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Role of the intrinsic charm content of the nucleon from various
light-cone models on y+c-jet production
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Abstract:

Having a precise knowledge of the charm quark component can lead to a better understanding of the

fundamental structure of the nucleon. Furthermore, the charm quark distribution function plays an important role
in the study of many processes which are sensitive to the charm quark content of the nucleon. In the standard

global analysis of parton distribution functions (PDFs), the charm quark distribution arises perturbatively through

the splitting of the gluon into charm-anticharm pairs in the DGLAP evolution equations. Nevertheless, the existence

of nonperturbative intrinsic charm quarks in the proton has also been predicted by QCD. In this paper, we study

some phenomenological models within the light-cone framework to predict the nonperturbative intrinsic charm quark

content of the nucleon. We investigate the impact of these models on the prediction of y 4+ c-jet production in pp
collisions at the LHC and compare our results on pp — vy +c-jet with the experimental data of DO.
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1 Introduction

A precise knowledge of the parton distribution func-
tions (PDFs) that describe the quark and gluon struc-
ture of the nucleon is essential for understanding the in-
teractions of hadrons at high energy, such as those in-
vestigated in ep scattering at HERA, pp scattering at
the Tevatron, and pp scattering at the LHC. In this
vein, the heavy quark components of the nucleon have
an important role in testing the perturbative mechanism
of Quantum Chromodynamics (QCD) and searching for
New Physics. They also play an increasingly significant
role for making precise predictions of many new pro-
cesses, such as single-top and Higgs boson productions
in certain scenarios in the standard model (SM) and be-
yond which are quite sensitive to the charm or bottom
quark distributions.

There are several physical observables which are sen-
sitive to the charm quark content of the nucleon and
nuclei which can be measured at various colliders such
as the Electron-Ion Collider (EIC), Relativistic Heavy
TIon Collider (RHIC), Large Hadron electron Collider
(LHeC), Tevatron and LHC. Among them, direct pho-
ton production in association with a charm quark jet,
h;hy — v+ c-jet, has a very prominent role in providing
more information on the charm PDFs. To be more pre-
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cise, since its cross section is largely dominated by the
gluon-charm (gc¢) channel (as we will explain later), it
provides direct access to the gluon and charm distribu-
tions in the nucleon and nuclei [1-5]. Experimentally,
it has been measured so far only in pp collisions at the
Tevatron by the DO [6, 7] and CDF [8] Collaborations.
In the standard approach for global analysis of
PDF's [9-16], the charm quark distribution arises pertur-
batively through the splitting of the gluons into charm
and anticharm pairs in the DGLAP evolution equa-
tions [17] and is assumed to be zero for Q* < m?, where
m. is the charm quark mass. Therefore, we do not
need any initial functional form for the charm quark
distribution. Nevertheless, there are some experimen-
tal data [7, 18] that are sensitive to the charm PDF and
suggest the existence of another charm component in the
proton called the “intrinsic” charm (IC), since these data
cannot be well described by perturbative QCD. In addi-
tion to the experimental evidence, the existence of in-
trinsic charm or generally intrinsic quarks in the proton
wave function is predicted theoretically in the light-cone
picture of the proton. Note that the intrinsic quarks
are certainly nonperturbative in origin and can play an
important role at large values of the Bjorken scaling vari-
able . Nonperturbative intrinsic sea quark components
were suggested for the first time by Brodsky, Hoyer, Pe-
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terson, and Sakai (BHPS) in 1980 [19]. After consider-
ing the intrinsic charm in the proton, they found that
its dominant contribution at large x could well explain
the unexpected experimental results [20-23] that were
larger than the results predicted by conventional QCD
calculations.

Over the years, many studies have focused on the
intrinsic sea quark components in addition to the com-
monly perturbative “extrinsic” ones in the nucleon wave
function [19, 24-55] (see Refs. [56, 57] for recent re-
views). The extrinsic sea quarks arise in the proton
perturbatively by gluon splitting and gradually increase
when the Q2 scale increases. The intrinsic sea quarks
arise through fluctuations of the nucleon to five-quark
states (or virtual meson-baryon states in the meson cloud
model (MCM) framework [24-32]) in the light-cone Fock
space picture [58]. Meanwhile, the extrinsic sea quarks
behave as “sealike” and are the most important at low x.
On the contrary, the intrinsic sea quarks have “valence-
like” characteristics and then their distributions dom-
inate at relatively large x. In addition to the BHPS
model, there have also been some theoretical models
based on the light cone framework to describe the IC
distribution. Although one can find a review of these
models in Refs. [51-53], we will briefly present them in
the next section, focusing on their differences.

