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Limits on intrinsic charm production from the SeaQuest experiment
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Background: A nonperturbative charm production contribution, known as intrinsic charm, has long been
speculated but has never been satisfactorily proven. The SeaQuest experiment at the Fermi National Accelerator
Laboratory (FNAL) is in an ideal kinematic region to provide evidence of J/v production by intrinsic charm.
Purpose: J/y production in the SeaQuest kinematics is calculated with a combination of perturbative quantum
chromodynamics (QCD) and intrinsic charm to see whether the SeaQuest data can put limits on an intrinsic
charm contribution.

Methods: J/ production in perturbative QCD is calculated to next-to-leading order in the cross section. Cold
nuclear matter effects include nuclear modification of the parton densities, absorption by nucleons, and pr
broadening by multiple scattering. The J/y contribution from intrinsic charm is calculated assuming production
from a |uudcc) Fock state.

Results: The nuclear modification factor R, is calculated as a function of xr and pr for p + C, p + Fe, and p +
W interactions relative to p + d. Previous data from the E866 experiment at FNAL is also shown and compared
with the calculations.

Conclusions: The SeaQuest kinematic acceptance is ideal for testing the limits on intrinsic charm in the proton.

DOI: 10.1103/PhysRevC.103.035204

I. INTRODUCTION

Production of J/¢¥ has long 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 in nucleus-
nucleus collisions, A + A. While many of the earlier studies
of J/y production in p + A collisions were made in fixed-
target configurations [1-8], more recently production has
predominantly been studied at hadron and nuclear colliders,
in particular at the Relativistic Heavy-Ion Collider (RHIC)
at Brookhaven [9,10] and the Large Hadron Collider (LHC)
at CERN [11-14]. However, in the last several years, J/¢
production has been studied by the SeaQuest experiment
at Fermilab [15] in a fixed-target setup and at a lower
incident-proton energy than previous experiments, allowing
unprecedented forward coverage probing partons carrying a
large fraction x; of the incident-proton momentum.

This large x| coverage is of interest because it is ideal for
setting limits on any c¢c component of the proton wave func-
tion, proposed by Brodsky and collaborators [16—18]. There
have been some tantalizing hints [1,19,20] but no concrete
confirmation so far. Fixed-target data usually do not cover the
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far forward xr region or have done so with insufficient statis-
tics to make any definitive statement. Production at collider
energies is ineffective for such studies because the collider
kinematics put large x partons from the projectiles outside
the detector coverage [21]. Several additional new fixed-target
experiments have been proposed [22,23] or have taken data
[24], including using the LHC for fixed-target studies [23,24],
but all are higher energy than SeaQuest.

Earlier studies of J/¢¥ production at fixed-target ex-
periments parametrized the nuclear dependence of J/y
production as a power law [1-8],

OpA = opNAas (D

where A is the target mass and 0,4 and o,y are the production
cross sections in proton-nucleus and proton-nucleon interac-
tions, respectively. If J/v production is unaffected by the
presence of the nucleus, 0,4 would grow linearly with A and
o = 1. However, a less than linear A dependence has been ob-
served [1-8]. Typical values of o were between 0.9 and 1. This
A dependence was previously used to determine an effective
nuclear absorption cross section [5,25,26] under the assump-
tion that the deviation of « from unity was solely due to
J/ dissociation by nucleons. However, more detailed studies
of o as a function of the longitudinal momentum fraction
xrp and transverse momentum pr revealed a more complex
picture. Indeed, it has long been known that « decreases as a
function of xr [1-3,8] and increases with pr [3,6,8], neither
of which can be accounted for by nuclear absorption alone.
A number of cold nuclear matter effects can contribute to
this dependence. These include nuclear modifications of the
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parton distributions in nucleons in a nucleus relative to those
of a free proton [27], and energy loss or transverse momentum
broadening due to multiple scattering as the projectile transits
the nucleus [28-30], in addition to absorption. It has however,
proven difficult for most model calculations to describe J/y
production on nuclear targets as a function of xy and py with
these cold nuclear matter effects alone.

The NA3 Collaboration [1] proposed dividing J/y pro-
duction into two components that they referred to as hard
and diffractive for the nuclear volume-like and surface-like
dependencies, respectively,

‘do h do d

=AY — + AP 2
d)CF dXF + dxp ( )

dO'pA

The hard component is the perturbative QCD contribution
discussed so far while the so-called diffractive component has
been attributed to intrinsic charm, cc¢ pairs in the proton wave
function [16-18]. Since the charm quark mass is large, these
intrinsic heavy quark pairs carry a significant fraction of the
longitudinal momentum and contribute at large xr whereas
perturbative charm production decreases strongly with xp.
The light spectator quarks in the intrinsic cc state interact
on the nuclear surface, leading to an approximate A*/> de-
pendence [18]. The NA3 Collaboration found &’ = 0.97 and
B = 0.71 for proton projectiles [1]. This value of § is approx-
imately consistent with a nuclear dependence due to surface
interactions relative to interactions with the nuclear volume,
as in hard scattering [18]. Such an approach was employed to
compare with the NA3 measurements [31] for incident pro-
tons at 200 GeV and other fixed-target experiments at higher
energies [32].

The SeaQuest experiment at FNAL, with a 120 GeV in-
cident proton beam, is in an ideal kinematic regime to test
intrinsic charm production. Its J/v acceptance is in the region
0.4 <xp <0.95 and pr < 2.3 GeV. They have measured
the xr and pr dependence of J/y production in p+ p,
p+d, p+C, p+ Fe and p + W interactions [33]. A similar
two-component model is employed to make predictions for
these measurements, at energies and with kinematic accep-
tance favorable to intrinsic charm, in this work. The results
are expressed through the nuclear modification, R4, factor,
the ratio of the per nucleon cross section in p + A collisions
relative to p + d interactions at the same energy, instead of «,
as previously employed.

Previous measurements at FNAL were also made with an
800 GeV incident proton beam on several nuclear targets
[3,4,6] measured « as a function of xr and pr. The last
of these, E866, reported « over the full xF range, —0.1 <

r < 0.93, and as a function of p7 in three xr bins: —0.1 <
xr < 0,3 (dow xr); 0.2 < xp < 0.6 (intermediate xr); and
0.3 < xp < 0.93 (high xp). Data were taken in p + p, p + Be,
p + Fe, and p + W interactions. Characterizing the data from
all three nuclear targets into a single « rather than a nuclear
modification factor for each target reduces the potential in-
formation. Nonetheless, the range of these data can provide
a point of comparison for the SeaQuest calculations shown
here. Calculations of a(xr) were made with an earlier ver-
sion of a similar model [32]. However, the perturbative QCD
calculations were at leading order, with no calculation of the

pr dependence. The modifications of the parton densities in
nuclei used in the previous work have now been supplanted
by newer evaluations. In addition, in that work, initial-state
energy loss was considered while here pr broadening is in-
cluded instead.

The calculation of J/v production in perturbative QCD is
presented in Sec. II. The cold nuclear matter effects included
in the calculation are also introduced. The xr and p7 distribu-
tions from intrinsic charm are presented in Sec. III, along with
a discussion of the nuclear dependence. Section IV presents
the results for the modification of J/v production in nuclear
targets at SeaQuest, both for perturbative QCD effects alone
and including the intrinsic charm contribution. Comparison is
also made to the data from the E866 experiment in Sec. IV.
The conclusions are presented in Sec. V.

II. J/¥ PRODUCTION AND COLD NUCLEAR MATTER
EFFECTS IN PERTURBATIVE QUANTUM
CHROMODYNAMICS

This section describes J/v production in perturbative
QCD and describes how cold nuclear matter effects are im-
plemented in this work.

The J /v production mechanism remains an unsettled ques-
tion, with a number of approaches having been introduced
[34-36]. In the calculations presented here, the color evap-
oration model (CEM) [34] is employed. This model, together
with the improved color evaporation model [36], can describe
the xr and pr distributions of J/v production, including at
low pr where other approaches have some difficulties and
may require a pr cut [37]. The CEM calculations are de-
scribed in Sec. II A. The remainder of this section discusses
nuclear modifications of the parton densities, nPDF effects,
Sec. II B; absorption by nucleons, Sec. II C; and transverse
momentum broadening, Sec. II D; are implemented in this
work.

A. Charmonium production in the color evaporation model

The CEM [34] is employed to calculate J/v production.
This approach 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//,

4m?

