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Energy dependence of intrinsic charm production: Determining the best energy for observation
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Background: A nonperturbative charm production contribution, known as intrinsic charm, was predicted in the
early 1980s. Recent results have provided new evidence for its existence but further confirmation is needed.
Purpose: J/y and D meson production are calculated with a combination of perturbative QCD and intrinsic
charm to determine the best energy range to study intrinsic charm production.

Methods: J/ and D meson production are calculated in perturbative QCD to next-to-leading order in the cross
section. Cold nuclear matter effects, including nuclear modification of the parton densities and py broadening
by multiple scattering, are taken into account in the production of both; absorption by nucleons is also included
for the J/. Contributions from intrinsic charm are calculated assuming production from a |uudcc) Fock state.
Results: The J/y and D meson rapidity and py distributions are calculated as a function of rapidity and
transverse momentum pr over a wide range of center-of-mass energies with and without intrinsic charm in
p + p collisions. The nuclear modification factor, R4, is also calculated for p + Pb interactions at appropriate
energies. Previous fixed-target data as a function of Feynman x, xr, are also compared to calculations within the
approach. Good agreement with the data is found when intrinsic charm is included.

Conclusions: The intrinsic charm signal may be largest at midrapidity for future low energy fixed target

experiments such as the proposed NA60+-.

DOLI: 10.1103/PhysRevC.106.025201

I. INTRODUCTION

Heavy quark production, both of charmonium, J/v, and
charm mesons such as D and D, has been studied in a
variety of environments, from more elementary collisions
such as p+ p and p + p, to protons on nuclei, p + A, and
nucleus-nucleus collisions, A + A. Many earlier studies of
J/¢¥ production in p+ A collisions were made in fixed-
target configurations [1-11]. More recently production has
predominantly been studied at hadron and nuclear colliders,
in particular at the Relativistic Heavy-Ion Collider (RHIC) at
Brookhaven [12,13] and the Large Hadron Collider (LHC)
at CERN [14-17]. Charm hadron production has also been
studied, both at fixed-target energies [18-20], where lead-
ing charm and charm hadron asymmetries in particular were
studied, and collider energies [21-24]. Several new fixed-
target experiments that would include studies of heavy flavor
production have been proposed [25,26] or have taken data
[27]. Some of these experiments would utilize the LHC for
fixed-target studies [26,27]. The NA60+ Collaboration [25]
has proposed making use of some of the lowest beam energies
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applied to J/v and open charm production: pj,p = 40, 80, and
120 GeV. The SMOG gas-jet target in the LHCb detector al-
lows for fixed-target heavy flavor studies with /s = 69, 87.7
and 110.4 GeV, above the center-of-mass energies in previous
fixed-target experiments [1-11] but below the top energy of
RHIC, /s = 200 GeV.

Several of the previous experiments as well as the new
proposed fixed-target studies have made or plan to make
analyses of their data to look for evidence of intrinsic charm
production [28-30]. This intrinsic charm should manifest it-
self at forward Feynman x, xp, because the heavy quarks
carry a larger fraction of the projectile momentum than do
the light partons in these states. In the past there have been
some tantalizing hints [1,31,32] of intrinsic charm without
any concrete evidence. However, recently LHCb observed an
excess of Z + c-jets over Z-+jets alone at forward rapidity
[33]. These data agree with a 1% intrinsic charm contribution
in the proton. On the other hand, an LHCb analysis with the
SMOG apparatus claimed to see no evidence of J/v or D°
production by intrinsic charm [27].

Given these seemingly contradictory results, as well as the
large energy range of past, present, and future heavy flavor
studies, it is worth making an assessment of which energies
and kinematic ranges would maximize the intrinsic charm
signal. Therefore, proton-proton interactions over the fixed
target range from NA60+ and above, pj,, = 40, 80, 120, 158,
450, and 800 GeV, are studied here, along with the SMOG
fixed-target energies, /s = 69, 87.7, and 110.4 GeV. Col-
lider energies at RHIC and the LHC are also included with
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/s = 200, 500, 5000, 7000, and 13000 GeV. The fixed-target
energies are studied in the central rapidity region, 0 <y < 1.
At collider energies, the focus is shifted to forward coverage
for RHIC and the LHC, 1.1 <y <2.2 and 2.5 <y < 5, re-
spectively. The influence of intrinsic charm on proton-nucleus
collisions is assessed with a lead target assumed at all energies
for consistency.

These calculations follow those for the J/v recently made
for the SeaQuest Collaboration in Ref. [34]. In that paper, the
J/ ¥ cross section was given as the sum of the perturbative
QCD contribution, calculated in the color evaporation model
(CEM) with cold nuclear matter effects (modifications of the
parton densities in nuclei, intrinsic k7 broadening, and absorp-
tion by nucleons) included and intrinsic charm. The intrinsic
charm dependence on the nuclear mass was assumed to be
surfacelike, similar to an A%/ dependence [30]. The actual
nuclear dependence employed for intrinsic charm was A%7!
as extracted by the NA3 Collaboration [1] for “diffractive”
J/y¥ production at forward xy with a proton projectile. The
J/ calculations presented here follow this analysis [34]. The
D meson calculations in this work are also a combination of
perturbative QCD production, this time of open charm, with
cold nuclear matter effects (nuclear modification of the parton
densities and intrinsic kr broadening), and production by in-
trinsic charm. Rather than calculate the cold nuclear matter
effects using a A* dependence to average over all nuclear
target effects, as was done in the past for charm production
from multiple nuclear targets, the nuclear suppression factor
R4, the ratio of the per-nucleon cross section in p + A rel-
ative to p + p collisions, is shown here for both J/v and D
production.

The calculation of J/v and D meson production in pertur-
bative QCD is presented in Sec. II. The cold nuclear matter
effects included in the calculation are introduced in Sec. III.
The rapidity and py distributions arising from intrinsic charm
production are presented in Sec. IV. Section V presents first
the p + p distributions over the full energy range as a function
of y and pr, followed by results for modifications of J/y
and D production in nuclei. The cold nuclear matter results
are presented for a selected subset of the energies consid-
ered: pip = 40, 158, and 800 GeV and /s = 87.7, 200, and
5000 TeV. The J/y results are also compared to previous
fixed-target data on the exponent « as a function of xr. The
conclusions are presented in Sec. VI.

II. OPEN CHARM AND J/¥ PRODUCTION IN
PERTURBATIVE QCD

This section describes open heavy flavor (D meson) and
J/y production in p + p collisions in perturbative QCD.

A. Open charm production

There are currently two approaches to single inclusive open
heavy flavor production at colliders: collinear factorization
[35-37] and kr factorization [38]. The latter approach is lim-
ited to high energies and thus low parton momentum fractions
x. The LHC data have been compared to calculations in both
approaches. Those assuming collinear factorization compare

well with the LHC data. The ALICE data [23], at /s =7
TeV at central rapidity for 0 < py < 2 GeV, support collinear
factorization. Similarly, the forward rapidity data of LHCb at
7 TeV [39] and 13 TeV [40] also agree well with the collinear
factorization assumption. The ky factorization approach is
incompatible with most of the energies discussed in this work
because the fixed-target regime is not at sufficiently low x
for it to be applicable. This paper will thus employ collinear
factorization in all the calculations.

Because single inclusive calculations cannot address QQ
pair observables, an exclusive QQ pair production code is
used for both J/4 and D production to ensure consistency.
The HVQMNR code [41] is employed in these calculations. It
includes an option to smear the parton momentum through the
introduction of intrinsic transverse momenta, k7, as described
later in this section. The open heavy flavor production cross
section calculation is described first, followed by that for J/¢
production.

The perturbative open heavy flavor (OHF) cross sec-
tion can be schematically represented as

oour(pp) = E / 2d§/dx1 dxy FF (x1, g, kr,)
- Jdm
ij

X FJ (v, e, ki) 63 (3, n, k), (D)

where ij = gg, qq, or q(q)g and 6;;(3, 7, u3) is the partonic
cross section for initial state i j evaluated at factorization scale
wr and renormalization scale wg. [Note that the g(g)g process
only appears at next-to-leading order (NLO) in «.]

The charm quark mass m, factorization scale pp, and
renormalization scale ug, were fixed by fitting the total cc
cross section at NLO in Ref. [42]: (m, up/mr, ug/mr) =
(1.27£0.09 GeV, 2.17333, 1.6%01)). The scale factors are
defined relative to the transverse mass of the cc, both for a
single charm meson from a produced cc pair and for the J/:
WER X My =~/ m? + pZTQ—’ where P1yy is the pair transverse
momentum, pZTQa =0.5(p, + pZTa) [41].

The default fragmentation function in HVQMNR, applied to
open heavy flavor production only, is the Peterson function
[43],

_ z(1 — z)2
T = 2)? 4 zep)?’

where z represents the fraction of the parent heavy flavor
quark momentum carried by the resulting heavy flavor hadron.
Because the default parameter €p in HVQMNR results in charm
pr distributions that are too soft compared to data, even with
intrinsic transverse momentum of the partons considered [44],
the value of €p was modified in Ref. [45] to match the FONLL D
meson pr distributions. The same procedure is followed here
and the same value of €p is employed in this work: ep = 0.008
[45].

The parton densities include intrinsic k7, required to keep
the pair cross section finite as py,; — 0. They are assumed to
factorize into the normal parton densities in collinear factor-
ization and a kr-dependent function,

FP(x, uf, kr) = f7(x, uz)Gplkr). 3)

D(z) @)

025201-2



ENERGY DEPENDENCE OF INTRINSIC CHARM ...

PHYSICAL REVIEW C 106, 025201 (2022)

The CT10 proton parton densities [46] are employed in the
calculations of f7(x, u2).

Results on open heavy flavors at fixed-target energies in-
dicated that some level of transverse momentum broadening
was needed to obtain agreement with the fixed-target data
once fragmentation was included [47]. Broadening has typ-
ically been modeled by intrinsic transverse momentum, k7,
added to the parton densities and playing the role of low
transverse momentum QCD resummation [48].

In the HVQMNR code, an intrinsic k7 is added in the final
state, rather than the initial state, as in the case of Drell-Yan
production [48]. In the initial-state, intrinsic kr multiplies
the parton distribution functions (PDFs) for both hadrons,
assuming the x and k7 dependencies factorize, as in Eq. (3).
If the k7 kick is not too large, it does not matter whether the
kr is added in the initial or final state. The effect is applied in
the final state, i.e. applied to the pair after rather than before
production, with the factors G,(kr) in Eq. (3) described by a
Gaussian distribution [47],

Gplkr) = —5exp =kt /{k7),)- @)
(k7 >p !

In Ref. [47], (k2), = 1 GeV? was chosen to describe fixed-
target charm production.

The broadening is applied by boosting the transverse mo-
mentum of the cc pair (plus light parton at NLO) to its
rest frame from the longitudinal center-of-mass frame. The
transverse momenta of the incident partons, I_éTl and iéTz’ are
redistributed isotropically with unit modulus, according to
Eq. (4), preserving momentum conservation. Once boosted
back to the initial frame, transverse momentum of the cc pair
changes from ﬁTQ@ to 137@ + k1 + k72 [44].

At leading order, there is no difference between a k7 kick
applied to the initial or final state. However, at NLO, if
there is a light parton in the final state, the correspondence
can be inexact. The difference between the two implemen-
tations is small if (k%) < 2 —3 GeV? [47], as is the case
here. While the rapidity distributions are independent of the
intrinsic k7, in addition to changes to the pr distribution
itself, the xr distribution will be somewhat modified because
xp = (2mr /. /snn)sinhy and my = Vp2T + m?.