The probability of investigating intrinsic charm in the
nucleon for the first time was given by Brodsky et al. [19]
(they estimated it to be around 1%) relying on diffrac-
tive production of A., which is compatible with that of
the bag-model [59]. As the first test, Harris et al. [34]
performed a global analysis considering the European
Muon Collaboration (EMC) data [18], which indicated
that an IC component with 0.86+0.6% probability can
be presented in the nucleon. After that, the CTEQ Col-
laboration [35, 36] performed a global analysis of PDFs
considering the IC component using a wide range of hard-
scattering data and found that its probability can even
be 2-3 times larger than the BHPS estimation. Recently,
two global analyses concerning the probability of IC have
been performed. The first one is from the CTEQ Collab-
oration [37] and follows their previous work (note that
in this analysis the EMC data have not been included),
and the second is from Jimenez-Delgado et al. [38], using
less restrictive cuts to include high-z and low-@) data and
also considering the EMC data. In the latter analysis,
the probability of IC is reported as 0.5%, which clearly
challenges the existence of IC in the nucleon. However,
it is indicated that in future, IceCube can constrain the
intrinsic charm content of the proton [55].

There are several observables that are sensitive to
the charm PDF so that their measurements at large x
regions can provide additional unique information about
the IC probability. For example, the charm structure

function Fy from deep inelastic lepton-proton scattering
is directly sensitive to the charm distribution through
the photon-gluon fusion process y*g — cc at leading-
order (LO) and subprocesses y*g — c¢g and y*q — ccq
at next-to-leading-order (NLO). The only measurement
of this quantity at large x was performed by the EMC [18]
more than 30 years ago and was recognized as the first ev-
idence for the existence of IC in the proton. The produc-
tion of charmed hadrons at high « in hadronic or nuclear
collisions can also be used in this context, such those
measured by the NA3 [60] and R608 [61] Collaborations
at CERN and NuSea [62] and E791 [63, 64] Collabora-
tions at FNAL. Furthermore, since the y + c-jet produc-
tion is sensitive to the charm PDF, as mentioned, it can
also provide a powerful tool searching for the intrinsic
charm components of the nucleon [44, 45] (for the case
of intrinsic bottom see Ref. [46]). A similar advantage
can be obtained by studying the associated production
of a Z boson and a charm quark [47-49, 65].

Although there are some global analyses of PDFs
which consider the IC component in the nucleon [35-
38], all of them consider only the BHPS model result
and the study of other models in a global analysis has
not been performed yet. Moreover, there is a limitation
in choosing the value of the probability of IC in these
analyses. However, it has been indicated that the scale-
evolution of the intrinsic heavy quark distributions, to
a very good approximation, is governed by non-singlet
evolution equations [45, 46]. This allows one to analyse
them without having a new global analysis of PDFs. In
this paper, we use this technique (the non-singlet evo-
lution) to evolve the intrinsic charm quark distributions
from various light-cone models (not only the BHPS) and
investigate their impact on the y + c-jet production in
pD and pp collisions as an example of processes that are
sensitive to the charm PDF.

The outline of this paper is as follows. In Section
2, we briefly review the intrinsic charm models based
on the light-cone including the BHPS, scalar five-quark
and meson-baryon models. The obtained results of these
models for IC distribution are also presented at the end
of this section. In Section 3, we present our LO and
NLO predictions on the production of y+c-jet in pp and
pD collisions and compare the results of various intrin-
sic charm models. In particular, we try to investigate
which distribution has a better description of D0 data.
We summarize our results and present the conclusions in
Section 4.

2 The light-cone picture of the proton

In the light-cone framework, the wave function of the
proton can be expanded as a sum over the complete or-
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thonormal Fock basis of free quarks and gluons such as
|uudg), juudqq), ete. [66, 67]. Although, the distribution
of q and @ in the five-quark state [uudqq) is predicted in
this picture, the magnitude of the probability of this five-
quark state cannot be estimated by this picture and is
given by another way [35].

Likewise, in the light-cone framework the proton can
be pictured as a superposition of configurations of off-
shell physical particles such as p(uud) — Af(udc) +
D°(uc). One of the unique features of this picture is
the difference between ¢ and ¢ distributions in the pro-
ton. In the following, we review three models of intrinsic
charm within the light-cone framework and focus on the
differences between the resulting distributions from these
models.

