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A nonperturbative charm production contribution, known as intrinsic charm, has long been spec-
ulated but has never been satisfactorily proven. The SeaQuest experiment at FNAL is in an ideal
kinematic region to provide evidence of J /i production by intrinsic charm. Here, J /i production
in the SeaQuest kinematics is calculated with a combination of perturbative QCD and intrinsic
charm to see whether the SeaQuest data can put limits on an intrinsic charm contribution. J/y
production in perturbative QCD is calculated to next-to-leading order in the cross section. Cold
nuclear matter effects included in this component are nuclear modification of the parton densities,
absorption by nucleons, and pr broadening by multiple scattering. The J/¢ contribution from
intrinsic charm is calculated assuming production from a |uudcc) Fock state. The nuclear modifi-
cation factor, R, 4, is calculated as a function of x and p7 for p+C, p+Fe, and p + W interactions
relative to p + d. It is shown that the SeaQuest kinematic acceptance is ideal for setting limits on

intrinsic charm in the proton.
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1. Introduction

The production of J /¢ has been studied in a variety of environments, from p + p and p + p,
to p + A, and A + A collisions. In the last several years, J/i production has been studied by the
SeaQuest experiment at Fermilab [1] 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.

Large x; coverage is ideal for setting limits on a cc component of the proton wavefunction,
proposed by Brodsky and collaborators [2-4]. There have been some tantalizing hints, see the
reviews in Refs. [5, 6] and the references therein, but no concrete confirmation so far. Fixed-target
data either do not cover the far forward xy region or have not had sufficient statistics to make a
definitive statement. Production at collider energies usually pushes large x projectile partons outside
the detector coverage [7]. Several additional new fixed-target experiments have been proposed [8, 9]
or have taken data [10], including using the LHC for fixed-target studies [9, 10], but all are higher
energy than SeaQuest.

The SeaQuest experiment at FNAL, with a 120 GeV incident proton beam, is in an ideal
kinematic regime to test intrinsic charm production. Its J /¢ acceptance is in the region 0.4 < xf <
0.95 and pr < 2.3 GeV. They have measured the xr and pr dependence of J /¢ production in p + p,
p+d, p+C, p+Feand p+W interactions [11].

The analysis of NA3 Collaboration [12] divided J /¢ production into two components that they
referred to as hard and diffractive for the nuclear volume-like and surface-like dependencies,

OpA = Aoy + APoy . (D)

The hard component is calculated in perturbative QCD while the diffractive component has been
attributed to intrinsic charm [2—4, 13]. 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 xz. The NA3 Collaboration found
@’ =0.97 and B = 0.71 for proton projectiles [12].

A similar two-component model is employed to make predictions for these measurements, at
energies and with kinematic acceptance favorable to intrinsic charm, in this work. The results are
expressed through the nuclear modification, R, 4, 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.

The calculation of J /¢ production in perturbative QCD is given in Sec. 2 and the cold nuclear
matter effects included are introduced. The intrinsic charm contribution is described in Sec. 3, along
with its nuclear dependence. Section 4 presents the results for the modification of J/y production
in nuclear targets at SeaQuest. The conclusions are presented in Sec. 5.

2. J/y Production and Cold Nuclear Matter Effects in Perturbative QCD

Here, J /i production in perturbative QCD is discussed and the implementation of cold nuclear
matter effects in this work is described. The Color Evaporation Model [ 14] is employed. This model,
together with the Improved Color Evaporation Model [15], can describe the xr and p7 distributions
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of J /¥ production, including at low pr. The cold nuclear matter effects included in the CEM are:
nuclear modifications of the parton densities, nPDF effects; absorption by nucleons; and transverse
momentum broadening. This contribution is the hard part of the cross section, oy, in Eq. (1).

The Color Evaporation Model [14] assumes that a fraction, Fc, of the cc pairs produced in
perturbative QCD with a pair mass below twice the D meson mass will go on mass shell as a J /i,

dmyy
O'CEM(PP) = FC ZL 5 dS/ dxl dxz Fip(xle ﬂ%’e le) FJI')(XZ, H%‘, sz) 6-11(§9 ﬂ%eﬂ%{) P (2)
i,j m

where ij = gg,qq or q(q)g and 07; (8, u%, :“%e) is the partonic cross section for initial state ij
evaluated at factorization scale ur and renormalization scale ug. The parton densities are written
to include intrinsic k7, required to keep the pair cross section finite as pr — 0. They are
assumed to factorize into the longitudinal, collinear parton densities and a kr-dependent function,
FP(x, u%, kr) = fP(x, ,u%)Gp (k7). The CT10 proton parton densities [ 16] are used for 7 (x, ,u%).
The values of charm quark mass, m, and scales yr and ug determined in Ref. [17] are employed.

