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The cross section of associated production of a Z boson with heavy flavor jets in pp collisions is
calculated using the SHERPA Monte Carlo generator and the analytical combined QCD approach based on
kT factorization at small x and conventional collinear QCD at large x. A satisfactory description of the
ATLAS and CMS data on the pT spectra of Z bosons and c jets in the whole rapidity, y, region is shown.
Searching for the intrinsic charm (IC) contribution in these processes, which could be visible at large
y > 1.5, we study observables very sensitive to nonzero IC contributions and less affected by theoretical
QCD scale uncertainties. One of such observables is the so-called double ratio, the ratio of the differential
cross section of Z þ c production in the central region of jyj < 1.5 and in the forward region
1.5 < jyj < 2.5, divided by the same ratio for Z þ b production. These observables could be more
promising for the search of IC at LHC as compared to the observables considered earlier.
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I. INTRODUCTION

Many hard processes within the Standard Model and
beyond, such as the production of heavy flavor jets and of
the Higgs boson and other processes, are quite sensitive to
the heavy quark content of the nucleon. Studying the latter
plays an increasingly significant role in the physics pro-
gram of LHC. Strange, charm, and beauty parton distri-
bution functions (PDFs) are essential inputs for the
calculation of observables for these processes within the
perturbative QCD (pQCD). Global QCD analysis allows
one to extract the PDFs from comparison of hard-scattering
data and pQCD calculations.
Hard production of vector boson (V) accompanied by

heavy flavor (HF)1 jets in pp collisions at LHC energies
can be considered as an additional tool to study the quark
and gluon PDFs compared to the deep inelastic scattering
of electrons on protons. In these processes, in the rapidity
region jyj < 2.5, which corresponds to the kinematics of
ATLAS and CMS experiments, one can study these PDFs
not only at low parton momentum fractions x < 0.1 but
also at larger x values [1]. Therefore, such V þ HF

processes can give us new information on the PDFs at
large x > 0.1, where the nontrivial proton structure (for
example, the possible contribution of valencelike intrinsic
heavy quark components) can be revealed [2–5].
Intense studies of an intrinsic charm (IC) signal in

the production of vector (Z and W) bosons or prompt
photons γ accompanied by heavy flavor jets in pp
collisions at LHC energies were made in Refs. [1,6–9].
It was shown that the contribution of IC to the proton PDFs
can be visible in the transverse momentum spectra of
γ=Z=W or c=b jets in the forward rapidity region of the
ATLAS and CMS kinematics, 1.5 < jyj < 2.5, at large
pT > 100 GeV. The shape of these pT spectra depends
significantly on the IC probability in the proton wIC, while
in the more central rapidity region jyj < 1.5, the IC signal
may not be visible.
Up to now, there has been a long-standing debate about

the wIC value [9–12] (see also Ref. [1] and references
therein). A first estimate of the intrinsic charm probability
in the proton was carried out in Ref. [13] utilizing recent
ATLAS data on the production of prompt photons accom-
panied by c jets at

ffiffiffi

s
p ¼ 8 TeV [14]. It is shown [13] that

to extract the IC probability from these ATLAS data we
have to eliminate a large theoretical uncertainty due to the
QCD scale. In this paper, we focus on looking for
observables in Z þ HF production processes, which are
sensitive to the IC contribution in the proton PDF and are
less dependent on the QCD scale. In Ref. [8], it is shown
that such observables could be the ratio of γ=Z þ c and
γ=Z þ b production cross sections in the forward rapidity
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1Here and below, heavy flavor implies charm and beauty
quarks.

PHYSICAL REVIEW D 97, 114019 (2018)

2470-0010=2018=97(11)=114019(9) 114019-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.97.114019&domain=pdf&date_stamp=2018-06-18
https://doi.org/10.1103/PhysRevD.97.114019
https://doi.org/10.1103/PhysRevD.97.114019
https://doi.org/10.1103/PhysRevD.97.114019
https://doi.org/10.1103/PhysRevD.97.114019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


region 1.5 < jyZj < 2.5. Calculations [8] were performed
applying the Monte Carlo (MC) generator MCFM [15] and
kT factorization of QCD.
In this paper, we investigate Z þ HF production proc-

esses at LHC energies within two approaches: the com-
bined QCD approach, based on the kT-factorization
formalism [16–18] in the small-x domain and on conven-
tional (collinear) QCD factorization at large x, and the
SHERPA MC event generator [19]. Recently, the combined
QCD approach was successfully applied to describe LHC
data on associated Z þ b production at

ffiffiffi

s
p ¼ 7 TeV [20].

