event generators, which qualitatively 
reproduce the trends observed in data but generally underpredict the overall level of transverse energy 
at forward pseudorapidity.

© 2016 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Properties of the underlying event at large rapidity in proton–
proton (pp) collisions in the presence of a hard parton–parton 
scattering are sensitive to many features of hadronic interactions. 
Previous studies of the underlying event mainly focused on prob-
ing the region transverse to final-state jets at mid-rapidity [1–4]. 
This Letter presents a study of the transverse energy produced 
at small angles with respect to the proton beam, a region where 
particle production may be particularly sensitive to the colour con-
nections between the hard partons and the beam remnants. Such 
measurements are needed to constrain particle production mod-
els, which systematically underpredict the total transverse energy 
at forward rapidities in hard-scattering events [4].

Measurements of transverse energy production at large rapid-
ity are also needed to aid in the interpretation of recent results 
on jet production in proton–lead (p + Pb) collisions [5,6]. In these 
collisions, hard scattering rates are expected to grow with the 
increasing degree of geometric overlap between the proton and 
the nucleus. Simultaneously, the level of overlap is traditionally 

⋆ E-mail address: atlas.publications@cern.ch.

thought to be reflected in the rate of soft particle production, par-
ticularly at large pseudorapidity in the nucleus-going direction. The 
recent results found that single and dijet production rates in the 
proton-going (forward, or projectile) direction are related to the 
underlying-event activity in the nucleus-going (backward, or tar-
get) direction in a way that contradicts the models of how jet and 
underlying-event production should correlate. Specifically, the av-
erage transverse energy produced in the backward direction was 
found to systematically decrease, relative to that for low-energy 
jet events, with increasing jet energy. This decrease resulted in an 
apparent enhancement of the jet rate in low-activity, or peripheral, 
events and a suppression of the jet rate in high-activity, or central, 
events.

These results have several competing interpretations. For exam-
ple, they are taken as evidence that proton configurations with a 
parton carrying a large fraction x of the proton longitudinal mo-
mentum interact with nucleons in the nucleus with a significantly 
smaller than average cross-section [7]. Alternatively, other authors 
have argued that in the constituent nucleon–nucleon (N N) colli-
sions, energy production at backward rapidities naturally decreases 
with increasing x in the forward-going proton, either through the 
suppression of soft gluons available for particle production [8]
or from a rapidity-separated energy-momentum conservation be-

http://dx.doi.org/10.1016/j.physletb.2016.02.056
0370-2693/© 2016 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Strong effect for xtarg, not xproj: 
opposite to trivial hypothesis (& in MC)!
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We test the hypothesis that configurations of a proton with a large-x parton, xp
>⇠ 0.1, have a

smaller than average size. The QCD Q2 evolution equations suggest that these small configurations
also have a significantly smaller interaction strength, which has observable consequences in collisions
with nuclei. We perform a global analysis of jet production data in proton– and deuteron–nucleus
collisions at RHIC and the LHC. Using a model which takes a distribution of interaction strengths
into account, we quantitatively extract the xp-dependence of the average interaction strength, �(xp),
over a wide kinematic range. By comparing the RHIC and LHC results, our analysis finds that the
interaction strength for small configurations, while suppressed, grows faster with collision energy
than does that for average configurations. We check that this energy dependence is consistent with
the results of a method which, given �(xp) at one energy, can be used to quantitatively predict
that at another. This finding further suggests that at even lower energies, nucleons with a large-xp

parton should interact much more weakly than those in an average configuration, a phenomenon in
line with explanations of the EMC e↵ect for large-xp quarks in nuclei based on color screening.

PACS numbers: 14.20.Dh, 25.40.Ve, 13.85.-t, 25.75.

