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Abstract

The CMS Collaboration presents the first measurement of the differential cross sec-
tion of jets from charm quarks produced in proton-lead (pPb) collisions at a nucleon-
nucleon center-of-mass energy of

√
sNN = 5.02 TeV, as well as results from charm

quark jets in proton-proton (pp) collisions at
√

s = 2.76 and 5.02 TeV. By comparing
the yields of the pPb and pp collision systems at the same energy, a nuclear modifi-
cation factor for charm jets from 55 to 400 GeV/c in pPb collisions at

√
sNN = 5.02 TeV

of RpA = 0.92± 0.07 (stat)± 0.11 (syst) is obtained. This is consistent with an absence
of final-state energy loss for charm quarks in pPb collisions. In addition, the fraction
of jets coming from charm quarks is found to be consistent with that predicted by
PYTHIA 6 for pp collisions at

√
s = 2.76 and 5.02 TeV, and is independent of the jet

transverse momentum from 55 to 400 GeV/c.
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1 Introduction
The creation of a new state of matter, known as quark-gluon plasma (QGP), has been predicted
by lattice calculations for states of matter with extremely high energy densities [1]. Collisions
of heavy nuclei studied at both the BNL RHIC and CERN LHC facilities have been observed
to create energy densities larger than that required for QGP creation [2–5]. The QGP is a state
of matter which is characterized by an effective deconfinement of the quark and gluon color
degrees of freedom. Hard-scattered partons are expected to lose energy via elastic and inelastic
interactions as they traverse the QGP [6]. This is commonly thought to be the mechanism
responsible for the observed suppression of high transverse momentum (pT) hadrons and jets,
or “jet quenching”, in nuclear collisions [2, 7–13].

Jet quenching is expected to depend on the flavor of the fragmenting parton [14, 15], primarily
due to two effects: first, heavy quarks may suffer mass-dependent effects further separating
their energy loss measurements from those of inclusive jets. For example, it is expected that
the radiative and collisional energy loss mechanisms should have different strengths for heavy
quark and light quark jets [16, 17]. Therefore, heavy quarks can provide new information on
the relative jet quenching power of these various energy loss mechanisms. Second, a pure
heavy flavored jet sample does not generally contain jets seeded by high-pT gluons, contrary
to a measurement of inclusive jets, which contains a sizable gluon-jet component as predicted
by PYTHIA [18] simulations. Under the assumption that gluon radiation is the dominant mech-
anism for energy loss, gluon jets are expected to quench more strongly than quark jets, owing
to the larger color factor for gluon emission from gluons than from quarks [19]. By identifying
charm and bottom jets (c and b jets), measurements can be performed on a jet sample with an
enhanced fraction of quark jets.

The energy loss discrimination power of both effects is mitigated somewhat due to the presence
of gluon splitting, which is a next-to-leading order heavy quark production mechanism where a
high-energy gluon can split into a quark pair. At high-pT, the heavy flavored quark production
fraction from gluon splitting is expected to be roughly 50% [20], but as the gluon virtuality
is also quite large, it may be the case that the quarks from gluon splitting still experience the
majority of the QGP medium evolution.

The CMS Collaboration has also previously observed QGP effects on heavy-flavored objects
through measurements of fully-reconstructed mesons [21]. While meson measurements are
able to access the low-pT regime in a more effective way than jets, the measurements are less
direct as a result of the fragmentation process. In other words, the connection to the b or c
quark energy loss is smeared by its combination with a light quark to create the reconstructed
object, whereas jets aim to capture the entire energy of the fragmenting quark.