4m§,
ocem(pp) = Fc Z/ dS/desz,-p(xh wp . kr)
ij

X Fjp(XZs /142!79 sz)aij(f’ I’le""’ M’IZQ)’ (3)

where ij = gg, qq, or ¢(q)g and 6;;(3, 1%, %) is the partonic
cross section for the initial state ij evaluated at factorization
scale ur and renormalization scale ug. (Note that the ¢(g)g
process only enters at next-to-leading order in «.) The parton
densities are written here to 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 fac-
torization and a k7 -dependent function,

FP(x, pug kr) = 7 (x, ug)Gplkr). )
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The CT10 proton parton densities [38] are employed in the
calculations of f7(x, u2).

The charm quark mass, factorization scale and renor-
malization scale determined from a fit to the total cc
cross section at NLO in Ref. [39] are employed here,
(m, wr/mr, pr/mr) = (1.27 £0.09 GeV, 2.175:33, 1.6701))
where pr is the factorization scale and g is the renormaliza-
tion scale. The scale factors, wp and g, are defined relative
to the transverse mass of the pair, g g < my = (m? + pzT)l/ 2
where the pr is the c¢ pair pr, p7 = 0.5(p2TQ + p2T§)' At LO
in the CEM, the J/y pr is zero. Thus, the calculated pr
distribution is LO while the xy distribution is at NLO.

The improved color evaporation model has recently been
developed [36] and extended to studies of quarkonium po-
larization [40—43] in hadroproduction. The change in the
mass integration range and in the definition of the pr of the
quarkonium state changes the ¥/ (2S) pr distribution relative
to the J/v at high py and, due to the narrower integration
range, increases F¢ for J/¢ in the ICEM by ~ 40% [36]. The
J/¥ pr distributions are compatible with each other in the
two approaches, see Ref. [42] for a comparison.

Calculations in the CEM were carried out at next-to-
leading order (NLO) in the heavy flavor cross section using
the exclusive NLO QQ production code HVQMNR [44] after
imposing a cut on the pair invariant mass. This exclusive cal-
culation is applied because it can keep track of both the ¢ and ¢
quarks that constitute the J/vr. However, to keep the p7 distri-
bution finite as pr — 0, the calculations require augmentation
by kr broadening, as described in more detail below.

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 af-
ter fragmentation was applied [45]. Broadening has typically
been modeled by including intrinsic transverse momentum,
kr, smearing to the parton densities and plays the role of
low-p7 QCD resummation [46].

In the HVQMNR code, an intrinsic k7 is added in the final
state, rather than the initial state, as was previously done for
Drell-Yan production [46]. When applied in the initial-state it
multiplies the parton distribution functions for both hadrons,
assuming the x and k; dependencies factorize in the parton
distributions, as in Eq. (4). If the k7 kick is not too large, it
does not matter whether the k7 dependence is added in the
initial or final state.

Because the kick is employed in the final state, effectively
the factors G,(kr) in Eq. (4) for each parton is replaced by

gplkr) = Gl’(le)Gl’(sz)' o

A Gaussian is employed to define g,(k7) [45],

1
gplkr) = T, (=k7/(kz),)- 6)
In Ref. [45], (k?), = 1 GeV? was chosen to describe the pr
dependence of fixed-target charm production.

The broadening is applied by first boosting the produced
cc pair (plus light parton at NLO) to its rest frame from
its longitudinal center-of-mass frame. The intrinsic transverse
momenta, I;Tl and I?Tz, of the incident partons are chosen at
random with k%, and k7, distributed according to Eq. (6),
preserving the total kick. Boosting back to the original frame
changes the initial transverse momentum of the cc pair from
pr to pr + I;Tl + I?Tz. If the kr was applied to the incident
parton distributions, instead of the final-state cc pair, there
would be no difference at LO. At NLO there can also be a
light parton in the final state, making the correspondence inex-
act. The difference between the two implementations should
be small if (k%) < 2 GeV?, as is the case here [45]. While
the rapidity distributions are independent of the intrinsic k7,
there will be some modification of the xz distribution because
xrp = (2mr/ /syny)sinhy and my = (PF +mHV2.

The effect of the kr kick on the pr distribution can be
expected to decrease as /s increases because the average pr
also increases with energy. However, the value of (k2) p 1s
assumed to increase with /s so that effect remains particu-
larly important for low-py production at higher energies. The
energy dependence of (k%) in Ref. [39] is

(k7), = [1 +ln (Mﬂ GeV? (7)
n 20GeV

with n =12 for J/y production [39]. At the energy

of the SeaQuest experiment, ,/syy = 15.4 GeV, (k%) =

0.97 GeV2. At /syy = 38.8 GeV, the energy at which the

E866 data were taken, (k%) prises to 1.05 GeV>.

Figure 1 shows the xF and p7 distributions for J/yr produc-
tion in p 4 p collisions in the CEM at 120 GeV. The mass and
scale uncertainties are calculated using the one standard devi-
ation uncertainties on the quark mass and scale parameters. If
the central, upper and lower limits of ug r/mr are denoted as
C, H, and L respectively, the seven sets used to determine the
scale uncertainty are {(ur/mr, urp/mr)} = {(C,C), (H,H),
(L, L), (C,L), (L,C), (C,H), (H,C)}. The uncertainty band
can be obtained for the best fit sets [39] by adding the uncer-
tainties from the mass and scale variations in quadrature. The

domax _ docent + dap..max _
dx — dXx ax

defines the uncertainty on the cross section. The kinematic
observables, denoted by X, are xp and pr in this case. The

dUmin _ docent do—u,min
dX — dX dX

envelope contained by the resulting curves,
|
docent g + A0, max . docent ? 8)
dx dx ax )’
docent 2 4 dam,min _ dOcent 2 9)
dX dX ax )’

(

calculation labeled “cent” employs the central values of m,
ur,and wg. The calculations with subscript o keep the mass
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FIG. 1. The J/v production cross sections in the CEM in p + p collisions at /s = 15.4 GeV as a function of (a) xr and (b) pr, integrated
over all phase space, are shown. The solid curves show the central values while the dashed curves outline the upper and lower limits of the

uncertainty band.

fixed to the central value while the scales are varied. On the
other hand, in the calculations with subscript m, the scales are
fixed to their central values while the mass is varied between
its upper and lower limits. Unless otherwise noted, the calcu-
lations employ the central values of the mass and scale factors.

At the center-of-mass energy of the SeaQuest experiment,
the J/v cross section is still growing rather quickly with /s
and the mass uncertainty is dominant. Changing the charm
quark mass within its 7% uncertainty can change the forward
J/ ¥ cross section (in the range 0 < xr < 1) by almost a factor
of two. On the other hand, changing the factorization scale at
the relatively large momentum fraction carried by the incident
partons, gives a rather small effect on the cross sections, less
than 30%.

Note that in the acceptance of the SeaQuest experiment,
0.4 < xp < 0.95 and pr < 2.3 GeV, &~ 22% of the total cross
section is captured. In particular, the far-forward acceptance
in xp is in a region where one might expect gg or qg/qg
contributions to heavy flavor production to be non-negligible
compared with gg production of J/v. Figure 2 shows the ratio
of the partial cross sections for each partonic initial state, the
squared amplitude weighted by the parton densities, relative
to the total cross section. Indeed at ,/syy = 15.4 GeV, if
J/¢ production is broken down into its gg, gq, and qg/qg
contributions, the gg contribution is &~ 80% over the xp range,
integrated over all pr, while the gg and gg contributions are
~25% and ~ —10% respectively, see Fig. 2(a). The contribu-
tions from the production channels change more as a function
of pr, integrated over forward xg, as shown in Fig. 2(b), As
pr increases the gg and gg contributions become compara-
ble at pr & 5 GeV while the gg contribution decreases. See
Refs. [44,47] for discussions of the relative contributions of
the production channels. Also, note that even though the gg

contribution is negative over much of the kinematic range,
the total cross section is positive. These results show that in
the specific kinematics and the low center-of-mass energy of
the SeaQuest experiment, the gg contribution, while it is larger
than the other contributions, is not fully dominant. At higher
energies, including already at ,/syy = 38.8 GeV, the energy
of the E866 experiment, the gg contribution is larger than 95%
of the total due to both the larger gg partonic cross section at
high energies and the larger gg luminosity at higher energies
and smaller x.