The effect of the k7 kick alone hardens the single charm
meson pr distribution, particularly at low center-of-mass en-
ergies. This effect will decrease as /s increases because the
average pr of the cc pair also increases with energy. The value
of (k7) » is also assumed to increase with /s so that effect can
still be important for low pr heavy flavor production at higher
energies. The energy dependence of (k%) in Ref. [42] is

o 1. (/5(GeV) ,

with n = 12 for J/y production [42]. The energy dependence
of (k% ) P is shown in Fig. 1. Given that (ki) p 1s defined to be
1 GeV~ at /s = 20 GeV, (k%) » < 1 GeV~ for the lowest en-
ergies considered: pj,, = 40, 80, 120, and 158 GeV. The large
value of n in Eq. (5) results in a slow growth of the broadening
with energy with (k%) p» ~ 1.55 GeV? at /s = 13 TeV, well
below the limit of applicability proposed in Ref. [47].
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FIG. 1. The value of (k%) » as a function of the center-of-mass
energy, 4/s, in p+ p collisions obtained employing Eq. (5). The
points show the energies at which (k2),, is calculated.

B. J/¥ production

The J /v production mechanism remains an unsettled ques-
tion, with a number of approaches having been introduced
[49-51]. In the calculations presented here, the color evapo-
ration model [49] is employed. This model, together with the
improved color evaporation model (ICEM) [51], can describe
the rapidity (y), Feynman x (xg), and transverse momentum
(pr) distributions of J/y production, including at low pr
where other approaches have some difficulties and may re-
quire a pr cut [52].

The CEM assumes that some fraction, F¢, of the cc pairs
produced in perturbative QCD with a pair mass below that of
the DD pair mass threshold will go on mass shell as a J/,

ocem(pp) = Fc E /
— Ja,
i,j

X Ff (2, e kas) 635(8, 17, 14z)- (6)

The same mass and scale parameters are employed as in
Eq. (1). However, now the upper limit of 4m? is applied
and the normalization factor F¢ is obtained by fitting the
energy dependence of the J/y forward cross section [42]. At
LO in the CEM, the J/¥ pr, equal to py; in the previous
subsection, is zero, requiring kr broadening to be applied to
keep the pr distribution finite as py — 0. The intrinsic k7
broadening in J/v production is handled the same way as
for open heavy flavor production, outlined above. However, in
this case, no fragmentation is applied to the individual charm
quarks; hadronization is implied by the factor F¢. (Note that,
for simplicity, in the rest of this paper, when open charm
meson distributions are presented, pr refers to the single
charm hadron transverse momentum distribution while, when
J/yr distributions are discussed, pr refers to the transverse
momentum distribution of the J/.)

The improved color evaporation model was developed [51]
and extended to studies of quarkonium polarization [53-57]

2
4my

dfv/dxl dXQ F;»p(xl, /,L%;, le)

m2
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in hadroproduction. The change in the mass integration range
and in the definition of the py of the quarkonium state in-
creases F¢ for J/¢ in the ICEM by ~40% [51] due to the
narrower mass integration range. The J/i¢ pr distributions
are compatible with each other in the two approaches; see
Ref. [55] for a comparison.

Other calculations have illustrated the mass and scale de-
pendence of heavy flavor production [34,42]. Because of the
wide energy range covered in this work, only the central
values are shown here. Even though the mass uncertainty
chosen is rather small, m. = 1.27 & 0.09 GeV or 7.1%, the
cross section uncertainty due to the mass variation within that
uncertainty is generally significantly larger than the uncer-
tainty due to the scale dependence. The dominance of the mass
variation in the overall uncertainty is because the scales were
fit to the total charm cross section data, resulting in a narrower
scale range than calculations where the scales are varied by a
factor of 2 around a central value of my [58].

At high center-of-mass energies, J/¢ and D meson pro-
duction is dominated by the gg initial state. However, at the
low energy end of the fixed-target energy range, namely that
covered by NA60+, the gg and (¢ + g)g channels are a non-
negligible fraction of the production cross section.

III. COLD NUCLEAR MATTER EFFECTS

This section discusses how cold nuclear matter effects—
nuclear modifications of the parton densities, i.e., nPDF ef-
fects, Sec. III A; enhanced transverse momentum broadening,
Sec. III B; and J/y absorption by nucleons, Sec. III C—are
implemented in this work. The effects of nPDF modifications
and enhanced k; broadening are common to both J/v and D
meson production while absorption is assumed to impact only
J/ ¥ production. To simplify comparisons at different energies
in most of results presented, only calculations for a lead target
will be shown. Other targets are considered when comparing
to previous data as a function of longitudinal momentum
fraction xz later in this work.

A. Nuclear effects on the parton densities

The parton distribution functions in nuclei are modified
from those of a free proton. A number of global analyses have
been made by several groups to describe the modification as
a function of x and factorization scale g, assuming collinear
factorization and starting from a minimum scale, wro. These
analyses have evolved over time, similarly to global analyses
of the proton parton distribution functions, as more data be-
come available.

Nuclear PDF effects are generally implemented by a
parametrization of the modification as a function of x, up,
and A so that the kr-independent proton parton distribution
functions in Eqgs. (1) and (6) are replaced by the nuclear parton
distribution functions

[ (2, ug) = Rix, uf, A) f] (%2, 7)), @)
where R; is the modification of the density of parton j in the
nucleus relative to the density in the proton. The EPPS16 [59]

nPDF parametrization at next-to-leading order in the strong
coupling constant ¢ is employed in the calculations shown in

this work. Because a large energy range is covered here, only
results with the central EPPS16 set will be shown.

The EPPS16 set, like other parametrizations by Eskola
and collaborators before it, has a characteristic assumed x
dependence. At high momentum fractions, x > 0.3, there is
a depletion in the nucleus relative to a nucleon, known as
the EMC effect. At smaller values of x, x < 0.03, there is
also a depletion, known as shadowing. In the intermediate
range of x, bridging the two regions where R < 1, there is an
enhancement referred to as antishadowing.

The EPPS16 ratio for gluons in a Pb nucleus is shown at
the J/¢ mass scale, urp = 3 GeV, in Fig. 2(a). This value of
the factorization scale is close to that of the minimum scale
employed in the EPPS16 fits, ur = 1.3 GeV, making the un-
certainty band quite large. The central set is shown, along with
the uncertainty bands. Thus one can expect antishadowing
near xp ~ 0 and shadowing at high x in the E866 range.

To provide some scale for which values of x, are probed
over the energy range discussed in this work, x, is shown as
a function of center-of-mass rapidity in Fig. 2(b). The range
is covers the equivalent of —1 < xp < 1 at all energies except
the highest value since only the range |y| < 5 is shown. Above
x; & (0.2, the EMC region and Fermi motion range (x; — 1)
are probed. The antishadowing region lies between the hor-
izontal dotted lines. At smaller x,, the shadowing region is
probed. The fixed target energies, /syy = 8.77, 17.4, and
38.8 GeV, cover the antishadowing region at midrapidity and
only enter the shadowing region for forward rapidity at 38.8
GeV. The SMOG and RHIC energies, /syy = 87.7 and 200
GeV respectively, can cover most of x, range although the
PHENIX muon spectrometer covers only 1.1 < |y| < 2.2, or
a minimum x, of ~0.001. The higher LHC energy, 5 TeV,
covers the antishadowing region at negative rapidities mea-
surable by ALICE and LHCb and well into the low x, region
for forward rapidity.

B. ky broadening

The effect and magnitude of intrinsic k7 broadening on the
heavy quark pr distribution in p + p collisions was discussed
in Sec. II. Here further broadening due to the presence of a
nuclear target is considered. One might expect that a higher
intrinsic k7 is required in a nuclear medium relative to that
in p + p due to multiple scattering in the nucleus, known as
the Cronin effect [60]. The effect is implemented by replacing
Gp(kr)in Eq. (4) by Ga(kr), where (k7) , is replaced by (kr)4.

The total broadening in a nucleus relative to a nucleon can
be expressed as

(k7), = (k7), + k7. ®)

The same expression for 8k% used in Ref. [61], based on
Ref. [62], is employed here,

8k = ((v) — DA* (). ©)

The strength of the broadening, A%(u), depends on the inter-
action scale [62],

In?(1/GeV)

— "~ GeV?, (10)
1 4+ In(/GeV)

A%*(n) = 0.225
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FIG. 2. (a) The EPPS16 ratio for a lead nucleus, with uncertainties, is shown at the scale of the J/y mass for gluons as a function of
momentum fraction x. The central set is denoted by the solid curves while the dashed curves give the upper and lower limits of the uncertainty
bands. (b) The x, range as a function of rapidity for six values of ,/syy covering the range of energies studied with nuclear targets: 8.77 (solid
red), 17.4 (dashed blue), 38.8 (dot-dashed black), 87.7 (dashed red), 200 (dot-dashed blue), and 5000 (solid black) GeV. The upper and lower
dotted lines at x, = 0.012 and 0.2 represent the lower and upper limits of the antishadowing region for ur = 3 GeV.

where © = 2m, [61]. The scale dependence suggests that one
might expect a larger kr kick in the nucleus for bottom quarks
than charm quarks.

The size of the effect depends on the number of scatterings
the incident parton could undergo while passing through a
nucleus. This is given by (v) — 1, the number of nucleon-
nucleon collisions, less the first collision. The number of
scatterings strongly depends on the impact parameter of the
proton with respect to the nucleus. However, in minimum-bias
collisions, the impact parameter is averaged over all possible
paths. The average number of scatterings is
o [d*pTE(b) 3 .
(v) = U;;,W = EP()RAU,,H, (1)
where Ty(b) is the nuclear profile function, T (b) =
ffooo dz pa(b, z), and p, is the nuclear density distribution.
An average nuclear density, py = 0.16/fm>, is assumed for
a spherical nucleus of radius R4 = 1.2A13 fm; and api'; is the
inelastic p 4 p cross section, ~32 mb at fixed-target energies.

With the given values of py and o in Eq. (11) and A*(u =
2m,) = 0.101 GeV? from Eq. (10),

8k2 ~ (0.92A4'% — 1) x 0.101 GeV?. (12)

The calculations shown here are for A = 208 to maximize
the resulting effect with (Sk% = 0.45 GeV2. At low /Snn, the
effect of this enhanced k; broadening in p + A collisions is
more significant than at higher ,/syy. The effect on the pr
distributions will be seen to be quite large, especially at low,
fixed-target energies. The enhanced broadening has no effect
on the rapidity distributions.

C. Nuclear absorption of J/¥ in pA interactions

In p + A collisions, the proto-J/y produced in the initial
partonic interactions may interact with other nucleons along

its path and be dissociated or absorbed before it can escape
the target. The effect of nuclear absorption alone may be
expressed as [63]

o0
o = oS = o) / d*b f dz pa(b, 2)S™(b)
—00
(13)
7 9]
ZUpI@W/dzb/ dz pa(b, z)
—0o0
X exp {—/ dz' pa(b, 2)ows (2’ —z)}, (14)
Z

where b is the impact parameter, z is the cc production
point, S2(b) is the nuclear absorption survival probability,
and o,p5(z° — z) is the nucleon absorption cross section. Even
though the absorption cross section is assumed to be constant
at a given energy in this work, it is written as a function of
the path length through the nucleus in Eq. (14) because other
functional forms have previously been assumed,; see, e.g.,
Ref. [64]. Expanding the exponent in Eq. (14), integrating,
and reexponentiating the results assuming A is large leads to

oy = o) A (15)

with S5 = A% and @ = 1 — 9oyps /(167 72) [63]. The value of
oaps can depend on the kinematics and the color state of the
J/yr; see Refs. [64—67] and references therein.