Previous measurements of jets in proton-lead (pPb) collisions have not observed significant jet
quenching effects [22–25], suggesting that measurements from pPb collisions can place limits
on the extent of “cold nuclear matter” effects on jet production [26]. One such initial-state
effect is due to the nuclear parton distribution functions (nPDFs). These nPDFs are expected
to enhance the charm quark yields by roughly 10–15%, as the kinematic selections used in this
analysis correspond to the “antishadowing” region of the Bjorken-x distribution [27]. While the
modification factors RpA for both b jets [28] and inclusive jets [23] at a nucleon-nucleon center
of mass energy of

√
sNN = 5.02 TeV have been measured by CMS, these measurements used

a PYTHIA simulation and an interpolated pp reference as baselines, respectively, as at the time
of publication, no 5.02 TeV proton-proton (pp) data was available. This analysis presents the
first measurement of an inclusive charm jet cross section in pPb collisions at

√
sNN = 5.02 TeV,

including comparisons to the cross sections in pp collisions at both
√

s = 2.76 and 5.02 TeV.
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2 Detection, Reconstruction, and Simulation
2.1 Detection

The CMS detector has excellent capabilities to perform displaced jet identification (b and c
tagging) as demonstrated in Ref. [29]. The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, 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, and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel
and two endcap sections. Extensive forward calorimetry complements the coverage provided
by the barrel and endcap detectors. The tracker has a pseudorapidity coverage of |ηlab| < 2.4,
while the calorimetry covers |ηlab| < 3. Muons are measured in gas-ionization detectors em-
bedded in the steel flux-return yoke outside the solenoid. A more detailed description of the
CMS detector, together with a definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [30].

Event selections are identical to previous pPb analyses [23, 28, 31] and include the requirement
of a primary vertex within 15 cm of the nominal interaction point in the beam direction and the
removal of events consisting primarily of HCAL noise. Beam-related background is suppressed
by rejecting events in which less than 25% of all reconstructed tracks are of good quality.

2.2 Reconstruction

Jets are reconstructed offline using the particle-flow algorithm [32], which identifies each indi-
vidual jet constituent as one of a number of different particle types, including photons, elec-
trons, muons, charged hadrons, and neutral hadrons. This is done using an optimized com-
bination of information from the various elements of the CMS detector [33]. These particle-
flow candidates do not have explicit kinematic selections, though charged tracks are limited to
pT > 400 MeV. Jets are clustered by the anti-kT algorithm [34] with a radius of 0.3. Jet energy
corrections are derived from simulation and using measurements of energy balance in dijet
and photon+jet events. Finally, an iterative underlying event removal procedure is applied to
jets in pPb events [35]. Jet momentum is found from simulation to be within 2% of the true
jet momentum over the whole pT spectrum and detector acceptance after the jet energy correc-
tions are applied for both pp and pPb collisions. This residual nonclosure is primarily due to
differing jet energy resolution between quark and gluon jets.

Three different data sets collected by the CMS experiment are used, corresponding to inte-
grated luminosities of 35 nb−1 of pPb collisions at

√
sNN = 5.02 TeV and 4.8 pb−1 of pp col-

lisions at
√

s = 2.76 TeV taken during the 2013 heavy ion run period at the LHC, as well as
27.9 pb−1 of pp collisions at

√
s = 5.02 TeV collected during the 2015 heavy ion run period.

During the pPb run, the proton and lead beam energies per nucleon were different, which led
to a center-of-mass pseudorapidity (η) shift of 0.465 units with respect to the laboratory frame.
After an integrated luminosity of 20.9 nb−1 was collected, the directions of the proton and lead
beams were reversed. In this analysis, the beam parameters are redefined such that the proton
beam is always traveling in the positive η direction. Therefore, the laboratory and the center-
of-mass pseudorapidities are related as ηlab = ηCM + 0.465.

As jet energy corrections are only reliable for pT > 20 GeV/c, single jets are required to have a
raw online pT above that cutoff and a fully-corrected pT > 35 GeV/c. In order to mitigate effects
from the limited CMS inner tracker η acceptance of |ηlab| < 2.4 and the boost between the lab
and center-of-mass reference frames, jets in pPb collisions are required to be reconstructed
within |ηCM| < 1.5, while jets in pp collisions can be found within |ηCM| < 2.0. When direct



2.3 Simulation 3

comparisons of quantities in pp and pPb collisions are shown, jets from both systems use a
pseudorapidity selection of |ηCM| < 1.5.