2.1 BHPS model

According to the BHPS model, the general form of
the distribution for a five-quark Fock state |[uudqg) by
neglecting the effect of transverse momentum is [19]

5 = -2
dp _ - 2 - m?
o =N§ <1—§x> [M = x] , (1)

i=1

where N is the norrglalization factor and can be deter-

mined from P = [ dz,---dzsdP. The constant P4 is

the Juudqq) Fock state probability. For the heavy quark
c or b denoted by @, the BHPS model assumes that the
light quark and proton masses are negligible compared
to the heavy quark mass (mq,mqg > m,,Mgg). This
assumption simplifies Eq. (1) as follows:

apr
o —J\/5< Zx>T+m5 , (2)

where N = 3600P22. Now, the probability distribution
for the intrinsic heavy quark component of the proton
is obtained by integrating over dx; ---dx,. Considering
1% probability for the IC contribution in the proton, as
suggested in Ref. [19], we have

é(z) = c(z) =182° {(1;31:) (1+ 10z +2°)
+2z(l4x) ln(z)} . (3)

Although 1% normalization of the IC component was ini-
tially anticipated, different values of P:° were indicated
in several studies [34-38]. It is worth noting here that
according to the BHPS model, we have equal probability
distributions for ¢ and € in the five-quark state |uudce),
since we use the same value for the mass of ¢ and ¢.

2.2 Scalar five-quark model

A more detailed model to describe the proton in the
light-cone was presented by Pumplin [51] in which some

simplifying assumptions considered in the BHPS model
were removed. In this model, which is called the scalar
five-quark model, the probability distribution for the
five-quark state derives directly from the Feynman di-
agram rules. In a simple case, if a point scalar particle
of mass M couples to N scalar particles with masses
my,---,my by a point coupling ¢g, the probability den-
sity for the N-quark Fock state can be written as

N N N N
dP=NT] ;15 <1—in> [T a2k <Z ku>
i=1 7" i=1 i=1 i=1

F¥(s)
o @

where
N
Z m?+k7, (5)

and N is again the normalization factor. The wave func-
tion factor F2(s) that characterizes the dynamics of the
bound state is applied to suppress the contributions from
the high-mass configurations. Note that by considering
N =5 and a point form factor as F(s) =1, and also ne-
glecting the 1/z; factors and k,; content in Eq. (4), we
reach the BHPS probability distribution in Eq. (1). As
mentioned above, Pumplin considered further suppres-
sion for contributions from high-mass states in addition
to the (s—M?)~2 factor to make the integrand probabil-
ity finite by entering a wave function factor F?(s). He
proposed two exponential and power-law forms for it as
follows

F2(s) =exp[—(s— M?)/ 4%, (6)

F(s)=(s+4%)7", (7)

where A is a cutoff mass regulator with range of A =
2—10 GeV [51].

In order to investigate the effects of different shapes
for the intrinsic charm distribution on the y+c-jet cross
section, we chose the charm quark momentum distribu-
tion of the power-law form with n =4 and cut-off param-
eter A = 10 GeV which is shifted to lower =, than the
BHPS and A =2 GeV for the exponential form of scalar
five-quark model, which is shifted to larger x than the
BHPS, as shown in Fig 1. The parametrization forms of
the charm distributions in the proton for the exponential
and power-law form factors described above are [51]

é(x) =c(x)
c(x)=c(x)

where the normalization cg)eﬁicients are chosen to make
fec(z)xdz equal to 0.002857,

=520.517 2* 01 (1 — )47, (8)

_ 0187 $0,521(1 _ (L,)44194, (9)

the momentum fraction

a value given by the BHPOS model.
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2.3 Meson-baryon model

In addition to the BHPS and scalar five-quark mod-
els, there is another model in which the nucleon fluctu-
ates to a virtual meson plus a baryon state and is often
called the meson cloud model (MCM) or meson-baryon
model (MBM) [24-30]. In this case, the wave function
of the nucleon is described with

D) = VZ[P)hare + Y / dy A’k i (y, k1)