Note that this A dependence arises naturally through the
survival probability in Eqgs. (14) and (15). Previous data,
however, have been analyzed assuming A% covers all nu-
clear effects. Thus the absorption cross section extracted in
previous analyses (see, e.g., [1,7]) is only an effective cross
section. Thus, if only absorption is assumed, oy, could be
underestimated at low ,/syy because antishadowing effects
are neglected. If antishadowing is taken into account a larger
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FIG. 3. The value of o, as a function of the center-of-mass
energy, ./syn. The points show the energies used in this paper. The
line is meant to guide the eye.

effective o,y 1S needed to match the measured suppression in
p + A relative to p + p collisions [66].

In Ref. [66], the effective o,,s was extracted for each
measured xp or y for several nPDF parametrizations. Even
though o,,s depended weakly on the nPDF parametrization,
some trends were evident. After accounting for nPDF effects,
absorption was generally largest at midrapidity and decreased
at forward rapidity. The Fermilab E866 experiment [7], at
/svnv = 38.8 GeV, and the NA3 experiment [1] at CERN,
with /syy = 19.4 GeV, showed a strong increase in effective
absorption for xp > 0.3 [66]. Although high xz corresponds
to low x; in the nucleus, in the shadowing region, results at
different energies did not scale with x,, as expected, suggest-
ing that shadowing was not the dominant nuclear effect. Other
effects, such as cold matter energy loss were suggested to
explain the observed behavior [7].

The effective absorption cross section used in this work
is shown in Fig. 3. The dependence approximately follows
the results in Ref. [66] and shows a general near-linear
decrease of oyps over the energy range shown. The cross sec-
tion is not shown at energies higher than ,/syy = 200 GeV
because nucleon absorption is assumed to be negligible at
the LHC.

Absorption by comoving particles has been included in
some calculations of cold nuclear matter effects [68]. This
type of suppression is not included separately here because
it has been shown to have the same nuclear dependence in
minimum bias collisions [69].

IV. INTRINSIC CHARM

The proton wave function in QCD can be represented as a
superposition of Fock state fluctuations, e.g., |uudg), |uudqq),
luudQQ), ... of the |uud) state. When the proton projectile
scatters in a target, the coherence of the Fock components is
broken and the fluctuations can hadronize [28,29,70]. These
intrinsic QQ Fock states are dominated by configurations

with equal rapidity constituents, resulting in the heavy quarks
carrying a large fraction of the proton momentum [28,29].
(While proton projectiles are emphasized here, any hadron
wave function can be so described.)

The frame-independent probability distribution of a five-
particle cc Fock state in the proton is

dP.5s = P> N5 /dx1-~-dx5 /dkxl-~-de5/dky1~-~dky5

y S(1 = %) (0 k)8 (X kyi)
(m2 = X5, (@2 /%))’

where i = 1, 2, 3 are the light quarks (u, u, d) and i = 4 and
5 are the ¢ and ¢ quarks respectively. Here N5 normalizes
the |uudcc) probability to unity and PQ. scales the unit-
normalized probability to the assumed probability of intrinsic
charm content in the proton. The delta functions in Eq. (16)
conserve longitudinal (z) and transverse (x and y) momentum.
The denominator of Eq. (16) is minimized when the heaviest
partons carry the largest fraction of the proton longitudinal
momentum, (xg) > (x,).

Additional delta functions can be employed to form
hadrons by simple coalescence when the Fock state is dis-
rupted. For example, the J/v xr distribution can be calculated
by the addition of the delta functions, § (xr — x, — xz), for the
longitudinal, z, direction and §(pr — krc — kie)d(kyc + kyz)
in the transverse directions where the J/¢¥ pr is chosen to
be along the x direction for simplicity. The summed x, and
Xz momentum fractions are equivalent to the xg of the J/¢
assuming that it is brought on-shell by a soft scattering with
the target.

. (16

Likewise, one can produce D mesons [D~(¢d) and BO(EM)]
mesons directly from the disrupted Fock state employing
S(xp — xz — x;) for the D xp and 8(pr — kye — kx,')(S(ky,' +
kyz) for the pr, where the light parton i can be either a u or d
quark. The remaining partons in the state could coalesce into
a Ac(udc) witha D' or a B+ (uuc) with a D~

The preference for D production from this state makes the
D a “leading” particle relative to D (cd) and D°(c@) which
could only be produced through standard fragmentation and
would thus manifest at lower xp than the D mesons. In order to
produce a D meson from coalescence, similarly to the D in the
|uudcc) state, a higher particle-number Fock state is required,
such as |uudcedd) for D production [71]. Previous studies of
leading D meson production, including asymmetries between
D' and D™ production in fixed-target 7w ~A interactions, have
shown significant differences between leading and nonleading
production [19]. These asymmetries have been reproduced by
intrinsic charm [72] but also by string-breaking mechanisms
such as those in PYTHIA [73]. Note, however, that while the D
and D meson distributions may differ in the five-particle Fock
state considered here, the ¢ and ¢ distributions themselves are
identical: no asymmetry is assumed in their production, only
their manifestation as final-state charm hadrons.

In Ref. [72], only the lowest 7~ Fock state, |udcc), was
considered in the calculation of the asymmetry. However, it
is possible for equal rapidity D and D mesons to be pro-
duced from higher Fock components such as |uudccqg), but
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FIG. 4. The probability distributions for J/ [(a), (b)] and D [(c), (d)] production from a five-particle proton Fock state as a function
of rapidity. In (a) and (c) the results are given for the default mass values, m. = 1.27 GeV and m, = 0.3 GeV (solid black), as well as for
m, = 1.5 GeV and m,; = 0.3 GeV (dot-dashed red) and for m. = 1.27 GeV and m, = 0.02 GeV (dashed blue). In (b) and (d) the results are
shown for different values of the k7 range for the light and charm quarks. The solid black curve employs the default values, k™ = 0.2 GeV
and k™ = 1.0 GeV, while the red dot-dashed curve increases the default values by a factor of 2, kt'[“‘“ = 0.4 GeV and k™ = 2 GeV, and the
blue dashed curves employs half the default values, k™ = 0.1 GeV and k™ = 0.5 GeV. All distributions are normalized to unity.

these will reduce the average momentum fraction of both
the D and D. They will also be produced with lower prob-
abilities; see, e.g., Ref. [71] for examples of charm hadron
distributions from higher Fock states. In this work, only the
five-particle proton Fock state is considered since it gives
the most forward xz production of J/y and D from intrinsic
charm.

The xr distribution, as well as the p7 distribution inte-
grated over all phase space, is independent of the proton
energy. The pr distribution from intrinsic charm only varies
when phase space cuts are considered, as shown in Ref. [34].
Although fixed-target experiments have typically reported
the xg dependence of heavy flavor hadrons, collider ex-
periments generally report the rapidity dependence. The
rapidity is related to xp by xr = (2mr/4/s)sinhy so that,
even though the xp distribution is invariant, independently
of /s, m;, and kr-integration range, the rapidity distribu-
tion is not. Indeed, the x distribution depends only weakly
on the heavy quark mass with the average xr changing by

only a few percent between J/v and Y, as discussed in
Refs. [74,75].

The default values of the quark masses and k7 integration
ranges in Eq. (16) are m, = 1.27 GeV, m; = 0.3 GeV, k;m" =
0.2 GeV, and k"™ = 1.0 GeV. (Note that the constitutent
quark masses are used for the light quarks.) The dependence
of the rapidity and pr distributions on these values is now
discussed.

The dependence on parton mass and k7 range in the calcu-
lated rapidity distributions is shown in Fig. 4 for pj, = 120
GeV. Although the maximum rapidity range depends on /s,
the results shown here are indicative for all energies. The J/y
probability distributions are shown in Figs. 4(a) and 4(b) while
those for the D are given in Figs. 4(c) and 4(d). The default
values are given by the solid black curves in both cases.
All distributions are normalized to unity for the parameters
employed. Note that the J/v rapidity distribution is somewhat
broader and covers a wider rapidity range than that of the D
because the J/i contains both heavy quarks from the Fock
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TABLEL The average rapidity and p; for J/v and D meson pro-
duction from a five-particle Fock state obtained by varying the quark
mass and kr range around their default values of m, = 1.27 GeV,
m. = 0.3 GeV, k?aj 1 GeV, and k;"f"; = 0.2 GeV. The average pr
of the charm quark is 1.997 GeV. The average rapidity distributions
are calculated for pj,, = 120 GeV.

I

Variation 0N OR)Y () (GeV) (PR (GeV)
default m, ky
1.344  1.260 2.067 1.962
quark mass variation
m. = 1.5 GeV 1.249  1.149 2.246 2.185
my =0.02GeV 1423 1312 1.884 1.772
k; range variation

kr doubled 1.246  1.225 2.484 2.099
kr halved 1.385 1.276 1.904 1.920

state while the D includes only one of them. The average
rapidities in all cases shown in Fig. 4 are given in Table I.
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FIG. 5. The probability distributions for J/v [(a), (c)] and D [(b),

Assuming a larger charm quark mass, m, = 1.5 GeV, re-
duces the rapidity range and shifts the overall distribution
backward for both J/v and D. The backward shift is approx-
imately the same for both cases. Similarly, reducing the light
quark mass from a constituent quark value of ~300 MeV to
nearly zero shifts the distribution forward by a similar factor.
On the other hand, doubling or halving the k7 range on both
the charm and light quarks together has a larger effect on the
J/ distribution than on the D distribution. Although dou-
bling the kr-integration range shifts the rapidity distribution
backward and halving the range shifts it forward, the average
shift of the J/v distribution is nearly double that of the D,
likely because the J/y is made up of both the ¢ and the ¢
while the D includes only the ¢ quark.

The effects of the mass and scale variation on the J/y
and Dpy distributions, integrated over all rapidity, are shown
in Fig. 5. The J/y probability distributions are shown in
Figs. 5(a) and 5(b) while those for the D are given in Figs. 5(c)
and 5(d). The default values are given by the solid black
curves in both cases. The ¢ quark pr distribution, calculated
with the default values, is given by the dotted magenta curve
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(d)] production from a five-particle proton Fock state as a function of

pr- In (a) and (c) the results are given for the default mass values, m, = 1.27 GeV and m, = 0.3 GeV (solid black), as well as for m, = 1.5
GeV and m,; = 0.3 GeV (dot-dashed red) and m. = 1.27 GeV and m, = 0.02 GeV (dashed blue), In (b) and (d) results are shown for different
values of the k7 range for the light and charm quarks. The solid black curve employs the default values, k™ = 0.2 GeV and k™ = 1.0 GeV,
while the red dot-dashed curve increases the default values by a factor of 2, k(‘l“a" = 0.4 GeV and k™ = 2 GeV, and the blue dashed curve
employs half the default values, & = 0.1 GeV and k™ = 0.5 GeV. The dotted magenta curves show the pr distributions for a single charm

quark from the same state. All distributions are normalized to unity.
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FIG. 6. The probability distributions as a function of rapidity for J/4 (a) and D (b) mesons from a five-particle proton Fock state. The
black curves are for fixed-target energies with pj,, = 40 (solid), 80 (dashed), 120 (dot-dashed), 158 (dotted), 450 (dot-dot-dot-dashed), and 800
(dot-dot-dash-dashed) GeV. The blue curves correspond to SMOG energies: /s = 69 (solid), 87.7 (dashed), and 110.4 (dot-dashed) GeV. The
red curves denote RHIC energies of 200 (solid) and 500 (dashed) GeV. Finally, the magenta curves show the distributions for LHC energies of
A/s = 5 (solid), 7 (dashed), and 13 (dot-dashed) TeV. All distributions are normalized to unity.

in all plots. All distributions are normalized to unity for the
parameters employed.