The SHERPA MC generator, which includes initial- and
final-state parton showering, is supposed to provide a
realistic description of multiparticle final states allowing
for HF jets from higher perturbative orders, such as gluon
splitting into heavy quark pairs. SHERPA can also model the
full chain of hadronization and decays of unstable particles,
which should allow us a more accurate comparison to
experimental measurements of HF jets than achieved in
previous studies [7,8]. Validation of these approaches is
performed using ATLAS and CMS data [21,22] on Z boson
production accompanied by charm and beauty jets for
center-of-mass energies

ffiffiffi

s
p ¼ 7 and 8 TeV. One of the

goals of this work is to study the influence of intrinsic
charm on various kinematical distributions in these proc-
esses and to investigate the effects of initial- and final-state
parton showers in the description of LHC data. We also
focus on finding new observables that are sensitive to the IC
content of a proton and that could help us reduce the QCD
scale uncertainties.
In Sec. II, we present two theoretical approaches adopted

in our calculations. The results and discussion are presented
in Secs. III and IV is the Conclusion.

II. THEORETICAL APPROACHES TO
ASSOCIATED Z+HF PRODUCTION

To calculate the total and differential cross sections of
associated Z þ HF production within the combined QCD
approach,we strictly follow the schemedescribed earlier [20].
In this scheme, the leading contribution comes from the
Oðαα2sÞ off-shell gluon-gluon fusion subprocess g� þ g� →
Z þQþ Q̄ (whereQ denotes the heavy quark), calculated in
the kT-factorization approach. The latter has certain technical
advantages in the ease of including higher-order radiative
corrections in the form of transverse momentum–dependent
(TMD) parton distributions (see Refs. [23–25] for more
information). To extend the consideration to the whole
kinematic range, several subprocesses involving initial-state
quarks, namely, flavor excitation qþQ → Z þQþ q,
quark-antiquark annihilation qþ q̄ → Z þQþ Q̄, and
quark-gluon scattering qþ g → Z þ qþQQ̄, are taken into
account using the collinear QCD factorization (in the tree-
level approximation). The IC contribution is estimated using
the OðααsÞ QCD Compton scattering cþ g� → Z þ c,

where the gluons are kept off shell but the incoming non-
perturbative intrinsic charm quarks are treated as on-shell
ones.2 Thus,we rely on a combination of two techniques,with
each of them being used for the kinematics inwhich it ismore
suitable3 (off-shell gluon-gluon fusion subprocesses at small
x and quark-induced subprocesses at large x values). More
details of the above calculations can be found in Ref. [20].
In contrast to earlier studies [7,8] of Z þ HF production

within the MCFM routine (that performs calculation in the
fixed order of pQCD), in the present paper, the SHERPA 2.2.1
[19]MCgenerator is applied. It uses matrix elements that are
provided by the built-in generators AMEGIC++ [30] and
COMIX [31]; OPENLOOPS [32] is used to introduce additional
loop contributions into the next-to-leading-order (NLO)
calculations. We use matrix elements calculated at NLO
for up to two final partons and at the leading order (LO) for
three and four partons. They are merged with the SHERPA
parton showering [33] following the ME+PS@NLO pre-
scription [34]. This is different from the study of Z þ c
production carried out in Ref. [12], in which the matrix
element was calculated in the LO and merged following the
ME+PS@LO method [35]. The latter approach was also
used in this study as a cross-check, with the LO matrix
element allowing for up to four final partons. In both
approaches, the five-flavor scheme (5FS), in which c and
b quarks are considered as massless particles in the matrix
element andmassive in both the initial- and final-state parton
showers, is used. The SHERPA can alsomodel the full chain of
hadronization and unstable particle decays for an accurate
comparison with experimental measurements of HF jets.