M,B

X|M(yakl);B(1_y7_kL)>v (10)

where Z is the wave function renormalization constant.
dap(y,k?) is the wave function of the Fock state con-
taining a virtual meson M with longitudinal momentum
fraction y and transverse momentum k,; and a baryon B
with longitudinal momentum fraction 1—y and transverse
momentum —k . For example, the contribution to the
charm sea in this view can come from a fluctuation such
as p(uud) — A (udce) +D°(uc), so that the contribution
to the charm and anticharm quark distributions comes
from the charm quark in the A} and anticharm quark
in the D°, respectively. Finally, the intrinsic charm and
anticharm distributions in the proton can be expressed
as a convolution of fluctuation functions with the rela-
tive valence distributions in the baryon and meson [27].
There is a major difference between the MBM and other
models. As mentioned above, since the charm and an-
ticharm have different distributions in the baryon and
meson states and the probability distributions of meson
and baryon in the proton are also different, the MBM
predicts the asymmetry of ¢(x) and &(z) distributions in
the proton. Here, we investigate the effects of intrinsic
charm quark from two MBM models including the con-
fining model and effective mass model on the cross sec-
tion of the inclusive production of photon accompanied
by a c-jet. The parametrization forms for the intrinsic
charm distributions in the nucleon for these models are
given, respectively, by [52]

c(z) =4.128 2% (1 — )%5% (11a)
&(x) = 177696 2470 (1 — z)%624, (11b)
and
c(z) =252.48 273 (1 — )01 (12a)
é(z) =99.84 x4 153 (1 — 2)5-8%, (12b)

Figure 1 shows a comparison of intrinsic charm dis-
tributions from the BHPS, scalar five-quark and meson-
baryon models. The black solid curve represents the re-
sult of BHPS (Eq. (1)). The Pumplin models are repre-
sented by the blue dash-dotted and green dash-dotted-
dotted curves. Note that the exponential form (Eq. (8))

is clearly dominant at larger x while the power-law form
(Eq. (9)) is dominant at lower x. Thus it seems that
the power-law form can be more important for the Teva-
tron and LHC predictions. In the case of MBM, the
results of ¢ and ¢ distributions from the effective mass
model (Eq. (12)) represented by the red solid and dashed
curves are slightly harder, especially for the ¢, compared
to the similar cases from the confining model (Eq. (11))
represented by the pink solid and dashed curves. How-
ever, both are larger in magnitude than the BHPS and
Pumplin models. Therefore, depending on the applied
cuts for the transverse momentum and pseudorapidity
of photon in y + c-jet production, each of them can be
important.
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Fig. 1. The momentum distribution of intrinsic

¢ and ¢ from the various light-cone models.
The black solid curve is the BHPS model result
(Eq. (1)). The blue and green dashed-dotted
curves are from the exponential (Eq. (8)) and
power-law (Eq. (9)) forms of Pumplin model, re-
spectively. The red solid and dashed curves are
the results of the confining model of MBM for ¢
and ¢ (Egs. (11a) and (11b)), respectively. Fi-
nally, the pink solid and dashed curves are the
results of the effective mass model of MBM for ¢
and ¢ (Egs. (12a) and (12b)), respectively.

3 Prompt photon production in associa-
tion with a c-jet

In this paper, we turn our attention to the prompt
photon production in association with a charm quark jet
process and investigate the impact of the intrinsic charm
quark component in the proton on this quantity for the
Tevatron at 1.96 TeV and LHC at 8 and 13 TeV. At LO,
the main contribution to the vy + c-jet production arises
from the Compton subprocess gc — yc (Fig. 2) which
dominates at low pl [44]. In addition to the Comp-
ton subprocess, we have the partonic subprocess light
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quark-antiquark annihilation qq — yg — ycc. In pp col-
lisions, the Compton process dominates in all energies
but the qg-annihilation subprocess does not play a sig-
nificant role. In pp collisions, the gg-annihilation sub-
process dominates at high photon transverse momentum

pr [2]-

c ~ c N
—>— T VWVWW\~
Y
ARQAQQ A>—
g c g c
Fig. 2. The t-channel (left) and s-channel (right)

Feynman diagrams for the Compton sub-process
gc —yc.

At NLO, the process pp(p) — y-+c includes the contri-
butions from the gluon fusion subprocess gg — ycc and
gc — yqe [2, 3]. Since most subprocesses at NLO are
g and c initiated, almost all dependencies of the NLO
v+ c-jet cross section to the PDFs come from the gluon
and charm PDFs [3].