Hadrons are composite, quantum mechanical systems
with a varying spatial and momentum configuration of
their internal quark and gluon constituents. During the
short time of a high energy hadronic collision this config-
uration remains approximately fixed. Thus certain phys-
ical properties of the parton system, such as the total
transverse area occupied by the color fields, may change
collision by collision, a phenomenon we refer to as color
fluctuations [1, 2]. These variations in the internal struc-
ture of hadrons have a wide range of observable conse-
quences, such as inelastic di↵raction [3–5]. In quantum
chromodynamics (QCD), the configurations in which a
large (> 10%) fraction of the hadron’s momentum is
carried by a single parton are spatially compact. For
these cases, in the wide range of energies where non-linear
(saturation) e↵ects are expected to be small [6], the in-
teraction strength of the entire configuration decreases
along with the overall area occupied by color [7]. Fur-
thermore, while the interaction strength for such small
configurations is reduced overall, it rises rapidly with
collision energy. In this Letter, we quantitatively investi-
gate these properties of QCD systems in proton– and
deuteron–nucleus (p/d+A) collision data at the Large
Hadron Collider (LHC) and the Relativistic Heavy Ion
Collider (RHIC), respectively.

Fig. 1 symbolically illustrates how proton configura-
tions of two di↵erent sizes contribute to p+A interactions.
For many processes, a large number of projectile config-
urations contribute to a studied observable, resulting in
a lack of sensitivity to color fluctuation e↵ects. However,
in processes to which only a restricted subset of projec-

FIG. 1. Schematic representation of a proton–nucleus col-
lision with fixed target nucleon-level geometry, with a more
weakly (more strongly) interacting projectile proton on the
left (right). The red tube shows the projection of the pro-
jectile proton’s transverse size through the nucleus, with im-
pacted nucleons in red. Typical observables have contribu-
tions from both types of events, while large-xp configurations
may preferentially select weakly interacting cases (left).

tile configurations contribute, these e↵ects are important
for understanding the experimental data. Historically,
they have played a role in interpreting multiplicity dis-
tributions in nuclear collisions [8] and in describing the
coherent di↵ractive production of dijets [9–11].

Experimentally, p+A collisions with a restricted subset
of projectile configurations may be selected with a spe-
cial trigger such as a hard QCD or electroweak process
involving a large-xp (>⇠ 0.1) parton in the proton [12].
In these large-xp configurations, color charge screening
within the dominant Feynman diagrams suppresses the
gluon field and density of qq̄ pairs, leading to an interac-
tion cross-section which is smaller but grows rapidly with
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high xp: smaller configuration of beam remnant → lower ΣET
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Higher xp configuration have smaller cross section,  
→ migrates central events to more peripheral bins
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cleon at resolution scales Q2 / 1/⇢ and xp ⇠ Q2/s. At
large Q2, g grows quickly with decreasing xp, resulting
in an increase of the cross-section (and of �(xp) at fixed
xp) for these small configurations with increasing colli-
sion energy. However, this increase is slower than what
is observed for perturbative processes, such as J/ pho-
toproduction [13]. Thus the interaction at high energies
may be thought of as lying between the perturbative and
non-perturbative domains, suggesting that chiral sym-
metry is restored for the probed components of the light
cone proton wave function. Finally, the fast growth of
the cross section for small configurations is consistent
with the expected narrowing of the PN (�) distribution
at increasing collision energies [30].

A consistency check of our results can be performed
under the assumption that the probability to find a con-
figuration with some large xp is the same at two collision
energies

p
s1 and

p
s2. If the fluctuations in �(xp) are

small such that, at fixed xp, there is a one-to-one corre-
spondence between �(xp) at two di↵erent energies, one
may express this as the probability to find a configuration
with cross section smaller than �(xp)�tot,

Z �(xp;
p
s1)�tot(

p
s1)

0
d� PN (�;

p
s1) =

Z �(xp;
p
s2)�tot(

p
s2)

0
d� PN (�;

p
s2),

(4)
which along with Eq. (1) is an implicit equation for the
energy dependence of �(xp) at fixed xp.