These distributions are not significantly modified in p + d
relative to p + p collisions. The p 4 d cross section is about
1%—2% larger per nucleon than the p + p cross section. This
difference can be attributed to the modified valence quark
contributions in proton relative to deuterium targets and is
non-negligible at the SeaQuest energy because the gg con-
tribution is around 25% of the cross section in the SeaQuest
acceptance.

B. Nuclear effects on the parton densities

The parton distribution functions in nuclei are modified
from those of a free proton. A characteristic dependence of
this modification has been determined from deep-inelastic
scattering experiments of leptons (electrons, muons, or neu-
trinos) on nuclei. These leptonic measurements probe only
charged partons, leaving the gluon modifications to be in-
ferred through the evolution of the parton densities with scale
and momentum sum rules. The characteristic dependence is
usually presented as the ratio of the structure function in
a heavier nucleus, F>4 relative to the structure function in
the deuteron, F>4. The deuteron is chosen because it has an
equal number of up and down valence quarks between the
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FIG. 2. The contributions to the J/v production cross sections in the CEM in p + p collisions at »/s = 15.4 GeV as a function of (a) xz
and (b) pr are shown for the gg (solid), gg (dashed) and gg (dot-dashed) initial states.

constituent neutron and proton. At high momentum fractions,
x > 0.3, carried by the interacting parton, there is a depletion
in the nucleus relative to a nucleon, known as the European
Muon Collaboration (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
the ratio R = F>4/F>q4 < 1, there is an enhancement referred
to as antishadowing.

A number of global analyses have been made over time by
several groups to describe the modification as a function of
x and factorization scale wp, assuming collinear factorization
and starting from a minimum scale, u%-. These analyses have
evolved with time, similar to global analyses of the proton
parton distribution functions, as more data become available.

Nuclear PDF effects are generally implemented by a
parametrization of the modification as a function of x, 5, and
A so that the kr-independent proton parton distribution func-
tion in Eq. (3) is replaced by the nuclear parton distribution
function

Fivs i) = Rj(x2, i, A) 7 (32, 7).

Note that the separate modifications for valence and sea
quarks in the case of up and down quarks requires the modi-
fication to be applied separately to the valence and sea quark
proton distributions. The isospin also needs to be taken into
account for the light quark distributions as well to distinguish
between proton and neutron contributions.

Here the EPPS16 [48] nPDF parametrization at next-to-
leading order in the strong-coupling constant «; is employed
in the calculations. It is available for A = 12 (carbon), 56
(iron), and 184 (tungsten) but assumes no modification for the
deuteron target.

The EPPS16 analysis used the LHC data from the 2012p +
Pb run at ,/syy =5.02 TeV. Data on dijet production, as
well as for W* and Z gauge boson data, are still rather
sparse but probe much higher scales than previously available
from fixed-target nuclear deep-inelastic-scattering experi-
ments. This analysis also included the CHORUS data [49]
with neutrino and antineutrino beams. All these additional

(10)

data sets gave access to a wide range of scales, 4 < u <
2 x 10* GeV?, at relatively large x. They were also sensitive to
differences in the valence and sea quark distributions, allow-
ing separation between uy and dy and % and d, respectively.

EPPS16 has 20 fit parameters, giving 41 total sets with one
central set and 40 error sets. The error sets are determined by
varying each parameter individually within one standard devi-
ation of its best-fit value. The uncertainties on the individual
quark ratios are calculated by summing the excursions of each
of the error sets from the central value in quadrature. The sets
cover the range 1.3 < Q < 10000 GeV and 1077 < x < 1.

The uncertainties on the J/y distributions due to EPPS16
are obtained by calculating the J/y cross sections with
the central set and the 40 error sets and summing the
differences in quadrature. The resulting J/v uncertainty band
deviates from the central cross section on the order of 20%,
significantly less than the mass and scale uncertainties shown
in Fig. 1.

The EPPS16 ratios for gluons, valence up quarks, and u
quarks are shown at the J/y mass scale in Fig. 3. The central
sets, along with the uncertainty bands, are shown for all three
targets for gluons [Fig. 3(a)], anti-up quarks [Fig. 3(b)] and
valence up quarks [Fig. 3(c)]. The range x > 0.007 is em-
phasized since SeaQuest does not probe the small-x region.
Indeed, the average x range probed by SeaQuest is rather
narrow and in the range where antishadowing is dominant. To
set the limits in x shown in Fig. 3, the momentum fraction
X in the nucleus is calculated for xz = 0.95, p7 =0 and
xp = 0.4, pr =2.3 GeV in 2 — 2 kinematics where x, =
0.5[—xF + (x} + 4m3./$)'/?] and mp = (mj,, + p7)'/2, as-
suming that any light final-state parton associated with J/v
production in the 2 — 3 next-to-leading order kinematics has
a small effect on the resulting x,. These combinations of xp
and pr give the minimum and maximum values of x,, 0.068
and 0.136, respectively. In the E866 kinematics, the x, range
probed at high xr is lower, x, & 0.12 for xp = —0.065, the
midpoint of the lowest xz bin and x, &~ 0.007 in the highest
xr bin with midpoint xp = 0.913 [6]. Here the lowest value
of x, probed is an order of magnitude smaller than for high xz
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FIG. 3. The EPPS16 ratios, with uncertainties, are shown at the scale of (a) the J/¢ mass for gluons, (b) the up sea quark distribution, and
(c) the valence up quark distribution 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. The results are given for A = 12 (black), 56 (red), and 184 (blue). The vertical

lines indicate the x range of the SeaQuest measurement, 0.068 < x < 0.136.

at SeaQuest. Thus one can expect antishadowing near xp =~ 0 region where J/y production is not dominated by production
and shadowing at high x in the E866 range. via the gg channel, see Fig. 2.

The ratios are all shown for the J/v mass, pur = my/y. Finally, it is worth noting that these modifications assume
At this value of the factorization scale, within a factor of = minimum bias collisions, averaging over the volume of the
three of the minimum scale employed in the EPPS16 fits, nucleus. Measurements of J/y production in p + Pb colli-
ur = 1.3 GeV, the uncertainty band is quite large. sions at much lower x such as of the ALICE Collaboration

The fixed-target neutrino deep-inelastic-scattering dataand ~ have been shown as a function of collision centrality, as de-
the gauge boson data from the LHC reveal differences termined by event multiplicity [50]. These results exhibit a
between the valence and sea quark ratios. The nuclear mod- clear dependence on where the probe impacts the nucleus, for
ification is weaker for dy than for uy while there is no example, in peripheral collisions, closer to the “edge” of the
antishadowing for d. On the other hand, the % ratio shows nucleus where there might be only one nucleon in the path of
antishadowing on a level similar to the valence quarks, albeit the proton or more central collisions where the proton may
over a narrower range in x. Only the u and uy modifications encounter multiple nucleons [51,52]. It would be interesting
are shown in Fig. 3. Examples of the sea quark and valence = to see whether similar modifications could be observed in
quark ratios are shown because SeaQuest is in a kinematic high-statistics fixed-target measurements such as at SeaQuest.
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C. Nuclear absorption in pA interactions

In p + A collisions, the proto-J/¢ produced in the initial
parton interactions may further interact with nucleons and
be dissociated or absorbed before it can escape the target,
referred to as nuclear absorption. The effect of nuclear ab-
sorption alone on the J/v production cross section in p + A
collisions may be expressed as [25]

o0
Opn = OpNSTS = oy / d*b / dzpa(b, 2)S™(b)  (11)
—00

o0
= apN/dzb/ dzpa(b, 2)
—0oQ0

X exp {—/ dz pa(b, 2 )os (2 — Z)}, (12)

where b is the impact parameter, z is the cc production
point, S%5(d) is the nuclear absorption survival probability,
and o,ps(7 — z) is the nucleon absorption cross section. Even
though the absorption cross section used in this work is
assumed to be constant, it is written as a function of the
path length through the nucleus in Eq. (12) because other
functional forms have previously been assumed, see, e.g.,
Ref. [53]. Expanding the exponent in Eq. (12), integrating,
and re-exponentiating the results assuming A is large leads to
Eq. (1) with Sf\bs =A%andaoa=1— 9Uabs/(167'[r§) [25].

There have been many studies of the absorption mecha-
nism of the J/v in nuclei and the cross section obtained in
various model studies depends on whether the J/ is assumed
to be produced inside or outside the target and whether it is
produced as a color singlet or color octet. For comparison
of results assuming different absorption scenarios, see, for
example, Refs. [32,53-55] and references therein.

