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Abstract

Results on dijet production in pPb collisions at a nucleon-nucleon center-of-mass en-
ergy of 5.02 TeV are presented. A data sample corresponding to an integrated lu-
minosity of 18.48nb~! collected with the CMS detector at the LHC is analyzed. Jets
are reconstructed with the anti-kt algorithm, using combined information from track-
ing and calorimetry. The dijet momentum balance, azimuthal angle correlations and
pseudorapidity distributions are studied as a function of forward calorimeter trans-
verse energy and compared to results from PYTHIA reference calculations represent-
ing pp collisions. For pPb collisions, the dijet momentum ratio pt»/pr1 and the width
of the azimuthal angle difference distribution is remarkably insensitive to the forward
activity of the collision, and comparable to the same quantity obtained from the sim-
ulated pp reference. The pseudorapidity of the dijet system changes monotonically
with increasing forward calorimeter activity in the direction expected from gluon sat-
uration.
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1 Introduction

High-energy collisions of heavy ions allow one to study the fundamental theory of the strong
interaction — quantum chromodynamics (QCD) — in extreme conditions of temperature and
energy density. Lattice QCD calculations [1] predict a new form of matter at energy densi-
ties above eqit ~ 1 GeV/fm?> consisting of an extended volume of deconfined and chirally-
symmetric (bare-mass) quarks and gluons: the Quark Gluon Plasma (QGP) [2-5]. One of
the most interesting experimental signatures of QGP formation is “jet-quenching” due to in-
medium energy loss when hard-scattered partons pass through the medium. Unbalanced back-
to-back dijet correlations have long been proposed as a particularly useful tool for studying the
QGP [6, 7]. In the first PbPb collisions at the LHC, the effects of this medium were observed in
the early jet measurements [8-11].

Recent results at the LHC [8-14], using fully reconstructed jets, correlations between jets and
single particles, and charged particle measurements, provide detailed information on the jet-
quenching effect. For head-on collisions, a large broadening of the dijet momentum asymme-
try distributions is observed, consistent with theoretical calculations that involve differential
energy loss of back-to-back hard-scattered partons as they traverse the medium [15-17]. At
leading order (LO) and in the absence of parton energy loss in the QGP, the two jets have equal
transverse momenta (pt) with respect to the beam axis and are completely correlated in the
azimuthal angle (A¢1, = |¢1 — ¢2| = 7). However, medium-induced gluon emission in the
final state can significantly unbalance the energy between the two highest pr (leading) jets,
causing enhanced production of decorrelated dijets. This medium effect in nuclear interactions
is expected to be much larger than that due to higher-order gluon radiation which is present
for jet events even in pp collisions. Studies of dijet properties in pPb collisions are of great im-
portance to establish a QCD baseline for hadronic interaction with cold nuclear matter [18, 19].
The dijet production rates as a function of jet pseudorapidity are also proposed to be a useful
tool to probe the nuclear modifications of the parton distribution function.

In this paper, the first dijet momentum balance and pseudorapidity distribution measurements
as a function of forward calorimeter activity are presented. These analyses use a large dataset
of pPb collisions collected with the Compact Muon Solenoid (CMS) detector in 2013.

2 Experimental setup

This analysis uses a pPb data set corresponding to an integrated luminosity of [ £dt = 18.48nb~!
collected in early 2013. The center-of-mass energy per nucleon pair for the pPb collisions was
Vsnn = 5.02TeV, corresponding to beam energies of 4TeV and 1.58 TeV (per nucleon) for
protons and lead nuclei, respectively. As the nucleon-nucleon center-of-mass in these pPb col-
lisions is not at rest in the laboratory frame, particles emitted at #7.m = 0 in the nucleon-nucleon
center-of-mass frame will be detected at 7 = —0.465 in the laboratory frame since the higher
energy proton beam traveled in the clockwise direction (i.e. 8 = 71, where 0 is the polar angle
of the particle with respect to the anti-clockwise direction).