Starting with the LHC results for �(xp), we use Eq. 4
to systematically predict �(xp) at RHIC energies at the
same values of xp, and vice versa. Fig. 3 shows the re-
sults of this check. For xp

>⇠ 0.15, the relationship be-
tween the extracted �(xp) values at RHIC and LHC ener-
gies is consistent with that predicted by Eq. 4. At lower
xp, this method predicts a larger di↵erence in �(xp) at
the two energies than is extracted in data, suggesting
that our model does not provide a complete description
of color fluctuation phenomena in this xp range (for ex-
ample, since it ignores a possible parton flavor depen-
dence). Using the parameterization for PN (�) at the
lower, fixed–target energies given in Ref. [23], one finds
that �(xp ⇠ 0.5) ⇡ 0.38 at

p
s = 30 GeV.

Recently, data on 200 GeV proton–gold collisions were
recorded at RHIC, allowing for a further test of our
model. Using the same parameters which relate ⌫ to the
hadronic activity as in the d+Au data, we calculate the
distributions of ⌫ in example centrality bins and the RCP

values for hard triggers with di↵erent ranges of xp. These
predictions are summarized in Fig. 2. As also argued in
Ref. [29], the magnitude of the observable e↵ect should
be larger than in the d+Au data, where it is expected to
be washed out by the additional projectile nucleon.

The global analysis presented in this Letter quanti-
tatively extends our initial interpretation of the LHC
data on forward jet production in p+A collisions as aris-
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FIG. 3. Extracted values of �(xp) as a function of xp at
RHIC and LHC energies (solid points), with exponential fits
shown as dashed lines to guide the eye. The shaded bands
are a prediction for �(xp) at each energy using the results at
the other energy as input (see text).

ing from an xp-dependent decrease in the interaction
strength of proton configurations [2], and demonstrates
that the same picture successfully describes RHIC data
on large-xp jet production. Our analysis finds that the
suppression of the interaction strength is stronger at
lower energies, consistent with expectations from QCD
that cross-sections for small configurations grow faster
with energy than do those for average configurations.
Measurements of other processes arising from a di↵erent
mixture of large-xp quarks and gluons (e.g. Drell-Yan or
electroweak processes) would allow for a comparison of
quark- vs. gluon-dominated configurations. Analogous
studies in ultraperipheral collision data [31] may probe
color fluctuations in the photon wavefunction.

Our conclusions also have implications for understand-
ing features in the quark–gluon structure of nuclei such
as the observed suppression of the nuclear structure func-
tion at large-x, commonly known as the EMC e↵ect [32].
Since nucleons in a configuration with a large-x parton
are weakly interacting and the strength of the interaction
at fixed x falls at lower energies, it is natural to expect
that such configurations interact very weakly with other
nucleons at the energy ranges relevant for nuclei. In the
bound nucleon wavefunction, such weakly interacting nu-
cleon configurations are strongly suppressed [12]. Thus,
this picture suggests a natural explanation for the ob-
served suppression of partons in the EMC e↵ect region.

We thank B. Muller for the suggestion to add predic-
tions for p+A running at RHIC within our framework,
A. Mueller for discussion of proton squeezing at large xp,
and J. Nagle for suggestions on the manuscript. L.F.’s
and M.S.’s research was supported by the US Department
of Energy O�ce of Science, O�ce of Nuclear Physics un-
der Award No. DE-FG02-93ER40771.
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Lessons from hard processes in p+Pb

Increasing knowledge of nPDFs from W/Z/γ/jets… 
…but impact parameter dependence still in early stages

Correlation of hard process yield with multiplicity in pp 
complicates extraction of yields/collision. 

Self normalized quantities can be studied vs. event activity 
…but no reason to give up.  Different techniques to correct for it.