The extracted absorption cross section also depends on
which cold nuclear matter effects were taken into account.
If one assumes only absorption, the cross section could be
underestimated at low energies because antishadowing effects
have been neglected. At energies where antishadowing dom-
inates, a larger effective absorption cross section is needed
to reach the level of measured suppression in p + A relative
to p+ p collisions, as discussed in Ref. [54]. In that ref-
erence, the effective absorption cross section was extracted
for each measured xp or rapidity point for several nPDF
parametrizations available at the time. While the effective
absorption showed some dependence on the chosen nPDF
parametrization, the authors were able to discern some trends.
At midrapidity or xp ~ 0, absorption was generally largest
and was seen to decrease forward of this central region, at least
up to a point. Experiments such as Fermilab’s E866 experi-
ment [6] at ,/syy = 38.8 GeV or the NA3 collaboration [1]
at CERN with /syy = 19.4 GeV showed a strong increase
in effective absorption for more forward xg, xp > 0.3 [54].
It was also noted, including by the E866 Collaboration [6],
that although high xr also corresponds to low x, and the shad-
owing region, results at different energies did not scale with
X», demonstrating that shadowing could not be the dominant
effect in that region. Other effects such as energy loss in cold
matter were speculated to lead to the observed behavior.

Based on the midrapidity results, an energy-dependent
effective absorption cross section was obtained employing
the available data [54]. Extrapolating the findings back to
120 GeV gives 7 < oaps < 9 mb. A value of 9 mb is used
here and is compared with results with no nucleon absorption,
oas = 0 and ¢ = 1. When comparing with the E866 data, a
lower value, o,ps = 5 mb, is used, consistent with the findings
in Ref. [54].

Even though J/y absorption may be inextricably entan-
gled with other cold nuclear matter effects in hadroproduction,
it may be possible to make an independent measurement of
the J/¢-nucleon total cross section, effectively the absorp-
tion cross section, from measurement of the A dependence
in photoproduction. Such an experiment was performed at
the Stanford Linear Accelerator Center (SLAC) at 20 GeV
[56], giving a value of 3.5 + 0.8 = 0.5 mb, lower than esti-
mates from hadroproduction at higher energies [54]. A new
experiment of the A dependence at similar energies would be
useful [57], especially if the coherent and incoherent contri-
butions could be separated. Measurements of J/1 production
in ultraperipheral collisions, while not shedding new light on
absorption by nucleons, can provide additional constraints on
the nuclear gluon parton densities. Measurements reported by
ALICE [58,59] and CMS [60] have already put some con-
straints on the gluon density in the nucleus at low x.

Absorption by comoving particles, whether characterized
as hadrons or partons, has been included in some calculations
of cold nuclear matter effects [61]. This type of suppression
has not been included separately here because it has been
shown to have the same nuclear dependence in minimum-bias
collisions [62].

D. kr broadening

The effect and magnitude of intrinsic kr broadening on
the J/v pr distribution in p 4 p collisions was discussed in
Sec. IT A. 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 [63]. The effect is implemented by replacing
gplkr) in Eq. (5) by ga(kr) where (kr), is replaced by (kr)4
in Eq. (6).

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

(k7), = (k7), + 3k (13)

The same expression for Sk% used in Ref. [64], based on
Ref. [65], is employed here,

8k = ((v) — DA% (). (14)

The strength of the broadening, A%(1), depends on the inter-
action scale [65],

In*(u/GeV)

— 2" GeV>. (15)
1+ In(/GeV)

A%(n) = 0.225

The scale at which the broadening is evaluated is taken to be
w = 2m, [64]. The scale dependence suggests that one might
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expect a larger k7 kick in the nucleus for bottom quarks than
charm quarks.

The size of the effect depends on the number of scatterings
the incident proton could undergo while passing through a
nucleus. This is given by (v) — 1, the number of 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*TED) 3 in
= gpp—§ dszi(b) = EpoRAapp, (16)
where T4(b) is the nuclear profile function, Ty(b) =
ffooo dzpa(b, z), and p, is the nuclear density distribution.

(v)

An average nuclear density, py = 0.16/fm>, is assumed for
a spherical nucleus of radius Ry = 1.2AY3; and 0},‘}, is the
inelastic p 4 p cross section, &~ 32 mb at fixed-target energies.

With the given values of py and a;rl‘, in Eq. (16) and Az(u =
2m.) = 0.101 GeV? from Eq. (15),

8k ~ (0.92A4'% — 1) x 0.101 GeV?. (17)

For carbon, iron, and tungsten targets, 8k% = 0.1, 0.25, and
0.39 GeV?, respectively. This gives an average broadening
in the nucleus of (k%)A = 1.07, 1.22, and 1.36 GeV? for the
SeaQuest targets. The change in (k%) between carbon and

J

dPys = P2sNs / dx; - - - dxs f dkyy - - - dkys / dky - -

where i = 1, 2, 3 are the interchangeable light quarks (u, u,
d) and i =4 and 5 are the ¢ and ¢ quarks respectively. Here
Ns normalizes the |uudcc) probability to unity and P2, scales
the unit-normalized probability to the assumed intrinsic charm
content of the proton. The § functions conserve longitudinal
(z) and transverse (x and y) momentum. The denominator of
Eq. (18) is minimized when the heaviest constituents carry the
largest fraction of the longitudinal momentum, (xp) > (x,).

Note that only this five-particle Fock state of the proton is
considered here since it gives the most forward xz production
of J/y from intrinsic charm. One can also consider higher
Fock components such as |uudccqg) but these will reduce
the average momentum fraction of the J/y and also enter at
lower probabilities, see, e.g., Refs. [67] for examples of charm
hadron distributions from higher Fock states.

Heretofore, only the xp dependence of the J/y from
the five-particle Fock state has been considered. In this
case average values for the transverse masses of the con-
stituent quarks, m? = m? + k7,, can be used. Previously, i, =
0.45 GeV and m,. = 1.8 GeV were chosen [31]. In this case,
the J/ xp distribution can be calculated by assuming simple
coalescence of the ¢ and ¢ in a single state, represented in
Eq. (18) by the addition of a § function, §(xfp — x, — xz),
for the longitudinal z direction. We can relate the summed
x. and x; momentum fractions to the xr of the J/vy by

tungsten targets is similar to that observed for J/v production
in other fixed-target experiments [8]. That work also observed
that this relative broadening was independent of center-of-
mass energy.

At the higher energy of the E866 experiment, (k%), in-
creases to 1.05 GeV2. The beryllium, iron and tungsten targets
are effectively identical to the SeaQuest targets but the higher
energy increases the average broadening to (k7)4 = 1.15, 1.3,
and 1.44 GeV?, respectively.

The effect of k7 broadening in nuclei, relative to the proton,
is to reduce the ratio p+A/p+ por p+A/p+datlow pr
and enhance it at high py. Because xy depends on my, one
can expect a small effect as a function of xr while a more
significant one should be seen as a function of pr.

III. INTRINSIC CHARM

The wave function of a proton in QCD can be represented
as a superposition of Fock state fluctuations, e.g., |uudg),
luudqq), \uudQQ), ...of the |uud) state. When the projectile
scatters in the target, the coherence of the Fock components is
broken and the fluctuations can hadronize [16,17,66]. These
intrinsic QQ Fock states are dominated by configurations with
equal rapidity constituents. Thus the intrinsic heavy quarks
carry a large fraction of the projectile momentum [16,17].

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

8(1 - Z?:l xi)S( Z?:l kxi)ﬁ(Zle kyi)

- dkys il 02
(mlzj =D i (miz/x,»))

, (18)

(

assuming that it is brought on-shell by a soft scattering with
the target.

In this work, the pr distribution of the J/v from such a
Fock state is calculated explicitly for the first time. Thus the
k, and k, integrals are also represented in Eq. (18). To simplify
the calculations, it is assumed that the transverse momentum
of the J/v, pr, is in the x direction only. This introduces two
8 functions to Eq. (18), §(pr — ke — kye) and 8(kye + kyz).

Employing these § functions, the longitudinal momentum
fraction of the ¢ can be integrated, as well as the transverse
momentum of the ¢ quark in the proton, leaving the light
quark x and k as well as that of the ¢ quark to be integrated
numerically.