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 [18] after imposing a cut
on the pair invariant mass. To keep the pr distribution finite as pr — 0, the calculations require
augmentation by k7 broadening. An intrinsic kr is added in the final state. Because the kick is
employed in the final state the factors G, (kr) are replaced by g, (kr) = G, (k7,)G ,(k7,) where
gp(kr) is a Gaussian [19], g, (k1) = Mk#%h, exp(—k%/(k%)p).

The value of (k%) p is assumed to increase with /s [17],

(kp)p = 3)

1 Vsnn (GeV) 5
| 4 - In [ VENNET)
o “( 06| &Y

with n = 12 [17]. At the SeaQuest energy, sy = 15.4 GeV, (k2), = 0.97 GeV>.

Nuclear parton densities (nPDFs) are implemented employing a parameterization of the mod-
ification in the nucleus as a function of x, ur and A, The kr-independent proton parton distri-
bution function in Eq. (2) is replaced by the nuclear parton distribution function fjf‘x (x2, yZF) =
Rj(x2, 2., A) f7 (xa, pu%). The EPPS16 [20] nPDF parameterization is employed in the calcula-
tions. It is available for A = 12 (carbon), 56 (iron) and 184 (tungsten) but assumes no modification
for the deuteron target. The SeaQuest acceptance probes the range 0.068 < x, < 0.136.

The effect of nuclear absorption alone on the J /i production cross section in p + A collisions is
implemented as a survival probability as a function of impact parameter, S%°5(b) ~ exp(—LpA0ps)
where L is the path length through the nucleus, p4 is the nuclear density and oy is the J/y
absorption cross section. The extracted absorption cross section also depends on which cold
nuclear matter effects are taken into account. An energy-dependent effective absorption cross
section was obtained in Ref. [21]. A value of 0-®* = 9 mb is found by extrapolating the results from
Ref. [21] to the SeaQuest energy.

The intrinsic k7 broadening employed in the J/y pr distribution in p + p collisions in Eq. (3)
is augmented in a nuclear target due to multiple scattering in the nucleus [22]. It is implemented
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by replacing g, (kr) by ga(kr) with (kr), replaced by (k7)4 where [23]

(k3yp + 0k3- 4)
(0.924'3 — 1) x 0.101 GeV? . (5)

(k3)a
5k

X

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

3. Intrinsic Charm

The wave function of a proton in QCD can be represented as a superposition of Fock state
fluctuations, e.g. |uudg), luudqq), luudQQ), . .. of the |uud) state. These intrinsic QQ Fock states
are dominated by configurations with equal rapidity constituents so that the intrinsic heavy quarks
carry a large fraction of the projectile momentum [2, 3].

The probability distribution of a S-particle cc Fock state in the proton is

5 5 5 5
O(1 = 27, x)0( 27 kxi)O( X kyi
N5/ | |dx,-dkx,-dky,- ( Zl_]X) (Zl_l ) (Zl_] Y ) . (6)
i=1

(mp, = S, (M2 /%))

where i = 1, 2, 3 represent the light quarks (u, u, d) and i = 4 and 5 are the ¢ and ¢ quarks

dPics = P

ic5

respectively. The factor Ns normalizes the |uudcc) probability to unity and P?cs scales the unit-
normalized probability to the assumed intrinsic charm content of the proton. Several values of
the intrinsic charm probability, PiOCS, are employed. The EMC charm structure function data is
consistent with PioC 5 = 0.31% for low energy virtual photons but Pg 5 could be as large as 1% for
the highest virtual photon energies [24, 25]. For a lower limit, a probability of 0.1% is used.