3.1 Comparison to Tevatron data

The cross section of photon production in association
with a heavy quark jet in pp collisions has been measured
at the Tevatron in recent years [6-8, 68, 69]. In particu-
lar, in Ref. [7] the associated production of photons and
c-quark jets in pp collisions at the center-of-mass energy
/8 =1.96 TeV with photon rapidity |y”| < 1.0 and trans-
verse momentum 30 < p7 <300 GeV has been measured
as a function of p7. so that the c-jets have pseudorapidity
|n°] < 1.5 and transverse momentum p5 > 15 GeV.

Figure 3 shows a comparison of the DO measurement
of the differential 'y 4 c-jet cross section as a function of
pt [7] and the LO and NLO theoretical predictions. The
comparison between the LO calculations using different
intrinsic charm models is displayed in the upper panel.
All of the above calculations have been carried out by
MadGraph [70]. The lowest curve is related to CTEQ66
PDFs [36] without the IC contribution. It is clear that
the data are poorly described. At large p} regions, as
expected, the spectrum grows by the inclusion of the IC
contribution. It should be noted that the IC contribution
from the BHPS model is considered as 1% probability
for the intrinsic charm. For the BHPS, the result is im-
proved by a factor of 1.45 at pj. ~ 216 GeV compared
to the result of pure extrinsic calculation (CTEQG66).
These factors for the Pumplin model with the exponen-
tial and power-law suppression are about 1.5 and 1.3,
respectively. Therefore, the results of the cross section

calculation for the BHPS and Pumplin models are almost
identical under the limits mentioned.

10fo ' ' ' '
ET %data 3
: ° CTEQ66
=~ 1ol - CTEQ66+BHPS (1% IC) ]
% E --- CTEQ66+Pumplin EXE
O 3 CTEQ66+Pumplin (P ]
S 107k --- CTEQ66+MBM (confinin, )_
< --- CTEQ66+MBM (eff. mass) 3§
o= o SO ]
s} [
=l Sso oy
103F S 3
F Lo
10—4 - -
3 t f t f i
o -
E 2.0 . -7 e —
O e et
L 1.5 ,g:--"( J -
s 7 R SIS St :
g jolesu:” L L L
50 100 150 200 250 300
pr/GeV
10 T T T ]
- o Dg¢data
S - --- CTEQ66 ]
& 10 -~ CTEQ66+BHPS (1% 1C) -
> --- CTEQ66+MBM (confining)]
c F --- CTEQ66+MBM (eff. mass) 1
T 0
) ;
E -
< 107%F 3
L NLO S— .
o 107 =
\=) L 1 1
(o4
s _
[_1
@]
2 _
.2
g . . L
50 100 150 200 250 300
p1/GeV
Fig. 3. A comparison of DO measurement of dif-

ferential vy + c-jet cross section as a function
of pt. at /s = 1.96 TeV [7] and correspond-
ing LO (top) and NLO (bottom) theoretical
calculations. For both cases, the ratios of
the results to the CTEQ66 [36] prediction are
shown in the bottom panels. For LO, the solid
curve indicates the CTEQ66 (pure extrinsic) re-
sult. The dashed, dashed-dotted, dashed-dotted-
dotted, dashed-dashed-dotted and dotted curves
correspond to the inclusion of IC contribution
from the BHPS (with 1% IC), the exponential
and power-law forms of Pumplin and the confin-
ing and effective mass models of MBM, respec-
tively. For NLO, the dotted curve indicates the
CTEQ66 result and the dashed-dotted, dashed
and solid curves correspond to the results of the
BHPS (with 1% IC), confining and effective mass
models, respectively.

One can see from Fig. 3 that the MBM results are
much higher than the BHPS and Pumplin results. The
MBM contribution increases the spectrum by a factor
of 1.9 for the confining model and 2.25 for the effective
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mass model at ph ~ 216 GeV. Nevertheless, the results
at LO are below the range of data points and none of the
models provide an appropriate description of data.

The NLO results for the calculation of the differential
Y+ c-jet cross section in pp collisions as a function of p7.
are compared to D0 data in the lower panel of Fig. 3. As
expected, these results have improved compared to the
LO results (upper panel). The same as LO, a growth
in spectrum is observed in the NLO by inclusion of the
IC contribution at large p).. Note that since the BHPS
and Pumplin -whether with the exponential or power-
law suppression factor- models provide almost the same
result for the cross section under the limits mentioned,
only the BHPS and MBM models were considered for the
NLO calculations. In this figure, the dotted and dashed-
dotted curves represent the theoretical results for the
cross section using the CTEQ66 [36] PDFs (without IC
contribution) and CTEQ66 plus the BHPS with 1% IC,
respectively. The dashed and solid curves indicate the re-
sults for the cross section by adding the intrinsic charm
distribution from the confining and effective mass mod-
els of MBM to the pure extrinsic PDFs of CTEQ66. It
should also be noted that there is a significant difference
between the BHPS (1% IC) and MBM results, especially
at high p7.