III. RESULTS AND DISCUSSION

A. Comparison with the LHC data at
ffiffi

s
p

= 7 and 8 TeV

In this section, we present comparisons of our calculations
for Z þ HF production made with the SHERPA generator and
within the combinedQCDapproach to theLHCRun1 data, in
order to verify the applicability of these approaches for further
predictions. Following Refs. [1,6–9], we mainly concentrate
on the transverse momentum distributions of Z bosons and/or
HF jets, where the IC effects are expected to appear.4

2The perturbative charm contribution is already taken into
account in the off-shell gluon-gluon fusion subprocess.

3An essential point of consideration [20] is using a numerical
solution of the Catani-Ciafaloni-Fiorani-Marchesini (CCFM)
evolution equation [26–28] to derive the TMD gluon density
in a proton. The latter smoothly interpolates between the small-x
BFKL gluon dynamics and high-x Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) dynamics. Following Ref. [20], below,
we take the latest JH’2013 parametrization [29], adopting the
JH’2013 set-2 gluon as the default choice.

4Recent ATLAS and CMS experimental data on associated
Z þ b production taken at

ffiffiffi

s
p ¼ 7 TeV as functions of other

kinematical variables within the framework of the combined
QCD approach are considered in Ref. [20].
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The first comparison is performed for the associated
Z þ b production cross section measured by the ATLAS
Collaboration [21] at

ffiffiffi

s
p ¼ 7 TeV. According to Ref. [21],

the following selection criteria were applied to generated
events. Two leptons originating from the Z boson decay
are required to have an invariant mass 76 GeV < mll <
106 GeV with a minimum transverse momentum
of each lepton pl

T > 20 GeV and rapidity jylj < 2.5. In
SHERPA-generated events, jets are built using all stable
particles excluding the lepton pair from the Z boson decay
with the anti-kT algorithm with a size parameter R ¼ 0.4.
They are required to have a rapidity jyjetj < 2.4 and
minimum transverse momentum pjet

T > 20 GeV. Each jet
is also required to be separated from any of the two leptons
by ΔRjet;l > 0.5. Jets are identified as b jets if there is a
weakly decaying b hadron with a transverse momentum
pb
T > 5 GeV within a cone ΔR ¼ 0.3 around the jet

direction. The same kinematic requirements are applied
to final-state b quarks (treated as b jets at a parton level)
when using the combined QCD approach. SHERPA results
were obtained within the ME+PS@NLO model. In both
approaches, the CTEQ66 PDF set [36] was used.
In Fig. 1, the associated Z þ b-jet production cross

section (for events with at least one b jet) calculated as
a function of the Z boson transverse momentum pZ

T is
presented in comparison with the ATLAS data [21]. Here
and below, central values, marked by horizontal lines,
correspond to the default choice of factorization and
renormalization scales μR ¼ μF ¼ mT, where mT is the

Z boson transverse mass. Theoretical uncertainties of
our calculations correspond to the maximum deviation
between the nominal spectrum and those obtained by the
usual factor 2 variations of renormalization and factoriza-
tion scales.
One can see that the SHERPA results are in perfect

agreement with the ATLAS data within the scale uncer-
tainties in the whole pZ

T range. In the combined QCD
approach, we observe some underestimation of the data at
high pZ

T and a slight overestimation at low transverse
momenta. The latter can be attributed to the TMD gluon
density used in the calculations because the region pZ

T <
100 GeV is fully dominated by the off-shell gluon-gluon
fusion subprocess [20]. However, the results obtained
within both approaches under consideration in this region
are rather close to each other. A noticeable deviation of the
combined QCD calculations from the data at large pZ

T is
explained by the absence of the effects of parton showers,
hadronization, and additional contributions of NLO dia-
grams, including loop ones, in these calculations. Such
contributions, which are taken into account by SHERPA,
considerably improve the description of the data. The
influence of the parton showers and of higher-order
pQCD corrections is investigated in detail in the next
section. It is important to note that our results obtained with
SHERPA are in good agreement with the results obtained
within a similar approach [37].
Now, we turn to the associated Z þ c-jet production

measured by the CMS Collaboration at
ffiffiffi

s
p ¼ 8 TeV [22].

