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We perform a comprehensive analysis of the role of nonperturbative (or intrinsic) charm in the nucleon,
generated through Fock state expansions of the nucleon wave function involving five-quark virtual states
represented by charmed mesons and baryons. We consider contributions from a variety of charmed meson-
baryon states and find surprisingly dominant effects from the D̄�0Λþ

c configuration. Particular attention is
paid to the existence and persistence of high-x structure for intrinsic charm, and the x dependence of the
c − c̄ asymmetry predicted in meson-baryon models. We discuss how studies of charmed baryons and
mesons in hadronic reactions can be used to constrain models, and outline future measurements that could
further illuminate the intrinsic charm component of the nucleon.
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I. INTRODUCTION

Charm in the nucleon can be produced in two funda-
mentally distinct processes. In the first, commonly referred
to as “extrinsic charm,” charm-anticharm pairs arise
through gluon radiation. This perturbative process involv-
ing gluon radiation is a significant feature of QCD
evolution. Charm arising in this way is concentrated at
very low parton momentum fraction x, and with increasing
Q2 one expects to see progressively more charm being
produced. Extrinsic charm production ensures essentially
identical distributions of charm and anticharm [1].
A second source of charm is called “intrinsic charm.”

This source of charm arises through nonperturbative fluctua-
tions of the nucleon state to four quark–one antiquark states.
Comparedwith extrinsic charm, intrinsic charmhas two rather
striking features. First, intrinsic charm tends to be “valence-
like,” i.e. it is produced at relatively large x; second, it is not
unusual for intrinsic charm and anticharm to be unequal.
The first calculation of intrinsic charm was made by

Brodsky, Hoyer, Peterson, and Sakai (BHPS) [2]. They
noticed that the first direct measurements of charm pro-
duction [3–6] were larger than could be accounted for by
contemporary calculations of extrinsic charm, and were
also more concentrated at relatively large values of Feynman
xF. BHPS suggested adding in addition to extrinsic charm an
“intrinsic” component arising from fluctuations of the
nucleon to four quark–one antiquark states. By assuming
that the mass of the charm quark in the five-quark configu-
ration was much greater than all other masses and transverse
momenta, the distribution of intrinsic charm in x could be
computed analytically, with only the overall normalization a
free parameter.Although theBHPSansatz is rather simplistic,

it does provide a convenient benchmark for comparing with
estimates of charm and anticharm probabilities in more
sophisticated treatments.Wewill review theBHPS formalism
in more detail in Sec. II A.
In the intervening years there have also been a number of

theoretical calculations of intrinsic charm using various
models for production of four quark–one antiquark states
[7–24]. In contrast to the BHPS philosophy, a more
dynamical type of model for producing intrinsic quark
distributions is based on a two-step approach, in which one
considers quark-antiquark production through nonpertur-
bative fluctuations of a proton to a baryon plus meson state.
In this fluctuation the heavy quark and antiquark will
appear in the resulting meson and baryon states. An
example of intrinsic charm produced in this way would
involve a fluctuation such as p → Λþ

c þ D̄0, where here
the charm quark resides in the Λþ

c baryon (assumed to be a
valence udc state) and the c̄ in the D̄0 (with valence
composition c̄u). Such models are also referred to as
“meson-baryon” models (MBMs), since one is computing
Fock states where a baryon fluctuates to another baryon
plus a meson. [These models are also sometimes referred to
as “meson-cloud” or “convolution” models, motivated by
the SU(2) fluctuation of a proton into a nucleon plus a
diffuse “cloud” of nearly massless pions that exist primarily
outside a compact baryon core. Of course, the cloud
analogy is less appropriate for fluctuations to particles
containing heavy quarks.] A pedagogical review of some of
these models was given recently by Pumplin [21].
Since the initial experimental measurements of charm

production that inspired the BHPS work, substantial addi-
tional experimental data on charm production in high-energy
reactions have been collected. Large-x measurements of
charm production were carried out by the European Muon
Collaboration (EMC) [25] at CERN, and the charm structure
function Fc

2 was measured at small x by the H1 [26]
*Corresponding author.

timjhobb@indiana.edu

PHYSICAL REVIEW D 89, 074008 (2014)

1550-7998=2014=89(7)=074008(25) 074008-1 © 2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.89.074008
http://dx.doi.org/10.1103/PhysRevD.89.074008
http://dx.doi.org/10.1103/PhysRevD.89.074008
http://dx.doi.org/10.1103/PhysRevD.89.074008


and ZEUS [27] collaborations at HERA. The HERA
measurements probe primarily the region where the pertur-
bative extrinsic charm dominates, while the EMC experi-
ment was more sensitive to nonperturbative intrinsic charm.
Despite a number of dedicated theoretical analyses, the

magnitude of the intrinsic charm component of the nucleon,
which was expected from the early analyses to be of the
order of 1%, is still inconclusive. In leptoproduction, the
dominant mechanism for perturbative generation of charm
is the photon-gluon fusion process. Hoffman and Moore [8]
considered OðαsÞ corrections to intrinsic charm distribu-
tions, as well as quark and target mass contributions to
charm cross sections, finding an intrinsic charm component
of order 0.3% in the proton. Harris, Smith, and Vogt [9]
reanalyzed the Hoffman-Moore treatment of the EMC data,
finding that the EMC charm production data at large energy
transfers, ν ∼ 170 GeV, required an intrinsic charm com-
ponent normalized to 0.86� 0.60%. A subsequent study
by Steffens et al. [16] used the BHPS and meson-baryon
intrinsic charm models, together with an interpolating
scheme, to map smoothly onto massless QCD evolution
at large Q2 and photon-gluon fusion at small Q2. While the
analysis found it difficult to simultaneously fit the entire
data set in terms of a single intrinsic charm scenario, it did
indicate a slight preference for intrinsic charm in a meson-
baryon model at a level of about 0.4%, although the
evidence was not conclusive.
The most detailed study of intrinsic charm within a global

QCD analysis of parton distribution functions (PDFs) was
made by Pumplin, Lai, and Tung [22], using models for
intrinsic charm fromRef. [21], and recently updated byDulat
et al. [23] to include next-to-next-to leading (NNLO) order αs
corrections. Depending on the intrinsic charm model used,
they found that the high-energy data could accommodate up
to about 2% of intrinsic charm without serious disagreement
with the high-energy data. On the other hand, the analyses
of Refs. [22,23] did not include the original EMC data [25]
that suggested an enhancement in Fc

2 at large x. In fact,
since there is some tension between the EMC and HERA
data at small values of x, typically global PDF analyses
omit the EMC data and fit the more extensive HERA data in
terms of perturbative contributions alone [28,29].
Clearly, additional data are needed for a more definitive

determination of the role of intrinsic charm in the nucleon,
especially at large x, and several new charm production
experiments that have been proposed recently may shed
light on the dynamical origin of nonperturbative charm.
Studies of DN and J=ψN interactions, charmed baryon
spectroscopy and charmed nuclei will be possible, for
example, at the J-PARC facility in Japan [30], with its
primary proton and secondary pion beams, while proton
and antiproton beams can be used to study open charm
production at GSI-FAIR in Germany [31]. Near threshold
J=ψ photoproduction at Jefferson Lab, following its
12 GeV upgrade, would allow gluon generalized parton

distributions to be explored, in addition to the A depend-
ence of the J=ψ-nucleon cross section [32,33]. For the
proposed AFTER@CERN fixed-target facility [34],
charmed meson production has been suggested as a means
of tagging the gluon distribution at large x, which requires
understanding of competing contributions from charm
quarks at similar kinematics. Finally, a future electron-
ion collider [35–37] would provide opportunities to access
charm in the nucleon in the large-x region.
Anticipating these future experimental efforts, and in

view of the somewhat conflicting results from the previous
phenomenological studies, it is therefore timely to revisit
the problem of intrinsic charm using the latest available
theoretical techniques and models for calculatingFc

2. In this
paper we undertake a comprehensive and critical analysis
of nonperturbative models of charm in the nucleon, with the
aim of obtaining a more robust understanding of both the
magnitude and shape of the intrinsic charm distribution. We
begin by reviewing in Sec. II the simple five-quark models
of the nucleon introduced by BHPS [2] and Pumplin [21].
In Sec. III, we discuss the more dynamical meson-baryon
models for heavy quark generation, which are constrained
by coupled-channel analyses of baryon-baryon scattering
[38–41]. These were initially used to describe nucleon-
nucleon scattering, then were applied to the strange sector,
and have since been extended to the regime of charm. We
summarize the assumptions made in the extensions into the
strange and charmed sectors, and outline the experimental
data that fix the coupling constants and cutoff parameters
for such potentials. We compare the meson-baryon model
calculations with hadronic data on production of charmed
baryons from the R608 Collaboration at the ISR [42],
which measured inclusive Λc production in pp collisions.
We also examine charge asymmetries in Λc production
from proton beams, which has been measured recently by
the SELEX Collaboration [43].
The basic ingredients of the meson-baryon models,

namely, the proton → meson þ baryon splitting functions
and the charm quark distributions in the charmed D
mesons and baryons, are derived in Secs. IV and V,
respectively. The resulting convolutions of these distri-
butions are presented in Sec. VI, where we compare
various prescriptions for the regularization of the momen-
tum integrals, and different approximations for the dis-
tributions in the charmed hadrons. We also confront the
models with data on the charm structure function Fc

2ðxÞ, in
particular with the EMC data [25] which measured charm
at large x, and in addition the very precise HERA data
from the H1 and ZEUS collaborations [26,27], which is
sensitive to charm in the low-x region. Finally, in Sec. VII
we summarize our results and discuss possibilities for the
measurements of charmed observables at current and
future facilities. Additional technical details of the deri-
vations of the meson-baryon splitting functions and the
charm quark distributions in charmed hadrons are given in
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Appendixes A and B, respectively, and simple paramet-
rizations of the calculated c and c̄ distributions in the
nucleon are provided in Appendix C.

II. FIVE-QUARK MODELS
OF NUCLEON STRUCTURE

In this section we review models of intrinsic charm based
on particular five-quark Fock state components of the
nucleon wave function. We will focus on models that
describe the process by which a nucleon initially containing
three light valence quarks transitions to a four quark plus one
antiquark state containing a charm-anticharm quark pair.