A detailed description of the CMS experiment can be found in Ref. [20]. The detector subsystem
used for this analysis consists of the tracker, located in the 3.8 T magnetic field of the supercon-
ducting solenoid. It consists of 1440 silicon pixel and 15 148 silicon strip detector modules, with
~ 107 silicon strips, ~ 6 x 107 pixels, and measures charged particles within the pseudorapidity
range || < 2.5. It provides an impact parameter resolution of ~ 15 ym and a transverse mo-
mentum (p) resolution of about 1.5% for 100 GeV/c particles. Also located inside the solenoid
are the electromagnetic calorimeter (ECAL) and the hadron calorimeter (HCAL). The ECAL
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consists of more than 75000 lead-tungstate crystals, arranged in a quasi-projective geometry
and distributed in a barrel region (57| < 1.48) and two endcaps that extend up to |57| = 3.0.
The HCAL barrel and endcaps are sampling calorimeters composed of brass and scintillator
plates, covering |77| < 3.0. Iron forward calorimeters (HF) with quartz fibers, read out by pho-
tomultipliers, extend the calorimeter coverage up to |77| = 5.0 and are used to classify the pPb
collisions. The detailed MC simulation of the CMS detector response is based on GEANT4 [21].

3 Event selection

The CMS online event selection employs a hardware-based level-1 trigger and a software-based
high level trigger (HLT). The events used in this analysis were selected using an inclusive
single-jet trigger in the HLT, requiring a calorimeter-based jet with corrected transverse mo-
mentum pt > 100 GeV/c. In additional to the jet data sample, a minimum bias event sample
was triggered by requiring at least one track with pt > 0.4 GeV/c to be found in the pixel
tracker for a pPb bunch crossing.

For the offline analysis, an additional selection of hadronic collisions was applied by requiring a
coincidence of at least one HF calorimeter tower with more than 3 GeV of total energy on both
the positive and negative sides of HF. Events with at least one reconstructed primary vertex
with two or more associated tracks were selected with a maximum distance of the vertex to
the nominal interaction point of 15 cm along the beam axis and less than 0.15 cm transverse
distance to the beam trajectory. Events with a low fraction of good quality tracks originating
from the primary vertex were rejected to suppress beam background [22]. The total number
of selected events are corrected to a particle level selection, which is very similar to the actual
selection described above: at least one particle (proper life time T > 1078 s) with E > 3 GeV
in the pseudorapidity range —5 < # < —3 and one in the range 3 < 1 < 5; this selection is
referred to in the following as “double-sided” (DS) selection.

In addition to the event selection of inelastic hadronic collisions, the subsequent analysis re-
quires a leading jet with corrected jet pr1 > 120 GeV/c, a subleading jet in the event to have
pr2 > 30 GeV/c, and the azimuthal angle between the leading and subleading jet (A¢; ») to be
larger than 271/3. Only offline reconstructed jets within |57| < 3 are considered in this analy-
sis. No selection on the presence or absence of a third jet in the event is performed. In order
to remove events with residual HCAL noise that are missed by the noise-rejection algorithms,
either the leading or subleading jet is required to have at least one track of pt > 4 GeV/c. For
all dijet observables, the subscripts 1 and 2 in the kinematical quantities always refer to the
leading and subleading jets, respectively. For a data set of [ £dt = 18.48 nb™!, this selection
yields 244,957 jet pairs.

The selected minimum bias and dijet events are divided into HF activity classes using the raw
transverse energy measured by the HF detector in the pseudorapidity interval || > 4, denoted

as E? Fllr>4] Figure 1 shows the HF transverse energy distribution for the selected dijet events
in comparison to that for minimum bias events. It can be seen that the selection of high-pr dijet

leads to a bias in the E? FllM>4 gistributions toward higher value. The analysis is performed

in five EXFI7>4 bins, 0-20, 20-25, 25-30, 3040 and 40-100 GeV. The fractions of minimum
bias events corrected to DS selection and dijet events passing the selection criteria above falling
into each of the HF activity classes are provided in Table 1. By selecting on the same fraction of
events in each sample using E? Flll >4], the corresponding distributions of number of participat-
ing nucleons (Npart) in the HIJING [23] (version 1.383) Monte Carlo simulations are compared

to each as shown in Figure 2.
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Figure 1: Probability distribution of the raw transverse energy measured by the HF detector in
the pseudorapidity interval || > 4 for minimum bias collisions (black open histogram) and
dijet events passing the dijet selection defined in this analysis (red hatched histogram).