Spatial fluctuations of proton wave-function seem to be an  
irreducible part of our understanding of pp and p+Pb: 

influences flow physics and even centrality at high enough xp.
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Fig. 2: Nuclear-modification factor versus pT for charged particles at midrapidity in Pb–Pb collisions
at

p
sNN = 5.02 TeV for 5%-wide centrality classes. The filled, coloured markers are for the five most

peripheral classes, with the corresponding global uncertainties denoted close to pT = 0.1 GeV/c. Ver-
tical error bars denote statistical uncertainties, while the boxes denote the systematic uncertainties. For
visibility, the uncertainties are only drawn for the peripheral classes.

plitude) or impact parameter, as carried out so far at the LHC. The difference is below 5% up
to 80% centrality, and then increases strongly up to 40% for more peripheral classes. The av-
erage quantities for a centrality class, such as the number of participants Npart, the number of
binary collisions Ncoll and the nuclear overlap function TAA, were obtained by averaging over
the V0M multiplicity intervals, and are summarized in Tab. 1. As before [5, 6], the uncertainties
on the mean were obtained by changing the various ingredients of the Glauber MC model by
one standard deviation. The resulting relative uncertainties on the mean are below 6%, however
in particular for peripheral collisions the widths of the respective distributions are significantly
larger.

The charged particle multiplicity dNch/dh and the average transverse momentum hpTi for all
centrality intervals are listed in Tab. 2, values given for dNch/dhand hpTi>0 are extrapolated to
pT = 0 using a modified Hagedorn function fitted to the data.

4 Results
Figure 2 presents the nuclear-modification factor, given in Eq. 1, versus pT for charged particles
at midrapidity in Pb–Pb collisions at

p
sNN = 5.02 TeV for 5%-wide centrality classes. The

focus of the presented analysis is mainly on the peripheral classes, which for convenience are

7

Analysis of the apparent nuclear modification . . . ALICE Collaboration

Centrality (%)
0 20 40 60 80 100

AA
R

0

0.2

0.4

0.6

0.8

1

1.2
 | < 0.8 η = 5.02 TeV, charged particles, | NNsPb-Pb, 

c < 20 GeV/
T
pALICE data, 8 < 

HG-PYTHIA, PLB 773 (2017) 408

Fig. 3: Average RAA for 8 < pT < 20 GeV/c

versus centrality percentile in Pb–Pb collisions atp
sNN = 5.02 TeV compared to predictions from

HG-PYTHIA [38]. Vertical error bars denote sta-
tistical uncertainties, while the boxes denote the
systematic uncertainties.

Centrality (%)
0 20 40 60 80 100

 s
lo

pe
 p

ar
am

et
er

AA
R

0.3−

0.2−

0.1−

0

0.1

0.2

 = 5.02 TeVNNsALICE, Pb-Pb, 
 | < 0.8ηcharged particles, | 

c < 2 GeV/
T
p0.5 < 

 15)×  (c < 20 GeV/
T
p8 < 
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TeV. Vertical error bars denote statistical uncer-
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displayed in filled, coloured symbols with their corresponding global uncertainties of about 10–
20% denoted at pT⇠0.1 GeV/c. As usual, if not otherwise stated, vertical error bars denote
statistical uncertainties, while the boxes denote the systematic uncertainties.

From central to peripheral collisions RAA increases, which in particular above about 10 GeV/c

can be understood as the progressive reduction of medium-induced parton energy loss. Further-
more, the shape is similar from the most central up to the 80–85% centrality class, namely an
increase at low pT, a maximum around 2–3 GeV/c, related to radial flow, then a decrease with
a local minimum at about 7 GeV/c, followed by a mild increase. Above 80–85% centrality, the
evolution is different as already at low pT the slope is negative and RAA decreases monotonously
with increasing pT. The change in behaviour seems to occur in the 75–85% interval, since the
80–85% RAA values appear to be the same or even lower than those of the 75–80% interval. For
the most peripheral classes, the reduction of the nuclear modification factor with increasing pT
is qualitatively similar to the one observed for low multiplicity p–Pb [39] collisions, indicating
that the underlying bias towards more peripheral collisions with a reduced rate of hard scatter-
ings per nucleon–nucleon collisions is the same. If instead of using N

mult
coll , we had used N

geo
coll in

the normalization of RAA, the results for peripheral collisions above 80% would be even lower,
namely by the ratio quantified in Fig. 1.