A. The BHPS model

The simplest model for producing intrinsic charm was
proposed over 30 years ago by BHPS [2]. In the infinite
momentum frame (IMF) the transition probability for a
proton with mass M to make a transition p → uudcc̄
(or to a five-quark state containing any heavy quark pair)
involves an energy denominator that can be expressed in
terms of the masses mi and momentum fractions xi of the
constituents,

Pðp → uudcc̄Þ ∼
�
M2 −

X5
i¼1

k2⊥i þm2
i

xi

�−2
: (1)

Here, k⊥i is the transverse momentum of quark i, and the
heavy quarks in the cc̄ pair are assigned indices 4 and 5.
For simplicity, the BHPS calculation assumed a point

coupling for the cc̄ production vertex, and neglected the
effect of transverse momentum in the five-quark transition
amplitudes. With the additional assumption that the charm
mass is much greater than the nucleon and light quark
masses, the probability for producing a single charm quark
can be derived analytically,

Pðx5Þ ¼
Nx25
2

�ð1 − x5Þ
3

ð1þ 10x5 þ x25Þ

þ 2x5ð1þ x5Þ lnðx5Þ
�
; (2)

with the normalization N fixed by the overall charm quark
probability in the proton.
Using the analytic expression (2) one obtains a valence-

like charm quark distribution that is significant for 0.1 ≤ x5
≤ 0.5. The valencelike shape arises from the structure of the
energy denominator in Eq. (1), which for large quark
masses mi favors configurations with large momentum
fractions xi. This feature is common to all similar five-
quark models and invariably results in a valencelike heavy
quark distribution.
It is also possible to compute the charm quark probability

numerically without assuming that the charm quark mass is

much greater than all other masses. With realistic masses,
the charm quark distribution turns out to be similar to the
analytic form of Eq. (2). Note also that since the charm
and anticharm probabilities enter Eq. (1) symmetrically,
the charm production mechanism in this model will
produce equal probabilities for c and c̄. Although the
BHPS model is rather simplistic, it nevertheless provides a
useful reference point of comparison to test intrinsic
charm and anticharm distributions obtained from other
prescriptions.

B. Scalar five-quark model

In a detailed study of intrinsic heavy quark probabilities,
Pumplin [21] considered a series of models for the Fock
space wave function on the light-front for a proton to make
a transition to a four quark plus one antiquark system, with
the heavy qq̄ pair composed of either charm or bottom
quarks. A simplified case was studied where a point scalar
particle of mass m0 couples with strength g to N scalar
particles with masses m1; m2;…; mN . The light-front Fock
space probability density dP for such a process then takes
the form [21]

dP ¼ g2

ð16π2ÞN−1ðN − 2Þ!
YN
j¼1

dxjδ

�
1 −

XN
j¼1

xj

�

×
Z

∞

s0

ds
ðs − s0ÞN−2

ðs −m2
0Þ2

jFðsÞj2; (3)

where s0 ¼
P

N
j¼1m

2
j=xj, and the form factor FðsÞ serves to

suppress contributions from high-mass states. If one
neglects the effects of transverse momentum and the factors
of 1=xj in Eq. (3), and assumes a point form factor
FðsÞ ¼ 1, then in the limit that the charm mass is much
larger than all other masses one recovers the distribution in
the BHPS model [2].
To incorporate the effects of the finite size of the

nucleon, Pumplin considered both an exponential form
factor,

jFðsÞj2 ¼ exp ½−ðs −m2
0Þ=Λ2�; (4)

and a power-law suppression factor,

jFðsÞj2 ¼ 1

ðsþ Λ2Þn ; (5)

with Λ a cutoff mass regulator. Fixing the overall normali-
zation to be a constant, the resulting shape of the charm
quark momentum distribution with the power-law suppres-
sion, for a reasonable choice of n ¼ 4, turns out to be softer
than the BHPS prediction for a range of cutoffs, Λ ¼
2–10 GeV [21]. For the exponential suppression, the shape
depends somewhat more strongly on the cutoff parameter,
with the distribution being harder than the BHPS result for
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smaller Λ values and softer for larger Λ. All of the resulting
charm distributions are valencelike, however, with signifi-
cant tails even beyond x ≈ 0.4.
While the simple five-quark models give some qualita-

tive insights into the possible generation of intrinsic charm
at large x, they retain a high degree of dependence on the
model parameters, whose connection with the underlying
QCD theory is not clear. Furthermore, it is also not obvious
how one could constrain the parameters phenomenologi-
cally by comparing deep-inelastic scattering with other
observables, for instance. In the next section we discuss an
alternative approach which may offer greater promise for
relating intrinsic charm distributions to inputs determined
from independent reactions.

III. MESON-BARYON MODELS FOR
INTRINSIC CHARM

A hybrid class of intrinsic charm models that involves
both quark and hadron degrees of freedom, and makes
some unique and testable predictions for the c and c̄
distributions in the nucleon, are meson-baryon models.
Such models attempt to quantify the fluctuations of the
nucleon to states with a virtual meson M plus baryon B,

jNi ¼
ffiffiffiffiffi
Z2

p
jNi0 þ

X
M;B

Z
dyd2k⊥ϕMBðy; k2⊥ÞjMðy; k⊥Þ;

Bð1 − y;−k⊥Þi; (6)

where jNi0 is the “bare,” three-quark nucleon state, and Z2

is the wave function renormalization. The function
ϕMBðy; k2⊥Þ gives the probability amplitude for the physical
nucleon to be in a state consisting of a virtual mesonM with
longitudinal momentum fraction y and transverse momen-
tum k⊥, and a baryon B with longitudinal momentum
fraction 1 − y and transverse momentum −k⊥. The total
invariant mass squared of the meson-baryon system sMB
can be written in the IMF as

sMBðy; k2⊥Þ ¼
k2⊥ þm2

M

y
þ k2⊥ þM2

B

1 − y
; (7)

where mM and MB are the meson and baryon masses,
respectively. If the meson-baryon terms include states
containing charm quarks, the resulting probability distri-
butions for anticharm and charm quarks in the nucleon can
be written in the form of convolutions,

c̄ðxÞ ¼
X
M;B

�Z
1

x

dy
y
fMBðyÞc̄M

�
x
y

�

þ
Z

1

x

dȳ
ȳ
fBMðȳÞc̄B

�
x
ȳ

��
; (8a)

cðxÞ ¼
X
B;M

�Z
1

x

dȳ
ȳ
fBMðȳÞcB

�
x
ȳ

�

þ
Z

1

x

dy
y
fMBðyÞcM

�
x
y

��
; (8b)

where ȳ≡ 1 − y, and for ease of notation we have omitted
the dependence of the distributions on the scale Q2.
In analogy with the quark-gluon splitting functions of

perturbative QCD, in Eqs. (8) fMBðyÞ represents the
splitting function for a nucleon N to fluctuate to meson
M with fraction y of the proton’s momentum, and a
spectator baryon B. The charm and anticharm distributions
in the baryon B are denoted by cBðzÞ and c̄BðzÞ, respec-
tively, and carry a fraction z ¼ x=ȳ of the baryon’s
momentum. Similarly, fBMðȳÞ represents the splitting
function for a nucleon fluctuating into a baryon B with
fraction ȳ of the proton’s momentum, with a spectator
meson M. The quark distributions inside the meson M are
denoted by cMðzÞ and c̄MðzÞ, respectively. If the charm
quark resides exclusively in the baryon, with the anticharm
in the meson, Eqs. (8) simplify further since

cMðxÞ → 0; c̄BðxÞ → 0: (9)

The splitting functions in Eqs. (8) are related to the
probability amplitudes ϕMB by

fMBðyÞ ¼
Z

∞

0

d2k⊥jϕMBðy; k2⊥Þj2 ¼ fBMðȳÞ; (10)

where the reciprocity relation in the second equality arises
from the conservation of three-momentum at the MBN
vertex [44–48]. It can be shown to be satisfied explicitly in
the infinite momentum frame (or on the light-front), but is
violated in covariant calculations [45–49] in the presence of
MBN form factors (or other ultraviolet regulators) which
do not exhibit the y↔ȳ symmetry of the amplitudes
ϕMB [50].
The convolution equations (8) allow the symmetries

of the splitting functions to be represented in terms
of moments of the parton distributions CðnÞ and C̄ðnÞ,
defined as

C̄ðnÞ ¼
Z

1

0

dxxnc̄ðxÞ ¼
X
M;B

F ðnÞ
MBC̄

ðnÞ
M ; (11a)

CðnÞ ¼
Z

1

0

dxxncðxÞ ¼
X
B;M

F ðnÞ
BMC

ðnÞ
B ; (11b)

where

F ðnÞ
MB ¼

Z
1

0

dyynfMBðyÞ; (12a)
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F ðnÞ
BM ¼

Z
1

0

dȳȳnfBMðȳÞ; (12b)

are the nth moments of the splitting functions. The
corresponding moments of the c̄ and c distributions in
the meson M and baryon B are denoted by C̄ðnÞ

M and CðnÞ
B ,

respectively. In particular, the lowest moment of the
splitting functions gives the average multiplicity of mesons
M and baryons B,

hniMB ≡ F ð0Þ
MB ¼ F ð0Þ

BM; (13)

which reflects global charge conservation, while conserva-
tion of momentum implies that the momentum fractions
hyiMB ≡ F ð1Þ

MB and hyiBM ≡ F ð1Þ
BM are related by

hyiBM þ hyiMB ¼ hniMB: (14)

In contrast to the five-quark models discussed in Sec. II,
in which the x dependence of the c and c̄ distributions was
identical, in the MBM the distributions of heavy quarks
and antiquarks in the nucleon are generally expected to be
different. Indeed, since the c in the baryon and c̄ in the
meson reside in rather different local environments, an
asymmetry cðxÞ ≠ c̄ðxÞ is almost unavoidable. Of course,
since the proton has no net charm, the lowest moments of
c and c̄ must cancel; however, all higher moments will be
nonzero,

Cð0Þ − C̄ð0Þ ¼ 0; CðnÞ − C̄ðnÞ ≠ 0 ðn ≥ 1Þ: (15)

Whenever Eq. (13) is satisfied, this will guarantee that the
proton has no net charm.
Because quarks and antiquarks possess opposite intrinsic

parities, parity conservation will require that the quark
wave functions respect overall parity conservation. For
example if the initial proton state is treated as three
constituent ðuudÞ quarks in S-wave orbitals and a cc̄ pair
is added, then if one of the charm quarks is placed in an S
state the other needs to be in an odd-parity state. In the
MBM, this behavior is accommodated provided one uses
physical vertices that correctly account for the spin degrees
of freedom of the relevant fields. Models that treat quarks as
scalar pointlike particles, for example, will generally not
satisfy these constraints [21,22].
In the present analysis, we consider various meson-

baryon states containing charm quarks that could contribute
to the intrinsic charm in the proton, as summarized in
Table I. These include the SU(4) octet isoscalar Λc and
isovector Σc baryons, and the decuplet Σ�

c, while for the
mesons, the pseudoscalar D and vector D� mesons are
included. In addition, the state involving a proton fluc-
tuation to pþ J=ψ , where both the c and c̄ reside in the
J=ψ , was considered in Ref. [21]. Although this has a
combined mass which is actually lower than all the other

charmed meson-baryon configurations, its contribution
should be strongly suppressed by the OZI rule.
In the following section the splitting functions fMBðyÞ

for the various configurations in Table I will be presented,
with details of the derivations given in Appendix A. To
constrain the model parameters in the calculations, namely,
the hadronic couplings and form factor cutoffs, we use
phenomenological input from DN and D̄N scattering
analyses [38–41], together with inclusive charmed baryon
production data in pp collisions.