Table 1: Fractions of the event sample for each HF activity class calculated for the DS selection
and for the dijet selection. The last column shows the average multiplicity of reconstructed
charged particles per bin with |57| < 2.4 and pr > 0.4 GeV/c (N£g™e<ted) after efficiency correc-
tion for DS events.

EIT{FHW'%} range (GeV) Fraction of DS events  Fraction of dijet events  (Ngg™¢d) in DS events
0-20 73.1% 52.6% 33£2
20-25 10.5% 16.8% 74+3
25-30 7.1% 12.7% 88+4
30-40 6.8% 13.0% 106 +5
40-100 2.5% 4.9% 135 £6

4 Monte Carlo simulation

In order to study how the jet reconstruction is modified in pPb collisions, dijet events in pp
collisions are simulated with the PYTHIA Monte Carlo generator (version 6.423, tune Z2) [24].
A minimum hard-interaction scale (pt) selection of 30 GeV/c is used to increase the number
of dijet events produced in the momentum range studied. To model the pPb underlying event,
minimum bias pPb events are simulated with the HIJING event generator, version 1.383. The
parameters of HIJING are tuned to reproduce the total particle multiplicities, charged hadron
spectra, and to approximate the underlying event fluctuations seen in data.

The full detector simulation and analysis chain is used to process both PYTHIA dijet events
and PYTHIA dijet events embedded into HIJING events (denoted PYTHIA+HIJING in this paper).
The jet reconstruction is studied by using the PYTHIA generator jet information in compari-
son to the same fully reconstructed jet in PYTHIA+HIJING, matched in momentum space. The

effects of the pPb underlying event on the jet position resolution, jet pr scale, and jet-finding

efficiency are studied as a function of HF transverse energy E?FH”‘M}, jet pseudorapidity and

transverse momentum. These effects do not require corrections on the results but contribute to
the systematic uncertainties.
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Figure 2: Probability distributions of number of participating nucleons (Npart) in the HIJING
Monte Carlo simulations in the six different event fraction intervals.

5 Jet reconstruction

Offline jet reconstruction is performed using the CMS “particle-flow” algorithm [25]. By com-
bining information from all sub-detector systems, the particle-flow algorithm attempts to iden-
tify all stable particles in an event, classifying them as electrons, muons, photons, charged and
neutral hadrons. The particle-flow candidate objects are clustered into jets using the anti-krt
sequential recombination algorithm provided in the FASTJET framework [26]. Results are ob-
tained using a distance parameter R = 0.3.

The subtraction of the underlying event (UE) background employs an iterative algorithm de-
scribed in [27], using the same implementation as in the PbPb analysis [8]. The energy of the
particle-flow candidates is mapped into projective towers with the same segmentation as the
HCAL, and the mean and the dispersion of the energies detected in rings of constant # are
subtracted from the jet energy. Jets reconstructed without UE subtraction are also used for
systematic uncertainty estimation.

The jet energies are then corrected to final state particle jets using a factorized multi-step ap-
proach [28]. The jet energy corrections are derived using simulated PYTHIA events, as well as
dijet and photon+jet collision events [28].

