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We discuss the impact of the new LHCb fixed-target p + “He data for D/ DP production on the intrinsic
cc¢ component in the nucleon wave function. Within the scenario presented here neither the traditional
gluon-gluon fusion or quark-antiquark annihilation mechanisms calculated in the k7 -factorization approach
nor their counterparts from the collinear next-to-leading order collinear framework are sufficient to describe
the transverse momentum and rapidity distributions of D°/D° mesons. First the c¢c-pair production within
the standard frameworks is considered. Here a crucial role of the ¢ — D hadronization effects at low
energies and low transverse momenta is found and discussed, which was not analyzed in previous studies.
A contribution related to intrinsic ¢¢ component in the nucleon wave function is included in addition. Two
models of the symmetric (¢(x) = ¢(x)) intrinsic charm (IC) component are considered. The intrinsic charm
g*c — gc (or gt — gc) contribution needs to be regularized in order to obtain a suppression of the minijet
pr spectrum present in the phenomenological minijet model, commonly used in Monte Carlo generators.
We show that in our model the regularization parameter can be obtained from the fit to the LHCb fixed-
target data under consideration here. We discuss uncertainties of our calculations (scale, charm quark mass,
fragmentation function) as well as set limits on the IC probability. According to our model the intrinsic
charm probability P;c = 1.65% allows to significantly improve description of the LHCb data but the

number is rather uncertain.
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I. INTRODUCTION

The proton is known to be a complicated object built of
QCD degrees of freedom: quarks, antiquarks and gluons or
even their conglomerates. However, its wave function
remains to large extent unknown. The flavor structure of
the nucleon is especially interesting.

An interesting d — i asymmetry confirmed by the
Gottfried sum rule violation [1] and fixed target Drell-
Yan experiment [2] is one example. This is usually
explained in terms of the pion (meson) cloud in the nucleon
(see e.g., Ref. [3]). The pion cloud probability is of the
order of 30%. It contributes to nonperturbative light quark/
antiquark distributions in the nucleon. Another example is
the strangeness in the nucleon. Here the kaon cloud leads
to a nonperturbative contribution of s/5 quarks/antiquarks.
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A few percent effect of the nonperturbative s5 component
was predicted [3].

The situation for the charm-anticharm content of the
nucleon is less understood. Long ago Brodsky er al. [4]
proposed a simple model of the large-x intrinsic charm due
to uudcc Fock component of the wave function. As a
consequence of heavy mass of the c-quark or c-antiquark
their longitudinal momentum fractions are of the order of
x ~0.3-0.5. In its simplest form the model leads to c(x) =
¢(x) (symmetric IC). Another possible mechanism is
nonperturbative gluon splitting into c¢c. Such a mechanism
was discussed e.g., in Refs. [5,6]. Also here c¢(x) = ¢(x),
but typical longitudinal momentum fractions of c-quark or
c-antiquark are much smaller than in the Brodsky-Hoyer-
Peterson-Sakai (BHPS) model. We shall call the second
model as the SEA-like. It is very difficult to calculate in a
realistic way the integral [ c¢(x)dx = [ &(x)dx (probability
of such a component in the wave function) as it goes
beyond the scope of perturbative methods.

In Ref. [7] the ¢(x) and ¢(x) instrinsic charm/anticharm
distributions are calculated postulating heavy charmed
meson—heavy charmed baryon component in the nucleon
wave function. In this approach typically c¢(x) is somewhat
different than ¢(x) (asymmetric IC) but the most probable
range of x is similar as for the BHPS model. Therefore our
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analysis of the BHPS model is approximately valid also for
the meson cloud approach.

The intrinsic charm component was discussed recently in
Refs. [8-10] in the context of the associated production of
prompt photons and charm-quark jets in p p-collisions at
LHC energies. In Refs. [11-13] an associated production of
7% and heavy flavored (HF) jets was studied in the context
of identifying intrinsic charm in the nucleon. Recently, in
Ref. [13] the authors found that the forthcoming ATLAS
and CMS measurements of Z° + HF production at /s =
13 TeV can be very important in the context of searching
for the IC contribution in the proton. They suggested

measuring a new observable, defined as the double ratio
O.furwurd(z+c>)/ (o.forwurd <Z+b)
o_cemml<z+c) acenlral (Z+b)

and forward means |y;] < 1.5 and 1.5 < |y,| < 2.5,
respectively). This was found to be extremely sensitive
to the IC signal, which would be potentially visible at large
transverse momenta of Z°-boson and/or heavy flavor jet. At
low energy discussed in the present paper the production of
Z° is not possible. On the other hand registration of the
extra photon is not possible due to very low luminosity in
the fixed target experiment.

In the present study we are interested rather in produc-
tion of c-quark and/or ¢-antiquark and associated D mesons
in the forward direction. The interaction of gluon (small-x)
from the projectile with ¢ or ¢ (large-x) in the target (*He) is
the underlying partonic mechanism [6]. The “He is rather
light nucleus and the associated nuclear effects are of the
order of a few percent only and can be safely neglected. We
shall discuss this issue shortly in the main text. Focusing on
rather small charm transverse momenta, the cg* — cg (or
¢g* — ¢g) subprocess needs to be regularized in order to
obtain a phenomenologically motivated suppression of the
minijet pr spectrum. Here we follow the minijet model

|

of cross sections ( ) (where central

do(pp — ccX)

originally proposed in Ref. [14] and further adopted in
modern Monte Carlo generators (see, e.g., PYTHIA [15]).
The parameter governing the regularization must be
adjusted to experimental data. It will be discussed how
to do it in our case.