IV. CHARMED MESON-BARYON
SPLITTING FUNCTIONS

For a given meson-baryon state MB, the splitting
function can be evaluated as in Eq. (10) in terms of an
integral over the transverse momentum of the square of the
probability amplitude ϕBMðy; k2⊥Þ which was defined in
Eq. (6). To compute the probability amplitudes we use
time-ordered perturbation theory, characterized by a par-
ticular choice of forward-moving kinematics in the IMF.
Details of the framework and complete derivations follow
in Appendix A.
We consider splitting functions for p → MB fluctuations

for the spin transitions 1
2 → 0 ⊕ 1

2, 1 ⊕ 1
2, 0 ⊕ 3

2, and 1 ⊕ 3
2,

with the specific states listed in Table I and illustrated in
Fig. 1 (with the exception of the pJ=ψ state). Couplings to
these states are then determined from the lowest-order
effective hadronic Lagrangian for each transition, given in
Appendix A.
In the framework of the MBM, the splitting function for

the fluctuation of the proton to a spin-0 charmed meson
D ¼ D̄0 or D− and a spin-1=2 charmed baryon B ¼ Λþ

c ,
Σþ
c or Σþþ

c is given by

TABLE I. Lowest mass meson-baryon Fock states of the proton
containing charm and anticharm quarks. For each state the isospin
I, spin J, and parity P are listed for the meson and baryon,
together with the masses.

Baryon IðJPÞ Meson IðJPÞ
pð938Þ 1

2
ð1
2
þÞ J=ψð3097Þ 0ð1−Þ

Λþ
c ð2286Þ 0ð1

2
þÞ D̄0ð1865Þ 1

2
ð0−Þ

D̄�0ð2007Þ 1
2
ð1−Þ

Σþ
c ð2455Þ 1ð1

2
þÞ D̄0ð1865Þ 1

2
ð0−Þ

D̄�0ð2007Þ 1
2
ð1−Þ

Σþþ
c ð2455Þ 1ð1

2
þÞ D−ð1870Þ 1

2
ð0−Þ

D�−ð2010Þ 1
2
ð1−Þ

Σ�þ
c ð2520Þ 1ð3

2
þÞ D̄0ð1865Þ 1

2
ð0−Þ

D̄�0ð2007Þ 1
2
ð1−Þ

Σ�þþ
c ð2520Þ 1ð3

2
þÞ D−ð1870Þ 1

2
ð0−Þ

D�−ð2010Þ 1
2
ð1−Þ
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fDBðyÞ ¼ TB
g2

16π2

Z
dk2⊥

yð1 − yÞ
jFðsÞj2

ðs −M2Þ2

×

�
k2⊥ þ ðMB − ð1 − yÞMÞ2

1 − y

�
; (16)

where for ease of notation we have used for the coupling
constant g → gDBN and for theDB invariant mass s → sDB.
The isospin transition factor TB is given by

TB ¼ 1þ δtB;þ1; (17)

where the third component of the isospin of the charmed
baryon is tB ¼ 0 for B ¼ Λþ

c and Σþ
c , and tB ¼ þ1 for

B ¼ Σþþ
c . The states described by the splitting function

fDBðyÞ include the lowest-mass configuration D̄0Λþ
c , as well

as the isovector charmed baryon states D̄0Σþ
c and D−Σþþ

c .
At large transverse momenta, the invariant mass s ∼ k2⊥,

making the integral in Eq. (16) logarithmically divergent.
A simple way to regulate this divergence is with a form
factor FðsÞ, which acts to suppress the ultraviolet contri-
butions. A convenient way to parametrize this regularizing
form factor is using an exponential function of s,

FðsÞ ¼ exp½−ðs −M2Þ=Λ2�; (18)

which has the merit of possessing simple normalization
properties on-shell, although multipole, or power-law,
functional forms as in Eq. (5) would also suffice. The
splitting functions also depend upon the magnitude of the
coupling g to each meson-baryon state, which we take from
meson-baryon scattering models extended to the charm
sector. For simplicity, we assume a universal exponential
form factor for all couplings, where the scale factor Λ for
that form factor is varied to fit charmed baryon production
in hadronic interactions, as discussed below. [Note, how-
ever, that the exponential form is used to define the form

factor FðsÞ in Eq. (18), in contrast to the square of the form
factor, as in Eq. (4); the two can of course be related by a
simple rescaling of the cutoff mass Λ2 → 2Λ2.]
For the dissociation of the proton to a charmed vector

meson D� ¼ D̄�0 or D�− and spin-1/2 charmed baryon, the
corresponding splitting function is given by a sum of vector
(Gv), tensor (Gt) and vector-tensor interference (Gvt) terms,

fD�BðyÞ ¼ TB
1

16π2

Z
dk2⊥

yð1− yÞ
jFðsÞj2

ðs−M2Þ2

×

�
g2Gvðy;k2⊥Þþ

gf
M

Gvtðy;k2⊥Þþ
f2

M2
Gtðy;k2⊥Þ

�
;

(19)

where

Gvðy; k⊥Þ ¼ −6MMB þ 4ðP · kÞðp · kÞ
m2

D
þ 2P · p; (20a)

Gvtðy; k⊥Þ ¼ 4ðM þMBÞðP · p −MMBÞ −
2

m2
D

× ½MBðP · kÞ2 − ðM þMBÞðP · kÞðp · kÞ
þMðp · kÞ2�; (20b)

Gtðy; k⊥Þ ¼ −ðP · pÞ2 þ ðM þMBÞ2P · p

−MMBðM2 þM2
B þMMBÞ

þ 1

2m2
D
½ðP · p −MMBÞ½ðP − pÞ · k�2

− 2ðM2
BP · k −M2p · kÞ½ðP − pÞ · k�

þ 2ðP · kÞðp · kÞð2P · k −M2
B −M2Þ�; (20c)

where p is the four-momentum of the baryon, and the inner
products P · p, P · k, and p · k can be computed from
Eq. (A3). The splitting function fD�BðyÞ describes tran-
sitions to the states D̄�0Λþ

c , D̄�0Σþ
c , and D�−Σþþ

c , and the
isospin transition factor TB is as in Eq. (17). Again, for ease
of notation, we have used the shorthand notation for the
couplings g → gD�BN and f → fD�BN , with s → sD�B.
For completeness, we also include fluctuations to spin-3/2

charmed baryons B� ¼ Σ�þ
c and Σ�þþ

c . For the dissociations
of a proton to states with a spin-0 D meson, D̄0Σ�þ

c and
D−Σ�þþ

c , the splitting function is given by

fDB� ðyÞ

¼TB�
g2

16π2

Z
dk2⊥

yð1−yÞ
jFðsÞj2
ðs−M2Þ2

×
½k2⊥þðMB�−ð1−yÞMÞ2�½k2⊥þðMB� þð1−yÞMÞ2�2

6M2
B� ð1−yÞ3 ;

(21)
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FIG. 1 (color online). Spin configurations (J ¼ mesonþ
baryon spin) and masses for the spectrum of charmed hadron
configurations included in the present MBM calculation.
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with g → gDB�N and s → sDB� . The isospin transition factor TB� here is similar to that in Eq. (17), but with the third
component of the charmed baryon isospin tB� ¼ 0 for B� ¼ Σ�þ

c and tB� ¼ þ1 for B� ¼ Σ�þþ
c .

Finally, for the fluctuations to states with D� mesons and spin-3=2 baryons B�, the splitting function is

fD�B�ðyÞ ¼ TB�
g2

m2
D�16π2

Z
dk2⊥

yð1 − yÞ
jFðsÞj2

ðs −M2Þ2 −
�
4MMB�

3
ð2M2

B� þMMB� þ 2M2Þ − 4MMB�

3m2
D�

ððP − pÞ · kÞ2

−
4

3m2
D�

ðM2
B� ðP · kÞ2 þM2ðp · kÞ2Þ þ 4P · p

3
ð2M2

B� þ 4MMB� þM2Þ

þ 4P · p
3m2

D�
ðp · kÞ2

�
1 −

M2

M2
B�

�
− 4ðP · pÞ2

�
1 −

2ðP · kÞðp · kÞ
3m2

D�M2
B�

−
P · p
3M2

B�

��
; (22)

with g → gD�B�N , s → sD�B� , and the inner products in
Eq. (22) obtained from Eq. (A3) with the replacements
D → D� and Bc → Σ�

c. The details of the derivations of all
of the functions fDBðyÞ, fD�BðyÞ, fDB� ðyÞ, and fD�B�ðyÞ
can be found in Appendix A.

A. Constraints from inclusive charmed
hadron production

To calculate the contributions of the various charmed
mesons and baryons listed in Table I requires the couplings
of these states to the proton. In this analysis we take the
coupling constants from boson-exchange models that were
originally applied to pion-nucleon interactions [51] and
later generalized to KN scattering [52]. In the extension to
the strange sector, the relevant couplings are taken from
nonstrange analyses with SU(3) arguments used to incor-
porate the corresponding strange particles. The off-shell
behavior of the amplitudes is typically regulated by a
multipole form factor of the type

FðtÞ ¼
�
Λ2 þm2

M

Λ2 − t

�
n

; (23)

where t is the usual Mandelstam variable for the squared
momentum transfer of the exchanged meson with mass
mM. A monopole form factor (n ¼ 1) is generally used
for low-spin states, while for higher-spin states a dipole
form factor (n ¼ 2) is typically employed to damp the
higher powers of momentum that enter into the transition
amplitudes.
The extension of meson-baryon couplings from the

nonstrange to the strange sector has generally been quite
successful phenomenologically. Continuing this program
further to the charm sector, Haidenbauer et al. [39–41] used
SU(4) symmetry arguments to describe exclusive charmed
hadron production in D̄N and DN scattering within a one-
boson-exchange framework. We fix the couplings for the
spin-1=2 charmed baryons Λc and Σc to those found in
Ref. [41], as summarized in Table II. For the couplings to
spin-3=2 states Σ�

c, we take the couplings from those
obtained for the analogous strange states by Holzenkamp

et al. [53]. The signs of the couplings are related to the
value of the πNN coupling, for which we use gπNN=

ffiffiffiffiffiffi
4π

p ¼
−3.795.
The remaining parameters of the model are the form

factor cutoffs, Λ, which could in principle be constrained
for the various meson-baryon vertices by data from
exclusive or inclusive charmed baryon production. In
practice, such data are rather limited, and the most direct
constraints come from inclusive Λc production in proton-
proton scattering, pp → ΛcX, measured by the R680
Collaboration at the ISR [42]. Since it is currently not
possible to constrain the cutoffs for the individual charmed
meson-baryon configurations, we assume a universal
exponential form factor cutoff as in Eq. (18) for all the
fluctuations listed in Table II, and tune Λ to best reproduce
the shape and normalization of the inclusive Λc production
cross section data. This will place an upper bound on Λ and
the magnitude of the charmed meson-baryon contribution
in the MBM.
Within the same one-boson exchange framework as

adopted in the DN and D̄N scattering analyses [39–41],
the contribution from charmed meson exchange to the
differential cross section for inclusive baryon production in
pp scattering can be written [46]

E
d3σ
d3p

¼ ȳ
π

d2σ
dȳdk2⊥

¼ ȳ
π

X
M

jϕBMðȳ; k2⊥Þj2σMp
tot ðsyÞ; (24)

TABLE II. Charm-sector coupling constants, deduced from
DN and D̄N scattering analyses [41] for the spin-1/2 charmed
baryons Λc and Σc, and by extending the SU(3) sector analysis
of Ref. [53] for the spin-3=2 Σ�

c states.