The J/y xr and pr probability distributions from intrinsic
charm are shown in Fig. 4. The distributions are normalized
to unity. How this normalized probability distribution is con-
verted into a cross section for J/i production by intrinsic
charm is explained shortly. Results are shown for different
values of k7 for the light and charm quarks in the proton.

As shown in Fig. 4(a), the xr dependence is effectively
independent of the chosen ky limits. The average xp of the
distribution is 0.53, almost exactly the same as previous cal-
culations assuming constant values of 7, = 0.45 GeV and
n%f = 1.8 GeV [31]. The charm quark x, distribution obtained
by integrating over the momenta of the other four partons
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FIG. 4. The probability distributions for J/¢ production from a five-particle proton Fock state as a function of (a) xr and (b) pr. The
results are shown for different values of the k7 range for the light and charm quarks. The red curve employs the default values, & = 0.2 GeV
and k7™ = 1.0 GeV while the blue dashed curve increases k™ and k™ by a factor of two and the dot-dashed magenta curve employs half
the values of k& and k;™*. The solid black curve shows the x and pr distributions for a single charm quark from the state.

in the Fock state, assuming the quark is liberated from the
projectile proton by a soft interaction. It has an average value
of x. = 0.34, slightly larger than half that of the J /4.

The pr distributions, on the other hand, show a significant
dependence on the range of kr integration. The chosen de-
fault values are k;‘a" = 0.2 GeV and k™ = 1.0 GeV, shown
by the red curve in Fig. 4(b). Note that these limits apply
to both the x and y directions of the transverse momen-
tum. The charm quark distribution, with these same default
values for the range of integration, is given by the black
curve.

If the limits of the integration range are doubled to k7" =
0.4 GeV and k"™ = 2.0 GeV, the pr distribution is broad-
ened, see the blue dashed curve in Fig. 4(b), while halving the
integration range to 0.1 GeV 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
pr of the charm quark in the default integration range is
2.00 GeV.

The shape of the pr distribution from intrinsic charm
also depends on the chosen quark masses. Increasing the
quark masses broadens the py 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. 4(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.

It is notable that the J/y py distribution from intrinsic
charm is considerably broader than that of the J/v calculated

with the CEM, shown in Fig. 1(b). This can be easily under-
stood, even when an average (kr)> ~ 1 GeV? is employed
with the CEM, when one considers the two sources.

In perturbative QCD, the pr range depends on the center-
of-mass energy with a limit of pr ~ /syy/2 at xp = 0 for
massless partons and less for massive quarks, where pr is re-
placed by my. Leading order 2 — 2 scattering is also assumed
for this estimate, leading to pr < 7.2 GeV in the massless
case and pr < 6.5 GeV for the J/v in the CEM. In addition,
since the initial partons taking part in the 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 that the intrinsic charm
quarks in the proton Fock state.

On the other hand, when the J/vy arises from an intrinsic
charm state of the proton, according to Eq. (18), there is no
energy limit on the py distribution other than that imposed by
momentum conservation. The J/¢ kinematics all come from
the incident proton. Only a soft interaction with the target is
sufficient to disrupt the Fock state and bring the J/y on mass
shell.

Even though intrinsic charm may dominate at higher py for
the SeaQuest energy and kinematics, at higher energies, the
J/ cross section from perturbative QCD will be significantly
higher and the average pr of the CEM calculation grows with
energy, along with the intrinsic k7 kick imparted to the J/y
at low pr, see Eq. (7), while the J/¢ pr distribution from
intrinsic charm distribution will not change. In particular, at
colliders, the acceptance is generally around midrapidity (low
xr) and the largest part of the intrinsic charm contribution is
thus outside the detector acceptance and detection of intrinsic
charm is less favorable.
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The intrinsic charm production cross section from the
|uudcc) component of the proton can be written as

2

/\2 .
4m?

oic(pp) = RCSO-I];;V (19)
The factor of w?/4m?> arises from the soft interaction which
breaks the coherence of the Fock state where u? = 0.1 GeV?
is assumed, see Ref. [31], and o;'}\, = 30 mb is appropriate
for the SeaQuest energy. Employing this cross section for
charm production from the Fock state, the J/y contribution
is assumed here to be calculated by scaling Eq. (19) by the
same factor, F¢, used to scale the CEM calculation to obtain
the inclusive J/y cross section from the cc cross section in

Eq. (3),
o/ (pp) = Fcoie(pp). (20)

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/y dependence by the NA3 Col-
laboration [1] in Eq. (2), so that

oV (pA) = o/ (pp)AP Q1)

with g = 0.71 [1] for a proton beam.

To represent the uncertainties on intrinsic charm, several
values of the intrinsic charm probability, Pigs, are employed.
The EMC charm structure function data is consistent with
P = 0.31% for low energy virtual photons but P2, could be
as large as 1% for the highest virtual photon energies [19,68].
For a lower limit, a probability of 0.1% is used. All three
results are generally shown in Sec. IV unless otherwise noted.

In this work, the formulation for intrinsic charm in the pro-
ton wave function postulated by Brodsky and collaborators in
Refs. [16,17] has been adapted. Other variants of the intrinsic
charm distribution in the proton exist, including meson-cloud
models where the proton fluctuates into a Duc) A (udc) state
[69-72] and a sea-like distribution [73,74]. Intrinsic charm has
also been included in global analyses of the parton densities
[73-77]. The range of Pi‘gs explored here is consistent with the
results of the global analyses. For more details of these other
works, see the review of Ref. [78]. (See Ref. [79] for a dis-
cussion of a possible kinematic constraint 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 intrinsic charm, was presented
in Ref. [80]. See also the recent review in Ref. [81] for more
applications of intrinsic heavy quark states.

IV. RESULTS

The first part of this section presents the results for the
nuclear suppression factor,

_ 20'pA

Rpa (22)

A Opd '
where the cross section per nucleon in a nuclear target is
compared with that of the deuteron target, in the SeaQuest
kinematics. The relative per nucleon cross sections are a
more straightforward way to present the nuclear dependence

than using the exponent « as was done previously. Using
the deuteron target reduces the potential, albeit small, isospin
dependence of the ratios.

The calculations shown here are all in the xz and pr bins
defined by SeaQuest [33]. The calculated points shown in the
figures are placed at the arithmetic center of the bin rather
than a cross-section-weighted center. Changing the location
of the calculated points within the bins could slightly modify
the shape of the xr and pr dependence in this section but not
enough to alter any conclusions. Because the SeaQuest data
have not yet been submitted for publication, the calculations
shown here cannot yet be compared with data.

Section IV A shows the results with cold nuclear matter
effects on the perturbative QCD contribution alone while
Sec. IV B includes intrinsic charm, both without and with
nuclear absorption on the pQCD contribution. Results are
calculated both as a function of xz and pr and are shown for
all three nuclear targets: A = 12 (carbon); A = 56 (iron); and
A = 184 (tungsten).

Section IV C shows calculations compared with the E866
results for o reported in Ref. [6]. Because their reported o
combines results from all three targets (beryllium, iron, and
tungsten), the value of « is calculated from Eq. (1) for each
target, o = In(opa/0,,)/In(A), and averaged over all three
targets.

A. R,4 from perturbative quantum chromodynamics
effects alone

The focus of the discussion in this section is on only the
nuclear effects described in Sec. II. In this case, the cross
sections employed in the calculation of R4 are

0pa = ocem(pA)

4m?
st o ot
— - J4m?
L]
x (x2, g, kr) 63 (8, g, 7). 23)
where
F o, uo kr) = Rj(x2. ni. A) f (2. n7) Galkr),  (24)
FP(x1, s kr) = filxr, ug) Gplkr). =

In the case of the deuteron target, R; =1 in EPPS16, and
8k2 =0 in Eq. (14) so that ga(kr) = g,(kr). It is also as-
sumed that o,,s = 0 since the proton and neutron in the
deuteron are far separated so the incident proton is likely to
interact with only one of the two nucleons in the deuteron.
Thus 0,9 = 2ocem(pp). As was the case in Eq. (5), here the
broadening is applied as

galkr) = G,(kr,)Galkr,), (26)

discussed in Sec. II D. Results are shown in Fig. 5 as a func-
tion of xr and in Fig. 6 as a function of pr for effects on the
three nuclear targets.