Events are selected online by one or more jet triggers with varying energy thresholds. In the
2.76 TeV pp and 5.02 TeV pPb analysis, five single-jet triggers with pT thresholds of 20, 40, 60,
80, and 100 GeV/c are combined in order to maximize the number of accepted events over
a wide range of jet pT. As some lower pT triggers are prescaled, meaning that a fraction of
the triggered events are randomly rejected to constrain data throughput, a simple OR of all
triggers will bias the jet pT spectrum toward the larger threshold triggers and will also have
significant event duplication. Instead, a trigger combination procedure based on the trigger
prescale factors is used. This trigger combination is also used in the analysis of b jets in pPb
[28] and is briefly described here. The jet with the largest online raw pT, i.e. the pT used by
the triggers before jet energy corrections, is used to classify each event. Based on this online
raw jet pT, it is possible to deduce which triggers have been satisfied, irrespective of whether
a trigger is prescaled. If the highest fired trigger conditions are satisfied, the event is kept and
weighted by the corresponding trigger prescale factor, else the event is discarded. After this
combination, the jet finding efficiency of the full sample is >99.9% for jets above 35 GeV/c, and
the total event selection efficiency is around 97%.

For the 5.02 TeV pp data, the trigger menu was slightly altered in preparation for the higher
instantaneous luminosity achieved in the 2015 run period, so only four triggers are combined
with pT thresholds of 40, 60, 80, and 100 GeV/c. As a result of jet energy smearing effects from
reconstruction and resolution unfolding, the absence of a 20 GeV/c trigger effectively places a
55 GeV/c lower bound on the leading jet pT for the 5.02 TeV pp data, rather than the roughly
40 GeV/c bound at 2.76 TeV.

2.3 Simulation

This analysis relies on simulations of pp collisions at 2.76 and 5.02 TeV, as well as simulations
of pPb collisions at 5.02 TeV. Monte Carlo (MC) simulations of inclusive quantum chromody-
namic (QCD) hard-scattering events are generated using PYTHIA 6.424 [18], tune Z2 [36]. These
events are generated imposing thresholds on the transverse momentum of the hard scattering
subprocess (p̂T) in order to force production of jets with high pT. In order to properly build
templates, unfold the jet resolution, and calculate the tagging efficiency in the proton-nucleus
environment, minimum-bias pPb events are produced using the HIJING 1.383 event genera-
tor [37] at

√
sNN = 5.02 TeV. Simulated events from PYTHIA 6 are produced at 5.02 TeV in

conjunction with a pPb background event. In this way, each simulated pPb event contains at
least one jet produced by a hard scattering subprocess while still accurately representing the
jet resolution and energy scale in a pPb environment. To account for possible differences in
reconstruction performance between the two boost directions, MC samples were obtained for
both directions of the proton beam. For pp collisions, ηlab is identical to ηCM. Jets generated by
the HIJING simulation of the underlying pPb events are rejected in the analysis since these jets
can be quenched [37], possibly resulting in a modified fragmentation pattern which would bias
the jet energy corrections. Within the kinematic selections of the analysis, the jets from HIJING

account for less than 1% of the total jet fraction.

3 Charm quark tagging
In Monte Carlo studies, a charm jet is defined as any jet containing a prompt charm quark
within the jet cone and ignoring jets which contain a b→c cascade decay. Identification of
such jets is achieved by tagging vertices consistent with decays of hadrons containing a charm
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quark. Even though the maximum displacement of such charmed hadron decays is only on the
order of 100 µm for the kinematic selections of this analysis, the presence of a silicon tracker
very close to the interaction point at CMS allows for the discrimination of secondary vertices
with such small displacement values. For proton-proton collisions, individual track vertexing
uncertainties in the beam direction are on the order of 100 µm at 1 GeV/c and 40 µm at 10 GeV/c,
while the uncertainties in the transverse direction are on the order of 70 µm at 1 GeV/c and
20 µm at 10 GeV/c [38].
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Figure 1: Efficiency of tagging b jets (left) and light parton jets (right) for the high-purity (3+
track), and high-efficiency (2+ track) versions of the simple secondary vertex (SSV) tagger as
a function of c jet tagging efficiency. The charm-to-bottom discrimination power is virtually
unchanged between the high-efficiency and high-purity versions of the tagger, while the light
parton jet mistag rate is reduced by a factor of three at the analysis working point, shown as
the closed red cross on the plots. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