The J/ pr distribution is slightly broader than that of the
D with a harder distribution at high p7. Indeed, the D py
distribution is very similar to that of the charm quark itself,
a not necessarily surprising result since it is comprised of
a single charm quark and a light quark. The average charm
quark pr, 1.997 GeV, is slightly larger than that of the D
meson, 1.967 GeV, because the charm quark is comoving
with the light quark in the meson. The J/ distribution, on
the other hand, is harder than the charm quark distribution.
Increasing the charm quark mass to 1.5 GeV hardens both
pr distributions while reducing the light quark mass to near
zero softens them. Here also doubling the k7 integration range
hardens the pr distributions, although considerably more for
the J/y than the D. Halving the k7 integration range softens
the py distributions albeit not significantly. In the rest of this
work, the default values of parton mass and kr range are
assumed.

The shape of the pr distribution from intrinsic charm
depends on the chosen quark masses. Increasing the quark
masses broadens the pr distribution further. For exam-
ple, choosing m. = 1.5 GeV makes the J/v pr distribution
broader than that of the charm quark distribution shown in
Fig. 5(b). On the other hand, reducing the light quark mass
to 20 MeV, closer to the current quark mass, results in a
more steeply falling J/y pr distribution than that obtained
by taking k;** = 0.1 GeV and k™ = 0.5 GeV.

The intrinsic charm pr distributions also depend on the
kr range chosen in the integrals in Eq. (16). If the limits
of the integration range are doubled to k;* = 0.4 GeV and
k™ = 2.0 GeV, the pr distribution is broadened [see the blue
dashed curve in Fig. 5(b)], while halving the integration range
to 0.1 and 0.5 GeV for the light and charm quarks respectively,
results in the dot-dashed magenta curve. The average J/y pr
resulting from these values of k["** are 2.06, 2.48, and 1.90

GeV for the default range, doubling the range, and halving
the range, respectively. The average py of the charm quark in
the default integration range is 2.00 GeV.

The energy dependence of the rapidity distribution from
the intrinsic charm state for J/¥ and D mesons is shown
in Fig. 6 for all energies considered. As already mentioned,
while the xp distribution of intrinsic charm in the proton is
invariant with respect to beam energy, the rapidity distribu-
tion, related to xr through /s, is not. Instead, the intrinsic
charm rapidity distribution is boosted forward with /s, as
seen in Fig. 6. The J/y distribution is boosted slightly fur-
ther forward than the D because it has two charm quarks in
the state, rather than a single charm quark combined with a
light quark like the D meson. The rapidity distributions at the
lowest energies are rather close to midrapidity, y & 0. As the
energy increases, the distributions develop a long tail at low
rapidity, increasing more slowly on the lower rapidity side of
the peak and dropping off more sharply on the higher rapidity
side, as one approaches the edge of available phase space. It is
clear from these distributions that, at high energies, J/v and D
production by intrinsic charm will be difficult to detect in most
collider detectors because these detectors do not cover the far
forward rapidity region where the intrinsic charm probability
is highest.

The J/y and D py distributions arising from intrinsic
charm in the five-particle proton Fock state are shown in
Fig. 7. Again, the J/ distribution is slightly harder than that
of the D because of the higher number of charm quarks in
the J/v. The J/y distribution also has a higher average pr
after rapidity cuts are applied to the distribution, as discussed
below.

Like the xr distributions, pr distributions from intrinsic
charm are also independent of energy if all of xz or rapidity
space is covered by the detectors. The only energy limitation
is the energy of the beam itself. However, most detectors
have a finite rapidity coverage which can strongly influence
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FIG. 7. The probability distributions as a function of rapidity for J/v [(a), (c), (¢)] and D [(b), (d), (f)] mesons from a five-particle proton
Fock state. The green curves in all plots show the py distributions integrated over all rapidity. The calculations shown for other energies all
include cuts in rapidity. The black curves in (a) and (b) are for fixed-target energies with pj,, = 40 (solid), 80 (dashed), 120 (dot-dashed), 158
(dotted), 450 (dot-dot-dot-dashed), and 800 (dot-dot-dash-dashed) GeV. The blue curves in (a) and (b) correspond to SMOG energies: /s = 69
(solid), 87.7 (dashed), and 110.4 (dot-dashed) GeV. The red curves in (c) and (d) denote the RHIC energies of 200 (solid) and 500 (dashed)
GeV. Finally, the magenta curves in (e) and (f) show the distributions for LHC energies of /s = 5 (solid), 7 (dashed), and 13 (dot-dashed)
TeV. All distributions are normalized to unity and integrated over all rapidity.

the pr distributions as shown in Fig. 7. The pr distributions
integrated over all rapidity are shown in green, while those
resulting in rapidity cuts at given energies are shown in the
same colors as in Fig. 6. Rapidity coverage in the range
0 < y < 1is assumed for fixed-target energies from py,, = 40
GeV up to the highest SMOG energy of /s = 110.4 GeV.

In this same rapidity interval, the contribution to the intrin-
sic charm cross section falling within the rapidity coverage

decreases strongly with energy, by more than two orders of
magnitude as pr — 0. The low pr part of the probability is
reduced while, at high pr, the distributions join the tail of
the pr distribution integrated over all rapidity space. This
is generally also the case for collider detector coverage at
forward rapidity, aside from /s = 200 GeV at RHIC which
has a different curvature at forward rapidity [solid red curve in
Fig. 7(c)]. This curvature does not appear in the same rapidity
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region at /s = 500 GeV (dashed red curve) or at midrapidity
at /s =200 GeV (dot-dashed red curve). This difference
is because, at large pr and the upper end of the rapidity
range, xp > 1, an unphysical region. In a range with a lower
maximum rapidity at the same center-of-mass energy, the pr
distribution merges with the distribution integrated over all
rapidity. On the other hand, if a region with a larger maximum
rapidity is chosen, the curvature changes more, resulting in
a more steeply falling pr distribution. This behavior is not
seen in any of the other cases because the condition xp < 1
is satisfied everywhere but at /s = 200 GeV in the range
1.1 <y < 2.2. The D distributions are subject to the same
kinematic constraint, as seen in Fig. 7(d).

The normalization of the intrinsic charm cross section is
now discussed. The intrinsic charm production cross sec-
tion from the |uudcc) component of the proton can be written
as

2

A2 .
4m?

Gie(pp) = Preso'y (17)

The factor of u?/4m? arises from the soft interaction which
breaks the coherence of the Fock state, where u? = 0.1 GeV?
is assumed; see Ref. [76]. Here the inelastic pN cross section,
‘7;11v = 30 mb, is employed. Although this quantity can change
slowly with /s, no variation is assumed in the calculations
shown.

Equation (17) is used for open charm production from the
Fock state, 0.2 (pp) = oic(pp). The J/y cross section from the
same intrinsic charm stated is calculated by scaling Eq. (17)
by the factor F¢ used in the CEM calculation in Eq. (6),

oV (pp) = Feoie(pp). (18)

The nuclear dependence of the intrinsic charm contribution
is assumed to be the same as that extracted for the nuclear
surface-like component of J/v dependence by the NA3 Col-
laboration [1]. The A dependence is the same for both open
charm and J/y,

a2 (pA) = o (pp) A", (19)
o/ (pA) = oV (pp) AP, (20)

with 8 = 0.71 [1].

To represent the uncertainties on intrinsic charm, several
values of the intrinsic charm probability, Pi(gs, are employed.
The EMC charm structure function data is consistent with
P s = 0.31% for low energy virtual photons but P 5 could be
as large as 1% for the highest virtual photon energies [31,77].
For a lower limit, a probability of 0.1% is used. Generally,
a subset of these three results is shown in Sec. V unless
otherwise noted.

In this work, the formulation for intrinsic charm in the
proton wave function postulated by Brodsky and collaborators
in Refs. [28,29], the form in Eq. (16), has been adapted. Other
variants of the intrinsic charm distribution in the proton exist,
including meson-cloud models where the proton fluctuates
into a D(uc)A.(udc) state [78-81] and a sealike distribution
[82,83].

Intrinsic charm has also been included in global analyses
of the parton densities [82—-86]. The range of Pigs explored
here is consistent with the results of these global analyses. For
more details of these other works, see the review of Ref. [87].
(See Ref. [88] for a discussion of a possible kinematic con-
straint on intrinsic charm in deep-inelastic scattering.) New
evidence for a finite charm quark asymmetry in the nucleon
wave function from lattice gauge theory, consistent with in-
trinsic charm, was presented in Ref. [89]. See also the recent
review in Ref. [90] for more applications of intrinsic heavy
quark states.

V. RESULTS

This section is divided into three parts. The first shows
predictions for p + p collisions as a function of /s. The
second compares calculations of the average cold nuclear
effects as a function of xr to data from previous fixed-target
measurements of J/¢ production. Finally, the third presents
predictions for cold nuclear matter effects, without and with
intrinsic charm.

A. p + p cross sections

First, results are shown for p + p collisions from pj,, = 40
GeV to /s = 13 TeV. The rapidity and transverse momentum
distributions are shown for J/v and D mesons without and
with the intrinsic charm contributions to illustrate at which
center-of-mass energies and for which kinematic regions in-
trinsic charm may best be observable.

The cross sections for D and J/v production in p + p
collisions including the perturbative QCD and intrinsic charm
contributions are

o] = oonr(pp) + o (pp). Q1)

oV = ocem(pp) + o3 (pp). (22)

Here oopr(pp) and ocem(pp) are defined in Egs. (1) and (6)

respectively. The intrinsic charm contributions can be found
in Eq. (17) for D while o/¥ (pp) is given in Eq. (18).

1. Rapidity distributions

The rapidity distributions in p + p collisions are first dis-
cussed. In Table II, the average rapidity is shown for J/y and
D production at all values of /s considered. The averages for
intrinsic charm and perturbative QCD are shown separately.
The intrinsic charm component has a much larger average
rapidity in both cases because, even though the xy distribution
is independent of beam energy, the rapidity distribution is
boosted along the beam direction; see Fig. 6. As was noted
there, the average J/v rapidity from intrinsic charm is higher
than that for D from intrinsic charm because the J/v carries
two charm quarks while the D only carries one.

On the other hand, the perturbative calculations give some-
what smaller average rapidities for J/y than for D mesons,
especially at lower center-of-mass energies. In this case, pro-
ducing a state with a cc pair instead of a hadron with a
single ¢ quark is a disadvantage. The J/v rapidity distribution
falls more steeply with increasing y, as shown in Fig. 8. At
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FIG. 8. The combined rapidity distributions for J/v [(a), (c)] and D [(b), (d)] mesons, including both the typical perturbative QCD
contribution and intrinsic charm from a five-particle proton Fock state. Three curves are shown for each energy. From lowest to highest (when
separable) they show no intrinsic charm (pQCD only), Pi(gs =0.1%, and Pigs = 1%. In (a) and (b) the results are shown for fixed-target and
SMOG energies. From lowest to highest the curves represent pj,, = 40 GeV (red solid), 80 GeV (blue dashed), 120 GeV (black dot-dashed),
158 GeV (red solid), 450 GeV (blue dashed), 800 GeV (black dot-dashed), /s = 69 GeV (solid red), 87.7 GeV (blue dashed), and 110.4
GeV (black dot-dashed). The vertical line with the green arrows shows the assumed rapidity acceptance of 0 <y < 1. In (¢) and (d) the
RHIC energies of /s = 200 GeV (solid red) and 500 GeV (blue dashed) along with the LHC energies of /s = 5 TeV (red solid), 7 TeV
(blue dashed), and 13 TeV (black dot-dashed) are given. The vertical lines show the assumed rapidity acceptance of 1.1 <y < 2.2 for RHIC
(dashed, with green arrows) and 2.5 < y < 5 for LHC (solid, with magenta arrows).

collider energies, the average rapidity of the J/¢¥ becomes
equal to or somewhat larger than that of the D, not because
the distribution is less steeply falling at forward rapidity but
because the J/y distribution is broader over a wider range
near midrapidity.