In parallel] we have made a similar analysis of the IC
signal for high-energy prompt neutrino production in the
Earth’s atmosphere coming from the decay of charmed
meson [16]. The two analyses (here and for atmospheric
neutrino) are complementary. Combining conclusions from
both of them may be therefore very useful.

II. DETAILS OF THE MODEL CALCULATIONS

A. The leading perturbative mechanism

We remind the reader here very briefly the theoretical
formalism for the calculation of the cc-pair production in
the ky-factorization approach [17], as adopted and dis-
cussed by one of us in the context of the LHCb fixed-target
charm data in Ref. [18]. In this framework the transverse
momenta k,’s (virtualities) of both partons entering the hard
process are taken into account, both in the matrix elements
and in the parton distribution functions. Emission of the
initial state partons is encoded in the transverse-momen-
tum-dependent (unintegrated) PDFs (uPDFs). In the case of
charm flavor production the parton-level cross section is
usually calculated via the 2 — 2 leading-order g*g* — cc¢
fusion mechanism with off-shell initial state gluons that is
the dominant process at high energies (see Fig. 1). Even at
lower energies as long as small transverse momenta and not
extremely backward/forward rapidities are considered the
q*q* — c¢ mechanism remains subleading. Then the
hadron-level differential cross section for the cc-pair
production, formally at leading order, reads:

1

B /dzkl,t d*ky,

dy,dy,d*p, ,d*p,, A

where F(x;. k7 . uz) and F (x;.k3,, puz) are the gluon
uPDFs for both colliding hadrons and M7=l is the

g —=cc
off-shell matrix element for the hard subprocess. The gluon
uPDF depends on gluon longitudinal momentum fraction x,
transverse momentum squared k2 of the gluons entering
the hard process, and in general also on a (factorization)
scale of the hard process y%. The extra integration is over
transverse momenta of the initial partons. Here, one keeps
exact kinematics from the very beginning and additional
hard dynamics coming from transverse momenta of in-
cident partons. Explicit treatment of the transverse mo-
menta makes the approach very efficient in studies of
correlation observables. The two-dimensional Dirac delta

16722 (xx,5)

X 62(k1,l‘ + k2.t - ﬁl,t - ﬁz,t)]:g(xl s k%.;v ﬂ%‘)fg(-XZ’ k%,t’ M%)v

|M0ff—shel] |2
2

g'gt—cc

(2.1)

function assures momentum conservation. The gluon uPDFs
must be evaluated at longitudinal momentum fractions
mp

X = "exp(yy) + "2 exp(y,). and x, = "% exp(—y;)+

mfzs”exp(—m)» where mm:\/m is the quark/

antiquark transverse mass.

As we have carefully discussed in Ref. [19], there is
a direct relation between a resummation present in uPDFs
in the transverse momentum dependent factorization and
a parton shower in the collinear framework. Such obser-
vations have been made also earlier, for example in
Refs. [20,21]. The commonly accepted statement is
that actually in the kp-factorization approach already at
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FIG. 1. A diagrammatic representation of the leading pertur-
bative mechanism of charm production in the ky-factorization
approach driven by the fusion of two off-shell gluons.

leading-order some part of radiative higher-order correc-
tions can be effectively included via uPDFs, without any
additional showering procedure. However, it is true only for
those uPDF models in which extra emissions of soft and
even hard partons are encoded, including k? > u2 con-
figurations. In most uPDF cases the off-shell gluon can
be produced either from gluon or quark, therefore, in the
kr-factorization all channels driven by gg, gg and even by
qg initial states are open already at leading-order (in
contrast to the collinear factorization). Then, when calcu-
lating the charm production cross section via the g*g* — c¢
mechanism one could expect to effectively include con-
tributions related to an additional one or two (or even more)
extra partonic emissions which in some sense plays a role
of the initial state parton shower.

The kinematical configuration of the fixed-target LHCb
experiment corresponds to the region where in principle
the Catani-Ciafaloni-Fiorani-Marchesini (CCFM) [22] evo-
lution equation is legitimate for any pQCD theoretical
calculations and could, in principle, be used to describe
the dynamics behind the mechanisms of, e.g., open charm
meson production. Within the CCEM approach the parton
transverse momentum is allowed to be larger than the scale
u?. This useful feature translates into the easy and effective
taking into account of higher-order radiative corrections,
that correspond to the initial-state real gluon emissions
which are resummed into the uPDFs. In the numerical cal-
culations below we follow the conclusions from Ref. [18]
and apply the gluon uPDFs obtained from the CCFM
evolution equation. There a different models of the CCFM
unintegrated gluon densities have been tested and found to
lead to a reasonable description of the LHCb fixed-target
charm data. The best theory to data relation has been
obtained in the case of the most up-to-date JH-2013-setl
and JH-2013-set2 unintegrated gluon densities [23] that are
determined from high-precision DIS measurements.

As a default set in the numerical calculations we take the

2
renormalization scale > = p% = > " “i (averaged trans-
verse mass of the given final state) and the charm quark

mass m,. = 1.5 GeV. The strong-coupling constant
a,(u%) at next-to-next-to-leading-order is taken from the
CT14nnloIC PDF routinesl[24]. The CCFM uPDFs here
are taken at rather atypical value of the factorization scale
u% = M?. + P%, where M,; and P; are the cc-invariant
mass (or energy of the scattering subprocess) and the
transverse momentum of cc-pair (or the incoming off-shell
gluon pair). This unusual definition has to be applied as a
consequence of the CCFM evolution algorithm [23]. For
completeness of the present study, in some places we also
apply the Martin-Ryskin-Watt (MRW) model for uninte-
grated gluon densities [25].