The effects are added sequentially in these figures. Only
nPDF effects are common to all the calculated ratios. These
nPDF results are presented with the central best-fit set given
by the solid curves while the uncertainties added in quadrature
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FIG. 5. The nuclear modification factors for J/¢ production in SeaQuest as a function of xr for pQCD production alone for (a) carbon,
(b) iron, and (c) tungsten targets relative to deuterium. Results are shown for nPDF effects alone (red), nPDFs with an additional k7 kick
(magenta), nPDFs and absorption (blue), and nPDFs, absorption and kr broadening (cyan). The solid lines shown the results with the central
EPPS16 set while the dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.

are outlined by the dashed curves. First nPDF effects alone
are shown by the red points and curves. In this case, g4 (kr) =
gp(kr), no additional broadening is taken into account due to
the nuclear target. The magenta points and curves show the
effect of enhanced k7 broadening in the nuclear target. Next,
absorption is added in the two cases with nPDF effects plus
absorption shown in the blue points and curves while all three
effects: nPDF, absorption, and enhanced k; broadening are
shown by the cyan points and curves.

The results with nPDF effects alone are generally indepen-
dent of x7 and pr and all show R,4 > 1. As seen in Fig. 3, the
xr and pr acceptance of the SeaQuest experiment restricts
the x, range in the nuclear targets to a rather narrow window
close to x, &~ 0.1 where antishadowing is dominant. The low
scale of the calculation, not much greater than the minimum
scale of EPPS16, indicates that the uncertainties will be larger
than at higher scales. The EPPS16 nPDF uncertainties are
large. The effects grow in magnitude as the target mass is
increased from A = 12 to A = 184, as do the widths of the
uncertainty bands. It is worth noting that only the lower limit
of EPPS16 band gives R,4 < 1 in this case.

The effect of kr broadening in the nucleus relative to the
deuteron changes the shape of the py distribution, particularly
at low pr. By adding the 8k3 due to multiple scattering to the
intrinsic k7 needed for J/v production in p + p collisions, the

average pr is increased in p + A collisions. The tails of the pr
distributions are typically less affected, particularly at collider
energies where the enhanced k7 broadening in a nuclear has
to be large to produce a substantial effect because the added
8kz is small compared with (pr) of the J/v. In addition, if

(k%)/;/ % is much less than the mass of the particle to which it
is applied the effect is reduced. For example, the effect of kr
broadening, even in p + p, is much smaller for bottom quarks
than for charm quarks, see Refs. [82,83].

Because the mass scale of the J/y is larger than the ap-
plied k7 kick, the low center-of-mass energy of the SeaQuest
experiment results in a larger effect than at collider energies
and even than at other fixed-target energies. This effect is
particularly visible on the pr dependence of the suppression
factor shown in Fig. 6. The broadening results in a substantial
increase in R,4 with pr, especially for heavier targets where
8k2 is a factor of 2 to 3 larger than the change in carbon.

It is notable, however, that there is also a slight change
in the xr dependence of Rp4 due to broadening since xr =
2my sinhy/ /syy. This change is significantly smaller than
as a function of pr because xr depends instead on myp =
(m* 4+ p3)"/? and m and pr are of comparable magnitude over
the measured py range. Finally, there would be no change due
to kr broadening if the results were given as a function of
rapidity instead.
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FIG. 6. The nuclear modification factors for J/iy production in SeaQuest as a function of pr for pQCD production alone for (a) carbon,
(b) iron, and (c) tungsten targets relative to deuterium. Results are shown for EPPS16 nPDFs alone (red), EPPS16 with an additional k7 kick
(magenta), nPDFs with absorption (blue), and nPDFs, absorption and k7 broadening (cyan). The solid lines show the results with the central
EPPS16 set while the dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.

Rather strong absorption is required to nullify the effects of
antishadowing and produce R,4 < 1, as seen when absorption
is added to the calculation. Since a constant 9 mb cross sec-
tion has been assumed, as inferred for midrapidity (xz =~ 0)
in Ref. [54], absorption does not change the dependence of
R,4 on xp and pr. The effective exponent « obtained with
Oaps = 9 mb is 0.88.

Reference [54] also showed that o, could increase signif-
icantly with xz for xr > 0.25, resulting in a decrease of R4
with xg. In that reference and in other works (see, for example,
Refs. [28,30,32,84]), the decrease with xF was associated with
energy loss, either in the initial state or in the final state. Here
it is argued that this behavior could be attributed to intrinsic
charm. This possibility will be tested in the next section where
the effects on an intrinsic charm contribution is studied.

In Ref. [54], away from midrapidity but for xr < 0.25,
the effective absorption cross section could be interpreted as
starting to decrease with xr, especially for higher fixed-target
energies. This could be attributed, for example, to the J/y
being formed outside the target. Given the forward acceptance
of the SeaQuest experiment, well forward of the acceptances
of most of the experiments included in Ref. [54], it is possible
that a lower value of o, could be extracted from comparison
with the SeaQuest data.

B. R, including intrinsic charm

Intrinsic charm is added to the calculations of Ry, here. In
this case,

opn = ocem(pA) + 0¥ (pA), 27)
op = 20cem(pp) + ;" (pA). (28)

Here ocpm(pA) was defined in Eq. (23) while 0]-{:/ v (pA) is
given in Eq. (21). Note that, unlike the nuclear volume-like
mass dependence of the perturbative QCD effects, the nu-
clear surface-like A dependence is assumed to apply to the
deuteron. Later in this section, this assumption will be relaxed
to check the dependence of the results on this assumption.
Three values of P). in Eq. (18) are shown in the following
four figures: 0.1%, 0.31%, and 1%. This range can be taken as
an uncertainty band on intrinsic charm.

As in the previous section, the effects are added sequen-
tially in these figures. Now nPDF effects and intrinsic charm
are common to all the calculated ratios. The EPPS16 re-
sults are presented with the central best-fit set given by the
solid curves while the uncertainties added in quadrature are
outlined by the dashed curves. Those calculations, affecting

oceMm, are added to the intrinsic charm cross section, as in
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FIG. 7. The nuclear modification factors for J/v production in SeaQuest as a function of xy for the combined pQCD and intrinsic charm
cross section ratios for (a) carbon, (b) iron and (c) tungsten targets relative to deuterium. All calculations are shown with o,,s = 0. Results with
nPDF effects and the same k7 in p + d and p 4+ A are shown in the red, blue, and black curves while nPDF effects with an enhanced k7 kick
in the nucleus are shown in the magenta, cyan, and green curves. The probability for IC production is 0.1% in the red and magenta curves;
0.31% in the blue and cyan curves; and 1% in the black and green curves. The solid lines show the results with the central EPPS16 set while
the dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.

Egs. (27) and (28). Results are shown without absorption,
oaps = 0, in Figs. 7 and 8 while absorption is included with
Oabs = 9 mb in Figs. 9 and 10.

In these figures, the red, blue, and black curves show the
nPDF effects with Pigs = 0.1%, 0.31%, and 1% respectively
in Figs. 7 and 8. The solid curves show the EPPS16 central
value while the dashed curves outline the uncertainty band.
For these calculations, g4(kr) = g,(kr). The magenta, cyan
and green solid and dashed curves include enhanced k7 broad-
ening in the nuclear target for P05 = 0.1%, 0.31%, and 1%
respectively. The same color scheme is used in Figs. 9 and 10
but with absorption included in ocgm(pA).

The nuclear dependence of intrinsic charm is not shown
separately because no other nuclear effects are active with
this component, only the A? dependence shown in Eq. (21).
Thus Ry for intrinsic charm alone would be independent
of xr and pr. Since intrinsic charm is included only in
the initial proton and the J/¢¥ comes on shell without a
hard interaction with the target, there are no nPDF effects.
For the same reason, the intrinsic charm contribution is un-
affected by multiple scattering of the proton in the target
nucleus.

The effect of the intrinsic charm contribution is immedi-
ately clear in Fig. 7: Rps < 1 without nuclear absorption and
is now a decreasing function of xg. It is also clear that, at
least for the SeaQuest energy and in its forward acceptance,
the intrinsic charm cross section is comparable to the per-
turbative QCD cross section. As Pi?:s increases from 0.1% to
1%, the intrinsic charm contribution comes to dominate the
nuclear dependence as a function of xp. The most immedi-
ate qualitative measure of this dominance is apparent in the
width of the EPPS16 uncertainty band. These bands are wide
in Figs. 5 and 6 without intrinsic charm, narrower but still
relatively far apart for Pigs = 0.1%, and barely distinguishable
for P25 = 1% because, in this case, the nuclear dependence is
wholly dominated by intrinsic charm.