Of course the average rapidity of charmonium and open
charm calculated perturbatively is generally less than half
that found from intrinsic charm. This is obvious because the
intrinsic charm arises wholly from the projectile proton at
y > 0 while the perturbative calculation is maximal at y = 0
in p 4 p collisions because the cc pair is produced by interac-
tions of one parton from each proton, typically two gluons at
higher energies.

Figure 8 compares the J/y and D meson rapidity dis-
tributions side by side for all energies considered. There
are three curves for each energy; all curves at a given en-
ergy are the same color and line type. The results shown
are for no intrinsic charm, P, =0.1%, and P2, = 1%.
The sum of the two distributions is shown over the ra-
pidity range of the perturbative contribution. Thus the full

range of the intrinsic charm distribution is not shown in the
figure.

At the lowest energy in particular, /s = 8.77 GeV (prap =
40 GeV), not far above the J/v production threshold, the
total intrinsic charm cross section is compatible with the one
calculated in perturbative QCD, and adding even a very small
intrinsic charm contribution produces a very large effect near
y = 0 because the boost of the intrinsic charm rapidity dis-
tribution is small with (y) < 1 in both cases. If the rapidity
distribution could be measured with high statistics in rapidity
bins of Ay = 0.1 and an significant increase is seen away from
y = 0 or a relatively flat distribution is observed rather than a
decreasing distribution, this would be a strong indication of an
important contribution from intrinsic charm.

As the energy increases, the perturbative cross sec-
tion grows while the intrinsic charm cross section remains
effectively constant so that, already for ./s = 17.4 GeV
(p1ab = 158 GeV), instead of an increase of the cross sec-
tion for y > 0 with P05 = 1%, it is effectively constant in the
interval 0 <y < 1. At still higher /s, the boosted rapidity
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TABLE II. The average rapidity for J/y and D meson produc-
tion as a function of center-of-mass energy +/s for both intrinsic
charm and perturbative QCD production respectively.

I D
J5 (GeV) ad) A ) (VB
8.77 0.937 0.387 0.864 0.455
12.33 1.185 0.479 1.104 0.585
15.07 1344 0.536 1.260 0.642
17.40 1.464 0.573 1377 0.683
29.1 1.889 0.692 1.805 0.806
38.8 2.155 0.754 2079 0.873
69 2.708 0.966 2622 1.079
87.7 2.942 0.997 2.856 1.107
110.4 3.154 1.065 3.072 1.168
200 3.743 1.250 3.661 1325
500 4.657 1.661 4.575 1.678
5000 6.960 2615 6.877 2491
7000 7354 2.755 7214 2,616
13000 7914 3.009 7.833 2.843

distribution for intrinsic charm and the growing perturbative
cross sections results in an enhancement over the perturbative
cross section that appears at ever-increasing values of rapidity,
becoming less susceptible to experimental measurement at
midrapidity.

There is a clear distinction between the J/y results and
those for D near the rapidity endpoint of the perturbative
calculation. At this point, the J/v intrinsic charm distribution
has just passed the peak and is decreasing rather slowly on the
other side. Because the cross section for intrinsic charm is ef-
fectively independent of energy, this value is at approximately
2.75 nb for Pigs =0.1% and 27.5 nb for Pigs = 1%. The
inflection in the rapidity distribution at this value of the cross
section persists for almost all energies, even being visible in
the tail of the rapidity distribution at /s = 5 TeV. As already
mentioned, because the D distributions from intrinsic charm,
with only a single charm quark constituent, is not as forward
boosted as the J/1, at the edge of phase space for the D meson
rapidity distribution, the intrinsic charm contribution to the
cross section is already past the peak of the distribution and
is more steeply falling. Thus the D distributions do not show
such a feature and only exhibit a slight enhancement of the
rapidity distributions in the tails.

In Fig. 8, the rapidity range in which the pr distribu-
tions are calculated is indicated by the vertical lines. The
fixed-target and SMOG results will be compared in the range
0 <y < 1. This is, of course, a convenient simplification be-
cause the Fermilab E866 Collaboration covered the entire xr
range, up to xr &~ 0.95. The fixed-target LHCb experiments
employing the SMOG setup have a wider rapidity coverage
in the backward rapidity direction, i.e., at large momentum
fractions x in the nuclear targets. SMOG calculations using
the exact targets and rapidity ranges for J/y and D as the
experiment will be discussed elsewhere; the results here are
for illustrative purposes only.

At the RHIC and LHC collider energies, the rapidity ranges
indicated correspond to those of the muon spectrometers of
the PHENIX detector at RHIC, 1.1 < y < 2.2, and the LHCb
detector at the LHC, 2.5 <y < 5. At these more forward
rapidities, the possibility of detecting any enhancement due
to intrinsic charm is unlikely. However, the potential for a
strong signal from intrinsic charm via J/v or D meson mea-
surements can be found at midrapidity, particularly at low
center-of-mass energies.

2. Transverse momentum distributions

In this section, the energy dependence of the J/v and D pr
distributions from both perturbative QCD and intrinsic charm
is described. Similarly to the xp distribution from intrinsic
charm, the py distribution is independent of energy in general,
limited only by the energy of the parent proton, as long as the
distribution is integrated over all xz or rapidity. In that case,
the average pr of the J/v and D from a five-particle intrinsic
charm Fock state, as in Eq. (16), are 2.067 and 1.962 GeV
respectively.

As shown in Fig. 7, if a finite rapidity interval (or xz range;
see Ref. [34]) is considered, the pr distribution from intrinsic
charm is strongly biased toward higher pr. Consequently, the
percentage of the total intrinsic charm contribution in a fixed
rapidity region decreases with 4/s, as shown in Table I1I. For
each energy and a given rapidity interval, the percent of the
intrinsic charm cross section (labeled fic) is given, along with
the average pr of the intrinsic charm state and from the per-
turbative QCD calculation at the same energy. Both J/y¢ and
D results are shown. The calculations are divided according
to the assumed rapidity interval. In the case of fixed-target
energies from the proposed NA60+ to the top LHC energy
measured by SMOG, 8.77 < /s < 110.4 GeV, results are
given for 0 < y < 1. For RHIC and LHC energies, the more
forward rapidity regions, 1.1 <y < 2.2and 2.5 <y <5, are
considered respectively.

Several trends are immediately clear. In the perturbative
QCD calculations, the J/v distributions are harder than the D
distributions. As is generally the case for the rapidity distribu-
tions, the presence of a second massive charm quark hardens
the distribution relative to open charm with a single charm
quark. The average pr from perturbative QCD increases rel-
atively slowly with /s. Note that the shift to a more forward
rapidity acceptance at collider energies does not decrease the
average pr of the perturbative QCD calculation. As can be
seen in Figs. 9 and 10, even though the magnitude of the
pr distribution grows with +/s, the hardening of the QCD
distribution with /s is also significant because the higher the
center-of-mass energy, the greater the potential pr reach.

No such effect is observed for the intrinsic charm distri-
butions, which are independent of /s. Thus the perturbative
QCD cross section typically engulfs all but the high pr tail of
the distribution for py greater than a few GeV, as is evident
from Figs. 9 and 10.

It is notable that the p7 distributions from intrinsic charm
are considerably broader than those calculated in perturbative
QCD. This can be easily understood when one considers the
two sources.
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TABLE III. The average py for J/y and D meson production as a function of center-of-mass energy /s for both intrinsic charm and
perturbative QCD production respectively. Results are shown for midrapidity, 0 < y < 1, for fixed-target energies; 1.1 <y < 2.2 for RHIC
energies; and 2.5 < y < 5 for LHC energies. In the case of production by intrinsic charm, the percentage of the p; distribution within the
rapidity acceptance, fic, is also given.

J/ D
/5 (GeV) fic (pr)l? (GeV) (1) (GeV) fic (pr)2 (GeV) (pr)Bur (GeV)
O0<y<l
8.77 54% 2.977 1.228 62% 2.555 0.860
12.33 35.6% 3.629 1.254 39.7% 3.108 0.913
15.07 26.55% 4.069 1.274 29.1% 3.505 0.946
17.40 21.17% 4.404 1.290 22.8% 3.816 0.969
29.10 10.06% 7.303 1.353 9.95% 6.411 1.049
38.8 6.12% 8.635 1.395 5.67% 7.725 1.095
69 2.02% 12.59 1.527 1.73% 11.62 1.228
87.7 1.13% 13.72 1.553 0.96% 12.80 1.250
110.4 0.61% 14.54 1.613 0.75% 20.20 1.300
1.l <y<22
200 3.63% 12.11 1.772 3.02% 9.85 1.364
500 0.62% 23.24 2.151 0.49% 22.07 1.646
25<y<5
5000 1.8% 17.46 2.904 1.52% 16.21 2.052
7000 0.93% 21.45 3.046 0.74% 20.24 2.158
13000 0.21% 27.52 3.300 0.16% 26.50 2.352

In perturbative QCD, the p; range depends on the center-
of-mass energy with a limit of pr ~ /syny/2 at xp = 0 for
massless partons. The limit is lower for massive quarks where
pr is replaced by myr. Leading order 2 — 2 scattering is as-
sumed for this estimate, giving pr < 7.2 GeV in the massless
case and pr < 6.5 GeV for the J/¢ in the CEM. In addition,
since the initial partons taking part in the QCD interaction
come from two different hadrons, one from the projectile and
the other from the target, at least one of them will carry a much
smaller fraction of the momentum than the intrinsic charm
quarks in the proton Fock state.

On the other hand, when the J/v arises from an intrinsic
charm state of the proton, according to Eq. (16), there is no
energy limit on the py distribution other than that imposed by
momentum conservation. (As discussed regarding Fig. 7, the
most important constraint on the pr distribution is xr must
be less than unity.) The J/¢ kinematic constraints come from
the incident proton alone. A soft interaction with the target is
sufficient to disrupt the Fock state and bring the J/v on mass
shell.

The averages from intrinsic charm in Table III are sig-
nificantly higher than those from perturbative QCD. The
difference increases substantially with /s when a finite rapid-
ity range is considered. Note that if a detector could covere
all of rapidity space, the results averaged over all rapidity
would remain fixed at ~2 GeV. Thus, at sufficiently high /s,
the average pr from perturbative QCD would become greater
than that from intrinsic charm.

However, even though the average pr of the intrinsic charm
distribution is increasing, the consequences of intrinsic charm
in a measurable rapidity interval is decreasing rapidly. At
the lowest energy considered, the interval around midrapidity

contains more than 50% of the intrinsic charm cross section,
as one might expect from Fig. 6. Increasing /s by only 4 GeV
decreases the fraction of the intrinsic charm cross section cap-
tured at midrapidity by ~20%; see Fig. 7 and Table III. At
the highest SMOG fixed-target energy, less than 1% of the
intrinsic charm cross section is within 0 <y < 1. This is
not surprising because of the boosted rapidity distribution,
as shown in Fig. 6. Increasing the energy moves the average
of the intrinsic charm py distribution to ever higher pr.
Shifting the rapidity interval forward, as at collider energies,
reduces the average pr and encompasses a larger (albeit still
small) percentage of the total intrinsic charm cross section.
Finally only about 0.2% of the intrinsic charm contribution
remains at forward rapidity when /s = 13 TeV.