6 Results and discussion

This analysis aims to measure the dijet energy balance and azimuthal angle correlation in pPb
collisions which are motivated by the observation of dijet energy imbalance in PbPb colli-
sions [8]. The dijet pseudorapidity distributions in pPb collisions, which are sensitive to a
possible modification of the nuclear parton distribution function (nPDF) with respect to that of
nucleons, are also studied.
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Figure 3: Dijet transverse momentum ratio (pr2/pr1) distributions for leading jets with

pr1 > 120GeV/c, subleading jets of pro > 30GeV/c and A¢;, > 27w/3. The first panel repre-

sents the minimum bias collisions without any selection on the HF transverse energy E?F“” | >4],

while the next five panels show the distributions in different E ?F””lyﬂ classes. Results for pPb

events are shown as red solid circles, while results for the simulated pp reference are shown as
blue hatched histograms. The black histograms show the results for PYTHIA+HIJING simulated
events. The arrows show the mean values of the distributions. The error bars represent the
statistical uncertainties and the total systematic uncertainties are shown as yellow boxes.

6.1 Dijet momentum balance

As a function of collision centrality (i.e., the degree of overlap of the two colliding nuclei), dijet
events in PbPb collisions were found to have an increasing momentum imbalance [8, 9, 11].
The same analysis is performed in pPb collisions. To characterize the dijet momentum balance
(or imbalance) quantitatively, we use the dijet transverse momentum ratio pry/pr1. As shown

in Fig. 3, p12/p11 distributions measured in pPb data and PYTHIA agree within the systematic

uncertainty in different E?FHU|>4] intervals, including the event class with the largest forward

calorimeter activity (0-2.5%). The residual difference in the dijet momentum ratio between
data and PYTHIA+HIJING simulation is due to the slightly better jet energy resolution in MC
simulation compared to data. In order to compare the dijet pr ratio distribution to that in PbPb

collisions, PbPb data collected at \/syny = 2.76 TeV passing the same dijet selection are re-

weighted to match the E?FHW|>4] distributions measured in each HF activity class. Within the

large statistical uncertainty in PbPb data, the dijet pt ratio spectra in PbPb and pPb collisions
are consistent with each other.

6.2 Dijet azimuthal correlations

Earlier studies of the dijet and photon-jet events in heavy-ion collisions [8-11] have shown very
small modifications of dijet azimuthal correlations in PbPb collisions despite the large changes
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Figure 4: Distribution of the azimuthal angle A¢; » between the leading and subleading jets for

leading jets with p1; > 120 GeV/c and subleading jets of pt> > 30 GeV/c. The first panel repre-

sents the minimum bias collisions without any selection on the HF transverse energy E?F“” | >4],

while the next five panels show the distributions in different E ?F””lyﬂ classes. Results for pPb

events are shown as red solid circles, while results for the simulated pp reference are shown as
blue hatched histograms. The black histograms show the results for PYTHIA+HIJING simulated
events. The error bars represent the statistical uncertainties and the total systematic uncertain-
ties are shown as yellow boxes.

seen in the dijet momentum balance. This is an important aspect of the interpretation of energy
loss observations [29].

Figure 4 shows the distributions of the azimuthal angle A¢; » between the leading and sublead-
ing jets which pass the respective pr selections in six HF activity classes, compared to PYTHIA
and PYTHIA+HIJING simulation. The distributions from pPb data are in good agreement with
the PYTHIA reference. To study the evolution of the shape, the distributions are fitted to a
normalized exponential function:

1 dNjet eldp=m)/o

= . 1
Ndijet dAgbl,z (1 — 677[/(7) (% ( )

The fit is restricted to the exponentially falling region A¢;, > 271/3. The results of this fit

for pPb data are summarized in Fig. 7. The fitted width of the azimuthal angle difference

distribution does not vary as a function of E? FI>4 and it is slightly narrower than in the

PYTHIA simulation.
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6.3 Dijet pseudorapidity

The dijet pseudorapidity distributions 7gjjet, defined as (171 + #2) /2, are studied in bins of

E?FHW|>4]. Those distributions may reveal possible modifications of the nPDF with respect

to that of nucleons. Depletion of low x partons in the lead ion may lead to a shift in the di-
jet pseudorapidity distribution toward the direction of the Pb beam. In this analysis, the dijet
pseudorapidity is calculated in the laboratory frame. Due to the limited acceptance (jet |77| < 3)
as well as the asymmetric pPb collision, where the lead ion is going in the positive z direction,
the mean of the unmodified dijet pseudorapidity distribution will be at 7 = —0.39.