3.2 Predictions for the LHC

The LHC with pp collisions operates at the center-
of-mass energy /s =7 — 14 TeV, which is much greater
than the Tevatron. In order to study the effects of in-
trinsic charm quark distribution from various light-cone
models on the prediction of the inclusive production of
v +c-jet at the LHC, we need to select the most sensi-
tive kinematical regions to the IC contribution. For this
aim, we use the kinematical regions which were analysed
in detail by V. A. Bednyakov et al. [44]. The differ-
ential vy + c-jet cross section in pp collisions versus the
transverse momentum of the photon is presented for the
photon rapidity 1.52 < |y”| < 2.37 and transverse mo-
mentum 50 < pj. < 400 GeV at /s =8 TeV. The c-jet
also has |n°| < 2.4 and p5 > 20 GeV. In this kinematical
region, the charm momentum fraction is larger than 0.1
(x. > 0.1) and the intrinsic charm distribution is con-
siderable in comparison with the extrinsic charm distri-
bution. The prediction for the LHC at LO is shown in
the upper panel of Fig. 4. In this figure, the difference
between the pure extrinsic CTEQG66 result and the re-
sults obtained by considering the IC contribution from
various models is clearly visible, especially at large p+.
Like the results of the Tevatron, at the LHC, the BHPS
and Pumplin models give almost the same results. The
MBM results at high p}. are higher than the other mod-
els, just like the Tevatron case. The ratios of the differen-
tial y+c-jet cross section considering the IC contribution

from various models to the CTEQG66 prediction are pre-
sented in the bottom of this panel. The inclusion of the
confining model of MBM increases the spectrum by a fac-
tor of 2.5 at pt. = 380 GeV, while for the effective mass
model, this factor is about 3.1. Also, considering the IC
contribution from Pumplin models with exponential and
power-law form factors increase the spectra by a factor
of 2.12 and 1.8, respectively.
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Fig. 4. The LO (top) and NLO (bottom) theoret-
ical predictions for the differential 'y 4 c-jet cross
section in pp collisions as a function of pJ. for
photon rapidity 1.52 < |y”| < 2.37 and transverse
momentum 50 < pJ < 400 GeV, and c-jets pseu-
dorapidity |n°] < 2.4 and transverse momentum
pT > 20 GeV at /s =8 TeV. The description of
the results is same as Fig. 3.

In the lower panel of Fig. 4, the differential cross sec-
tion do/dp7- for pp — v+ c-jet process calculated at the
NLO is presented as a function of the photon transverse
momentum. The NLO results are larger than LO by a
factor of 2.07 at pJ. = 380. Like the Tevatron results, con-
sidering the IC contribution can substantially increase
the cross section values, especially at high pJ. The dif-
ference between models is clearly visible in the bottom
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of each panel, where the ratios of the spectra including
the IC contribution from the various above-mentioned
models to the CTEQG66 result are shown as a function
of pt. By comparing the results, one can see that the
values of the spectra increase when the IC contribution
is considered so, that the MBM results are higher than
the BHPS with 1% IC result. For example, the inclusion
of the BHPS with 1% IC increases the spectrum by a
factor of 1.69 at pJ = 380, while for the effective mass
model of MBM this factor is about 2.25.

We now turn our attention to investigate the im-
pact of intrinsic charm component of the proton on
the pp — v+ c cross section at the center-of-mass en-
ergy /s = 13 TeV. As described above for the case of
/s =8 TeV we used the kinematical regions introduced
by V. A. Bednyakov et al. [44] for which we have z. > 0.1
where x. is the charm momentum fraction in the proton.
We can use the following relation to find the favoured
kinematical regions for the case of /s =13 TeV

(13)

(¢}
\Y
8
|
|
2}
B
=
=

where zr is the Feynman scaling of the produced hadron.
Actually, the effect of the intrinsic charm in the process
pp — Y +c at 13 TeV is similar to that at energy about
8 TeV but at larger values of the photon transverse mo-
mentum. To be more precise, if we want to have x. > 0.1,
using Eq. 13 the values of the photon transverse momen-
tum pr for /s =13 TeV will change by a factor 13/8 in
proportion to 1/s=8 TeV.