B. The intrinsic charm contribution

The intrinsic charm contribution to charm production
cross section (see Fig. 2) is obtained within the hybrid
theoretical model discussed by us in detail in Ref. [6]. The
LHCb fixed-target configuration allows to explore the
charm cross section in the backward rapidity direction
where an asymmetric kinematical regime can be explored.
Thus in the basic gc — gc reaction the gluon PDF and the
intrinsic charm PDF are simultaneously probed at different
longitudinal momentum fractions—rather intermediate for
the gluon and large for the charm quark.

Within the asymmetric kinematic situation x; < x, the
cross section for the processes under consideration can be
calculated in the so-called hybrid factorization model
motivated by the work in Ref. [26]. In this framework
the small- or intermediate-x gluon is taken to be off mass
shell and the differential cross section, e.g., for pp — gcX
via g*c — gc mechanism reads:

dx
do_p]7—>ch :/dzkt/xll/dXQfg*(xl,ktz,luz)

X ¢(xg, u?)db oo (2.2)
where F . (xy, k7, 4?) is the unintegrated gluon distribution
in one proton and ¢(x,, 4*) a collinear PDF in the second one.
The d6 ;. . is the hard partonic cross section obtained from
a gauge invariant tree-level off-shell amplitude. A derivation
of the hybrid factorization from the dilute limit of the color
glass condensate approach can be found in Ref. [27] (see also
Ref. [28]). The relevant cross sections are calculated with the
help of the KATIE Monte Carlo generator [29]. There the
initial state quarks (including heavy quarks) can be treated as
a massless partons only.

Working with minijets (jets with transverse momentum
of the order of a few GeV) requires a phenomenologically
motivated regularization of the cross sections. Here we

'In the numerical calculations in Ref. [18] the strong-coupling
at leading-order was taken. Here, in order to consistently com-
pare the standard mechanism and the intrinsic charm component
we keep in both cases the a,(u%) values encoded in the
CT14nnloIC PDF.
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FIG. 2. A diagrammatic representation of the intrinsic charm
mechanism of charm production within the hybrid model with the
off-shell gluon and the on-shell charm quark in the initial state.

follow the minijet model [14] adopted e.g., in PYTHIA
Monte Carlo generator, where a special suppression factor
is introduced at the cross section level [15]:

pi

F(p)=—5—— (2.3)
Y pko+ p?

for each of the outgoing massless partons with transverse
momentum p,, where pr is a free parameter of the form
factor that also enters as an argument of the strong coupling
constant ag(p, + uz).

This suppression factor was originally proposed to
remove singularity of minijet cross sections in the collinear
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approach at leading-order. In the hybrid model (or in the
kr-factorization) the leading-order cross sections are finite
as long as kr > 0, where ky is the transverse momentum
of the incident off-shell parton. Within this approach, a
treatment of the small-k; region in the construction of a
given unintegrated parton density is crucial. Different
models of uPDFs may lead to different behavior of the
cross section at small minijet transverse momenta but in
any case the cross sections should be finite. However, as it
was shown in Ref. [30], the internal k; cannot give a
minijet suppression consistent with the minijet model and
the related regularization seems to be necessary even in this
framework.

In the numerical calculations below, the intrinsic charm
PDFs are taken at the initial scale m, = 1.3 GeV, so the
perturbative charm contribution is intentionally not taken
into account. In the numerical calculations below we apply
different grids of the intrinsic charm distributions from the
CT14nnloIC PDF [24] that correspond to the BHPS model
[4] as well as to the so-called SEA-like models. In Fig. 3 we
compare the collinear gluon (left panels) ant the charm
quark (right panels) PDFs obtained with (CT14nnloIC) and
without (CT14nnlo) the intrinsic charm component at
different factorization scales (upper and lower panels).
Here, the intrinsic charm grid that correspond to the
BHPS model with 1% probability for intrinsic charm
was used. In this case the intrinsic charm contribution

xc(x,Q), comparison

107"

T T T T T T
[ cT14nnlo (90% c.l.)
W CT14nnloIC (BHPS 1%)

Q =1.41e+00 GeV

Generated with APFEL 2.7.1 Web

102

" " " PR | " " .
102 107 1
X

xc(x,Q), comparison

1071 - T L -

o [ cT14nnlo (90% c.l.) SN

3 . NN cT14mnoic @HPS 195) | £

L . Q=8.006+00 GeV 15

o

h ~

- m

g

1021 s

E H

C 3

R ®

B Iy

i S

i S

1073 L L PR | L L

107 107 1

The gluon (left panels) and charm (right panels) collinear distributions in a proton from the CT14nnlo PDFs (shaded bands)

without intrinsic charm and from the CT14nnloIC PDFs (dashed lines) with intrinsic charm. Upper and lower panels correspond to
different scales. Here the BHPS 1% model for intrinsic charm is taken.
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leads to a significant enhancement of the charm PDF in the
region of longitudinal momentum fraction x > 0.1.

C. The charm quark to meson transition

The transition of charm quarks to open charm mesons is
done in the framework of the independent parton fragmen-
tation picture (see, e.g., Refs. [31,32]). In Ref. [18] we
followed the standard prescription, where the inclusive
distributions of open charm meson were obtained through a
convolution of inclusive distributions of charm quarks/
antiquarks and ¢ — D fragmentation functions:

do(pp = DX) _ /1 dz
0

ddeszD - Z_z HD(Z)

do(pp = cX)
dycdzptc Ye=D 7

Pre=pin/z

(2.4)
= p’T:D and z € (0, 1). There the typical approxi-
mation was done that y, is unchanged in the fragmentation
process, i.e., yp = y.. This commonly accepted and fre-
quently used method was originally proposed for light
partons. It can be safely used only when both, mass of the
parton and mass of the hadron can be neglected [32].