The largest differences in the total J/v and Dpy distribu-
tions due to intrinsic charm appear in the range 8.77 < /s <
110.4 GeV. Therefore, Fig. 9 compares the distributions in
that energy range when integrated over all rapidity and in the
rapidity interval 0 <y < 1.

Without the rapidity cut, the separation between the pr
distributions at piy, = 40 GeV without and with P0s = 1%
can be a factor of almost 10, especially near the peak of
the distributions, as seen in the three lowest red curves of
Figs. 9(a) and 9(b). Indeed, for this lowest energy with Plg 5=
1%, the peak of the pr distribution is equivalent to that of the
perturbative QCD cross section at pj, = 120 GeV [compare
the highest of the lower three red curves to the two lowest
black dot-dashed curves in Figs. 9(a) and 9(b)]. At the next
lowest energy, p, = 80 GeV, the increase between no intrin-
sic charm and a 1% contribution is reduced to a factor of less
than 3. At these low fixed-target energies, the high py tails
of the intrinsic charm distributions converge, similarly to the
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FIG. 9. The combined py distributions for J/v [(a), (c)] and D [(b), (d)] mesons, including both the typical perturbative QCD contribution
and intrinsic charm from a five-particle proton Fock state. The calculated p7 distributions are integrated over all rapidity in (a) and (b) but
limited to 0 < y < 1 in (c) and (d). Three curves are shown for each energy. From lowest to highest (when separable) they show no intrinsic
charm (pQCD only), P25 = 0.1%, and P25 = 1%. The results are shown for fixed-target and SMOG energies. From lowest to highest the
curves represent pp,, = 40 GeV (red solid), 80 GeV (blue dashed), 120 GeV (black dot-dashed), 158 GeV (red solid), 450 GeV (blue dashed),
800 GeV (black dot-dashed), /s = 69 GeV (solid red), 87.7 GeV (blue dashed), and 110.4 GeV (black dot-dashed).

rapidity distributions shown in Fig. 8. As the center-of-mass
energy increases, the contribution from intrinsic charm at low
pr becomes negligible by ,/syy = 69 GeV. However, at pr
higher than ~3 GeV, a slight enhancement at high pr can still
be observed.

When a rapidity cut of 0 < y < 1 is included, in Figs. 9(c)
and 9(d), the separation between the calculated results de-
creases. The effect of the rapidity cut is most striking at low
pr and at the lowest energies. There is a notable difference
between the three results: no intrinsic charm, P2, = 0.1%,
and P05 = 1% at pr — 0 only at pi,, = 40 GeV. The visible
separation moves to higher py with increasing energy. Above
Piab = 158 GeV, the intrinsic charm contribution at low pr
becomes negligible with the rapidity cut, which only occurs
at \/syy = 69 GeV without the cut. One interesting effect of
the cut is that the high pr tails of the distributions, while still
converging, do so less smoothly than without the cut. Because
the central rapidity region, 0 < y < 1, encompasses most of
the rapidity distribution at pj,, = 40 GeV and intrinsic charm
dominates the central rapidity range, the effect of the cut is
weaker at high pr than at the higher beam energies, and the

order of convergence is reversed relative to the distributions
without a cut.

Because the perturbative contribution dominates at collider
energies, only the distributions captured in the forward rapid-
ity regions are shown in Fig. 10. The only noticeable intrinsic
charm contribution appears at py > 15 GeV for ,/syny = 200
GeV. Recall that this is because, in some of the forward rapid-
ity range at this particular energy, the resulting xr is greater
than unity, an unphysical region, as shown also in Fig. 7.

B. a(xr) in fixed-target measurements

As previously mentioned, an important validation of the
need for intrinsic charm at fixed-target energies is through
comparison to previous data. The earlier NA60 Collaboration
compared their J/i data collected at pj,, = 158 and 400 GeV
[6] to fixed-target data from NA3 [1] at ppp = 200 GeV;
NAS5O [5] at prp, = 450 GeV; E866 [7] at prp, = 800 GeV,
and HERA-B [8,9] at pjap, = 920 GeV.

Aside from the NA3 data (in the range xr > 0) taken
only on a Pt target, all the other experiments collected data
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solid), 7 TeV (blue dashed), and 13 TeV (black dot-dashed) are given for 2.5 <y < 5.

from multiple nuclear targets. The NA60 data at 158 and 400
GeV (covering 0.05 < xg < 0.4 and —0.075 < xp < 0.125
respectively) were taken on Be, Al, Cu, In, W, Pb, and U
targets. The NAS5O data (in the midrapidity range —0.1 <
xp < 0.1) used Be, Al, Cu, Ag, W, and Pb targets. The E866
data, available from —0.09 < xr < 0.95, used Be, Fe, and W
targets. The HERA-B data, in the region —0.34 < xp < 0.14,
used C, Ti, and W targets.

The value of « is obtained by assuming that the cross sec-
tion in p + A collisions can be described as growing relative
to the p + p cross section by the target mass to the power «,

Opa = 0ppA”, (23)

where « includes all cold nuclear matter effects. In this case,
a can be calculated by averaging 0,4 over all nuclear targets,
as described in the following section, Sec. V C. It can be
calculated based on a corresponding p + p measurement or
relative to a light nuclear target. In the latter case, the p + p
cross section is not needed, and one has

(%) _ (é)“
O'pA2 A2 '

(24)

Note that A, is generally a light nuclear target to reduce the
cold nuclear matter effects. When data are taken on several
targets, « is obtained by averaging over all targets. Such aver-
aging makes it difficult to extract subtle differences between
nuclear targets, for example between Pb and U targets where
the lead nucleus (with A = 208) is doubly magic in proton
and neutron numbers and therefore spherical in shape while
the uranium nucleus is very deformed, almost cigarlike in
shape. It is generally more convenient to use a light nuclear
target rather than a proton target in fixed-target experiments.
Solid targets are easier to work with and generally give higher
statistics data. This problem does not exist in experiments with
colliding beams because data are taken with colliding p + p
and p + A beams. However, due to run time requirements,
data are generally taken with fewer nuclear beams.

In all of the experiments except NA3, which took p + p
and p + Pt data, a(xp) was formed relative to the lightest
target, C for HERA-B and Be for NA50, NA60, and E866.
(In Ref. [34], the E866 calculations were shown with « as a
function of xz and pry with a proton target assumed for the
base.) Assuming that « is calculated with respect to a proton
or the lightest nuclear target changes « by an average of 1-2%.
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FIG. 11. The exponent « as a function of xr for J/¢ production at fixed-target energies: NA60 at pj,, = 158 GeV [6] (blue), NA3 at
P = 200 GeV [1] (magenta), NA60 at py,, = 400 GeV [6] (cyan), NASO at pi,, = 450 GeV [5] (green), E866 at pi,, = 800 GeV [7] (black),
and HERA-B at pj,, = 920 GeV [9] (red). The points are the experimental data while the curves of the same color are calculations made to
maitch the energy of the measurement. Calculations without intrinsic charm are shown in (a) while calculations with P2, = 0.1%, 0.3%, and

1% are shown in (b)—(d) respectively.

The calculations shown here were done at the same energy
at which the data were taken with the same values of mass
number A for each experimental setup as far as possible.
This statement is qualified because, unlike earlier iterations,
EPPS16 is only available for certain mass numbers, with no
extrapolation between them. There are four targets employed
by the experiments, Ti (A = 48), Ag (A = 107), In (A = 114),
and U (A = 238), that do not have EPPS16 data files associ-
ated with their average mass numbers [91]. The closest mass
number is used in each case, A = 50 for Ti and A = 117 for
Ag and In. The largest mass included in the EPPS16 data
tables is A = 208, thus the perturbative QCD calculation for
the Pb target is used in the calculations instead. The only
difference between the Pb and U calculations is then simply
the mass number. Note also that some of the beam energies
here, namely the NA3 energy of pia, = 200 GeV, the upper
NAG60 energy of pip = 400 GeV, and the HERA-B energy of
Piab = 920 GeV, were not included in the p + p distributions
shown previously. Separate calculations were made for these
energies to match the experimental energies.

The calculations were made over the full xr range and
integrated over all py. All the calculations include the central
EPPS16 set, enhanced k7 broadening, and nuclear absorption.
Since the intrinsic charm component is invariant with energy
when calculated as a function of xg, its contribution is the

same at all energies, only the perturbative QCD contribution
changes. The J/¢ production cross section increases with en-
ergy while its absorption cross section decreases with energy
[66]. While o, changes with incident energy, it is held fixed
to the value at xy = 0. It is worth noting that Ref. [66] also
extracted the effective absorption cross section as a function of
xr and found that it did vary with xy, but that this dependence
was approximately independent of the parametrization of the
nuclear parton distribution functions used in the extraction.
This shape may not necessarily be attributable to absorption
but to other cold nuclear matter effects, including intrinsic
charm or parton energy loss or some combination thereof.

The results are shown in Fig. 11, along with the data. When
plotted together as a function of xr, the data appear to suggest
a relatively steady decrease of «(xy) from xy ~ —0.25 to ~1.
The HERA-B and E866 data are consistent with each other
where they overlap, as are the E866 and NA3 data although
mostly due to the larger uncertainties of the lower energy NA3
data. There are some notable differences, however. The NA50
and the 400 GeV NAG60 data overlap with each other but are
below the measured o (xr ) at higher energy, and the NA60 158
GeV data are below all the others, suggesting stronger nuclear
effects at the lower energy, although this is not clearly seen
for the 200 GeV NA3 data, perhaps due to the fact that only a
single target was utilized.

025201-17



R. VOGT

PHYSICAL REVIEW C 106, 025201 (2022)

The calculations, shown without intrinsic charm in
Fig. 11(a) and with increasing levels of intrinsic charm, P2 ; = 5=
0.1%, 0.3%, and 1% in Fig. 11(b)-11(d) respectively, reflect
the general hierarchy with energy due to the energy depen-
dence of o,,s. Without intrinsic charm, the curves are all rather
flat and become quite similar at high xr. They do not show
any significant decrease due to nuclear modifications of the
parton densities, even though the nuclear suppression factor
R4 shows a distinct modulation as a function of rapidity. The
reason why a(xp) shows a much smaller effect is because o
depends on the logarithm of the cross section ratio rather than
the ratio itself.

Nuclear effects are further washed out when the ratio is
between two per-nucleon cross sections rather than p + A
relative to p + p. Only after intrinsic charm is included, with
its different nuclear dependence, does some separation of the
results at larger xr become apparent. The larger the contri-
bution is from intrinsic charm, the greater the curvature is at
large xr. With PC s = 1%, good agreement with almost all
the data is achieved. A notable exception is the negative xp
HERA-B data, which have been difficult to describe other than
with energy loss models (see, e.g., Refs. [9,92,93]), generally
implemented as a shift in either the parton momentum fraction
in the incident proton, xj, or in xg.

Taken together, these data seem to be consistent with an
intrinsic charm contribution in the proton on the order of 1%.
This is also consistent with the LHCb Z 4+ charm jet data [33]
and the recent NNPDF evaluation [94].