This c jet analysis closely follows previous CMS analysis strategies for heavy-flavor jet identi-
fication, or tagging, specifically the measurements of b quark jets in heavy ion environments
in CMS, both in lead-lead collisions [39] and pPb collisions [28]. This analysis strategy uses
two different taggers to identify c jets. While both taggers assign a numerical discriminator
quantifying how “charm like” each jet is, each tagger uses a slightly different identification
strategy. The first tagger is known as the simple secondary vertex (SSV) tagger [29] and uses
reconstructed displaced vertices. The version of the SSV tagger used in this analysis is the
“high-purity” (SSVHP) one, which requires the presence of a secondary vertex in the jet cone
with at least three associated tracks, each with track pT > 1 GeV/c. All versions require that all
secondary vertices share fewer than 20% of tracks with any other vertex. The inclusion of the
third associated vertex track in the high-purity version of the tagger allows for the selection of
a tagging working point that reduces the misidentification rate of light jets by a factor of three,
while still keeping a large majority of c jets, as shown in Fig. 1. With a reduced light jet contam-
ination, c jets begin to dominate small regions of kinematic phase space, which this analysis
exploits to extract relative flavor contributions of light, c, and b jets to the total jet sample.

The second tagger used in this analysis is known as the jet probability (JP) tagger [29], and
is used to cross-check the tagging efficiency predicted by simulation using control samples
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Figure 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 (left) and 120–170 GeV/c
(right). Relative normalizations of these three distributions 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
references to color in this figure, the reader is referred to the web version of this article.)
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Figure 3: Corrected secondary vertex mass from a PYTHIA 6, tune Z2 simulation for c jets
(green), light parton jets (blue) and b jets (red) in the jet pT range 55–80 GeV/c (left) and 120–
170 GeV/c (right). Relative normalizations of these three distributions are fit to a distribution
from pp 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 inter-
pretation of the references to color in this figure, the reader is referred to the web version of this
article.)
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SSVHP > 1.68 in pPb collisions at 5.02 TeV for simulation (open red squares) and data (closed
black points). (For interpretation of the references to color in this figure, the reader is referred
to the web version of this article.)
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in data. This tagger uses a numerical discriminator based on the presence of single tracks
that are significantly displaced from the primary vertex, and is therefore largely uncorrelated
with secondary vertex reconstruction performance. The efficiency of a particular tagger (e.g.
SSVHP) can be calculated with the JP tagger:

εtag =
Cc f tagged

c Ntagged
jets

f pretag
c Npretag

jets

, (1)

where f tagged
c is the purity of the sample from a JP discriminator template fit after applying

the SSVHP discriminator selection, and f pretag
c is the same but before this selection, Npretag

jets and

Ntagged
jets denote the number of jets before and after tagging, respectively, and Cc denotes the

fraction of jets that can be identified by the JP tagger (generally very close to one).

The tagging efficiency is calculated both from simulation and using distributions of the JP tag-
ger [29] both before and after imposing the SSVHP tagging requirement. A unique advantage
of using the JP tagger for calculating tagging efficiency via Eq. (1) is that it can be calibrated us-
ing data to correct for the effects of tracking resolution. Tracks with negative values of impact
parameter significance (i.e. tracks with vertex displacements on the away-side of the vertex
from the jet) are purely a product of resolution smearing and these can be used to compute a
probability for the association of any given track to the primary vertex. The tagger distribu-
tions are calibrated independently in data and simulation such that the distribution of negative
impact parameters is flat (by construction) as a function of track displacement. Through the
calibration of the JP tagger, the impact parameter significance distributions in both data and
simulation are transformed from unbounded into bounded distributions, such that both can be
analyzed on an equal footing. Once recalibrated, the residual difference 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 experi-
ments at LEP [40] and SLC [41] and is also used by the LHCb Collaboration [42]. The motiva-
tion 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 associated 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 secondary 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 secondary vertex, and θ is defined as the angle between
that summed momentum vector and the flight direction of the vertex. If all particles 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 calculation 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 nu-
merical values of the SSVHP discriminator are correlated to the significance of the secondary
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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, in-
creasing 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 different 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 re-
quirement. 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.