In principle, this approximation may not be valid for the
case of heavy and even light parton fragmentation to heavy
object, especially, at lower energies or/and considering
regions of small meson transverse momenta. It is obvious
that working with massive particles this model may break
down when approaching p; ~ mp region. In this regime one
could expect a violation of energy conservation and events
with hadrons that have larger energies than the energy of the
parent parton can frequently appear. In some corners of the
phase space the E, < E, relation may be broken very
strongly. As long as one is considering c¢.m.s. midrapidities
and/or large c.m.s. collision energies this mass effect shall be
rather negligible, especially, when a low transverse momen-
tum cut is applied. However, the situation may dramatically
change when going to lower energies and discussing back-
ward or forward production. This might be exactly the case
of the LHCb fixed-target charm data.

Therefore, here we also follow a different idea and
assume that the D-meson is emitted in the direction of
parent c-quark/antiquark, i.e., 7p = 7. (the same pseudor-
apidities or polar angles). Within this approach still differ-
ent options for z-scaling come into game, including e.g., the
three-momentum (p, = ”7") and the light-cone momentum

(pt = % where p* = E + p) scaling [31].

In numerical calculations we take the Peterson fragmen-
tation function [33] with ¢ = 0.05, often used in the context
of hadronization of heavy flavors. Then, the hadronic cross
section is normalized by the relevant charm fragmentation
fractions for a given type of D meson [34]. In the numerical
calculations below for ¢ — D meson transition we take the
fragmentation probability P._,p, = 61%.

where p; .

III. NUMERICAL RESULTS

Let us start presentation of our numerical results with the
differential cross sections for charm quark production in
pp-scattering at /s = 86.6 GeV. In Fig. 4 we show the
transverse momentum (left panels) and rapidity (right
panels) distributions of charm quark for the standard gg —
cc partonic mechanism (top panels) as well as for the gc —
gc mechanism with intrinsic charm in the initial state
(bottom panels). Considering the standard charm pro-
duction mechanism the results are obtained within the
kr-factorization approach for different models of gluon
uPDFs, namely the JH2013set1 (long-dashed histograms),
the JH2013set2 (solid histograms), and the MRW-CT14lo
(dashed histograms). These results are compared in addition
to the next-to-leading order collinear predictions obtained
according to the FONLL [35] framework (dotted histograms).
Numerical results for the mechanism driven by the intrinsic
charm are obtained within the hybrid approach with off-shell
gluon and with collinear intrinsic charm distribution taken
from the CT14nnloIC PDFs. Here we use the PDF set that
correspond to the BHPS model with 1% probability for
finding intrinsic charm content in a proton. Here, the hybrid
model results are compared with the leading-order collinear
predictions. We observe that the different models of the gluon
uPDF lead to quite different charm quark distributions. The
statement is valid for both considered partonic mechanisms.
Clearly, the unintegrated gluon densities are a source of large
uncertainties of the predictions (see also discussion in
Ref. [6]). Therefore their application in the probed kinematics
needs an experimental verification. In the case of the standard
charm production mechanism it has been already done very
recently in Ref. [18].

A large difference between transverse momentum dis-
tributions obtained with the MRW-CT14lo and the CCFM
uPDFs, at small and intermediate transverse momenta of
charm quark, comes from a quite different treatment of the
small transverse momenta (k,’s) of the incoming gluons
within the two uPDF models. The resulting charm quark p7
spectra are very sensitive to this region of the gluon k,. The
most up-to-date CCFM gluon uPDFs used here are deter-
mined from high-precision DIS measurements and put
therefore a direct constraint on the small transverse
momenta of gluons. In the MRW approach a phenomeno-
logical model has to be applied for the treatment of the
gluon uPDF in the k;, < 2.0 GeV region, what makes the
model less certain. In fact, at small scales (typical for
the reactions considered here) even the collinear parton
distributions are quite uncertain.

In the present paper, we wish to concentrate mostly on
the mechanism associated with the intrinsic charm concept
in proton which was not discussed so far in the context of
the LHCD fixed-target charm data. Before we go to the
main results we wish to visualize qualitatively the kin-
ematics behind the considered production mechanism. In
Fig. 5 we present double differential parton-level cross
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FIG. 4. The transverse momentum (left) and rapidity (right) distributions of charm quark for p p-collisions at /s = 86.6 GeV. Results
for the gg — c¢ (top panels) and the gc — gc (bottom panels) mechanisms are shown. The calculations for the former are done within
the hybrid model as well as within the leading-order collinear approach. The latter results are obtained within the kp-factorization and
the FONLL frameworks. Here the BHPS 1% model of intrinsic charm was used. Details are specified in the figure.

section for charm quark as a function of longitudinal
momentum fractions log;o(x;) and log;o(x,) carried by
the incident partons for cg* — gc (left panel) and g*¢ — gc
(right panel) mechanisms. Here we impose on the pro-
duced charm quark/antiquark cuts relevant for the
LHCb fixed-target mode. We clearly see that one could
probe here the unintegrated gluon distributions at rather
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FIG. 5.

intermediate x-values with maximum of the cross section
around 1072 and simultaneously the collinear charm dis-
tributions at very large x-values, larger than 10~!. This so
far unexplored kinematical domain is of course very
interesting and could help to constrain both, the uninte-
grated gluon and the collinear charm distributions in these
exotic limits.
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OFr—— —T—T —T
[-253<y <0.07,p, <8GeV ' 10
[ LHCb fixed-target
i e 102
1
10
-
x
S -2 1
[®2]
kel
107"
-3+
1072
Y N B B B 3
47 3 2 1 o 10

Iog10(x1)

The two-dimensional distributions as a function of longitudinal momentum fractions log;o(x;) and log;o(x,) probed in the

LHCb fixed-target acceptance. The cross sections for cg* — gc (left panel) and g*c — gc (right panel) mechanisms are shown

separately. Details are specified in the figure.
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FIG. 6. The transverse momentum (left) and rapidity (right) distributions of charm quark for p p-collisions at /s = 86.6 GeV for the
g*c — gc mechanism calculated in the hybrid model assuming the BHPS 1% model for intrinsic charm and taking the JH2013set2
CCFM gluon uPDF. Here results for three different values of py, are shown. Details are specified in the figure.