There is some notable separation between the different
assumed values of Pigs without absorption included. The dif-
ference due to the kr broadening, apparent for the red and
magenta curves in Fig. 7, especially for the iron and tung-
sten targets, is almost indistinguishable for Pg = 1%, in the
black and green curves. The dominance of the intrinsic charm
contribution as PY increases also becomes obvious in the

1
weakening of the xy dependence with increasing Pigs- When a
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FIG. 8. The nuclear modification factors for J/y production in SeaQuest as a function of py for the combined pQCD and intrinsic charm
cross section ratios for (a) carbon, (b) iron, and (c) tungsten targets relative to deuterium. All calculations are shown with o,,s = 0. Results
with nPDF effects and the same k7 in p 4+ d and p + A are shown in the red, blue, and black curves while nPDFs with an enhanced k7 kick in
the nucleus are shown in the magenta, cyan, and green curves. The probability for IC production is 0.1% in the red and magenta curves; 0.31%
in the blue and cyan curves; and 1% in the black and green curves. The solid lines shown the results with the central EPPS16 set while the
dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.

1% probability is assumed, the results are almost independent
of xr except in the lowest xr bins, as would be expected if J /¢
production was via the intrinsic charm contribution alone.

Similar behavior is observed as a function of p7 in Fig. 8.
Even without an enhanced kr broadening in the nucleus, a rise
in Rp4 with pr is still observed, although it is not as strong
a function of py without broadening as it is with it. In this
case, with the same kr kick in p 4+ A as in p 4 p, there is an
increase compared with py — 0 which then levels off in the
last two, larger pr, bins. On the other hand, when broadening
is included, the rise in R,4 with py continues over the entire
pr range shown. The perturbative QCD and intrinsic charm
contributions are thus competitive with each other as long as
Pigs is low, 0.31% or less, but not for Pigs = 1% where the
distinction between calculations with and without broadening
is negligible.

Results including absorption are given in Figs. 9 and 10.
The strong absorption cross section employed in these cal-
culations, o,ps = 9 mb, results in dominance of the intrinsic
charm contribution even when Pi(c)5 is as low as 0.1%. Note,
however, that the dependence of R,4, with xr and pr is
not significantly affected by an assumed 1% probability for

intrinsic charm because, for this value of Pigs, the intrinsic
charm contribution is already dominant with o,,s = 0, the
higher probability overcomes the stronger surface nuclear
target dependence of intrinsic charm. Now, with absorption
included, the A dependence of the two contributions are sim-
ilar in magnitude since S§* ~ A% = A%%8 see the discussion
under Eq. (12) in Sec. II C. Even though « is still greater than
B = 0.71, assumed for intrinsic charm [1,31], the two values
are more comparable.

The calculations including absorption further compresses
the pQCD uncertainties due to nPDF effects and k; broad-
ening. The differences between the calculations with nPDF
effects only and nPDFs with k7 broadening on the perturbative
part are almost indistinguishable as a function of xr except for
the heaviest targets, as seen in Fig. 9. The same can be seen
as a function of pr in Fig. 10. In this figure, the differences
between the results without and with ky broadening are only
visible for Pigs =0.1%.

The assumptions made about how intrinsic charm is im-
plemented are now tested. First, the assumption regarding
whether one treats the deuterium target as a nucleus or like
a proton is tested, with results shown in Fig. 11. Next, the
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FIG. 9. The nuclear modification factors for J/v production in SeaQuest as a function of xy for the combined pQCD and intrinsic charm
cross section ratios for (a) carbon, (b) iron, and (c) tungsten targets relative to deuterium. All calculations are shown with nuclear absorption
included. Results with EPPS16 and the same kr in p+d and p 4+ A are shown in the red, blue, and black curves while EPPS16 with an
enhanced k7 kick in the nucleus are shown in the magenta, cyan, and green curves. The probability for IC production is 0.1% in the red and
magenta curves; 0.31% in the blue and cyan curves; and 1% in the black and green curves. The solid lines shown the results with the central
EPPS16 set while the dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.

influence of the range of k7 integration on the intrinsic charm
pr distribution is checked in Fig. 12.

When calculating R,4 with a deuteron target, it has so far
been assumed that the surface-like A dependence also applies
to the deuteron, unlike the assumption that o, = 0, a pure
volume-like A dependence, for perturbative QCD effects. This
has the effect of reducing the intrinsic charm contribution
in p + d interactions relative to p + A for heavier nuclei. In
Fig. 11, it is assumed that, also in the case of intrinsic charm,
the deuteron target is effectively the same as a proton target,
with B = 1 in Eq. (21). Instead of showing all values of P,
only calculations with Pi(gs = 0.31% are presented.

Results are given for all three targets with EPPS16 and
absorption. Calculations both with and without an intrinsic
kr enhancement are presented. The R, ratios are, from top
to bottom, p + C (red without kr enhancement and magenta
with); p + Fe (blue and cyan); and p + W (black and green).
Making the intrinsic charm contribution in p 4+ d the same
as in p + p has the effect of reducing the magnitude of the
ratios by a few percent without changing the shape of R4 as a
function of xg or pr. The difference would be slightly larger
for a smaller value of Pi(gs but would not change the overall

result significantly. Thus, at least from the point of view of
statistics with a proton or deuteron target, there is no reason,
calculationally, to prefer one over the other.

To end the discussion of the SeaQuest predictions in this
section, Fig. 12 shows how R4 could be modified as a func-
tion of pr if a wider range of k7 integration for intrinsic charm
had been chosen. In particular, k;“‘”‘ =0.4 GeV and k™ =
2 GeV are assumed since this choice resulted in a broader
J/ distribution from intrinsic charm with a correspondingly
reduced peak of the py distribution at low pr, in the range of
the SeaQuest acceptance. Results are not also shown for the
lower values because, although the pr distribution becomes
somewhat narrower, the effect is not large enough to modify
the results. The nuclear suppression factor is only shown as
a function of pr because the range of kr integration has
no effect on the xp distribution of the produced J/y, see
Fig. 4.

Similar to the results shown in Fig. 11, only P25 = 0.31%
is presented for all three targets, without and with enhanced
kr broadening, in addition to nPDF effects and absorption.
The broader intrinsic charm py distribution does not change
the overall suppression of R, significantly but it does show
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FIG. 10. The nuclear modification factors for J/y production in SeaQuest as a function of pT for the combined pQCD and intrinsic charm
cross section ratios for (a) carbon, (b) iron, and tungsten targets relative to deuterium. All calculations are shown with nuclear absorption
included. Results with EPPS16 and the same kr in p+d and p 4+ A are shown in the red, blue, and black curves while EPPS16 with an
enhanced k7 kick in the nucleus are shown in the magenta, cyan, and green curves. The probability for IC production is 0.1% in the red and
magenta curves; 0.31% in the blue and cyan curves; and 1% in the black and green curves. The solid lines shown the results with the central
EPPS16 set while the dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.

R

1.00

0.75

0.50

0.25

0.00

0.4

R,

1.00

0.75 —

0.50

0.25

0= 0.31% —

ic 5

0.00
0

FIG. 11. The nuclear modification factors for J/v production in SeaQuest as a function of (a) xr and (b) pr for the combined pQCD and
intrinsic charm cross section ratios for carbon (red and magenta curves), iron (blue and cyan curves), and tungsten (black and green curves)
targets relative to a proton target. All calculations are shown with nuclear absorption included. Results with EPPS16 and the same k7 in p + p
and p + A are shown in the red, blue, and black curves while EPPS16 with an enhanced k7 kick in the nucleus are shown in the magenta, cyan,
and green curves. The probability for IC production is 0.31% in all cases. The solid lines shown the results with the central EPPS16 set while
the dashed curves denote the limits of adding the EPPS16 uncertainties in quadrature.
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FIG. 12. The nuclear modification factors for J/v production in
SeaQuest as a function of py for the combined pQCD and intrinsic
charm cross section ratios for carbon (red and magenta curves), iron
(blue and cyan curves), and tungsten (black and green curves) targets
relative to a proton target. All calculations are shown with nuclear
absorption included. Results with EPPS16 and the same k7 in p +d
and p + A are shown in the red, blue, and black curves while EPPS16
with an enhanced k7 kick in the nucleus are shown in the magenta,
cyan, and green curves. The probability for IC production is 0.31% in
all cases. A broader IC distribution is assumed here, corresponding to
the blue dashed curve in Fig. 4(b). The solid lines shown the results
with the central EPPS16 set while the dashed curves denote the limits
of adding the EPPS16 uncertainties in quadrature.

a larger difference between calculations with additional k7
broadening and those without.