Figure 4 shows the c tagging purity and efficiency of the sample after applying the SSVHP
tagger selection for 5.02 TeV pPb collisions, both in data and simulation. Figure 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 number 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 through a singular
value decomposition (SVD) [43] unfolding procedure, 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 tag-
ging and jet reconstruction.

4.1 Tagging systematic uncertainties

A number of systematic checks on the charm-tagged spectrum are considered, including vary-
ing the SSVHP working point, calculating 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 average in
the simulation [45].

The tagger working point is varied over the discriminator working point region where the use
of a discriminator enhances the c jet purity. With a very loose discriminator selection, the c jet
purity is slightly enhanced relative to an unbiased sample, while a very tight selection removes
the great majority of both light parton and c jets such that the b jets dominate the sample. There
is a narrow window in which the c jet purity is larger than in an unbiased sample, correspond-
ing to the SSVHP discriminator values between 1.2 and 2.4. At its peak, the SSVHP tagger
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enhances the c jet purity from around 10% to around 30%. To test the stability of the SSVHP
tagger, multiple template fits to the corrected secondary vertex mass are performed, varying
the working point of the tagger in steps of 0.2 units over this range and calculating the effec-
tive standard deviation from all working point variations. This leads to a 2–5% uncertainty,
depending on jet pT. An uncertainty is derived from the difference between the tagging effi-
ciency as obtained from simulation and via fits to the JP tagger discriminator from Eq. (1). The
differences in tagging efficiency between the PYTHIA 6 estimation and using the JP tagger stem
primarily from statistical fluctuation in the templates, along with a slight effect from a polyno-
mial smoothing of these uncertainties as a function of pT. These differences introduce a 5–15%
uncertainty, also as a function of pT.

One of the primary theoretical unknowns in heavy-flavor jets is the impact of higher-order
corrections, such as gluon splitting, and how these effects manifest themselves in these fits. To
account for this, the gluon splitting fraction in simulation is varied by 50% up or down and
the distributions of corrected secondary vertex mass are refit to the modified MC templates,
where both g → cc and g → bb splitting events are considered. The numerical value of 50%
is used to cover observed discrepancies across various MC generators as well as discrepancies
of MC generators to data, though these are primarily driven by b jet studies, where data is
available. The PYTHIA 6 generator shows a gluon splitting contribution of about 35%, whereas
the PYTHIA 8 generator shows a much larger contribution of around 60% [16]. Furthermore,
measurements of b-dijet angular correlations in 7 TeV pp collisions show significant deviation
between data and simulation as well as across generators for small dijet angular separation
(∆R) values, where gluon splitting effects dominate [46]. It is assumed that gluon splitting
effects are as uncertain for c jets as they are for b jets. Overall, systematic uncertainty from
the variation of the gluon splitting contribution is an appreciable effect in both pPb and pp
collisions, though less than 15%.

The template statistical uncertainty is accounted for by varying the distributions of light parton,
c, and b jets from MC within their statistical uncertainties using a parametric MC study. The
uncertainty is estimated by fitting a Gaussian distribution to the fluctuations in purity, where
the Gaussian width is used as the uncertainty value. These values are pT-dependent, ranging
from 5% at intermediate pT to around 10% at low (≈60 GeV/c) and high pT (≈300 GeV/c).

This analysis accounts for the possibility that the PYTHIA simulation does not accurately re-
produce the D meson decay kinematics. Since a secondary vertex that corresponds to a decay
involving at least three particles is required in order to tag jets, the influence of the D meson
decay parameters is studied by reweighting both the relative charm quark fragmentation and
the successive D meson decay parameters in simulation to match the world average values
from previous experiments. We find that reweighting and varying these values within their
uncertainties leads to a 5.5% effect, independent of the jet pT, collision species, and collision
energy.