As was already introduced in the previous section (and
also discussed in Ref. [6]), our model for calculation of the
intrinsic charm contribution to the charm production cross
section depends on a free parameter pry used for a
regularization of the cross section. From Fig. 6 we see
that the predictions for charm quark transverse momentum
(left panel) and rapidity (right panel) distributions are very
sensitive to the choice of this parameter, especially, at small
charm quark transverse momenta, which also affects the
rapidity spectrum. At larger transverse momenta, the
sensitivity disappears. In the numerical studies below the
three different values pro = 1.0, 1.5, and 2.0 GeV were
used and examined against the LHCb data sets.

Now we start presentation of our numerical results for

D° + D° meson production in fixed-target p + “He colli-
sions at /syy = 86.6 GeV, measured for the first time
very recently by the LHCD collaboration [36]. The exper-
imental cross sections are divided by the number of
nucleons and are compared below with the theoretical
results for p p-scattering. Nuclear effects in the case of the
p + “He interactions and for considered kinematical range
are expected to be negligible, which was checked and
explicitly shown in Ref. [36] (see Fig. 4 therein). Figure 7
shows the ratio of nuclear (*He) to nucleon gluon distri-
butions for a typical for our reaction, rather low, factori-
zation scale y> = 5 GeV?. The effect is rather small and
different models give rather contradictory results. Therefore
in the following we shall neglect the nuclear effects
completely. Below we show in addition the theory/data
ratio. We start with the results for the standard cc-pair
production mechanism calculated both, in the framework of
the kp-factorization approach with off-shell initial state
partons and with the CCFM uPDFs, and in the NLO
collinear approach within the FONLL framework.

In Fig. 8 we present differential distributions of D°
meson as a function of c.m.s. rapidity (left panel) and
transverse momentum (right panel) for p + “He collisions

1.4
—— nCTEQ15

1.34 —— nCTEQ15/CT14
—— EPPS16

Q?=5.0 GeV?

1.2

1.1

—_
X
=
% 10
To j
& 0.9
0.8
0.7
0.6 T T T T
103 1072 1071 10°
X

FIG. 7. The ratio of nuclear to nucleon gluon distributions for
three different sets from the literature.

together with the LHCb experimental data points [36]. A
detailed phenomenological study of the data set within the
kr-factorization approach has been already performed by
one of us in Ref. [18]. There different models of unin-
tegrated gluon densities were used and tested against the
LHCb data. It was found that, in principle, the calculations
based on the kp-factorization with the CCFM unintegrated
gluon densities are able to describe the data in a satisfactory
manner. Here we repeat a part of the calculations presented
there and use two different sets of the gluon CCFM uPDFs:
the JH-2013-setl and JH-2013-set2 fits [23], however, the
results obtained here may slightly differ from those
reported in Ref. [18] since the choice of the strong coupling
is not the same. Here and in the following, we keep the
ag(u?) at NNLO in order to be consistent with the ag(u?)
grids present in the CTl14nnlolC PDFs. Predictions
obtained within both gluon uPDF models significantly
differ from each other. The JH-2013-setl results seem to
slightly overestimate the LHCb data points, especially in
the region of small meson transverse momentum which
also affects the rapidity distribution. On the other hand, the
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FIG. 8. The transverse momentum (left) and rapidity (right) distributions of D° meson (plus D° antimeson) for p 4 “He collisions
together with the LHCb data [36]. Here results of the standard calculations of the c¢-pair production are shown without any intrinsic

charm component. Details are specified in the figure.

JH-2013-set2 model leads to a smaller cross section,
providing a good description of the data at small meson
transverse momentum and at midrapidities, but fails at
larger meson p7’s as well as in the backward rapidity
region. Both, the JH-2013-setl and JH-2013-set2 gluon
uPDFs are determined from high-precision DIS measure-
ments, including experimental and theoretical uncertain-
ties. However, the JH-2013-set] is determined from the fit
to inclusive F, data only while the JH-2013-set2 is

determined from the fit to both F g"h“‘m) and F, data.
Drawing a definite conclusions is therefore not easy. For
comparison we show also predictions of the FONLL
framework for two different values of charm quark mass.
Within the default set m, = 1.5 GeV, FONLL prediction
significantly underestimates the LHCb data and leads to the
cross sections smaller than in the case of the kp-factori-
zation approach.

10° T T Q) T =
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Now we wish to discuss the aspect of above calculations
that was not analysed in Ref. [18]. Namely, we wish to pay
more attention to the details of the fragmentation pro-
cedure. In the following we show for the first time the result
of the np = 1, prescription with scaling variable defined as
follows: py = zp, (momentum scaling) or (E + p)y =
Z(E+ p), (light-cone scaling). In Fig. 9 we compare
results obtained within these two prescriptions to those
calculated within the standard procedure with unchanged
rapidity. Clearly, a significant difference between the
standard and the low-energy model appears at small meson
transverse momenta (p; < 2 GeV) which in consequence
leads to a quite different rapidity distribution. It seems that
in the backward rapidity region details of the fragmentation
procedure are of a special importance and could lead to
different conclusions about quality of the theoretical
predictions and understanding of the experimental data.