To quantify these observations we provide in Fig. 3 the average RAA at high pT (within 8 <
pT < 20 GeV/c), which increases smoothly from most central up to 70–75% centrality and
drops strongly beyond the 80–85% centrality class. The data are compared to a PYTHIA-based
model (HG-PYTHIA) [38], which for every binary nucleon–nucleon collision superimposes a
number of PYTHIA events incoherently without nuclear modification. The essential feature of
the model is that particle production per nucleon–nucleon collision originates from a fluctuating

8

ALICE study of RAA in very interesting (if a little schematic for now). 
Would be very interesting to study different systems at Npart~20

Peripheral  
Au+Au (2015)

Central  
p+Pb (2016)

Mid-central  
O+O(201821?)

Mid-peripheral  
Xe+Xe (2017)

Each of these would have different biases:  
a great opportunity to clarify these important questions for our field

x
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Fig. 4. The invariant differential y∗ spectra of charged particles produced in p + Pb
collisions at √s = 5.02 TeV are shown in five centrality intervals for pT > 0.1 GeV. 
The statistical uncertainties are indicated with vertical lines and the systematic un-
certainties are indicated with boxes.

used to correct the data, the relative contributions of the pions, 
kaons and protons in Hijing were reweighted to match the frac-
tions obtained from the identified particle multiplicity measured 
by the ALICE experiment [58]. The weights of the charged-particle 
yields vary from 0.5 to 1.5 at low pT and high pT respectively, 
increase with centrality, and do not depend on η. The change in 
the charged-particle yields is found to be between 4% and 0.1% at 
low pT and high pT respectively, but the variation does not de-
pend on η. Variation of the particle composition results in a max-
imum 5% difference in the fully corrected charged-particle yields 
at moderate and high y∗ and low pT. The difference decreases 
with pT and depends on y∗ , reaching minimum values close to 
y∗ = −2 and 1. For the pp analysis, the p + Pb multiplicity mea-
surement by the ALICE experiment for the peripheral centrality 
interval was adopted to estimate the weights. The change in the 
charged-particle yields is found to be between 2% and 0.1% at 

Fig. 6. R pPb values as a function of pT in the 0–90% centrality interval averaged over 
|y∗| < 0.5, are compared to the minimum-bias (0–100%) results from a different 
pseudorapidity range in the centre-of-mass system: ALICE for |ηCM| < 0.3 [36] and 
CMS for |ηCM| < 1 [40]. The ⟨TPb⟩ value for the ATLAS centrality correction is calcu-
lated with the Glauber model. The total systematic uncertainties, which include the 
uncertainty in ⟨TPb⟩, are indicated by lines of the same colour. Strict quantitative 
agreement is not expected as each measurement uses different rapidity intervals 
for the centrality determination and apply different event selection criteria to reject 
diffractive collisions.

low pT and high pT respectively, and the variation does not de-
pend on η and y∗ .

The uncertainties associated with the centrality selection con-
tain the effects of the trigger and event selection criteria. Using 
the procedure outlined in Ref. [29], the centrality intervals are re-
defined after assuming a total event selection efficiency, differing 
by ± 2% from the nominal one, and the change in the multiplic-
ity spectrum reconstructed in each centrality interval is taken as 

Fig. 5. R pPb as a function of pT integrated over rapidity range −1.8 < y∗ < 1.3 for the 0–90% centrality interval for the three geometric models: (a) Glauber, (b) Glauber–
Gribov with ωσ = 0.11 and (c) Glauber–Gribov with ωσ = 0.2.