Vertex gMBN=
ffiffiffiffiffi
4π

p
fMBN=

ffiffiffiffiffi
4π

p

p → D̄0Λþ
c 3.943 � � �

p → D̄�0Λþ
c 1.590 5.183

p → D̄0Σþ
c ; D−Σþþ

c 0.759 � � �
p → D̄�0Σþ

c ; D�−Σþþ
c 0.918 −2.222

p → D̄0Σ�þ
c ; D−Σ�þþ

c −0.193 � � �
p → D̄�0Σ�þ

c ; D�−Σ�þþ
c −1.846 � � �
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where E is the energy of the proton beam, and the sum over
M includes incoherent contributions from processes involv-
ing the exchange of meson M leading to a final baryon B.
The total meson-proton cross section σMp

tot here is evaluated
at the meson energy sy, with s being the total pp invariant
mass squared. For the case of direct Λþ

c production, the sum
is restricted to the D̄0 and D̄�0 mesons. The k2⊥-integrated
cross section for Λþ

c production is then given by

dσ
dȳ

¼
X

M¼D;D�
fΛþ

c MðȳÞσMp
tot ðsyÞ: (25)

Note that in Ref. [54] this cross section is defined with an
additional factor ðπ=ȳÞ on the right-hand side. For the total
charmed meson-proton cross section σMp

tot we take a
constant value, as suggested by the analysis of pion-
nucleon scattering [46], where σπptot ≈ σρptot . Adopting a
similar approach to the strange and charmed meson cross
sections, we have

σDp
tot ≈ σD

�p
tot ≈ σK̄ptot ≈ ð20� 10Þ mb; (26)

where the value of the K̄p total cross section is taken from
Ref. [55], and we assign a conservative 50% uncertainty on
the central value.
Using Eqs. (25) and (26), the calculated cross section is

shown in Fig. 2(a) at the kinematics of the Λþ
c production

data from the R608 Collaboration [42] at the ISR. The
kinematical coverage of the ISR data was restricted to
k⊥ ≤ 1.1 GeV, which we impose in the computed cross
section. For the central value of the Dp total cross section,
σDp
tot ¼ 20 mb, the best fit value of the cutoff parameter is

found to be Λ ¼ ð2.89� 0.04Þ GeV, which gives a good fit
to both the overall normalization and the shape of the
inclusive Λþ

c data. Including the uncertainty in the Dp cross

section from Eq. (26), the cutoff becomes Λ ¼
ð3.0� 0.2Þ GeV.
Note that in calculating the inclusive Λþ

c production
cross section we have included the possibility that higher-
mass baryons such as Σc and Σ�

c are produced and
subsequently decay to a Λþ

c , using the relevant branching
ratios for the decays. With the coupling constants from
Table II, we find that the dominant contribution to inclusive
Λc production arises from the state D̄�0Λþ

c . This is in
contrast to earlier analyses, where the largest contribution
was assumed to be from the lowest-energy D̄0Λþ

c state. As
we discuss below, this will have significant ramifications
for intrinsic charm production in electromagnetic reactions.
Note also that the original data from Ref. [42]

were recorded in terms of the variable xF ¼ 2p0
Λ=

ffiffiffi
s

p
,

which in general differs from the momentum fraction
ȳ that scales the calculations of the MBM. It can be shown,
however, that at high energies (i.e. s ≫ M2

B, k2⊥), one
has ȳ → xF.
More recently the SELEX Collaboration at Fermilab

[43] has produced data on the charge asymmetry for
inclusive Λþ

c and Λ̄−
c production in the scattering of

540 GeV protons from copper and carbon targets,

AΛcðxFÞ ¼
σΛcðxFÞ − σΛ̄cðxFÞ
σΛcðxFÞ þ σΛ̄cðxFÞ

; (27)

where σΛcðxFÞ≡ dσΛc=dxF. While the contribution to the
production of Λþ

c can be calculated in the MBM, the
computation of the asymmetry AΛc requires in addition an
estimate of the Λ̄c cross section. Following Ref. [43] we
approximate this using a simple monomial parametrization.
Furthermore, we assume that the Λþ

c cross sections can be
written as the sum of valence and sea components, with the
generation of the former described by the nonperturbative
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FIG. 2 (color online). (a) Differential cross section dσ=dȳ for the inclusive charm production reaction pp → Λþ
c X as a function of the

momentum fraction ȳ carried by the Λþ
c . The MBM cross section (solid) is computed using the central value for the Dp cross section

σDp
tot ¼ 20 mb, and the resulting error band (shaded) represents the purely statistical uncertainty. The data (red circles) are from the R608

collaboration at the ISR [42]. (b) Charge asymmetry AΛc for Λþ
c =Λ̄

−
c production in the MBM (solid), using the xF dependence of the Λ̄c

cross section in Eq. (29), compared with data from the SELEX Collaboration [43].
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MBM and dominating at intermediate and high values of
xF, and the latter concentrated at small xF,

dσΛc

dxF
¼

dσΛc
ðvalÞ

dxF
þ
dσΛc

ðseaÞ
dxF

; (28)

where

dσΛc
ðvalÞ

dxF
≈ σ0

X
M

fΛcMðxFÞ; (29a)

dσΛc
ðseaÞ

dxF
≡ dσΛ̄c

dxF
≈ σ̄0ð1 − xFÞn̄: (29b)

In Eq. (29a) the factor σ0 corresponds to the total meson-
proton cross section in Eq. (25), which we take to be
independent of the flavor and spin of the meson, as in
Eq. (26), while σ̄0 is a normalization parameter for the
corresponding Λ̄c production cross section. Using
Eqs. (29a), the asymmetry in Eq. (27) can then be written

AΛc
ðxFÞ ¼

P
MfΛcMðxFÞP

MfΛcMðxFÞ þ 2αð1 − xFÞn̄
; (30)

where α ¼ σ̄0=σ0 is the ratio of the sea to valence
contributions to the Λc cross sections. For Λ̄c production
induced by Σ− beams, the SELEX Collaboration found
for the exponent n̄ ≈ 6.8, which we assume also for the
xF dependence of the proton induced cross section in
Eq. (29b). Using the MBM cutoff parameter Λ ¼
ð3.0� 0.2Þ GeV, a good fit to the SELEX charge asym-
metry data can then be obtained with α ≈ 2.0%, as
illustrated in Fig. 2(b). We should note, however, that Λc
charge asymmetry data are rather sensitive to the form of
the Λ̄c cross section, so that agreement with the SELEX
data should not be considered as a stringent test of the
MBM; rather, with an appropriate choice of parameter α the
model is able to accommodate the empirical results.
Having constrained the scale parameter for the meson-

baryon form factor by the inclusive Λc production data, and
with the coupling constants for the various meson-baryon
states given in Table II, we are now able to compute the
meson-baryon splitting functions in Eq. (10), which we
consider in the following section.

B. Phenomenology of charmed meson-baryon
splitting functions

The complete set of the four basic splitting functions
representing the dissociation of a proton to charmed meson-
baryon states p → DB (pseudoscalar meson + octet baryon),
D�B (vector meson + octet baryon), DB� (pseudoscalar
meson + decuplet baryon), and D�B� (vector meson +
decuplet baryon) is illustrated in Fig. 3. The functions are

shown for the neutral D̄0 and D̄�0 mesons, and all the other
charge states in Table II can be obtained using appropriate
Clebsch-Gordan coefficients. For the best fit value of the
universal cutoff parameter Λ ¼ 3 GeV from the inclusive
Λþ
c production data, the D̄�0Λþ

c contribution is found to be
dominant, an order of magnitude larger than the correspond-
ing D̄0Λþ

c and D̄�0Σ�þ
c contributions. The D̄0Σ�þ

c contribu-
tion is 2 orders of magnitude smaller still, and effectively
plays no role in the phenomenology. To a good approxi-
mation, therefore, one can represent the total charm dis-
tribution in the proton by the single D̄�0Λþ

c state.
Interestingly, the shapes of the various charmed meson-

baryon distributions fMBðyÞ are rather similar, peaking just
above y ¼ 1=2. This is in contrast to the distributions in the
light flavor sector, where the corresponding πN splitting
function is considerably more skewed in y [45,46]. The
skewedness arises from the large difference in mass
between the pion and nucleon in the dissociation, whereas
the masses of both the charmed meson and baryon are of
the order ∼2 GeV. This is also one reason why the lowest
mass πN configuration is the dominant one in the pion
sector, unlike the lowest mass charmed state D̄0Λþ

c , which,
as Fig. 3 indicates, gives a significantly smaller contribu-
tion than the D̄�0Λþ

c . The dominance of the SU(2) flavor
sector by the πN state is ensured by the relatively large
energy gap between higher mass configurations involving
ρ mesons or Δ baryons, whereas no significant energy gap
exists between the various states in the charm sector.
To explore further the origin of the dominance of the

D̄�0Λþ
c contribution, we note the relatively strong coupling

to the vector meson state, particularly for the tensor
coupling term, as seen in Table II, where the tensor to
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FIG. 3 (color online). Splitting functions for the four basic
dissociations of a proton into charmed meson-baryon states, for
the spin-1 meson + spin-1=2 baryon state D̄�0Λþ

c (red solid line),
spin-0 meson + spin-1=2 baryon state D̄0Λþ

c (scaled × 10, blue
dotted line), spin-1 meson + spin-3=2 baryon state D̄�0Σ�þ

c
(scaled × 10, green dashed line), and spin-0 meson + spin-3=2
baryon state D̄0Σ�þ

c (scaled × 100, black dot-dashed line). A
universal exponential cutoff mass Λ ¼ 3 GeV is used with the
couplings from Table II.
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vector coupling ratio is fD�ΛcN=gD�ΛcN ¼ 3.26 [39–41].
This is analogous to the large tensor coupling for the ρ
meson in one-boson exchange models of the NN inter-
action [51], where in the Bonn-Jülich model, for instance,
one has an even larger tensor/vector ratio, fρNN=gρNN ¼
6.1 [56]. The individual vector, tensor, and vector-tensor
interference contributions to the fD̄�0Λþ

c
splitting function

are shown in Fig. 4, for the universal Λ ¼ 3 GeV expo-
nential cutoff as in Fig. 3. Using the charm couplings from
Table II, the tensor contribution clearly dominates over the
vector term. This feature is preserved even if one uses the
SU(2) couplings from the ρ exchange in the NN analysis

instead of the SU(4) couplings [39–41] (but with the same
charm hadron masses). In particular, since the SU(4) vector
coupling g2D�ΛcN

=4π ¼ 2.53 is around 5 times larger than
that found for the ρ from NN analyses, g2ρNN=4π ¼ 0.55
[56], the vector contribution to the charm splitting function
is significantly larger than for the SU(2) coupling case. This
is compensated somewhat by the ∼2 times smaller SU(4)
tensor/vector ratio, making the total contribution to the
charmed vector meson splitting function fD̄�0Λþ

c
ðyÞ similar.