F T L= T L=
F LHCb: pHe — (D° + D% X Sy = 86.6 GeV 3
I m,=1.5GeV T
_ 0 from CT14nnlo(IC) PDF Peterson FF: ¢ = 0.05
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Q F =
© o -
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1 : . _krfactorization: g'g" > o 5
2F
ERE
gls iF
= 05F
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FIG. 9. The transverse momentum (left) and rapidity (right) distributions of D° meson (plus D0 antimeson) for p + “He collisions
together with the LHCb data [36]. Here results for three different approaches used in the procedure of the fragmentation of charm quark

are shown. Details are specified in the figure.
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FIG. 10. The transverse momentum (left) and rapidity (right) distributions of D° meson (plus D° antimeson) for p 4 *He collisions
together with the LHCb data [36]. Here results of the standard calculations of the c¢-pair production obtained within the k7-factorization
framework for the JH2013setl and JH2013set2 gluon CCFM uPDFs (top panels) as well as within the collinear FONLL framework
(bottom panels) are shown without any intrinsic charm component. Here light-cone momentum scaling with constant quark
pseudorapidity is used in the fragmentation procedure. Details are specified in the figure.

As it is shown in Fig. 10, when applying the low-energy
model for fragmentation with the light-cone momentum
scaling the overall picture presented in Fig. 8 is changed.
Now, the kp-factorization predictions with the JH-2013-set1
gluon uPDFs lie much closer to the LHCb data points giving
their satisfactory description while the calculation with the
JH-2013-set2 uPDF model underestimates measured cross
sections (see top panels). Different fragmentation procedures
lead to different scenarios. The new scenario presented here
might be more accurate than the standard one in the
kinematics probed by the LHCb in its fixed-target mode.
The fact that within this model the LHCb data favor more
results for the JH-2013-setl gluon uPDF than for the JH-
2013-set2 gluon uPDF is a bit unexpacted, since the latter is

determined from the fit to both F’ gcmm) and F, DIS data.

Considering the FONLL results plotted in Fig. 10
(bottom panels) we see that the central predictions visibly
underestimate both data sets when m, = 1.5 GeV is taken.
The situation is slightly better for a smaller charm quark

mass, i.e., m, = 1.3 GeV, however, this choice should be
considered rather as an upper limit and not a central
prediction. Keeping m, = 1.5 GeV, we observe also that
there is a sizeable difference between the FONLL pre-
diction and the k;-factorization result in the very backward
rapidity region. We find the observation to be a direct
consequence of the difference in the gluon densities used in
both frameworks rather than the effect related to the
subleading gqg — cc¢ production channels, part of which
might be missing in the kp-factorization approalch.2 As we
checked numerically at the considered /s = 86.6 GeV
collision energy, for both the LO and the NLO collinear
calculations the gg-fusion mechanism dominates over the
gg-annihilation channels even in the far forward/backward
rapidity direction (see Fig. 11).

’In principle, according to the gg — ¢¢ production mecha-
nism, contributions coming from the light valence quark inter-
actions might be limited in the kp-factorization framework (in
contrast to the sea-quark interactions).
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FIG. 11.

Starting from this point let us now follow a scenario in
which the prediction obtained within the ky-factorization
framework with the JH-2013-set2 gluon uPDEF, including
fragmentation with the light-cone momentum scaling, is the
point of reference suggested by the theory behind the model
ingredients. Potentially, this picture leaves a room for missing
charm production mechanisms at relatively large meson
transverse momentum and in the region of backward meson
rapidity. Here we propose the mechanism driven by intrinsic
charm content of the nucleon as a possible source of a missing
cross section reported within the present scenario. It is
interesting to check whether this idea may improve descrip-
tion of the LHCb data or not. It could also have a crucial
meaning if the data was used to constrain recent theoretical
models of the intrinsic charm content of the nucleon.

Before we start a presentation of the predicted intrinsic
charm contribution to the differential distributions reported
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A direct comparison of the gg-fusion and the gg-annihilation channels of the c¢-pair production at /s = 86.6 GeV for the
LO (left panel) and the NLO (right panel) collinear frameworks.

by the LHCb experiment we shall check what is a
contribution to the charm production cross section
coming from the g¢*c - gc mechanism under the
assumption that there is no nonperturbative intrinsic c¢
content in the nucleon. So we test here the impact on the
charm cross section of the charm quarks in the initial
state produced only perturbatively, during the QCD
evolution. Here we also take the charm quark PDF at
the fixed factorization scale ¢ = 1.3 GeV so we keep the
PDF not much evolved from the initial condition. The
corresponding results of our calculation are shown in
Fig. 12. Clearly, the g¢g"c — gc mechanism with no
intrinsic charm leads to a smaller cross section than
the one predicted by the standard (gluon-gluon fusion or
quark-antiquark annihilation) c¢-pair production mecha-
nisms and cannot improve description of the LHCb open
charm fixed-target data.

LHCb: pHe — (D° + D% X Sy = 86.6 GeV'

m, =1.5 GeV

— 10? =
c
o =
9 =15GeV ]|
8 10 P =1
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FIG. 12. The transverse momentum (left) and rapidity (right) distributions of D° meson (plus D° antimeson) for p 4* He collisions
together with the LHCb data [36]. Here results of the standard calculations of the c¢-pair production obtained with the kr-factorization
framework and JH2013set2 gluon uPDF (solid histograms) as well as results of the g*c — gc mechanism obtained with the hybrid
approach and g*c — gc with no intrinsic charm scenario (dashed histograms) are shown separately. The ¢ or ¢ PDF is taken here at the

initial scale py = 1.3 GeV. Other details are specified in the figure.
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FIG. 13. The transverse momentum (left) and rapidity (right) distributions of D° meson (plus DO antimeson) for p +* He collisions
together with the LHCb data [36]. Here we compare results of two different subleading reactions driven by the interactions of quarks,
namely the ¢gg* — c¢ (dash-dotted histograms) and the cq* — gc (dashed and dotted histograms) mechanism. The results are obtained

with the hybrid approach. Other details are specified in the figure.