The ATLAS Collaboration / Physics Letters B 763 (2016) 313–336 319

Fig. 4. The invariant differential y∗ spectra of charged particles produced in p + Pb
collisions at √s = 5.02 TeV are shown in five centrality intervals for pT > 0.1 GeV. 
The statistical uncertainties are indicated with vertical lines and the systematic un-
certainties are indicated with boxes.

used to correct the data, the relative contributions of the pions, 
kaons and protons in Hijing were reweighted to match the frac-
tions obtained from the identified particle multiplicity measured 
by the ALICE experiment [58]. The weights of the charged-particle 
yields vary from 0.5 to 1.5 at low pT and high pT respectively, 
increase with centrality, and do not depend on η. The change in 
the charged-particle yields is found to be between 4% and 0.1% at 
low pT and high pT respectively, but the variation does not de-
pend on η. Variation of the particle composition results in a max-
imum 5% difference in the fully corrected charged-particle yields 
at moderate and high y∗ and low pT. The difference decreases 
with pT and depends on y∗ , reaching minimum values close to 
y∗ = −2 and 1. For the pp analysis, the p + Pb multiplicity mea-
surement by the ALICE experiment for the peripheral centrality 
interval was adopted to estimate the weights. The change in the 
charged-particle yields is found to be between 2% and 0.1% at 

Fig. 6. R pPb values as a function of pT in the 0–90% centrality interval averaged over 
|y∗| < 0.5, are compared to the minimum-bias (0–100%) results from a different 
pseudorapidity range in the centre-of-mass system: ALICE for |ηCM| < 0.3 [36] and 
CMS for |ηCM| < 1 [40]. The ⟨TPb⟩ value for the ATLAS centrality correction is calcu-
lated with the Glauber model. The total systematic uncertainties, which include the 
uncertainty in ⟨TPb⟩, are indicated by lines of the same colour. Strict quantitative 
agreement is not expected as each measurement uses different rapidity intervals 
for the centrality determination and apply different event selection criteria to reject 
diffractive collisions.

low pT and high pT respectively, and the variation does not de-
pend on η and y∗ .

The uncertainties associated with the centrality selection con-
tain the effects of the trigger and event selection criteria. Using 
the procedure outlined in Ref. [29], the centrality intervals are re-
defined after assuming a total event selection efficiency, differing 
by ± 2% from the nominal one, and the change in the multiplic-
ity spectrum reconstructed in each centrality interval is taken as 

Fig. 5. R pPb as a function of pT integrated over rapidity range −1.8 < y∗ < 1.3 for the 0–90% centrality interval for the three geometric models: (a) Glauber, (b) Glauber–
Gribov with ωσ = 0.11 and (c) Glauber–Gribov with ωσ = 0.2.

Physics Letters B 763 (2016) 313–336

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Transverse momentum, rapidity, and centrality dependence 

of inclusive charged-particle production in 
√

sNN = 5.02 TeV p + Pb
collisions measured by the ATLAS experiment

.The ATLAS Collaboration ⋆

a r t i c l e i n f o a b s t r a c t

Article history:
Received 23 May 2016
Received in revised form 14 August 2016
Accepted 24 October 2016
Available online 29 October 2016
Editor: D.F. Geesaman