The delta functions in Eq. (6) conserve longitudinal and transverse momentum. Previously only
the xp dependence of the J/i from the 5-particle Fock state was considered, employing average
values for the transverse masses, m? = m? + k2., with ing = 0.45 GeV and i, = 1.8 GeV [13].
Then the J /¢ xp distribution can be calculated assuming coalescence of the ¢ and ¢ in Eq. (6) by
including 6 (xp — x. — xg for the longitudinal momentum. The pr distribution of the J/¢ from
this Fock state was calculated for the first time in Ref. [23], assuming the J/¢ pr is only in the x
direction, introducing two additional delta functions in Eq. (6): 6 (pr—kxc—kyxe) and 6(ky o +ky3).

While the xg dependence is independent of the k7 limits, the pr distributions depend sig-
nificantly on the range of kr integration. The chosen default values are k7% = 0.2 GeV and
ke = 1.0 GeV. If the limits of the integration range are doubled to kg™ = 0.4 GeV and
kM = 2.0 GeV, the pr distribution becomes broader. On the other hand, halving the integra-
tion range to 0.1 GeV and 0.5 GeV for the light and charm quarks makes the distribution steeper.

It is worth noting that the J /¢ pr distribution from intrinsic charm is considerably broader
than that of the J/y calculated with the CEM. In perturbative QCD, the p7 range depends on the
center of mass energy with a limit of mr ~ +/syn/2 at xp = 0 for massive quarks. Assuming
2 — 2 scattering, the maximum J/y pr is pr < 6.5 GeV in the CEM. In addition, since the initial
light partons that create the cc that becomes a J /i come from both the projectile and the target, one
will carry a much smaller fraction of the hadron momentum that the intrinsic charm quarks in the
proton |uudcc) Fock state. On the other hand, when the J /i arises from an intrinsic charm state of
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the proton, there is no energy limit on the J/¢ pr distribution other than 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 /¢ on mass shell.

It is important to properly normalize the intrinsic charm contribution to the J /iy cross section
to put the two components of the cross section on the same footing. The intrinsic charm production
cross section from the |uudcc) component of the proton can be written as

oic(pp) = PicSU;fNM,% . @)
The factor of u?/4in? arises from the soft interaction which breaks the coherence of the Fock state
where p? = 0.1 GeV? is assumed, see Ref. [13], and O'Ii?“N = 30 mb is appropriate for the SeaQuest
energy. The J/y contribution is obtained by scaling Eq. (7) by the same factor, F¢, used to scale
the CEM calculation to obtain the inclusive J /i cross section from the cc¢ cross section in Eq. (2),

ol (pp) = Feaie(pp) - @®)

4. Results

The nuclear suppression factor,

_ ZO'pA

R =
pA A Opd

, ©)
is calculated for the J/i in the SeaQuest kinematics. In Eq. (9) the cross section per nucleon in a
nuclear target is compared to that of the deuteron target. The relative per nucleon cross sections
are a more straightforward way to present the nuclear dependence than averaging over all targets
by employing the exponent @, as was done previously. Note that using the deuteron target as the
baseline for the suppression factor reduces the potential, albeit small, isospin dependence of the
ratios. The individual cross sections in the suppression factor are

ocem(pA) + /¥ (pA) (10)
20cem(pp) + o2/ (pA) . an

O'pA

Opd

The A dependence of the CEM contribution to the cross section is

4mH
gepm(pA) = S Fe )| /4 ds / dxy dxy FP (x1, i, kr) (32, i1, kr) 671, i, 1) . (12)
i,j Jam

where
F (o, up.kr) = Rj(x2. s A) fj (2, ti3)G akr) (13)
FP(xvupkr) = filxe p3)Gp(kr) - (14)
The kr broadening is ga(kr) = G,(k7,)Ga(ky,). where, in the nuclear target, (k% 114/ 2 from

Eq. (4) is used. In the case of the deuteron target, R; = 1 in EPPS16, and (5k% = 01in Eq. (5) so that
ga(kr) = gp(kr). Itis also assumed that ops = O for the deuteron. Thus o, = 20cem(pp).
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Figure 1: The nuclear modification factors for J/¢ production in SeaQuest as a function of xz for pQCD
production alone for a tungsten target relative to deuterium as a function of xr (a) and pr (b). Results are
shown for nPDF effects alone (red), nPDFs with an additional k7 kick (magenta), nPDFs and absorption
(blue), and nPDFs, absorption and k7 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.