In the next step we examined also contributions coming
from interactions of quarks only. As was shown e.g., in
Ref. [13], the mechanisms driven by ¢g and cgq interactions
are competitive with respect to the gluon-gluon fusion in
the case of associated production of Z-boson and heavy
flavored jets at high energies. These contributions were
found there to be important in the context of intrinsic charm
studies. Here we present a similar analysis and include into
numerical calculations the ¢g* — c¢¢ (dash-dotted histo-
grams) and the cq* — gc (dashed and dotted histograms)
mechanisms. The latter is calculated in two different ways:
when only nonperturbative intrinsic charm quark PDF at
the initial scale is taken into account (dotted histograms) as
well as when only the perturbative charm quarks generated

10°
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kel

in the DGLAP evolution are used (dashed histograms).
Here the PB-NLO-setl [37] unintegrated quark distribu-
tions are used for the small-x region. As can be concluded
from Fig. 13, at the energy and kinematics considered here,
all three contributions are found to be subleading with
respect to mechanisms with gluons in the initial state and
can be safely neglected in the present study. Even in the
very backward rapidity bin the quark initiated contributions
are order of magnitude smaller than the leading mecha-
nisms with gluons in the initial state.

Let us now show how the situation changes when the
intrinsic charm content of the nucleon is taken into account.
We start with predictions obtained within the SEA-like
model for the intrinsic charm. In Fig. 14 we again show the
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FIG. 14. The transverse momentum (left) and rapidity (right) distributions of D meson (plus D° antimeson) for p + “He collisions
together with the LHCb data [36]. Here results of the standard calculations of the c¢-pair production obtained with the kr-factorization
framework and JH2013set2 gluon uPDF are shown without any intrinsic charm component (solid histograms) as well as with different
intrinsic charm contributions added (dotted, dashed and long-dashed histograms). Here the IC results correspond to the BHPS model.

Other details are specified in the figure.
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FIG. 15. The transverse momentum (left) and rapidity (right) distributions of D° meson (plus D° antimeson) for p + “He collisions
together with the LHCD data [36]. Here results of the standard calculations of the c¢-pair production obtained with the k7 -factorization
framework and JH2013set2 gluon uPDF are shown without any intrinsic charm component (solid histograms) as well as with different
intrinsic charm contributions added (dotted, dashed, and long-dashed histograms). Here the IC results correspond to the BHPS model.

Other details are specified in the figure.

transverse momentum (left panel) and rapidity (right panel)
distributions of D° meson. Here results of the standard
calculations of the cc-pair production are shown without
any intrinsic charm component (solid histograms) as well
as with different intrinsic charm contributions added. The
dotted and dashed histograms correspond to the SEA-like
model with the P = 0.6% and P = 1.6%, respectively. We
see that the SEA-like models contribute more at small
meson transverse momentum rather than at larger py-valus.
The prediction of the SEA-like P = 1.6% overshoots the
LHCb data significantly at small meson transverse momen-
tum. It also overestimates the rapidity spectrum in the
whole considered range. The SEA-like P = 0.6% result
lies closer to the data points, giving a reasonable descrip-
tion but still seems to overestimate the low-p region and
do not improve description of the data at the large-p; part
of the distribution.
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As a next step we took into consideration the BHPS
model of the intrinsic charm. In Fig. 15 again results of the
standard calculations of the cc¢-pair production are shown
without any intrinsic charm component (solid histograms)
as well as with different intrinsic charm contributions
added. The dotted, dashed and dash-dotted histograms
correspond to the BHPS model with the P = 0.6%,
P =1.0%, and P =2.1%, respectively. In contrast to
the SEA-like case, the predictions of the BHPS model
contribute significantly to the considered cross section
especially at larger meson transverse momentum and in
the region of the backward rapidity. Here the intrinsic
charm contribution does not really affect the standard
results at midrapidity and small meson transverse momen-
tum which is more supported by the LHCb experimental
data. A presence of the intrinsic charm component
improves description of the data within the considered
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F . 0 0 _ =
F LHCb: pHe — (D" + D) X \/SNN =86.6 GeV A
" m,=1.5GeV ]
— [~ JH2013set2 CCFM uPDF IC: cg* — cg (hybrid model) ]|
S 102 |LCT14nnlo(IC) PDF _
(9} = =
° E -
=1 - .
E - .
9 @ ——— ¥ 1
N T p,, =20 GeV
-, 10 . =
o = ¢t only (solid) =
8 o T + IC BHPS 0.6% (dotted) ]
L cC + IC BHPS 1.0% (dashed) i
k.-factorization: g*g] — c¢ cC + IC BHPS 2.1% (long-dashed)
1k T I I I =
N 3
ole E
2 8 e
= g PTRTTTETTT I
ok
-2.5 -2 -15 -1 -0.5 0

FIG. 16. The same as in Fig. 15 but here the p;y = 2.0 GeV was used in the numerical calculations of the intrinsic charm component.
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FIG. 17. The transverse momentum (left) and rapidity (right) distributions of D meson (plus D° antimeson) for p + “He collisions
together with the LHCb data [36]. Here we show the sum of the result of the standard calculations of the cc¢-pair production obtained
with the kz-factorization and JH2013set2 gluon uPDF and the intrinsic charm component for the BHPS model with 1% probability. Here
we show results for three different values of the regularization parameter py,. Other details are specified in the figure.