C. Comparison with E866 data

Here data for the exponent « in Eq. (1), obtained by
the E866 Collaboration, are compared with a subset of the
calculations shown previously. The previous part of this sec-
tion added cold nuclear matter effects systematically. In this
part, only calculations with absorption and k; broadening
are shown. The absorption calculation employs o,,s = 5 mb,
in accord with the energy dependence of o, described in
Ref. [54]. The default k7 kick, with more broadening in the
nucleus than in the proton, is included. Only results for the
central EPPS16 set are presented. The variation of the results
without and with intrinsic charm are instead highlighted. First
« is given without intrinsic charm and subsequently P), =
0.1%, 0.31%, and 1% are employed.

The value of « as a function of x is shown in Fig. 13(a)
while the dependence of @ on pr in the three xr regions
employed by the E866 collaboration are given in Figs. 13(b)—
13(d). The calculations are averaged over all three nuclear
targets.

The agreement with «(xr) measured by E866 is quite
good, especially for Pi(c’5 = 1% which produces a somewhat
stronger dependence of & on xp than required. Results with-
out intrinsic charm are almost independent of xr, clearly in
disagreement with the trend of the data. The calculations with
a finite intrinsic charm contribution do not begin to diverge
from that with Pigs = 0 until xz > 0.25, where the intrinsic

charm probability distribution begins to rise above that of the
perturbative QCD result which decreases as the gluon distri-
bution falls steeply at large x of the projectile. This can be seen
in Fig. 14(a) which shows the calculated xz distributions in
p + p collisions. As the intrinsic charm probability grows, the
intermediate to large x contribution grows above the pQCD
contribution, resulting in a shoulder-like structure for the 1%
probability until xz > 0.75. However, as xp — 1, the intrinsic
charm contribution to the cross section falls steeply until it
approaches the pQCD contribution once more, causing the
rise of o toward unity for xp > 0.88. Clearly, if the intrinsic
charm contribution to the cross section effectively vanishes,
the nuclear dependence of the pQCD contribution will domi-
nate, resulting in the rise of «(xr) at high xp.

The agreement of the calculated a(py) with the data is
also generally very good except that, now, the lower intrinsic
charm probabilities agree best with the data, particularly for
pr > 3 GeV, near the end of the measured py range. The
difference in the results becomes more pronounced for the
higher-xr ranges, especially for the high-xy data set. This
is not surprising when one looks at the xp distributions in
Fig. 14(a). In the low x¢ region, —0.1 < xr < 0.3, integrated
over all pr, only P@S = 1% shows significant deviation from
the perturbative QCD xy distribution for the proton. However,
recalling the harder intrinsic charm J/vy py distribution, in-
tegrated over all xr in Fig. 4(b), at sufficiently high pr, the
intrinsic charm contribution will begin to dominate, even in
the low-xp region. As the xr range covered becomes larger,
from the intermediate-xz to the high-xy regions, the intrinsic
charm contribution dominates the xr range and the shape
of a(pr) is defined by the A dependence of the intrinsic
charm contribution. The py distributions from both perturba-
tive QCD and intrinsic charm are shown in Figs. 14(b)-14(d).
In the high-xg bin in particular, a separation can be seen
between the distributions including intrinsic charm from that
without it, even for low values of Pigs and low pr. These distri-
butions show that, in the SeaQuest xz range, intrinsic charm
dominates the pr dependence over the entire xp acceptance
region.

It is notable that a(pr) begins to turn over and decrease at
high pr, even in the low-xy region. Here, where the J/¢ pr
distribution is dominated by intrinsic charm, one can expect
that o should asymptotically match the A dependence of in-
trinsic charm, A%7!. Indeed, in the high-xz bin and Pi(gs = 1%,
one sees that a(pr) — 0.71.

Clearly, a larger intrinsic charm probability does not match
the E866 data at high pr. However, the overall trend is gen-
erally very good for this default calculation. No tuning of
the calculation has been done to match the data, only the
energy dependence of the model ingredients has been taken
into account. In addition, no uncertainties are shown for the
EPPS16 nuclear modifications and these can be significant, as
seen in the SeaQuest results. There does appear to be tension
between the results for «(xr) and «(pr) because o (xr) would
prefer a higher value of Pigs while a(pr) prefers a smaller
intrinsic charm probability. However, the py dependence of
intrinsic charm has not been as thoroughly explored. As noted
in Sec. III and in Fig. 12 above, the shape of the intrinsic
charm pr distribution depends on the integration range of
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FIG. 13. The exponent « as a function of (a) xr and as a function of py for the (b) low-xr, (c) intermediate-xr, and (d) high-xr regions.
The dotted magenta curves are without intrinsic charm while the solid red, dashed blue, and dot-dashed green curves employ P25 = 0.1%,
0.31%, and 1% respectively. The E866 data [6] are shown by the black points.

the internal transverse momentum and on the values of the
quark masses employed. Either employing a narrower k, and
k. integration range or choosing to use current quark masses
for the light quarks can produce in a steeper J/v intrinsic
charm pr distribution, improving the agreement with the data
at high pr.

As the energy is increased further, the pQCD contribution
to the total cross section from both components will grow
faster with energy than the intrinsic charm contribution which
only increases with energy based on the growth of the in-
elastic p+ p cross section. Between the E866 energy and
A/Svv = 200 GeV at RHIC, ali,‘;, increases by ~30% while
the J/v production cross section grows by more than an
order of magnitude [39]. In addition, the high-xf region is not
well covered by collider detectors, making the intrinsic charm
signal harder to detect at colliders.

V. CONCLUSIONS

The low center-of-mass energy of the SeaQuest experi-
ment, as well as its forward acceptance, make it an ideal
environment for probing the existence of an intrinsic charm
contribution to J/v production. The center-of-mass energy is

a factor of 3.1 above the J/v production threshold. This rel-
atively low energy makes the perturbative QCD cross section
compatible with or less than the J/ cross section from intrin-
sic charm, depending on the experimental xr range. Higher
center-of-mass energies increase the J/y cross section in the
CEM dramatically, see, e.g., Ref. [39], while the intrinsic
charm contribution grows more slowly, depending only on
o;'}v, see Eq. (19). In addition, the high-xr range covered by
SeaQuest is exactly the region where intrinsic charm should
dominate production. As seen in a comparison of the xp
distributions in Figs. 1(a) and 4(a), the CEM cross section
decreases by an order of magnitude over the SeaQuest xp
acceptance, with a maximum at x; = 0, outside the SeaQuest
acceptance. On the other hand, the peak of intrinsic charm
probability distribution is at xr ~ 0.53, within the range of
the SeaQuest measurement.

The comparison with the higher energy E866 J/ nuclear
dependence shows that the model described here is generally
consistent with the existing data, especially when intrinsic
charm is included. Some uncertainties still remain and the
model could be further refined. it is clear, however, that
higher energies will further reduce the potential for seeing
an intrinsic charm signal, especially if the detector setups
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FIG. 14. The J/4 cross sections in p + p collisions at /s = 38.8 GeV with and without an intrinsic charm contribution as a function of
(a) xr and pr at (b) low-xr, (c) intermediate-xr, and (d) high-x. The solid curves do not include intrinsic charm while the dashed, dot-dashed,
and dotted curves are calculated with P = 0.1%, 0.31%, and 1%, respectively. The vertical bars on the x; distributions show the upper and

i

lower limits of the xr ranges for the corresponding py distributions shown in panels (b)—(d). The color of the bars matches the color of the

curves in panels (b)—(d).

do not cover sufficiently high xr. Fixed-target kinematics
are thus preferable for the discovery potential of intrinsic
charm.

A comparison of the SeaQuest J/y production data on
its nuclear targets, once available, could set limits on oyps
in the perturbative QCD contribution and P, the probabil-
ity of the intrinsic charm contribution in the proton. A high
statistics measurement of the p; dependence could determine
the transverse momentum spread of the partons in the proton

as well as the allowed parton masses; that is, whether the

distributions are more compatible with constituent or current
quark masses.
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