C. p + Pb interactions and the nuclear modification factor

In this section, examples are given for the p + Pb rapidity
and pr distributions compared to those in p 4+ p. Results are
also presented for the nuclear suppression factor,
lo A
Ry = _r

. 25
Ao (25)

While the target mass is explicitly given in Eq. (25), the
per-nucleon cross section is displayed in the figures present-
ing the individual distributions. A lead target is chosen for
convenience for all energies to both maximize the cold nuclear
matter effects and facilitate comparison between energies. The
nuclear modification factor, R4, is a more direct compari-
son of two systems at the same energy than the exponent «
discussed previously. It has been used most often to present
collider results since most of these data are taken with a
single nuclear beam. Note, however, that when multiple tar-
gets are employed, as in the case of many earlier fixed-target
experiments, averaging data over many targets using « is a
convenient means of displaying all the data collectively. As
previously noted, it can, however, obscure individual mass-
dependent nuclear effects.

The combined cold nuclear matter effects on perturbative
QCD production of open heavy flavor and J/, described in
Sec. I, are

o = com ()= 3 [ as [anan 571 k)

X F{(xa2, i, kr) 61j(3, U3, 13). (26)

4mH
pjf/“// = UCEM(pA) = SabsF Z/ d@/dxl d)C2

X EP(x1, W, k) Ff (2, ufs kr) 615(3, 1, 1)
@7
where
F(x2, upo kr) = Rj(x2, uf. A) fj(x2, uf ) Galkr), (28)
FP (1, s kr) = fixr, u)Gplkr). (29)

The total kr broadening in the nuclear target is applied as
discussed in Sec. II with the enhanced broadening in the
nuclear target introduced in Sec. III B.

When intrinsic charm is included, the cross sections are
now

134 = aonr(pA) + o2 (pA), (30)

ol = ocem(pA) + o)V (pA), 31)

where oonr( pA) and ocpm(pA) were defined in Egs. (26) and
(27) above while aD(pA) o]/‘b (pA) are given in Egs. (19) and
(20).

Although the results have been calculated for all three
values of PO5 in Eq. (16), only results with 0.1% and 1%
are shown, providing a range of uncertainty on the intrinsic
charm contribution to the nuclear modification factor. The
calculations of «(xr) shown in Sec. V B seem to have a clear
preference for the larger value of P. IC 5. On the other hand,
the calculations of a(pr) at pp, = 800 GeV compared to the
E866 [7] data, shown in Ref. [34], seem to prefer a smaller
contribution. Thus there is some possible tension between the
results. Further data as a function of py at more energies may
help clarify the situation.

The p + Pb calculations are shown for a few selected ener-
gies for clarity of display while still covering the full energy
range: pip = 40, 158, and 800 GeV and JE = &87.7, 200, and
5 TeV.

1. Rapidity dependence

The rapidity dependence is shown first, beginning with
the individual J/yr distributions at pj, = 40 and 800 GeV
and ,/syy = 200 GeV in Fig. 12. The p + p calculations are
shown in red while the p 4 Pb distributions are in blue. The
intrinsic charm contributions are assumed to be symmetric
around y = 0. This is true for p+ p collisions; it is also
assumed to hold for the A dependence of intrinsic charm in
p + A collisions. The effects of antishadowing (for py,, = 40
GeV) and shadowing (for /syy = 200 GeV) are clearly illus-
trated by the differences in the solid curves. In addition, the
strong suppression of intrinsic charm relative to the perturba-
tive QCD A dependence in Eq. (31) is clear in, for example,
the difference between the red and blue dot-dashed curves for
Plc s = 1%. It is obvious that, for low energies, intrinsic charm
can play a significant role in the nuclear suppression factor
at midrapidity but that it becomes less important at higher
energies.

It is also clear that the tails of the rapidity distributions
will be dominated by intrinsic charm, whether or not this part
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FIG. 12. The p 4 p and p + Pb (per-nucleon) J/¢ distributions
at p, = 40 and 800 GeV and /s = 200 GeV as a function of ra-
pidity. The red curves show the results for p + p collisions while the
blue curves show the p + Pb distributions. Three curves are shown:
no intrinsic charm (pQCD only, solid), Pg s = 0.1% (dashed), and
P25 = 1% (dot-dashed). No J/v absorption by nucleons is consid-
ered in the p 4 Pb calculation.

of the distribution is measurable. Recall that the only energy
dependence in the total intrinsic charm cross section is from
the inelastic cross section, a}j}v; see Eq. (17). This quantity
changes only slowly with center-of-mass energy and has been
left fixed in this study. Thus when intrinsic charm is added
to the perturbative QCD cross section, the high rapidity part
of the cross section, where the perturbative part is steeply
falling due to phase space, the intrinsic charm cross section at
high rapidity remains the same, independently of collision
energy; see Fig. 12. The intrinsic charm contribution to the
p + Pb distribution has an A dependence of A® [see Eq. (20)],
resulting in a lower per-nucleon cross section at high rapidity
for the same value of P 5. (Compare, e.g., the dot-dashed red
and blue curves in Fig. 12 for P), = 1%.) Therefore, there
will be a limiting value of R, at the edge of the rapidity
range regardless of the energy, R,x — AP~!. This effect will
be evident in the calculations of R,4(y) shown later in this
section and also for R4 (pr). Although the result in Fig. 12 is
shown for J/4, the result will be similar for D production.

With this basic understanding of the behavior of the rapid-
ity distributions in mind, the behavior of R,py(y) in Fig. 13
will be more comprehensible. Results are shown for J/¢
on the left-hand side while those for D mesons are on the
right-hand side. There are two sets of curves for the J/y
depending on which cold nuclear matter effects are included
in the perturbative QCD calculation: in red, labeled “EPPS16
only” that includes nuclear modifications of the parton den-
sities, and in blue, “EPPS16 + abs,” including absorption in
nuclear matter, a finite o,,s. Because no absorption is included
in the D calculations, only red curves are shown. The rapidity
distribution does not depend on kr broadening.

The top plots, Figs. 13(a) and 13(b), do not include in-
trinsic charm. The ratio R,p,(y) generally follows the inverse
of the ratio of the nuclear modifications as a function of x
shown in Fig. 2 with low x shadowing at forward rapidity,

an antishadowing peak, an EMC region at negative rapidity,
and, in the case of the J/v, the peak for Fermi motion at
the largest backward rapidity. The J/ rapidity distribution in
perturbative QCD is narrower than that of the D on average,
thus tending to reach both smaller and larger x in the positive
and negative rapidity tails of the distributions respectively. At
the lowest energies shown, the antishadowing peak appears
at forward rapidity and moves backward to more negative
rapidity as the energy increases.

With no other cold nuclear matter effects, the antishadow-
ing peak remains at the same value of R,p, and is only shifted
backward in rapidity with increasing ,/syy. However, when
J /4 absorption by nucleons is included, the entire ratio R ,py,
is shifted lower based on the value of o, employed. Because
oaps decreases with increasing ./syw, the curves with and
without absorption move closer together at higher energies
until, at the LHC energy of 5 TeV, the two curves are on top
of each other.

Intrinsic charm is included in the calculated R,4 in the
lower four plots of Fig. 13 with Plg s =0.1% in (c) and (d)
and Pfg s =1% in (e) and (f). The perturbative QCD con-
tribution remains unchanged in these plots. The change in
Ry, after intrinsic charm is included is rather dramatic for
the lowest energies where the intrinsic charm contribution is
large at midrapidity, particularly for pj,, = 40 GeV. Already
by piap = 158 GeV, however, the antishadowing peak in R p,
is almost at the same level as it was without intrinsic charm.
Increasing the value of Pigs from 0.1% to 1% tends to narrow
the distribution without strongly affecting the peak position
except for pyp, =40 GeV. Depending on the range of the
rapidity coverage of the experiment, even though the effect of
including intrinsic charm appears dramatic over all rapidity,
the potential effect in the measured region may, in fact, be
very small or even negligible, as demonstrated by the fact that
the LHC result remains unchanged at y = +5.

It is worth noting that all the ratios tend to the same min-
imum value of R,py after intrinsic charm is dominant and the
steeply falling perturbative QCD result becomes negligible
at the edge of rapidity space. As previously discussed, that
minimum is simply the ratio of the intrinsic charm depen-
dence in a nucleus relative to the proton, A#~! =0.213 for
a lead target. It would be interesting to see if there would
be a strong narrowing of the A dependence in the fixed-target
region of pp, = 40, 80, and 120 GeV expected to be studied
by the NA60+ Collaboration [25]. However, for the result
to be better quantified, there should be sufficient statistical
significance for the rapidity distribution in the central unit
of rapidity, |y| < 1, to make several bins with small enough
uncertainties to discern whether any narrowing exists.

2. Transverse momentum dependence

The J/¥ p+ p and p 4+ Pb pr distributions at forward and
backward rapidity are shown in Fig. 14. At pj,, = 40 and 800
GeV, forward rapidity refers to 0 < y < 1 whereas backward
rapidity means —1 < y < 0. With /syy = 200 GeV, forward
yis 1.1 <y < 2.2 while backward y is —2.2 <y < —1.1.
Red curves are shown for the p + p distribution, solid curves
without intrinsic charm, and the dashed and dot-dashed curves
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FIG. 13. The nuclear suppression factor R py, as a function of rapidity for J/y [(a), (c), (¢)] and D [(b), (d), (f)] mesons, including both the
typical perturbative QCD contribution and intrinsic charm from a five-particle proton Fock state. The intrinsic charm contribution is varied in

the panels from no intrinsic charm (pQCD only) [(a) and (b)], Pg s =0.1%

[(c) and (d)], and P-‘g s = 1% [(e) and (f)]. The red curves include

1

EPPS16 modifications of the parton densities only while the blue curves include nuclear absorption of the J/ . (There is no absorption of the
D mesons in cold nuclear matter.) The line types denote different energies: pi, = 40 GeV (solid), 158 GeV (dashes), 800 GeV (dot-dashed),
/s = 87.7 GeV (dotted), 200 GeV (dot-dot-dot-dashed), and 5 TeV (dot-dot-dash-dashed).

with Pigs = 0.1% and 1% respectively. Now, however, results
for p 4+ Pb are given both without (black) and with (blue)
enhanced kr broadening. The resulting changes in the distri-
butions due to the different effects considered are discussed in
turn.

At the energies shown, for low to moderate pr, perturbative
effects dominate the shape of the pr distributions. As shown

in Table III, the average pr from perturbative QCD increases
rather slowly with collision energy, growing 30% between
Diab = 40 GeV and /syy = 110.4 GeV in the same rapidity
region and 44% between ppp, =40 GeV and /syy = 200
GeV even though the lower energy calculation is made at
central rapidity and the RHIC calculationis for 1.1 <y < 2.2.
The primary change is that the distribution becomes harder
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FIG. 14. The p + p and p + Pb (per-nucleon) J/y distributions at pj,, = 40 and 800 GeV and /s = 200 GeV as a function of pr at
forward (a) and backward (b) rapidity. The red curves show the results for p 4+ p collisions while the blue and black curves show the p + Pb
distributions without and with an enhanced intrinsic k7 kick respectively. Three curves are shown in each case: no intrinsic charm (pQCD only,

PO

solid), P 5 =

0.1% (dashed), and P2 =

with increasing energy. Before any enhanced k7 kick in the
nucleus is included, one can see antishadowing at low pr
for prp, =40 and 800 GeV and shadowing at low pr for
J/Syv = 200 GeV at forward rapidity. At backward rapidity,
on the other hand, the shape of the low pr distribution does
not reveal a significant modification due to the parton densities
at the fixed-target energies while a small enhancement due to
antishadowing is seen for ,/syy = 200 GeV. At higher pr,
the effect due to employing the EPPS16 set decreases due
to the Q? evolution of the nuclear modification, reducing the
importance of the effect. Indeed, at higher p7 at both energies,
at backward rapidity the solid red and blue curves lie on top
of each other. The modifications of the parton densities in the
nucleus is the only cold nuclear matter effect producing any
differences in the p + Pb calculations (solid blue curves) at
forward and backward rapidity; see Fig. 13.