In Figure 5, we show the theoretical predictions of
the differential cross section do/dp7. for the y+c-jet pro-
duction in pp collisions at /s = 13 TeV. The calcula-
tions are carried out at NLO in QCD for the photon
transverse momentum 80 < pi < 540 GeV. Since the
BHPS and Pumplin models have similar results, here we
have calculated the cross section only by including the
BHPS model and MBM. Like before, we see that the
IC contribution can substantially increase the cross sec-
tion especially at high pi.. Moreover, the MBM predic-
tion (whether for the confining or effective mass model)
is again higher than the prediction of the BHPS model
with 1% probability. The difference between the results
is clearly visible at the bottom of Fig. 5 where, the ra-
tios of the spectra including the IC contribution to the
CTEQG66 prediction are shown as a function of p . For
example, the inclusion of the IC contribution from the
effective mass model of MBM increases the spectrum by
a factor 2.4 at pi. =540 GeV, while for the BHPS model
this factor is about 1.46. This figure clearly shows that
the existence of the IC component can be investigated
experimentally by measuring the vy +c-jet production in
pp collisions even at very high energies, focusing on the
large pJ. regions.

10—
3 13 TeV ]
< LOg .-~ CTEQ66 3
& ; --- CTEQ66+BHPS (1% IC) ]
> 10°'F --- CTEQ66+MBM (confining)-
) 3 — CTEQ66+MBM (eff. mass) 3
= 3 3
[yl 2 F -3
5 107
? F ]
< 107F 3
10 NLO . 3
8 75: 1 1 1 h ]
& 10} : :
g 25 .
Q -
e 20 -
£ 15 ]
e L
1.0
600
Fig. 5. The NLO theoretical predictions for the

differential y 4 c-jet cross section in pp colli-
sions as a function of pJ for the photon rapid-
ity 1.52 < |y”| < 2.37 and transverse momentum
80 < pt < 540 GeV at /s =13 TeV. The dotted
curve indicates the CTEQ66 (pure extrinsic) re-
sult. The dashed-dotted, dashed and solid curves
correspond to the inclusion of the IC contribution
from the BHPS model (with 1% IC), the confining
and effective mass models of MBM, respectively.
The ratios of the results to the CTEQ66 [36] pre-
diction are shown in the bottom panels.

4 Conclusions

Heavy quark distributions play an important role in
the study of many processes and can help to improve our
understanding of the fundamental structure of the nu-
cleon. The possible existence of intrinsic heavy quarks
in the nucleon, particularly the charm quark, was first
suggested by Brodsky et al. [19]. After that, other the-
oretical calculations such as the scalar five-quark model
and meson-baryon model (MBM) have tried to describe
the intrinsic charm quark distribution. These models
predict different intrinsic charm distributions in the nu-
cleon and may lead to different results for any physical
quantity that is sensitive to the charm content of the nu-
cleon. In this work, we performed a comparative anal-
ysis of three intrinsic charm models to study the role
of intrinsic charm in the results of the inclusive produc-
tion of a prompt photon in association with a c-jet in
hadron colliders. We presented the calculations for the
Tevatron pp-collisions for rapidity |y?| <1, |n°| < 1.5 at
/s =1.96 TeV and the LHC pp-collisions for |n°| < 2.4
and 1.52 < |y7] < 2.37 at /s =8 TeV and /s =13 TeV.
The results were presented at both LO and NLO. We
found that, regardless of the chosen intrinsic model, the
IC contribution increases the magnitude of the cross sec-
tion and has a more significant effect at large transverse
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momentum of the photon. In these kinematic regions,
the BHPS and Pumplin models have the same results.
Furthermore, the difference between these two models
(with inclusion of 1% IC) and the MBM is clearly visi-
ble so that the latter gives a much better description of
the DO data. In general, the MBM prediction is always
higher than the predictions of the other models. How-
ever, in this work, we considered 1% probability for the

IC contribution in the BHPS and Pumplin models, so
any variation in the magnitude of this probability ab-
solutely changes these results. We concluded that the
existence of IC component can be investigated experi-
mentally by measuring the y+c-jet production in pp col-
lisions even at very high energies, focusing on the large

pr regions.
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