Measurements of the per-event charged-particle yield as a function of the charged-particle transverse 
momentum and rapidity are performed using p + Pb collision data collected by the ATLAS experiment 
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pseudorapidity |η| < 2.3 and transverse momentum between 0.1 GeV and 22 GeV in a dataset 
corresponding to an integrated luminosity of 1 µb−1. The results are presented in the form of charged-
particle nuclear modification factors, where the p + Pb charged-particle multiplicities are compared 
between central and peripheral p + Pb collisions as well as to charged-particle cross sections measured 
in pp collisions. The p + Pb collision centrality is characterized by the total transverse energy measured 
in −4.9 < η < −3.1, which is in the direction of the outgoing lead beam. Three different estimations of 
the number of nucleons participating in the p + Pb collision are carried out using the Glauber model 
and two Glauber–Gribov colour-fluctuation extensions to the Glauber model. The values of the nuclear 
modification factors are found to vary significantly as a function of rapidity and transverse momentum. 
A broad peak is observed for all centralities and rapidities in the nuclear modification factors for charged-
particle transverse momentum values around 3 GeV. The magnitude of the peak increases for more 
central collisions as well as rapidity ranges closer to the direction of the outgoing lead nucleus.
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1. Introduction

Proton–nucleus collisions at ultrarelativistic energies provide an 
opportunity to understand the role of the nuclear environment 
in modifying hard scattering rates. Several physics effects are ex-
pected to induce deviations from a simple proportionality between 
the scattering rate and the number of binary nucleon–nucleon 
collisions [1]. First, nuclear shadowing effects have long been ob-
served in deep-inelastic scattering on nuclei, as well as in proton–
nucleus collisions, indicating that nucleons embedded in a nucleus 
have a modified structure. This modification tends to suppress 
hadron production at low to moderate momentum, and is ad-
dressed by a variety of theoretical approaches [2,3]. Some of these 
approaches describe hadron production cross sections in terms of 
a universal set of nuclear parton distribution functions (nPDF), 
which are parameterized as modifications to the free nucleon PDFs 
[4–12]. Second, energy loss in “cold nuclear matter” is expected 
to modify hadron production rates at high transverse momen-
tum (pT) [13–16]. Third, a relative enhancement of hadron pro-

⋆ E-mail address: atlas.publications@cern.ch.

duction rates at moderate momenta is observed in proton–nucleus 
collisions [17], which can be attributed to initial-state scattering 
of the incoming nucleon [18,19] or radial flow effects [20]. Finally, 
the appearance of “ridge-like” structures in high-multiplicity pp
and p + Pb events [21–25] suggests that small collision systems 
have the same hydrodynamic origin as Pb + Pb events [26], or that 
there are already strong correlations in the initial state from gluon 
saturation [27]. All these effects can be explored experimentally 
by the measurement of charged-hadron production as a function 
of transverse momentum.

For proton-lead (p + Pb) collisions, assuming that the initial 
parton densities are the incoherent superposition of the nucle-
onic parton densities, the per-event particle production yield can 
be estimated by the product σNN × ⟨TPb⟩. Here σNN is the cross 
section for the analogous nucleon–nucleon collision process and 
⟨TPb⟩ is the average value of the nuclear thickness function over 
a distribution of the impact parameters of protons incident on the 
nuclear target. It can be thought of as a per-collision luminosity. 
The nuclear modification factor, R pPb, is defined as the ratio of the 
measured charged-particle production yield in p + Pb collisions, 
normalized by ⟨TPb⟩, to the cross section of the charged-particle 
production yield in pp collisions:

http://dx.doi.org/10.1016/j.physletb.2016.10.053
0370-2693/© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Fig. 8. The R pPb values for the 0–1% (top panels), 10–20% (middle panels) and 60–90% (lower panels) centrality intervals. The data points are shown for three different 
rapidity intervals indicated in the legends. The columns correspond to the Glauber model (left), Glauber–Gribov model with ωσ = 0.11 (middle), and Glauber–Gribov model 
with ωσ = 0.2 (right). The grey band in each panel reflects the systematic uncertainty associated with the centrality interval and with the model assumption. Statistical 
uncertainties are shown with vertical bars and systematic uncertainties with brackets.

measurement [29], with more particles produced in the Pb-going 
direction than in the proton-going direction.