At the effective Lagrangian level, the large tensor
contribution is associated with the additional momentum
dependence induced by the derivative coupling in the
tensor interaction, which is a general feature of couplings
to states with higher spin [see Eq. (A7)]. This additional
momentum dependence can have a significant impact on
the relative importance of various charmed meson-baryon
transitions, as is evident from the form of the splitting
function in Eq. (19). The effect of the momentum depend-
ence of the meson-baryon vertices on the splitting functions
can be illustrated even more dramatically by considering
the normalizations hniMB ¼ R

dyfMBðyÞ as a function of
the cutoff Λ. These are displayed in Fig. 5(a) for the four
charmed states shown in Fig. 3, together with the sum over
all contributions. At the best fit value of Λ ∼ 3 GeV, the
lowest mass vector state D̄�0Λþ

c makes up around 70% of
the total charm normalization of hniðcharmÞ

MB ¼ 2.40%.
Including the uncertainty on the cutoff (indicated by the
shaded band), the total charm normalization ranges from
≈1.04% to ≈4.87%.
While the variation of the charm splitting functions with

the choice of SU(4) or SU(2) couplings was found in Fig. 4
to be relatively mild, a significant effect is seen for the
dependence of the splitting functions on the hadron masses.
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FIG. 4 (color online). Contributions to the p → D̄�0Λþ
c splitting

function from the vector (dashed line), tensor (solid line), and
vector-tensor interference (dotted line) terms in Eq. (19). The
curves are computed for a cutoff mass Λ ¼ 3 GeV with charm
coupling constants from SU(4) symmetry (red line) and using the
corresponding SU(2) values for ρNN (blue line).
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FIG. 5 (color online). (a) Normalizations hniMB of the charmed meson-baryon splitting functions as a function of the form factor cutoff
Λ, for the states D̄�0Λþ

c (red solid line), D̄0Λþ
c (scaled × 10, blue dotted line), D̄�0Σ�þ

c (scaled × 10, green dashed line), and D̄0Σ�þ
c

(scaled × 100, black dot-dashed line), as well as the sum of all contributions (black dashed line). The (yellow) shaded band represents
the uncertainty on the cutoff obtained from fits to inclusive Λþ

c production data. (b) Normalizations of the splitting functions to
pseudoscalar (solid line) and vector (dashed line) mesons computed with SU(2) sector (πN and ρN) masses (black line), SU(3) masses,
denoted by “KΛ” and “K�Λ” (blue line), and SU(4) masses, denoted by “DΛc” and “D�Λc” (scaled × 100, red line), all for the same
SU(2) couplings.
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In Fig. 5(b) the normalizations hniMB of splitting functions
to pseudoscalar and vector mesons are illustrated for the
light-quark, strange and charmed sectors, using the SU(2)
coupling constants for πNN and ρNN listed above. The
curves labeled “KΛ” and “K�Λ” are obtained from the πN
and ρN splitting functions by replacing the pion and recoil
baryon masses with the appropriate kaon and hyperon
masses, and those labeled “DΛc” and “D�Λc” are obtained
by using the corresponding charmed meson and baryon
masses. For small values of the cutoff, the normalizations
of the pseudoscalar meson-baryon states is larger than for
the vector meson states, but with increasing Λ the con-
tributions from the vector meson states eventually domi-
nate. With increasing hadron masses the crossover point
between the pseudoscalar and vector meson states occurs at
progressively smaller Λ values. Neglecting differences
between the coupling constants (which are small if quark
model symmetries are assumed), the size of hadronic
masses relative to the cutoff scale Λ is the main determinant
of the balance between the pseudoscalar and vector states
for a given flavor sector.
The best fit value Λ ¼ 3 GeV for the charmed splitting

functions corresponds to a region where the vector meson
term clearly dominates over the pseudoscalar meson con-
tribution. Had we found a significantly softer cutoff
Λ ∼ 1 GeV, the pseudoscalar contribution would have
dominated, although for such values the total charm con-
tribution would be negligible. Since only a single charmed
baryon production cross section was available to constrain
the charm splitting functions, only a single parameter Λ
could be determined. The existence of data for various
charmed channels, on the other hand, would allow the
cutoffs to be determined for individual meson-baryon states.
This could in principle lead to hard form factor cutoffs for
some states and soft cutoffs for others, which would affect
the degree to which the charmed vector meson states
dominate the splitting functions. The results of our MBM
calculations imply that the production of charmed mesons in
pp reactions would occur almost entirely through D�
mesons, with subsequent decays of D� to D mesons.

V. CHARM DISTRIBUTIONS IN
CHARMED HADRONS

Within the two-step, meson-baryon convolution picture
in Eqs. (8), the charm and anticharm distributions in
the nucleon require knowledge of the c and c̄ distributions
in the charmed baryon and meson. In applications of the
MBM to the light quark sector, where the ū and d̄
distributions arise from the pionic component of the
nucleon wave function, one can use data from measure-
ments of the pion structure function [57,58]. There is even
some empirical information on the kaon structure function
from the Drell-Yan reaction [59], which has been utilized in
calculations of strange quark distributions from the kaon-
hyperon Fock state configurations in the nucleon wave

function [60,61]. Recent analyses of dimuon and charmed
meson production data in neutrino scattering have sug-
gested a slightly harder s quark distribution compared with
s̄, although the shape of the extracted s − s̄ asymmetry
differs significantly among the various analyses [62–64]. In
contrast, nothing at all is known about the partonic structure
of charmed hadrons or the possible c − c̄ asymmetries in
the nucleon, so that in practice these need to be modeled.
In the literature estimates of the distributions of heavy

quarks in heavy hadrons have been made using the heavy
quark limit [15], and within a scalar constituent quark
model [21]. Here we combine several features of these
approaches in constructing a relativistic quark model,
with the correct spin degrees of freedom, that parallels
the splitting function calculations of Sec. IV. We apply the
time-ordered perturbation theory framework in the IMF
at the parton level, defining the IMF momentum fraction
ŷ ¼ k̂L=PL to be the ratio of the longitudinal momentum of
the constituent quark or antiquark (k̂L) to that of the parent
charmed meson or baryon (PL). Convolution with the
leading twist pointlike structure of constituent quarks gives
distributions as functions of the quark-level Bjorken limit
variable, denoted here by z to prevent confusion with quark
distributions in the proton. In the following we summarize
the results for the c̄ distributions in D and D� mesons, and
the c distributions in the Λc and Σ�

c baryons; technical
details of the calculations are presented in Appendix B.

A. Anticharm in charmed mesons

The distribution of a relativistic c̄ quark in a pseudoscalar
Dmeson, with a spectator u or d quark, can be computed in
analogy with the p → DΛc splitting function in Eq. (16).
Using a pseudoscalar meson-quark-antiquark vertex para-
metrized by the structure γ5GðŝÞ, where GðŝÞ is the D-c̄-q
vertex function (q ¼ u; d), the distribution of anticharm
quarks in the D meson is given by

c̄DðzÞ ¼
ND

16π2

Z
∞

0

dk̂2⊥
½zð1 − zÞ�2

jGðŝÞj2
ðŝ −m2

DÞ2
× ½k̂2⊥ þ ðzmq þ ð1 − zÞmc̄Þ2�; (31)

where the integration is over the transverse momentum k̂2⊥
of the interacting heavy quark, and z is the Bjorken scaling
variable of the heavy quark inside the charmed hadron.
The total invariant mass squared of the c̄q pair is defined
[see also Eq. (7) for the corresponding invariant mass of the
meson-baryon system] as

ŝðz; k̂2⊥Þ ¼
m2

c̄ þ k̂2⊥
z

þm2
q þ k̂2⊥
1 − z

; (32)

where mc̄ is the constituent anticharm quark mass, mq is
the mass of the (light) spectator quark, and ND is the
overall normalization factor determined by the valence
normalization condition,
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Z
1

0

dzc̄DðzÞ ¼ 1: (33)

For point particles, the ultraviolet behavior of the k̂2⊥
integration would be logarithmically divergent for the
c̄DðzÞ distribution in Eq. (31). The divergence can be
regulated by defining the vertex function GðŝÞ to suppress
contributions from large parton momenta. Following
Sec. IV, we can use, for example, an exponential func-
tional dependence on ŝ,

GðŝÞ ¼ exp ½−ðŝ −m2
DÞ=Λ̂2�; (34)

with Λ̂ serving the role of a corresponding momentum
cutoff on the partonic quark-antiquark system.
At low momenta, on the other hand, a mass singularity

can arise in the energy denominator ðŝ −m2
DÞ−2 in the

infrared limit (k̂2⊥ → 0) for physical quark masses mq and
mc̄. A simple solution adopted by Pumplin [21] was to
assume an artificially large effective mass for the anticharm
quark, meff

c̄ , and a large constituent quark mass for the
spectator u or d quark, meff

q , such that

meff
c̄ þmeff

q > mD: (35)

In our numerical analysis we fix the effective charm mass
to be meff

c̄ ¼ 1.75 GeV and the light constituent quark
mass meff

q ¼ M=3 ¼ 0.31 GeV, similar to that used in
Ref. [21], which is sufficient to remove the propagator
singularity.
An alternative method to avoid the pole is to utilize a

form factor that simulates confinement by directly cancel-
ling the singular denominator, similar to that advocated in
Ref. [49]. A form that satisfies this is

GðŝÞ ¼ ðŝ −m2
DÞ

m2
D

exp½−ðŝ −m2
DÞ=Λ̂2�: (36)

An attractive feature of this form of the vertex function is
that it permits any values of the quark masses to be used,
allowing the partons to be confined without the need for ad
hoc constraints to avoid singularities through judicious
choice of effective quark masses.
For the c̄ distribution in a vectorD� meson, there exist in

principle both the Dirac and Pauli couplings of the D� to a
quark and antiquark, as for the D�B splitting function in
Eq. (19). To reduce the number of free parameters in the
calculation, we make the simplifying assumption that the
D�-quark-antiquark coupling is governed by a purely
vector interaction, γαGðŝÞ. In this case the distribution of
a c̄ quark in the D� meson is given by

c̄D� ðzÞ ¼ ND�

16π2

Z
∞

0

dk̂2⊥
½zð1 − zÞ�2

jGðŝÞj2
ðŝ −m2

D�Þ2

×

��
k̂2⊥ þm2

q

m2
D�

þ ð1 − zÞ2
�
ðk̂2⊥ þm2

c̄ þ z2m2
D� Þ

þ k̂2⊥ þ ðzmq þ ð1 − zÞmc̄Þ2 þ 4zð1 − zÞmqmc̄

�
;

(37)

where the normalization factor ND� is again determined
by the valence quark number conservation condition in
Eq. (33). As for the c̄ distribution in the D meson, for point
interactions the integral in Eq. (37) would be divergent, in
this case linearly in k̂2⊥. Vertex form factors GðŝÞ such
as in Eqs. (34) or (36) would again act to regularize this
divergence.
The results for the c̄ distributions in the D and D�

mesons are illustrated in Fig. 6 for both types of vertex
functions GðŝÞ. In the absence of empirical constraints on
PDFs in charmed mesons, the partonic cutoff Λ̂ is a free
parameter. However, since for heavy quarks the typical
masses of the intermediate states (DB or c̄q) are
comparable, to a first approximation we can fix Λ̂ to the
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FIG. 6 (color online). Anticharm quark distributions in charmed D (solid line) and D� (dashed line) mesons, within the (a) effective
mass model, with the vertex form factor in Eqs. (34) and (35), and (b) confining model, with the form factor in Eq. (36).
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meson-baryon cutoff, Λ̂ ¼ Λ. In the effective mass model,
Eqs. (34) and (35), the peak of the anticharm distribution in
z reflects the fraction of the meson mass carried by the c̄
quark. For both the D and D� mesons, the c̄ distribution
peaks at z ∼ 0.85, with the latter being slightly narrower.
The distributions in the confining model, Eq. (36), also
peak at similarly large momentum fractions, but are
significantly broader.
A numerical feature of the effective mass model is the

presence of the energy denominator ∝ ðŝ −m2
DÞ−2, which

largely determines the qualitative shapes of the c̄ distribu-
tions. For specific mass choices, ŝ −m2

D is minimized at a
unique value of z, resulting in the strongly peaked shapes
observed in the effective mass model. In the confining
model, on the other hand, the energy denominator respon-
sible for this z dependence is suppressed directly such that
the resulting distribution shapes no longer possess pro-
nounced maxima. In the effective charm model, however,
the closer the energy denominator approaches its pole
value, the more “singular” the behavior at the distribution
maximum; as such, if we fix the charm and spectator
masses according to Eq. (35), the energy denominator
approaches the zero pole for heavier hadron masses,
producing the more sharply peaked distributions seen in
Fig. 6(a).