The contributions from each source of systematic uncertainty are summed in quadrature to
obtain an overall systematic uncertainty from c jet tagging. When summed, these tagging un-
certainties lead to a 10–12% uncertainty on the fraction of charm quark jets (c jet fraction) in pp
collisions, and a 10–20% uncertainty in pPb collisions, where the majority of the extra uncer-
tainty in pPb relative to pp comes from the JP-tagger calibration and additional unavoidable
coupling of statistical fluctuations in data to the systematic uncertainty calculation at high-pT.
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4.2 Jet reconstruction systematic uncertainties

Additional uncertainties stem from jet reconstruction. Jet energy corrections are derived from
simulation samples and via energy balance measurements using photon+jet events. The resid-
ual non-closure of the corrections leads to a jet energy scale uncertainty ranging from 2–3%,
depending on pT and η. In addition, the effect of jet resolution is calculated by first smearing
MC jets to match distributions of jet resolution in data, and then by using a parameterized
MC study, which leads to an uncertainty of about 5%. The SVD unfolding procedure is cross-
checked by comparing to alternative unfolding methods, including D’Agostini’s method [47],
and by varying the raw simulated spectrum, known as the “truth” spectrum. The uncertainty
on the unfolding procedure is around 5%, while a 4% uncertainty is found for the simulation
of the “truth” spectrum shape. Together, all these reconstruction-based uncertainties are added
in quadrature and total between 12–15% in pPb collisions and around 15% in pp collisions. Fi-
nally, the integrated luminosity measurement of the pPb data has an uncertainty of 3.6%, while
the corresponding uncertainties in pp data at 2.76 and 5 TeV are 3.7 and 3.6%, respectively. As
the uncertainties from the jet energy resolution, luminosity, unfolding, and the “truth” spec-
trum are canceled in the c jet fraction measurement, they are applied only to the cross section
measurement.
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Figure 6: The c jet cross sections (top) and fraction (bottom) as a function of c jet pT for 5.02 TeV
(left) and 2.76 TeV pp data (right), compared to predictions from PYTHIA 6. Systematic uncer-
tainties are shown as filled boxes.

The c jet pT cross section in pp collisions are shown in Fig. 6 for 5.02 TeV (left) and 2.76 TeV
(right) collisions. The data are corrected for jet resolution by a singular value decomposition
(SVD) unfolding procedure. Both cross sections are compared to predictions 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 compar-
ison 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.
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shown as filled boxes around unity.
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The c jet cross sections as functions of pT are shown in the top 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 comparison 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

dσpPb/dpT

dσpp/dpT
. (4)

In the bottom panel of Fig. 7, the c jet RpA value is calculated at 5.02 TeV. We observe RpA val-
ues consistent with unity for all pT bins, suggesting that initial state nuclear modification ef-
fects are small for c jets at large pT, confirming perturbative QCD predictions 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 distribution 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 colli-
sions 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 collisions at both center-of-mass en-
ergies. By comparing the cross sections 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 mea-
surements 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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[18] T. Sjöstrand, S. Mrenna, and P. Skands, “PYTHIA 6.4 physics and manual”, JHEP 05
(2006) 026, doi:10.1088/1126-6708/2006/05/026, arXiv:hep-ph/0603175.

[19] D. d’Enterria, “Jet quenching”, ch. 6.4. Springer Materials, 2010. arXiv:0902.2011.
doi:10.1007/978-3-642-01539-7_16.

[20] A. Banfi, G. P. Salam, and G. Zanderighi, “Accurate QCD predictions for heavy-quark jets
at the Tevatron and LHC”, JHEP 07 (2007) 026,
doi:10.1088/1126-6708/2007/07/026, arXiv:0704.2999.

[21] CMS Collaboration, “Study of B meson production in p + Pb collisions at√
sNN = 5.02 TeV using exclusive hadronic decays”, Phys. Rev. Lett. 116 (2016) 032301,

doi:10.1103/PhysRevLett.116.032301, arXiv:1508.06678.

[22] CMS Collaboration, “Studies of dijet transverse momentum balance and pseudorapidity
distributions in pPb collisions at

√
sNN = 5.02 TeV”, Eur. Phys. J. C 74 (2014) 2951,

doi:10.1140/epjc/s10052-014-2951-y.