The transverse momentum dependence of R pPb for the rapid-
ity range −1.8 < y∗ < 1.3 and for the 0–90% centrality interval is 
shown in Fig. 5 for the Glauber and Glauber–Gribov calculations 
of ⟨TPb⟩. The 0–90% ⟨TPb⟩ values which are given in Table 1 are 
similar for all three estimations, therefore the curves in all three 
panels show little difference. For pT > 8 GeV, R pPb is consistent 
with unity for all three models in the range of statistical and sys-
tematic uncertainties. The R pPb values obtained using the Glauber 
model for the ⟨TPb⟩ calculation are compared to the ALICE [36]
and CMS [40] measurements in Fig. 6. The results show the same 
basic features for the nuclear modification factors, although strict 
quantitative agreement is not expected as each measurement uses 
different rapidity intervals for the centrality determination and ap-
ply different event selection criteria to reject diffractive collisions.

The R pPb and RCP values are shown in Fig. 7 as a function of 
the charged-particle pT in different centrality intervals and for dif-
ferent geometrical models used to calculate the value of ⟨TPb⟩. The 
data are integrated over −1.8 < y∗ < 1.3 for R pPb and |η| < 2.3
for RCP. The data from the 0–1% centrality interval show similar 
features in all panels. Both R pPb and RCP increase with trans-
verse momentum, reaching a maximum value at approximately 
pT ∼ 3 GeV and then decrease until reaching pT ∼ 8 GeV. Above 
this value, the ratios are approximately constant within the exper-
imental uncertainties. The R pPb and RCP distributions in the region 
of the peak, 1 < pT < 8 GeV, have larger values for central events 
than for peripheral events. The magnitude of the peak depends 
quantitatively on the choice of geometrical model: the results ob-
tained using the Glauber model have larger peak values than either 
of the Glauber–Gribov models. The magnitude of the peak relative 

to the constant (plateau) region (pT ! 8 GeV) is compatible for RCP
and R pPb given the systematic uncertainties. The peripheral events 
show a smaller rise at low pT. There is also only a slight indication 
of a peak at pT ∼ 3 GeV in RCP and no pronounced indication of a 
peak in the R pPb. The magnitude of R pPb and RCP in the constant 
region (pT ! 8 GeV) is significantly above unity in the most cen-
tral collisions for the Glauber model. In contrast, plateau regions 
are consistent with unity for Glauber–Gribov with ωσ = 0.11 and 
for Glauber–Gribov with ωσ = 0.2. For the peripheral centrality 
interval, the plateau region is consistent with unity for R pPb and 
deviates from unity for RCP. In peripheral collisions, R pPb and RCP
depend only weakly on the choice of Glauber or Glauber–Gribov 
model in all panels.

Figs. 8 and 9 show R pPb as a function of pT and y∗ respectively. 
The three panels in each column correspond to the most central 
(upper panels), mid-central (middle panels) and most peripheral 
(lower panels) centrality intervals. The three columns show the 
results from different geometrical models: Glauber (left), Glauber–
Gribov with ωσ = 0.11 (middle), and Glauber–Gribov with ωσ =
0.2 (right). The grey box on each axis reflects the fractional sys-
tematic uncertainty corresponding to the centrality interval and 
geometric model, which applies to all data points in the panel. The 
systematic uncertainties in the invariant yields are indicated with 
boxes, and the vertical bars reflect the statistical uncertainty at 
each point. Fig. 8 shows R pPb as a function of pT. In the peripheral 
collisions, R pPb is close to unity and shows almost no y∗ depen-
dence. The R pPb values in the 10–20% and 0–1% centrality classes 
exhibit a stronger y∗ dependence. To illustrate the y∗ dependence, 
Fig. 9 shows the value of R pPb measured for 2 < pT < 3 GeV (peak-
ing region) compared to the value measured for pT > 8 GeV (the 
plateau region) as a function of y∗ , for different centrality intervals 

“Cronin” effect clearly depends on charged density: 
IMO not enough discussion on how it relates to collectivity