Including the enhanced k; broadening, shown in the black
curves of Fig. 14, has the effect of reducing the peak of the
pr distribution at low pr and hardening the distribution at
higher pr. The hardening is more significant at the lower en-
ergies, where the average py in perturbative QCD increases by
~15-20% while, at /sy = 200 GeV, the average increase in
pr 18 ®9%. Thus the ratio of p + Pb to p 4+ p with enhanced
broadening may be expected to be less than or close to unity at
low pr, depending on whether forward or backward rapidity
is considered, and to grow significantly above unity for pr >
1.25 GeV at pi;p =40 GeV. A similar but smaller overall
effect may be expected for the RHIC energy of /syx = 200
GeV. This difference is because the enhanced kr kick due
to the presence of the nucleus is assumed to be effectively
independent of incident energy with 8k> ~ 0.45 GeV?. This
value is large relative to (k%);/ 2 <1 GeV? at Piap = 40 GeV
where the average pr in perturbative QCD is 1.23 GeV. The
higher overall average pr at ./syy = 200 GeV reduces the
effect of the enhanced broadening but does not eliminate it:
(k%)ll/2 = 1.1 at /syny =200 GeV while (pr) =1.77 GeV
for 1.1 < y < 2.2. The additional increase in (k)4 over (k%) ,

1% (dot-dashed). No J/v absorption by nucleons is considered in the p + Pb calculation.

makes the enhanced broadening in lead almost equivalent to
or greater than the average pr in p + p collisions, even at
collider energies. This rather large effect is particular to charm
quarks relative the heavier bottom quarks, which show weaker
modifications due to enhanced broadening due to their larger
mass and harder overall pr distributions [45,95].

When intrinsic charm is also included in the calculation,
the effect on the py distribution at pj,p, = 40 GeV is rather dra-
matic for the p + p distribution, as already shown in Fig. 9. A
long, much harder tail is seen in the distribution, particularly
at the lower energy. As previously discussed, the hardening of
the distribution above a certain pr is due to the restriction of
phase space at high p7: only a fraction of the rapidity integral
will result in xz < 1. The end point of the calculation in pr
is the value at which the criteria xr < 1 can no longer be
satisfied for any part of the rapidity range. The strong nuclear
target suppression of intrinsic charm relative to perturbative
QCD is also seen here. As was the case for the rapidity
distributions, the relative A dependence will provide a natural
minimum of R,py, at high pr with intrinsic charm.

Now that the shape of the py distributions due to the differ-
ences between p + p and p + Pb systems has been clarified in
Fig. 14, the behavior of R,p,(pr) can be better understood.
These ratios are shown in Fig. 15 at forward rapidity and
Fig. 16 at backward rapidity. In addition to “EPPS16 only”
and “EPPS16 + abs,” as shown in Fig. 13, the ratios are
now also shown for enhanced kr broadening by the curves
for “EPPS16 + 8k2” and “EPPS16 + abs + 8k7” because
of the evident effects of increased ky broadening shown in
Fig. 14. The J/¢ calculations are shown on the left-hand
sides while the D results, without absorption, are presented on
the right-hand sides. The calculations for p,, = 40, 158, and
800 GeV as well as for /syy = 87.7 GeV are all made for
0 < |y| < 1 while the calculations at ,/syy = 200 and 5 TeV
are made for 1.1 < |y| < 2.2 and 2.5 < |y| < 5 respectively.

The results without intrinsic charm are shown in the top
two plots of both figures. Before absorption is included, the

025201-21



R. VOGT PHYSICAL REVIEW C 106, 025201 (2022)

T T ] RO— . T

" (a) I/y no IC ] I L () D no IC
. r St forward y

ﬁ 5
o 1.0
o I’
0.5 —
r EPPS16 only 1
I EPPS16 onl EPPS16 + abs
[ y ) EPPS16 + 0k,?
[ EPPS16 + 0k, i i
0.0 . L . | . | . 0.0 . L . | . | .
0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
Py (GeV) p, (GeV)

2.0 T 7 T T T 2.0 T T

; ; I .
(d) D P ° = 0.1% forward y

0.0 2.5 5.0 7.5 10.0
p; (GeV)

1.5 A N -

R i e AR g
8 1.0 A 1.0
2 ot I
0.5

———aa o e | L
(e) I/¥ P = 1% forward y L

ool s ool 1

0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
Py (GeV) p, (GeV)

FIG. 15. The nuclear suppression factor R p, as a function of transverse momentum at forward rapidity for J/v [(a), (c), (e)] and D [(b), (d),
(f)] mesons, including both the typical perturbative QCD contribution and intrinsic charm from a five-particle proton Fock state. The intrinsic
charm contribution is varied in the panels from no intrinsic charm (pQCD only) [(a) and (b)], PSS =0.1% [(c) and (d)], and P;gs = 1% [(e)
and (f)]. The red curves include the EPPS16 modifications of the parton densities only while the blue curves also include nuclear absorption
of the J/v. The magenta curves include the EPPS16 modifications as well as k7 broadening while the cyan curves include EPPS16, nuclear
absorption for the J/4, and k; broadening. (There is no absorption of the D mesons in cold nuclear matter.) The line types denote different
energies: p, = 40 GeV (solid), 158 GeV (dashes), 800 GeV (dot-dashed), ./syy = 87.7 GeV (dotted), 200 GeV (dot-dot-dot-dashed), and
5 TeV (dot-dot-dash-dashed). Note that the rapidity range is 0 <y < 1 for all energies except the two highest where the rapidity range is
1.1 <y <2.2for200GeV and 2.5 < y < 5 for 5 TeV.

results without broadening are above or close to unity for sorption is included. Adding absorption makes R,py, less than
JSvnv < 87.7 GeV. At collider energies and forward rapid- unity at all energies.

ity, a reduction due to shadowing is seen for ,/syy = 200 The effect of enllanced kr broadening can perhaps most
GeV and 5 TeV for both J/y and D. At backward rapidity, ~ easily be seen for D mesons because there are no absorp-
antishadowing is seen instead at these energies when no ab- tion effects. There is a very strong effect predicted for the
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FIG. 16. The nuclear suppression factor R,p, as a function of transverse momentum at backward rapidity for J/v [(a), (c), (e)] and D
[(b), (d), (f)] mesons, including both the typical perturbative QCD contribution and intrinsic charm from a five-particle proton Fock state. The
intrinsic charm contribution is varied in the panels from no intrinsic charm (pQCD only) [(a) and (b)], Pi(z s = 0.1% [(c) and (d)], and P‘? s=1%

1

[(e) and (f)]. The red curves include the EPPS16 modifications of the parton densities only while the blue curves include nuclear absorption
of the J/. The magenta curves include the EPPS16 modification as well as kr broadening while the cyan curves include EPPS16, nuclear
absorption for the J/4, and k; broadening. (There is no absorption of the D mesons in cold nuclear matter.) The line types denote different
energies: pip = 40 GeV (solid), 158 GeV (dashes), 800 GeV (dot-dashed), ,/syy = 87.7 GeV (dotted), 200 GeV (dot-dot-dot-dashed), and 5
TeV (dot-dot-dash-dashed). Note that the rapidity range is —1 < y < O for all energies except the two highest, where the rapidity ranges are

—2.2 <y < —1.1for 200 GeV and —5 <y < —2.5 for 5 TeV.

lowest energies in particular where the ratio goes from being
nearly independent of pr to a strong increase with pr. This
is because, as already mentioned, the increase 3k% in the lead
nucleus is large compared to the overall average pr, about half
the average pr, and a total (k%) 4 similar to the charm quark

mass itself. Only at higher energies does the ratio turn over
and begin to approach unity from above, as seen in typical
results for the Cronin effect with lighter particles [60].
Adding intrinsic charm reverses the trend and typically
lowers the maximum of peak due to enhanced k7 broadening.
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As was the case for the rapidity distributions in Fig. 13, when
intrinsic charm comes to dominate the distribution, Rpy,(pr)
reaches a minimum of A?~! = 0.213 for the ratio p + Pb to
p + p. That minimum is reached at increasingly higher py for
higher energy reactions due to the larger perturbative QCD
contribution to the cross sections. In the relatively low pr
range of Figs. 15 and 16 compared to collider energies, this
minimum is reached only for pj,, = 40, 158, and 800 GeV.
When enhanced k7 broadening is included, the perturbative
QCD calculations extend to higher pr (see Fig. 14), so that
Rpy reaches its minimum at increasingly higher pr as /syy
increases. The value of pr where the R,p, is minimized for
J/r does not depend on the absorption cross section because
this does not change the shape of the py distribution.

Increasing the probability of intrinsic charm in the proton
results in the minimum of R,p, being achieved at lower pr,
compare, e.g., the results for J/¢ in Figs. 15(c) and 15(e).
Similar results are found for D at forward rapidity in (b) and
(f). Because the nuclear dependence of the intrinsic charm
contribution is assumed to be the same at forward and back-
ward rapidity, the behavior at large pr including intrinsic
charm is the same for forward and backward rapidity, as
can be seen by comparing Figs. 16(c)-16(f) with the same
calculations in Figs. 15(c)-15(f).

The calculations here as a function of pr, as well as those
as a function of rapidity, are rather idealized because the only
data that exist for R,p, are for ./syy =5 TeV where the
contribution from intrinsic charm is negligible. Calculations
like these, without intrinsic charm, have been compared to
data from the LHC in Refs. [45,96,97] and have been shown
to be in relatively good agreement as a function of y and pr
although the suppression in R,pp, is underestimated at forward
rapidity.

Using the same target here makes trends with energy more
visible. However, data exist for other nuclear targets at lower
energies. Calculations for p 4+ Au collisions at RHIC agree
well with the data [67] and calculations were recently com-
pared favorably to the E866 data [7] as a function of xg and pr
in different xr regions in Ref. [34]. Collecting high statistics
data at low center-of-mass energies to as high py as possible

and binned into as many bins as feasible would test these
results. The E866 data were only available for pr up to ~3
GeV and, while the calculations agreed well with the trend
of the data in Ref. [34], both as a function of xr and pr,
more data at different energies, particularly as a function of
pr would be a stronger test of the calculations shown here.

VI. CONCLUSIONS

This work combines cold nuclear matter calculations in
perturbative QCD with intrinsic charm in the nucleon. The
rapidity and pr dependence of intrinsic charm is explored in
detail as a function of collision energy. The p; dependence
of intrinsic charm is shown to be very sensitive to the finite
rapidity acceptance of a real detector because the intrinsic
charm rapidity distribution is boosted along the beam direc-
tion. The p 4+ p and p + Pb rapidity and pr distributions for
the combined model are investigated over a wide range of
energies, and trends are shown.

Comparison to previous fixed-target data as a function of
xr shows some preference for a contribution from intrinsic
charm of up to 1%, compatible with recent forward results
from LHCD [33] on Z + c-jets relative to Z + jets and the
recent NNPDF global analysis [94]. These earlier fixed-target
data were, however, all taken at higher energies than the pro-
posed NA60+ energies of piyp, = 40, 80, and 120 GeV. The
boosted intrinsic charm rapidity distributions for J/y and D
production suggest that lower energy, fixed-target experiments
such as NA60+ would provide the best laboratory for deter-
mining the presence of intrinsic charm near midrapidity. High
statistics data as a function of rapidity and pr at these energies
could be a significant test of the importance of intrinsic charm.
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