http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://www.arXiv.org/abs/nucl-ex/0410020
http://dx.doi.org/10.1103/PhysRevC.84.024906
http://www.arXiv.org/abs/1102.1957
http://dx.doi.org/10.1103/PhysRevLett.105.252303
http://www.arXiv.org/abs/1011.6182
http://dx.doi.org/10.1007/JHEP03(2014)013
http://www.arXiv.org/abs/1311.0633
http://dx.doi.org/10.1140/epjc/s10052-016-4107-8
http://www.arXiv.org/abs/1603.03402
http://dx.doi.org/10.1103/PhysRevC.71.034907
http://www.arXiv.org/abs/nucl-th/0412015
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://www.arXiv.org/abs/hep-ph/0412346
http://dx.doi.org/10.1016/j.physletb.2013.08.009
http://www.arXiv.org/abs/1306.0909
http://dx.doi.org/10.1016/S0370-2693(01)01130-3
http://www.arXiv.org/abs/hep-ph/0106202
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://www.arXiv.org/abs/hep-ph/0603175
http://www.arXiv.org/abs/0902.2011
http://dx.doi.org/10.1007/978-3-642-01539-7_16
http://dx.doi.org/10.1088/1126-6708/2007/07/026
http://www.arXiv.org/abs/0704.2999
http://dx.doi.org/10.1103/PhysRevLett.116.032301
http://www.arXiv.org/abs/1508.06678
http://dx.doi.org/10.1140/epjc/s10052-014-2951-y


References 15

[23] CMS Collaboration, “Measurement of inclusive jet nuclear modification factor in pPb
collisions at

√
sNN = 5.02 tev”, Eur. Phys. J. C 76 (2016) 372,

doi:10.1140/epjc/s10052-016-4205-7, arXiv:1601.02001.

[24] ATLAS Collaboration, “Centrality and rapidity dependence of inclusive jet production in√
sNN = 5.02 TeV proton-lead collisions with the ATLAS detector”, Phys. Lett. B 748

(2015) 392, doi:10.1016/j.physletb.2015.07.023, arXiv:1412.4092.

[25] ALICE Collaboration, “Measurement of charged jet production cross sections and
nuclear modification in p-Pb collisions at

√
sNN = 5.02 TeV”, Phys. Lett. B 749 (2015) 68,

doi:10.1016/j.physletb.2015.07.054, arXiv:1503.00681.

[26] C. A. Salgado et al., “Proton-nucleus collisions at the LHC: scientific opportunities and
requirements”, J. Phys. G. 39 (2012) 015010,
doi:10.1088/0954-3899/39/1/015010, arXiv:1105.3919.

[27] K. Eskola, P. Paakkinen, H. Paukkunen, and C. Salgado, “EPPS16: Nuclear parton
distributions with LHC data”, Eur. Phys. J. C 77 (2017) 163,
doi:10.1140/epjc/s10052-017-4725-9, arXiv:1612.05741.

[28] CMS Collaboration, “Transverse momentum spectra of b jets in pPb collisions at√
sNN = 5.02 TeV”, Phys. Lett. B 754 (2016) 59,

doi:10.1016/j.physletb.2016.01.010, arXiv:1510.03373.

[29] CMS Collaboration, “Identification of b-quark jets with the CMS experiment”, JINST 8
(2013) P04013, doi:10.1088/1748-0221/8/04/P04013, arXiv:1211.4462.

[30] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[31] CMS Collaboration, “Nuclear effects on the transverse momentum spectra of charged
particles in pPb collisions at

√
sNN = 5.02 TeV”, Eur. Phys. J. C 75 (2015) 237,

doi:10.1140/epjc/s10052-015-3435-4.

[32] CMS Collaboration, “Commissioning of the particle-flow event reconstruction with the
first LHC collisions recorded in the CMS detector”, CMS Physics Analysis Summary
CMS-PAS-PFT-10-001, 2010.

[33] CMS Collaboration, “Particle-flow event reconstruction in CMS and performance for jets,
taus, and Emiss

T ”, (2009). CMS-PAS-PFT-09-001.

[34] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kt jet clustering algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.

[35] O. Kodolova, I. Vardanyan, A. Nikitenko, and A. Oulianov, “The performance of the jet
identification and reconstruction of heavy ions collisions with CMS detector”, Eur. Phys.
J. C 50 (2007) 115, doi:10.1140/epjc/s10052-007-0223-9.

[36] R. Field, “Min-bias and the underlying event at the LHC”, Acta Phys. Polon. B 42 (2011)
2631, doi:10.5506/APhysPolB.42.2631, arXiv:1110.5530.