B. Charm in charmed baryons

The calculation of the charm quark distributions in
charmed baryons proceeds in similar fashion to that for
the D and D� mesons, but is more involved since the
spectator system consists of two (or more) particles. In
practice, however, one can simplify the calculation by
treating the spectator qq system as an effective “diquark”
with a fixed mass mqq. For spin-1=2 charmed baryons, in
general the spectator diquark state can have either spin 0 or
spin 1, with corresponding scalar and pseudovector vertex
functions describing the momentum dependence. The spin
of the spectator diquark can affect the spin and flavor
dependence of the associated parton distribution; for
example, the suppression of the d=u ratio in the proton
at large x is usually attributed to a higher energy of the
spin-1 diquark in the proton compared with the spin-0
diquark [15,65]. Since here we are concerned with the
total effect on the charm quark distribution, rather than

the flavor dependence, it will be sufficient to consider
only the leading contribution arising from the scalar
spectators, for which we take an effective mass of
mqq ¼ 1 GeV.
The charm quark distribution in a spin-1=2 charmed

baryon B (B ¼ Λc or Σc) with a scalar qq spectator is then
given by

cBðzÞ ¼
NB

16π2

Z
∞

0

dk̂2⊥
z2ð1 − zÞ

jGðŝÞj2
ðŝ −M2

BÞ2
× ½k̂2⊥ þ ðmc þ zMBÞ2�; (38)

where for the charm quark mass we take mc ¼ mc̄, and the
invariant mass squared of the quark-diquark system here is
defined as

ŝðz; k̂2⊥Þ ¼
m2

c þ k̂2⊥
z

þm2
qq þ k̂2⊥
1 − z

: (39)

The functional form of the B-c-qq vertex function GðŝÞ is
taken to be the same as for theD-c̄-q function in the models
of Eqs. (34) and (36), and the normalization constant NB
determined from an analogous valence charm quark num-
ber condition to that in Eq. (33),

Z
1

0

dzcBðzÞ ¼ 1: (40)

Note that for the Σþþ
c baryon, the uu spectator diquark has

spin 1, so that the calculation of its c quark distribution here
is approximated by neglecting the diquark’s spin structure.
While it is straightforward to include both spin-0 and spin-1
diquark contributions, in analogy with the spin structures
discussed in Sec. VA, since the overall contribution from
the dissociation of the proton to D−Σþþ

c is at least an order
of magnitude smaller than for D̄�0Λþ

c , this will have
negligible effect on the numerical results.
For the spin-3=2 Σ�

c baryons, the charm quark is always
accompanied by a spin-1 diquark. Incorporating the fully
relativistic Rarita-Schwinger structure for the spin-3=2 state
(see Appendix B), the charm quark distribution in the Σ�

c is
given by

cB� ðzÞ ¼ NB�

12π2m2
qq

Z
∞

0

dk̂2⊥
zð1 − zÞ

jGðŝÞj2
ðŝ −M2

B� Þ2
�
ðk̂ · Δ̂ÞðP · Δ̂Þ þ 2mcMB�Δ̂2

þ 1

m2
qq

�
mcMB� ðp̂ · Δ̂Þ2 − ðp̂ · Δ̂Þððp̂ · Δ̂Þðk̂ · p̂Þ − ðP · Δ̂Þðk̂ · p̂Þ − ðk̂ · Δ̂ÞðP · p̂ÞÞ

− ðP · p̂Þðk̂ · p̂ÞΔ̂2 −
P · k̂
M2

B�
ððP · p̂Þ2Δ̂2 −m2

qqðP · Δ̂Þ2 − 2ðP · Δ̂Þðp̂ · Δ̂ÞðP · p̂ÞÞ
��

; (41)
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in which p̂ is the momentum of the spectator diquark qq,
and Δ̂≡ P − k̂ [see Eq. (A3)].
The resulting c quark distributions in the spin-1=2 and

spin-3=2 charmed baryons are illustrated in Fig. 7, using
the same numerical values for the masses and cutoffs as in
the c̄ calculation in the charmed mesons above. Compared
with the c̄ distributions in D and D�, the c quark PDFs are
peaked at somewhat smaller values of z. In the effective
mass model for the B-c-qq vertex function, both the c
distributions in Λc and in Σ�

c are maximal at z ≈ 0.6–0.65,
with a relatively narrow distribution in z. The bulge in the c
distribution in the Σ�

c baryon is associated with the more
complicated spin algebra compared with the Λc. The c
distributions with the confining model vertex function are
once again somewhat broader, peaking at smaller z values,
z ≈ 0.55 for the Λc baryon and z ≈ 0.4 for the Σ�

c, with the
latter having a sharp drop off at z → 0. The broader
distributions here are generated by the suppression of
the energy denominator ðŝ −M2

BÞ−2, which is mostly
responsible for the strongly peaked distributions in the
effective mass model. In all cases the distributions have
been normalized to respect the valence quark number sum
rule, as in Eq. (40).
Having assembled the various ingredients for the calcu-

lation of the convolution expressions in Eqs. (40), in the
next section we combine these inputs to compute the c and
c̄ distributions in the nucleon.

VI. INTRINSIC CHARM IN THE NUCLEON

Combining the distributions of c and c̄ quarks in the
charmed mesons and baryons discussed in the previous
section with the splitting functions summarized in Sec. IV,
here we present the resulting c and c̄ distributions in the
physical nucleon. We consider in Sec. VI A contributions
from the various meson-baryon configurations in the
MBM, and the dependence of the results on the models
for the charm distributions inside the charm hadrons.

We compare our results with other prescriptions for
intrinsic charm distributions in Sec. VI B, and with mea-
surements of the charm structure function in Sec. VI C.

A. Intrinsic charm in the MBM

The contributions to the charm and anticharm quark
distributions in the nucleon from various meson-baryon
states are presented in Fig. 8, using the confining model for
the PDFs in the charmed hadrons (36) with a mass
parameter Λ ¼ 3 GeV. The contributions correspond to
the same configurations as in Fig. 3, namely, the dominant
D̄�0Λþ

c state, the D̄0Λþ
c and D̄�0Σ�þ

c states, as well as the
(negligible) D̄0Σ�þ

c contribution. As expected from the
magnitudes of the splitting functions in Fig. 3, the D̄�Λþ

c
state produces the dominant meson-baryon contribution
to charm.
Summing over all the contributions listed in Fig. 1, the

total xc and xc̄ distributions are shown in Fig. 9, at the input
scale Q2 ¼ m2

c and evolved to Q2 ¼ 50 GeV2 (which is
typical for charm structure function measurements). Note
that the dominant D̄�0Λþ

c contribution accounts for nearly
70% of the total. A unique feature of the MBM which is
evident in Fig. 9 is the fact that c̄ distribution is clearly
harder than the c distribution. This is true for every meson-
baryon configuration in the MBM, and simply reflects the
fact that the charm quark represents a larger fraction of the
total mass of the meson than of the baryon. Since the peak
in the charm distribution in a hadron is related to the
fraction of the hadron mass carried by the charm quark, the
resulting distribution of c̄ in the D̄ meson will typically be
harder than that for the c in the Λc. While it is possible to
make the intrinsic c distribution as hard as the c̄ distribution
in a convolution model, this requires rather unnatural
parton distributions inside the baryon and meson states.
To quantify the magnitude of the nonperturbative charm

in the nucleon, we can compute the total proton momentum
carried by charm and anticharm quarks,
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FIG. 7 (color online). Charm distributions in the charmed Λc (solid line) and Σ�
c (dashed line) baryons, within (a) the effective mass

model, and (b) the confining model.
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Pc ¼ Cð1Þ þ C̄ð1Þ; (42)

where the moments Cð1Þ and C̄ð1Þ are defined in Eqs. (11).
For the confining model distributions in the charmed
mesons and baryons, the momentum fraction at the input
model scale (which is naturally of the order of the charm
quark mass) is found to be Pc ¼ 1.34þ1.35

−0.75% for the cutoff
mass parameter Λ ¼ ð3.0� 0.2Þ GeV obtained from the
inclusive Λc production data, Sec. IVA. Again we note that
these first moments differ numerically from the charm
multiplicities mentioned in Sec. IV B, where we found
hniðcharmÞ

MB ¼ 2.40þ2.47
−1.36%. The strong dependence of the total

momentum on Λ stems from the strong dependence of the
dominant meson-baryon splitting function on the hadronic
form factor, as seen in Fig. 5(a). In the BHPS model,
in contrast, when the charm quark is normalized to 1%
probability in the nucleon, charm quarks carry a momen-
tum fraction Pc ¼ 0.57%. For our best fit form factor

cutoff mass Λ ¼ 3 GeV, therefore, nonperturbative charm
quarks carry about twice the momentum as in the
BHPS model.
Valence quark normalization requires that the zeroth

moment of c − c̄ vanishes, as in Eq. (15), which follows for
any splitting function that obeys the reciprocity relation,
Eq. (10). Higher moments, on the other hand, are not
required to vanish. In fact, the magnitude of the c − c̄
asymmetry can be quantified in terms of the difference of
the first moments (momentum carried by charm and
anticharm quarks),

ΔPc ¼ Cð1Þ − C̄ð1Þ: (43)

At themodel scale,Q2 ¼ m2
c, we findΔPc ¼ −ð0.13þ0.14

−0.08Þ%
for Λ ¼ ð3.0� 0.2Þ GeV. The overall negative values of
ΔPc reflect the fact that in the MBM the c̄ distribution is
harder than the c.
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baryon configurations as in Fig. 3: D̄�0Λþ

c (red solid line), D̄0Λþ
c (scaled × 10, blue dotted line), D̄�0Σ�þ

c (scaled × 10, green dashed
line), and D̄0Σ�þ

c (scaled × 100, black dot-dashed line).