The following selection criteria are applied to generated
events for this comparison. Two leptons originating from a
Z boson decay must have an invariant mass 71 GeV <
mll < 111 GeV, a minimum transverse momentum of
pl
T > 20 GeV, and pseudorapidity jηlj < 2.1. Jets built

with the anti-kT algorithm with a size parameter R ¼ 0.5
are required to have pjet

T > 25 GeV and jηjetj < 2.5 and to
be separated from the leptons by ΔRjet;l > 0.5. b- and
c-flavor identification criteria similar to those described
above are used.
In Fig. 2, our results for the differential cross sections of

associated Z þ c-jet production calculated as functions of
the Z boson and c-jet transverse momenta are shown in
comparison with the CMS data [22]. A comparison with the
measured ratio of the cross sections σðZ þ cÞ=σðZ þ bÞ is
also presented. We find that the particle-level SHERPA
calculations agree well with the data. The parton-level
combined QCD calculations also describe the CMS data
within the theoretical and experimental uncertainties
(except at low pc

T < 40 GeV), although they tend to
underestimate the SHERPA results. As in the case of
associated Z þ b-jet production, we attribute the latter to
the parton showering effects and additional NLO contri-
butions, missing in the combined QCD calculations (to be
precise, mainly in the tree-level quark-induced subpro-
cesses, since the off-shell gluon-gluon fusion only gives a
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FIG. 1. Cross section of Z þ b-jet production as a function of
the Z boson transverse momentum at

ffiffiffi

s
p ¼ 7 TeV. The main

panel shows the ATLAS measurement result [21] compared to
SHERPA calculations and to combined QCD calculations. The
uncertainty bands represent uncertainties in the QCD scale. The
bottom panel shows the ratio of calculations to data.
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negligible contribution at large transverse momenta). Note
that the scale uncertainties of our calculations partially
cancel out when considering the σðZ þ cÞ=σðZ þ bÞ ratio5
(see Fig. 2, right plots).
One can see that a better description of the CMS data is

achieved with the SHERPA tool, and therefore we consider
SHERPA calculations as the most reliable ones. Thus, we

mainly concentrate on them when investigating the possible
effects from IC in the LHC experiments below.

B. Z+HF spectra for
ffiffi

s
p

= 13 TeV and prediction
for the IC contribution

The purpose of the calculation ofZ þ HF differential cross
sections in this paper is to investigate the effect of an IC signal
on the observables, which can bemeasured at the LHC by ge-
neral purpose detectors at

ffiffiffi

s
p ¼ 13 TeV. As was mentioned

above, a sensitivity to the IC atATLASandCMSexperiments
on Z þ c-jet production can be achieved in the forward
rapidity region 1.5 < jyZj < 2.5 and pZ

T > 50 GeV [7,8]. In
this kinematical region, the shape of the σðZ þ cÞ=σðZ þ bÞ
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FIG. 2. Cross section of Z þ c-jet production (left) and the ratio of cross sections of Z þ c-jet and Z þ b-jet production (right) as a
function of the Z boson (top) and HF-jet (bottom) transverse momenta at

ffiffiffi

s
p ¼ 8 TeV. The main panels show the CMS measurement

result [22] compared to the results of SHERPA and the combined QCD calculations. The uncertainty bands represent the uncertainties in
the QCD scale. The bottom panels show the ratio of calculations to the data.

5This ratio, being considered in the forward rapidity region
1.5 < yZ < 2.5, is sensitive to the IC content of a proton [8].
However, we checked that in the kinematical region probed by
the CMS experiment [22] this IC dependence is negligible.
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ratio is sensitive to effects of IC and is less affected by
scale uncertainties than those of the transverse momentum
spectra. This fact provides an opportunity to measure the IC
contribution.
In SHERPA, predictions for Z þ HF production are calcu-

lated within the ME+PS@NLO model. They use the
CT14NNLO PDF set [12] containing PDFs with Brodsky-
Hoyer-Peterson-Sakai model [2,3] fits referred to as BHPS1
and BHPS2, corresponding to intrinsic charm momentum
fraction hxiIC ¼ 0.6% and hxiIC ¼ 2.1%, respectively [12].
The following selection criteria are used in this analysis. Two
leptons from the Z boson decay are required to have a mass
76 GeV < mll < 106 GeV, transverse momentum pl

T >
27 GeV, and rapidity jylj < 2.5. Jets are reconstructed from
all stable particles, excluding the leptons, with the anti-kT
algorithmwith parameters R ¼ 0.4, and are required to have
jyjetj < 2.5 and pjet