[37] X.-N. Wang and M. Gyulassy, “HIJING: A Monte Carlo program for parton and particle
production in high energy hadronic and nuclear collisions”, Comp. Phys. Comm. 83
(1994) 307, doi:10.1016/0010-4655(94)90057-4, arXiv:nucl-th/9502021.

http://dx.doi.org/10.1140/epjc/s10052-016-4205-7
http://www.arXiv.org/abs/1601.02001
http://dx.doi.org/10.1016/j.physletb.2015.07.023
http://www.arXiv.org/abs/1412.4092
http://dx.doi.org/10.1016/j.physletb.2015.07.054
http://www.arXiv.org/abs/1503.00681
http://dx.doi.org/10.1088/0954-3899/39/1/015010
http://www.arXiv.org/abs/1105.3919
http://dx.doi.org/10.1140/epjc/s10052-017-4725-9
http://www.arXiv.org/abs/1612.05741
http://dx.doi.org/10.1016/j.physletb.2016.01.010
http://www.arXiv.org/abs/1510.03373
http://dx.doi.org/10.1088/1748-0221/8/04/P04013
http://www.arXiv.org/abs/1211.4462
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1140/epjc/s10052-015-3435-4
http://cdsweb.cern.ch/record/1247373
http://cdsweb.cern.ch/record/1247373
http://cdsweb.cern.ch/record/1194487
http://cdsweb.cern.ch/record/1194487
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://www.arXiv.org/abs/0802.1189
http://dx.doi.org/10.1140/epjc/s10052-007-0223-9
http://dx.doi.org/10.5506/APhysPolB.42.2631
http://www.arXiv.org/abs/1110.5530
http://dx.doi.org/10.1016/0010-4655(94)90057-4
http://www.arXiv.org/abs/nucl-th/9502021


16 References

[38] CMS Collaboration, “Description and performance of track and primary-vertex
reconstruction with the CMS tracker”, JINST 9 (2014) P10009,
doi:10.1088/1748-0221/9/10/P10009, arXiv:1405.6569.

[39] CMS Collaboration, “Evidence of b-jet quenching in PbPb collisions at
√

sNN = 2.76 TeV”,
Phys. Rev. Lett. 113 (2014) 132301, doi:10.1103/PhysRevLett.113.132301.

[40] G. J. Barker, “b-quark physics with the LEP collider”, Springer Tracts Mod. Phys. 236
(2010) 170, doi:10.1007/978-3-642-05279-8.

[41] D. J. Jackson, “A topological vertex reconstruction algorithm for hadronic jets”, Nucl.
Instr. Meth. A 388 (1997) 247, doi:10.1016/S0168-9002(97)00341-0.

[42] LHCb Collaboration, “Identification of beauty and charm quark jets at LHCb”, JINST 10
(2015) P06013, doi:10.1088/1748-0221/10/06/P06013, arXiv:1504.07670.
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
M. Besancon, F. Couderc, M. Dejardin, D. Denegri, B. Fabbro, J.L. Faure, C. Favaro, F. Ferri,
S. Ganjour, S. Ghosh, A. Givernaud, P. Gras, G. Hamel de Monchenault, P. Jarry, I. Kucher,
E. Locci, M. Machet, J. Malcles, J. Rander, A. Rosowsky, M. Titov, A. Zghiche

Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France
A. Abdulsalam, I. Antropov, S. Baffioni, F. Beaudette, P. Busson, L. Cadamuro, E. Chapon,
C. Charlot, O. Davignon, R. Granier de Cassagnac, M. Jo, S. Lisniak, P. Miné, M. Nguyen,
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Budapest, Hungary
N. Filipovic

Wigner Research Centre for Physics, Budapest, Hungary
G. Bencze, C. Hajdu, D. Horvath19, F. Sikler, V. Veszpremi, G. Vesztergombi20, A.J. Zsigmond

Institute of Nuclear Research ATOMKI, Debrecen, Hungary
N. Beni, S. Czellar, J. Karancsi21, A. Makovec, J. Molnar, Z. Szillasi

Institute of Physics, University of Debrecen
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