0 0.2 0.4 0.6 0.8 1
x

0

0.01

0.02

0.03

xc

xc
_

Q
2
= 50 GeV

2

Q
2
= m

c

2

(a)

0 0.2 0.4 0.6 0.8
x

-0.8

-0.6

-0.4

-0.2

0

0.2

R
c(x

)

Q
2
 = m

c

2

Q
2
 = 5 GeV

2

Q
2
 = 50 GeV

2

(b)

FIG. 9 (color online). (a) Total xc (solid lines) and xc̄ (dashed lines) distributions in theMBMwith the confiningmodel for the PDFs in the
charmed hadrons, Eq. (36), atQ2 ¼ m2

c (blue line) and evolved toQ2 ¼ 50 GeV2 (red line). (b) Corresponding charm-anticharm asymmetry
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The momentum imbalance of anticharm quarks compared
to charm can be estimated from the ratio of the difference
ΔPc to the sum Pc, for which we find ΔPc=Pc ≈ −10%.
As a function of x, however, the imbalance is not uniformly
distributed. Defining the ratio

RcðxÞ ¼
cðxÞ − c̄ðxÞ
cðxÞ þ c̄ðxÞ ; (44)

from Fig. 9(b) we observe that the relative asymmetry can
exceed 50% at large values of x (x≳ 0.5). The Q2

dependence of the ratio indicates relatively mild effects
over the large range considered (up toQ2 ¼ 50 GeV2), with
the slope of the asymmetry becoming slightly more shallow
with increasingQ2. Note that the ratioRc is nonzero at x ¼ 0
at the model scale, but the effects of perturbative evolution
force Rcðx ¼ 0Þ to vanish at large Q2 values due to the
growth of the denominator cþ c̄.

B. Comparison with other models

While some of the features of the nonperturbative c and c̄
distributions in the MBM are relatively robust, such as the
generally harder x dependence compared with the pertur-
batively generated distributions and the presence of a c − c̄
asymmetry, the detailed x dependence does depend on the
specifics of the model. To estimate the model dependence
of the calculated c and c̄ PDFs, we compare the results
obtained in the previous section, using the splitting func-
tions from Sec. III and the confining model for the PDFs in
the charmed hadrons in Sec. V, with distributions computed
under different assumptions and approximations.
Within the same MBM framework, if one uses the

effective mass model for the charm PDFs in the charmed
mesons and baryons, the resulting c and c̄ distributions in
the nucleon are slightly harder, especially for the c̄, as
Fig. 10 illustrates. This generally follows from the shape of

the c̄M distribution in the confining and effective mass
models in Fig. 6, where the latter is more strongly peaked at
large values of the parton momentum fraction. The corre-
sponding value of the total nucleon momentum carried by
charm and anticharm quarks in the effective mass model is
Pc ¼ 1.67þ1.70

−0.94% for cutoff masses Λ ¼ ð3.0� 0.2Þ GeV,
and ΔPc ¼ −ð0.24þ0.28

−0.14Þ% for the momentum asymmetry,
with the resulting momentum imbalance ΔPc=Pc ≈ −15%.
The c − c̄ asymmetry in this model is therefore more
pronounced than in the confining model.
In a more simplified approach, the c and c̄ distributions

inside the charmed hadrons were approximated in Ref. [15]
by δ functions centered at the x values corresponding to the
fraction of the hadron mass carried by the constituent
charm or anticharm quark,

cBðxÞ ¼ δðx − xBÞ and c̄MðxÞ ¼ δðx − xMÞ. (45)

From Eqs. (8), the charm and anticharm distributions in the
nucleon are then given directly as sums over the various
meson-baryon splitting functions,

cðxÞ ¼
X
B;M

1

xB
fBM

�
x
xB

�
; (46a)

c̄ðxÞ ¼
X
M;B

1

xM
fMB

�
x
xM

�
: (46b)

Since the masses of the charm quark [mc ¼ Oð1.5 GeVÞ]
and the D mesons [mD ¼ Oð1.8–2 GeVÞ] are similar, as a
first approximation one can take xM ≈ 1. Similarly, for the
fractional mass of the c quark in the charmed baryon, the
approximation xB ≈ 2=3 was utilized [15]. In a somewhat
more sophisticated approach, one can choose xM and xB to
minimize the ŝ-dependent energy denominator, which
depends on the combination m2

c=xþm2
spec=ð1 − xÞ, where
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FIG. 10 (color online). Model dependence of the charm distributions in the nucleon for (a) cðxÞ and (b) c̄ðxÞ, for the MBM with the
confining model for the PDFs in charmed hadrons (red solid line), the effective mass model (green dashed line), and the δ function model
(blue dotted line). All distributions use a common value for the cutoff mass of Λ ¼ ð3.0� 0.2Þ GeV, with the uncertainty band shown
for the confining model.
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the spectator mass mspec corresponds to the light quark
mass mu;d for a meson, and to an effective diquark mass
mqq for a baryon. Choosing mc ¼ 1.3 GeV, mu;d ¼
0.313 GeV, and mqq ¼ 1 GeV, one has

xB ¼ mc

mc þmqq
≈ 0.57; xM ¼ mc̄

mc̄ þmu;d
≈ 0.81:

(47)

For the best fit form factor cutoff mass Λ ¼ 3 GeV, the
momentum carried by charm in this δ function approxi-
mation model is Pc ¼ 1.66%, which is slightly greater than
in the MBM confining or effective mass models.
In Fig. 10 we compare the c and c̄ distributions in the

MBM obtained using the confining model PDFs in the
charmed hadrons with those computed from the effective
mass model and δ function approximations, with a common
cutoff mass Λ ¼ ð3.0� 0.2Þ GeV. The MBM confining
model distributions are generally softer than those in the
effective mass and δ function models, with the confining
model giving a slightly broader shape, and the δ function
model having the narrowest distribution. Within the uncer-
tainty bands of the parameters (for clarity we only show the
uncertainty band for the confining model), the distributions
are compatible with each other. In all three models the
anticharm distributions are clearly harder than the charm,
so that the qualitative features of the ratio Rc in Fig. 9 are
largely retained. Interestingly, the δ function model gives
an x dependence for the charm PDFs that closely resembles
the shape of the effective mass model distributions for
Λ ¼ 3 GeV. This feature may be exploited in simplified
calculations that seek only to describe the general charac-
teristics of nonperturbative charm distributions.
A similar model to the MBM was constructed by

Pumplin [21], based on the couplings of scalar mesons
and baryons. The dominant meson-baryon contribution was
assumed to be from the D̄0Λþ

c state, and described by
Eq. (3) with N ¼ 2 and an exponential form factor (4) with

Λp ¼ 4 GeV. The c PDF in the Λc was taken from Eq. (3)
with N ¼ 3 and a dipole form factor with ΛΛc

¼ 2 GeV,
while the c̄ PDF in D̄ was obtained assuming N ¼ 2 and a
dipole form factor withΛD ¼ 2 GeV. The magnitude of the
resulting charm distributions in the nucleon was normalized
so that the momentum carried by charm and anticharm
quarks was identical, with their sum equal to the momen-
tum carried by charm in the BHPS model with 1%
probability, Pc ¼ 0.57%. A feature of this model is that
the requirement that the momentum carried by c and c̄
quarks to be identical implies a nonzero net charm in the
proton, Cð0Þ − C̄ð0Þ ≠ 0.
The resulting charm distribution in the nucleon in the

scalar meson cloud model [21] is found to be similar in
shape to that in the MBM with the confining vertex
function, as Fig. 11 illustrates. The distribution is also
very similar to that in the simplified BHPS five-quark
model [2] discussed in Sec. II A (which is to be expected
perhaps given that the scalar model is normalized to the
charm in the BHPS model). The c̄ distribution in the scalar
model [21] is again harder than the c, while in the BHPS
model the charm and anticharm distributions are assumed
identical. Compared with the distributions in the confining
MBM, the results for the lower limit of the form factor cutoff
Λ ¼ 2.8 GeV, are rather similar to the results of the other
models shown in Fig. 11. However, for the central value Λ ¼
3 GeV the MBM model gives a substantially larger intrinsic
charm content. A similar result holds for the anticharm
distributions, except that the MBM results with confining
form factor are slightly harder than the BHPS results.
Having explored the model dependence of the total

intrinsic c and c̄ distributions in the nucleon, we can now
directly confront the results with measurements of the
charm structure function, Fc

2. This will provide additional
constraints on the model parameters, complementing those
of the inclusive Λc production in pp scattering discussed in
Sec. IVA.
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FIG. 11 (color online). Model dependence of the (a) cðxÞ and (b) c̄ðxÞ distributions in the nucleon, for the MBM with the confining
model for the PDFs in charmed hadrons with cutoff mass Λ ¼ ð3.0� 0.2Þ GeV2 (red solid line and shaded band), the Pumplin scalar
meson cloud model (green dashed line), and the BHPS intrinsic charm model (blue dotted line).
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C. Charm structure function

The calculations of intrinsic charm in this analysis are
normalized to inclusive charm production data in pp
collisions, as discussed in Sec. IVA. The results can also
be confronted with data on the charm structure function Fc

2

obtained from measurements of charm production cross
sections in deep-inelastic lepton scattering. In comparing
with experimental measurements of Fc

2, in addition to
intrinsic charm arising from nonperturbative fluctuations
of the nucleon into states with 5 or more quarks, one must
also consider the “extrinsic” charm arising from gluon
radiation to cc̄ pairs, which is described by perturbative
QCD evolution.
To lowest order in the strong coupling constant αs, the

charm structure function is straightforwardly related to the
c and c̄ parton distributions in the nucleon,

Fc
2ðx;Q2Þ ¼ 4x

9
½cðx;Q2Þ þ c̄ðx;Q2Þ�: (48)

It is necessary to assign a scale Q2
0 at which the non-

perturbative charm is generated, and then evolve this to an
appropriate Q2 for comparison with experiment. While the
absolute scale of the intrinsic contribution is a characteristic
ingredient of the model (in our case, the MBM), it is
customary to set this to the effective charm quark
mass, Q2

0 ¼ m2
c ¼ 1.69 GeV2.