T > 20 GeV, ΔRjet;l > 0.4. The identi-
fication of heavy flavor jets is performed as follows. If there is
a weakly decaying b hadron withpb

T > 5 GeVwithin a cone
ofΔR ¼ 0.4 around the jet direction, the jet is identified as a
b jet. If it is not identified as such, the samecriteria are applied
for c hadrons, and the jet is identified as a c jet, if one is found.
In Fig. 3, differential cross sections of associated Z þ c-

jet production calculated in the forward rapidity region
1.5 < jyZj < 2.5 at

ffiffiffi

s
p ¼ 13 TeV as functions of the c-jet

and Z boson transverse momenta are shown. The effect of
IC becomes visible at pT ≳ 200 GeV in both distributions,
but the theoretical uncertainties are still higher than the size
of this effect in the whole transverse momentum region
studied. However, in the ratios of differential cross sections
σðZ þ cÞ=σðZ þ bÞ, the effect of IC can be visible at

significantly lower Z boson or HF-jet transverse momenta
than in the differential cross sections themselves.
Predictions for these ratios are shown in Fig. 4.
To investigate the influence of parton showers and higher-

order pQCD corrections on the predictions, we repeated the
above SHERPA calculations at a parton level using LO and
NLO matrix elements. The results of these calculations are
shown in Fig. 5 in comparison with the combined QCD
predictions. First, one can see that the best agreement with
the combined QCD approach at large transverse momenta is
given by the SHERPA calculations using the LO matrix
element. This is not surprising because the combined QCD
predictions are represented in this kinematical region by the
quark-induced subprocesses calculated in the usual collinear
QCD factorization with the same accuracy. At low and
moderate transverse momenta, the results of the combined
QCDapproach are consistently close to parton-level SHERPA
predictions obtained at theNLO level, which demonstrates it
is effective to take into account higher-order pQCD correc-
tions in the off-shell gluon-gluon fusion subprocess sup-
plemented with the CCFM gluon dynamics. Therefore, we
can conclude that there are no large contradictions between
our two theoretical approaches at the parton level. The
combined QCD approach can be used to predict Z þ HF
production cross sections at the parton level at moderate
transverse momenta, but such approximation becomes
worse toward high transverse momenta where the effects
described above are quite large.
Next, the effects of adding parton showers and NLO

corrections to the parton-level SHERPA LO predictions for
differential cross section ratios σðZ þ cÞ=σðZ þ bÞ are

210

  [
pb

/G
eV

]
TZ

(Z
+

c)
/d

p
σd

4−10

3−10

2−10

1−10

 = 13 TeVs

Sherpa

| < 2.5Z1.5 < |y

 no IC
 BHPS1
 BHPS2

 [GeV/c]
T
Z p

210

 IC
/n

o 
IC

0.8

1

1.2
210

  [
pb

/G
eV

]
T

c-
je

t
(Z

+
c)

/d
p

σd 4−10

3−10

2−10

1−10

 = 13 TeVs

Sherpa

| < 2.5Z1.5 < |y

 no IC
 BHPS1
 BHPS2

 [GeV/c]
T

c-jet p

210

IC
/n

o 
IC

0.8

1

1.2

FIG. 3. Predictions for the cross section of Z þ c-jet production as a function of the Z boson (left) and c-jet (right) transverse
momentum in the forward rapidity region 1.5 < jyZj < 2.5 at

ffiffiffi

s
p ¼ 13 TeV. The predictions are made with the SHERPA generator using
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in the QCD scale (shown only for no IC predictions).
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illustrated in Fig. 6. These ratios are calculated using
CTEQ66(C) PDF sets with no IC and BHPS2 fit. One can
see that including parton showers does significantly decrease
the excess in the spectrum caused by the nonzero IC
component, while adopting the ME+PS@NLO instead of
the ME+PS@LO approach makes little difference. Thus,

both SHERPA predictions made at a particle level give the IC
effect in the forward region at 200 < pT < 500 GeV (irre-
spectively of whether pT of the jet or of the Z boson is
considered) of the order of 10%—20%, compared to the
much larger effect predicted by the parton-level calculations
(SHERPA at LO or the combined QCD approach) to be at the
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