scenario. We see that the P = 0.6% scenario is favored by
the LHCb fixed-target data. However, as can be seen from
Fig. 16, this conclusion depends on the model parameter
Pro used in the calculation. For the larger value of the
regularization parameter, i.e., pyg = 2.0 GeV, the P;c =
1.0% scenario seems to be more appropriate. This sensi-
tivity almost disappears for large meson transverse
momentum. The predicted intrinsic charm contribution
for the last bin in p; does not really depend on the choice
of the pro what is explicitly shown in Fig. 17. Therefore
the last point of the measured p; spectrum can be used to
constrain the Py probability. On the other hand, having
the Pic fixed by the data for transverse momentum
distribution, the corresponding spectrum in rapidity (espe-
cially the very last backward point) could be used to
constrain the regularization parameter pyy, which is the
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FIG. 18.

only free parameter in our model. The rapidity distribution
measured by the LHCb experiment strongly supports
larger values of the regularization parameter, namely
Pro = 2.0 GeV.

As one can see from above, each of the three different
values of the intrinsic charm probability visibly modify the
pr-slope of the differential distribution as well as the
backward rapidity region. A presence of the IC components
improves quality of the experimental data description.
Within the presented theoretical model it is possible to
roughly set the upper limit for the intrinsic charm prob-
ability to be ~1% which is consistent with the central
prediction of the CT14nnloIC PDF global fit.

We wish to discuss now uncertainties related to our
calculations. Below we discuss the scale, mass (Fig. 18)
and the fragmentation function (Fig. 19) uncertainties as
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m,=1.5GeV
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*

The charm quark mass and the scale uncertainties of our predictions for the standard calculations of the cc-pair production

obtained with the k,-factorization and JH2013set2 gluon uPDF (hatched bands) and the intrinsic charm component for the BHPS model
with 1% probability (shaded bands). Other details are specified in the figure.
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FIG. 19. The fragmentation function uncertainties of our predictions for the standard calculations of the c¢-pair production obtained
with the kp-factorization and JH2013set2 gluon uPDF. Other details are specified in the figure.

well as the y? analysis (Fig. 20) used in order to set limits
on the IC probability.

In Fig. 18 we show uncertainties related to quark mass
and the choice of the scale. The uncertainties are not small,
however the shapes of distributions, particularly that for
do/dy, are quite different than the experimental ones and
the IC contribution visibly improves description of the
rapidity distribution.

In Fig. 19 we show the uncertainties due to the choice of
the fragmentation functions. Such uncertainties are much
smaller than those due to scale or charm quark mass and
can be safely neglected.

In Fig. 20 we show y? as a function of the intrinsic charm
probability Pjc. Here we follow the method presented in
Refs. [8,9] and define y* as

n 2

2 _ [)’i _f(PIC>i]
P(Pre) =) = (3.1)

P Ao

2 DATA: LHCb pHe — (D°+ D) X 5,y = 86.6 GeV
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FIG. 20. y? as a function of the intrinsic charm probability.

where y; is the measurement, f(Pc); is the theoretical
result for a given Pyc and Ao, is the sum in quadrature of
the uncertainties coming from the measurement and the
uncertainties coming from the theoretical calculations. We
observe a minimum at Pjc ~ 1.65% but the uncertainty is
really large. A large range of the IC probability is still
allowed. In parallel we made a study of extracting the IC
component from the IceCube neutrino data. There only
upper limit Pjc < 2.0% could be extracted [16]. This seems
consistent with the present result. Similar result was
obtained in Ref. [8].

IV. CONCLUSIONS

In the present paper we have discussed in detail how the
relatively recent data on D°/D° production in p + “He
fixed-target LHCb experiment put constraints on intrinsic
charm component in the nucleon. We have considered two
models of c¢¢ symmetric intrinsic charm: the well known
BHPS model as well as a SEA-like model. In our approach
the knocked out c-quark or ¢-antiquark fragment producing
D° or D° mesons. This part of the reaction is described by a
phenomenological Peterson fragmentation function cor-
rectly using kinematics.

As a “background” contribution we have used the
traditional gluon-gluon and quark-antiquark annihilation
mechanism. The respective contributions were calculated
within the kp-factorization approach. The gluon-gluon
fusion was calculated using so-called CCFM unintegrated
gluon distribution adjusted to experimental F, structure
function. The quark-antiquark annihilation contributions
turned out negligible compared to the sum of gluon-gluon
and IC contributions.

Within the scenario presented here the traditional com-
ponents seem insufficient to describe the LHCb data,
especially when discussing the very backward rapidity
region and large meson transverse momenta. Here we
follow a different treatment of the fragmentation process

014001-14



IMPACT OF THE LHCb p + “He FIXED-TARGET ...

PHYS. REV. D 105, 014001 (2022)

with respect to the predictions presented by one of us in
Ref. [18]. A corresponding consequences related to the
modeling of hadronization effects at lower energies are
carefully discussed.

We have studied uncertainties of our calculation related
to scale and charm quark mass as well as ¢ — D fragmen-
tation functions. The first two are large. However, the shape
of rapidity distribution of the traditional calculation is
rather different than the experimental one. The uncertainty
due to fragmentation functions seems rather small. The
BHPS IC improves the description of the data. We have
also tried to set limits on the probability of the IC
component. We have observed a minimum of y? at
Pic % 1.65%. There is, however, a big uncertainty and
the probability 0.2-3.15% within 1o confidence level. For
comparison the upper limit obtained from the analysis of

the neutrino IceCube data [16] is Pyc < 2.0%, which is
consistent with the present analysis. Similarly, in
Refs. [8,9] the authors found Pic <1.93% using the
ATLAS data on the associated production of prompt
photons and charm-quark jets.
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