The nuclear dependence of the intrinsic charm contribution is assumed to be the same as that
extracted for the diffractive component of J /¢ production [12] in Eq. (1), so that

oV (pA) = ;" (pp) AP (15)

with 8 = 0.71 [12] for a proton beam.

The calculations are all in the xF and p7 bins defined by SeaQuest [11]. 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 but would not alter any conclusions. Because the SeaQuest
data have not yet been submitted for publication, the calculations cannot yet be compared to data.

The results here are shown only for the tungsten target, p + W. Reference [23] shows the results
for all SeaQuest targets as well as comparisons to the higher energy E866 [26] measurements of
the nuclear dependence as a function of xr and pr in three different xy bins. 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 are outlined by the dashed curves.

First nPDF effects alone are shown in Fig. 1 by the red points and curves. In this case,
ga(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 k7 broadening are shown by the
cyan points and curves.

The results with nPDF effects alone are generally independent of xr and pr with R4 > 1.
The 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.
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Figure 2: The nuclear modification factors for J /¢ production in SeaQuest as a function of xy (a) and pr
(b) for the combined pQCD and intrinsic charm cross section ratios for tungsten targets relative to deuterium.
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 0.1% 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.

The effect of k7 broadening in the nucleus relative to the deuteron changes the shape of the pr
distribution, particularly at low pr. Because the mass scale of the J/y is larger than the applied
kT kick, the low center of mass energy of the SeaQuest experiment results in a larger effect than at
higher energies. This effect is particularly notable on R, 4(pr) in Fig. 1(b). The broadening results
in a substantial increase in R, 4 with pr.

There is also a slight change in the xr dependence of R, due to broadening since xp =

2m7 sinh y/+/syn. This change is small because xz depends on my = ([/m? + p% and m and pr
are of comparable magnitude over the measured pr range.

Rather strong absorption is required to nullify the effects of antishadowing and produce R4 <
1, as seen when absorption is added to the calculation. Since a constant 9 mb cross section has
been assumed, as inferred for midrapidity (xg ~ 0) in Ref. [21], absorption does not change the
dependence of R, on xr and pr.

Intrinsic charm is now added to the calculations of R, in Fig. 2. Three values of Pﬁ? 5 in
Eq. (6) 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. The EPPS16 results are presented with the central set given
by the solid curves while the uncertainties added in quadrature are shown by the dashed curves.

The red, blue and black curves show the nPDF effects with P?cs = 0.1%, 0.31% and 1%
respectively in Fig. 2. The solid curves show the EPPS16 central value while the dashed curves
outline the uncertainty band. For these calculations, g4(k7) = g, (k7). The magenta, cyan and
green solid and dashed curves include enhanced k7 broadening in the nuclear target for PiOC 5 =0.1%,
0.31% and 1% respectively.

Including intrinsic charm makes R, 4(xr) decrease with increasing xr while it reduces the
strong pr dependence observed with k7 broadening shown in Fig. 1(b). The strong absorption
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cross section employed in these calculations, o,ps = 9 mb, results in dominance of the intrinsic
charm contribution even when P?C 5 is as low as 0.1%. The strong absorption compresses the pQCD
uncertainties due to nPDF effects and k7 broadening. The differences between the calculations
with nPDF effects only and nPDFs with k7 broadening are almost indistinguishable. If absorption
is not included, there is an observable separation between the values of P?C 5

5. Conclusions

The low energy of the SeaQuest experiment, as well as its forward acceptance, makes it an
ideal experiment to test the existence of an intrinsic charm contribution to J/¢ production. The
energy, a factor of 3.1 above the J/y production threshold, means that the perturbative QCD cross
section is of the same order as the J /¢ cross section from intrinsic charm.

Higher center of mass energies increase the J/y cross section in the CEM dramatically, see,
e.g. Ref. [17], while the intrinsic charm contribution grows more slowly, depending only on UE‘N,
see Eq. (7). In addition, the high xr range covered by SeaQuest is exactly the region where intrinsic
charm should dominate production. Thus higher energies will reduce the potential for seeing an
intrinsic charm signal, especially if the detector setups do not cover sufficiently high x . Fixed-target
kinematics are thus preferable for the discovery potential of intrinsic charm.

A comparison of the SeaQuest J /i production data on its nuclear targets, once available, could
set limits on ops in the perturbative QCD contribution and PiOCS’ the probability of the intrinsic
charm contribution in the proton.
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