Figure 5 show the 74jie¢ distributions in different HF activity classes. The pPb data are com-
pared to and PYTHIA+HIJING simulation. Modifications of the 74t distributions are observed
with respect to the MC references. Figure 6 shows the comparison of the pPb data in different

HF activity classes. As shown in the left panel of the Figure 6, a systematic and monotonic

increase of the average # as a function of the HF transverse energy E? Fll>4]

is consistent with that as the HF transverse energy E ?FWM] becomes larger, the mean longitu-

dinal momentum carried by the partons in the lead ion increases, and thus has an observable
influence on the pseudorapidity of the resulting dijet system. In order to compare the shape of
the #gjjer distributions in the interval 774t > 0, the spectra from pPb data are normalized by
the numbers of dijet events with 774;ier > 0 in the corresponding HF activity class. The shapes
of the 774;je¢ in the region 774jie¢ > 0 are similar as shown in the right panel of the Figure 6.

is observed. This

7 Summary

Figure 7 summarizes the results obtained with pPb collisions. We observe a nearly constant

0(A¢12) and transverse energy ratio of the dijets as a function of E?F”W'M}. In addition, the

lower panels show the mean and width of the dijet pseudorapidity distribution, measured us-
ing jets in the pseudorapidity interval || < 3in the lab frame, as a function of the HF transverse
energy, respectively. Those quantities change significantly with increasing forward calorimeter
transverse energy, while the simulated pp dijets embedded in HIJING MC, representing pPb
collisions, show no noticeable changes. A similar trend in dijet pseudorapidity is observed if
the analysis is done in bins of HF transverse energy measured in either 7 > 4 orinzy < —4.

In summary, the CMS detector has been used to study jet production in pPb collisions at
V/snn = 5.02 TeV. The anti-kt algorithm is used to reconstruct jets based on combined tracker
and calorimeter information. Events containing a leading jet with pr; > 120 GeV/c and a
subleading jet with pr, > 30 GeV/c in the pseudorapidity range |77| < 3 are analyzed. Data
are compared to PYTHIA as well as PYTHIA+HIJING dijet simulations, which are tuned to repro-
duce the observed underlying event fluctuations. Across the full range of forward calorimeter
transverse energy, no significant dijet momentum imbalance or broadening of the dijet angular
correlations is observed in the data with respect to the reference distributions. However, as a
function of forward calorimeter transverse energy, a strong modification of the dijet pseudora-
pidity distribution is observed.

The results presented in this paper confirm that the observed dijet asymmetry in PbPb colli-
sions is not originating from initial state effects. Modifications of the dijet pseudorapidity dis-
tribution with respect to the simulated pp reference is observed and the mean of the distribu-
tion changes monotonically with increasing forward calorimeter activity. These measurements
provides quantitative constraints on the nPDF [30-34].
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Figure 5: Distributions of dijet pseudorapidity (#4jjet) defined as (171 + 172) /2 for leading jets
with pr1 > 120GeV/c, subleading jets of pto> > 30GeV/c and A¢ip > 27/3. The first

panel represents the minimum bias collisions without any selection on the HF transverse en-

ergy E ?FHW|>4], while the next five panels show the distributions in different E?FM>4] classes.

Results for pPb events are shown as red solid circles, while results for the simulated pp ref-
erence are shown as blue hatched histograms. The black histograms show the results for
PYTHIA+HIJING simulated events. The arrows show the mean values of the distributions. The
error bars represent the statistical uncertainties and the total systematic uncertainties are shown
as yellow boxes.
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Figure 7: Summary of the dijet measurements as a function of E (Upper left panel)
Fitted A¢ » width (¢ in Eq. 1). (Upper right panel) Average ratio of d1]et transverse momentum.
(Lower left panel) Mean of 7gjje; distribution. (Lower right panel) Standard deviation of 74jjet
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bars denote the statistical uncertainties.
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