The calculated charm structure function Fc
2ðx;Q2Þ is

shown in Fig. 12 for three different average Q2 values
ranging from 25 to 60 GeV2, compared with data from the
H1 [26] and ZEUS [27] collaborations at HERA and with
higher-x data from EMC [25]. The extrinsic charm dis-
tribution is obtained by perturbatively evolving an initial
zero distribution cðx;Q2

0Þ ¼ c̄ðx;Q2
0Þ ¼ 0. The nonpertur-

bative contribution to Fc
2 is computed from Eq. (48) using

the MBM at the scale Q2
0 and evolved to higher Q2 using

the next-to-leading order evolution code from Ref. [66].
Since the experimentalQ2 values are large compared tom2

c,
standard massless QCD evolution, in the form of the
variable flavor number scheme, can be used.
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FIG. 12 (color online). Charm structure function Fc
2 at Q2 ¼ 25 GeV2 (top left), 45 GeV2 (top right), and 60 GeV2 (bottom). The

perturbative QCD calculation (black dotted line) is compared with nonperturbative charm contributions in the MBM using the confining
model with cutoff Λ ¼ ð3.0� 0.2Þ GeV (green solid line and shaded band), confining model with Λ ¼ 2.5 GeV (red dot-dashed line),
and effective mass model with Λ ¼ 3.0 GeV (blue dashed line). The data are from H1 and ZEUS (black squares) and EMC (red circles).
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At the lower two Q2 values the extrinsic charm distribu-
tions give a reasonable fit to the data, both in the low-x and
high-x regions, although at Q2 ¼ 60 GeV2 the perturbative
results generally underestimate the EMC data at high x. The
addition of the nonperturbative contribution raises the total
Fc
2, depending on the amount of intrinsic charm assumed in

the model. For the MBM with the confining model vertex
functions, using the cutoff Λ ¼ ð3.0� 0.2Þ GeV obtained
from the fit to the inclusive Λþ

c production data in pp
scattering generally overestimates the EMC Fc

2 data at large
x at the lowest Q2 points. At the highest Q2 value the
calculated structure function is marginally consistent with
the data at the lower edge of the error band. Using instead
the MBM with the effective mass model vertex functions
and the same cutoff Λ ¼ 3.0 GeV, the peak at large x is
more pronounced, and thus overestimates the EMC data
somewhat more. Lowering the cutoff to Λ ¼ 2.5 GeV for
the confining model, the resulting Fc

2 is in better agreement
with the data, producing a smaller overestimate of the
lower-Q2 data points and resulting in a better fit to the
Q2 ¼ 60 GeV2 data. Note that for such a small cutoff the
average charm normalization hniðcharmÞ

MB ≲ 0.5%, which
would significantly underestimate the inclusive Λþ

c pro-
duction data (see Fig. 2).
In an earlier study [22], Pumplin, Lai, and Tung carried

out a global fit to high-energy data with phenomenological
PDFs including an intrinsic charm term at the starting scale
Q0 ¼ mc. Using several different phenomenological forms
for the intrinsic charm [including the BHPS model, Eq. (2),
the scalar MBM discussed in Sec. VI B, and a “sea-like”
charm model], the magnitude of the charm contribution
was varied until a substantial increase in the χ2 was
found with the set of global high-energy data. The
analysis found that the global fits could accommodate
charm momentum fractions of Pc ≈ 2% in the BHPS and
scalar MBM models and Pc ≈ 2.5% in the sea-like model
at the 90% confidence level, which are significantly
larger than the constraints from the EMC Fc

2 data, and at
the upper boundary of the range allowed by the ISR
R608 Λþ

c production data. The more recent update [23]
that includes NNLO corrections finds Pc ≤ 1.5% for the
sea-like model and Pc ≤ 2.5% for the BHPS model at the
scale Q0.
We should note, however, that while the analysis in

Ref. [22] fit the precision low-x charm structure function
data from H1 and ZEUS, it did not include the EMC Fc

2

data at large x, which likely would have resulted in tighter
constraints on the magnitude of the intrinsic charm. In a
future study [67], we plan to perform a dedicated global
analysis of all high-energy data, including the EMC
measurements of Fc

2, to determine the constraints on the
magnitude and shape of the nonperturbative charm com-
ponent of the nucleon. Additional data on Fc

2 at large x
would of course be very valuable in providing additional
information on this question.

VII. CONCLUSION

In this work we have presented a comprehensive analysis
of intrinsic charm in the nucleon using a phenomenological
model formulated in terms of effective meson-baryon
degrees of freedom, with couplings taken from DN and
D̄N scattering studies [39–41]. Within the MBM frame-
work, the c and c̄ distributions in the nucleon are expressed
as convolutions of N → charmed meson þ baryon splitting
functions and charm PDFs in the mesons and baryons.
This approach extends earlier analyses of nonperturbative
strange quark distributions and the s − s̄ asymmetry arising
from kaon-hyperon Fock states, as well as the d̄ − ū
asymmetry for light quarks from πN and πΔ configurations
in the nucleon. We have included in the charm calculation
all of the low-lying pseudoscalar D and vector D� mesons,
together with the spin-1=2 Λc, Σc and spin-3=2 Σ�

c baryons
that couple to the proton, in contrast to some previous
analyses that neglected the spin structure [21] and assumed
dominance by the lowest mass D̄0Λþ

c state [15,17].
The splitting functions are determined essentially in

terms of a single parameter, the momentum cutoff that
regulates the ultraviolet behavior of the nucleon-meson-
baryon form factor. The form factor is constrained by fitting
to data on inclusive Λþ

c production cross sections in pp
collisions from the ISR [42], which gives an exponential
cutoff mass of Λ ¼ ð3.0� 0.2Þ GeV. The resulting dis-
tributions are also consistent with the more recent SELEX
data [43] on Λþ

c =Λ̄
−
c asymmetries, although here there is

additional sensitivity to the Λ̄−
c production mechanism.

The distributions of c and c̄ quarks in the charmed
baryons and mesons are computed from a relativistic quark-
spectator model, in which the momentum distributions of
the quarks are parametrized through phenomenological
quark-spectator-hadron vertex functions. The resulting
convolution integrals contain poles in the quark propaga-
tors, and we examined two methods for avoiding these
poles. The first method involves using an effective charm
mass that is sufficiently large that no poles occur in the
physical region, while the second involves a vertex function
that cancels the propagators in the denominator, thereby
simulating the dynamics of quark confinement. For com-
parison we also considered a simplified model in which the
charm distributions are approximated by δ functions at the
fraction of the hadron mass carried by the constituent
charm or anticharm quark. The various methods for
avoiding propagator poles give rise to somewhat disparate
distributions in hadrons, although the differences in the
resulting intrinsic charm distributions in the nucleon are
mitigated by the smearing effects of the convolution.
For values of the cutoff parameter favored by the

inclusive Λþ
c production data, we find that intrinsic charm

is in fact dominated by the vector meson plus spin-1=2
baryon state D̄�0Λþ

c state, which is responsible for almost
70% of the total intrinsic charm content. The reasons for the
singular strength of this channel are the very strong tensor
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coupling to vector mesons (reminiscent of the large tensor
coupling of ρ mesons in NN interactions), and the addi-
tional momentum dependence introduced by the derivative
interaction.
One of the unique characteristics of the MBM is the

almost unavoidable asymmetry in the x dependence of the
resulting c and c̄ distributions in the nucleon, which reflects
the different environments in which the charm and anti-
charm quarks exist (charmed baryon for c, D and D�
mesons for c̄). Although the detailed shapes and absolute
values of the c and c̄ PDFs depend on the models for the
hadronic form factors and quark-spectator vertex functions,
a universal feature of the MBM framework is the signifi-
cantly harder c̄ distribution compared with the c. The
magnitude of the corresponding asymmetry ratio exceeds
50% at x≳ 0.5, a result which is largely independent of
the model parameters and scale. Comparison with the only
available data on the charm structure function Fc

2 at large
values of x from the EMC [25], where the intrinsic charm is
predicted to be most significant (x≳ 0.1), places tighter
limits on the size of the momentum cutoff Λ in the MBM.
This suggests that the amount of intrinsic charm needed to
describe the inclusive pp data would lead to an overesti-
mate of the DIS charm cross sections, although the Fc

2 data
themselves are somewhat inconclusive, with some data
points indicating an excess over the perturbative QCD
expectations and others consistent with no intrinsic charm
at all. At the very least, the large-x Fc

2 results illustrate the
potential value of such data, and it is hoped that future
measurements, such as at the proposed electron-ion collider
[35–37], will clarify the situation.
Other possibilities for identifying intrinsic charm exper-

imentally include the measurement of W and Z cross
sections at the LHC [68], where in the case ofW production,
up to 1/3 of the cross sections at

ffiffiffi
s

p ¼ 7 TeV and as much
as 40% at

ffiffiffi
s

p ¼ 14 TeV can arise through charm produc-
tion. However, although charm plays a significant role in
these reactions, the dominant charm contributions occur at
low rapidity where perturbative charm is expected to
dominate. Alternatively, photon plus charm jet production
at LHC energies, and in particular the transverse momentum
distribution of prompt photons, has been identified [69] as
potentially sensitive to intrinsic charm.
Another promising set of observables to study is charge

asymmetries in the production of charmed hadrons such as
Dþ=D−, Dþ

s =D−
s , or Λc=Λ̄c using proton, pion, or Σ−

beams, as well as virtual photon probes in deep-inelastic
lepton scattering. Particularly useful are comparisons of
cross sections involving different incident beams, which in
principle are sensitive to the so-called leading-particle
effect [13], which involves a strong correlation between
the quantum numbers of the produced charmed hadron and
the beam hadron(s). For instance, in π−p → DX scattering
there is a preference to produce D− and D0 over Dþ and
D̄0, which is attributable to the fact that the valence ðdūÞ

content of the π− appears also in the valence structure of
D− and D0, but not in Dþ and D̄0. Although significant
charge asymmetries are observed in some cases, a number
of possible mechanisms exist for such asymmetries (such as
recombination of a produced charm quark with a valence
quark or diquark from the beam, or coalescence between a
charm and valence quark originating in the beam [2,12]),
and it will be necessary to disentangle these processes from
any pre-existing charm in the initial state. However, any
confirmation of an asymmetry between c and c̄ distribu-
tions in the nucleon at large x would provide an unam-
biguous signature of intrinsic charm, beyond anything that
could be generated from perturbative QCD.
Finally, we should mention some of the limitations of the

MBM framework that has been used to compute the
nonperturbative charm in this analysis. Unlike the fluctua-
tions of the nucleon to baryons and light pseudoscalar
mesons, such as pions, which are grounded in the chiral
symmetry properties of QCD, the dissociation into the
much heavier charmed mesons and baryons is a rather more
model-dependent postulate. A reflection of this is the
ad hoc restriction of the Fock state expansion in Eq. (6)
to a particular set of meson-baryon states MB. While most
analyses of charm in the MBM have simply assumed
dominance by the lowest-mass D̄0Λþ

c state, in this work we
have attempted a more systematic treatment, including all
low-lying states with the appropriate quantum numbers.
As a guide, we have kept a close analogy with earlier
DN scattering analyses [39–41] which have provided
constraints on the nucleon-meson-baryon couplings.
Notwithstanding, in the absence of data on transitions to
individual charmed meson and baryon states, it has been
necessary to apply a universal cutoff parameter for all
hadronic form factors, as well as construct phenomeno-
logical models for the charm quark distributions in the
charmed hadrons. Further development of this approach
will benefit from a combined analysis of all data, using both
hadronic and leptonic probes. The future availability of
inclusive charmed baryon production data as well as
measurements of the charm structure function at large x
will provide vital benchmarks for establishing the presence
of intrinsic charm in the nucleon.
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APPENDIX A: DERIVATION OF
MESON-BARYON SPLITTING FUNCTIONS

In this appendix we provide additional technical details
of the derivations of the splitting functions for the dis-
sociation of a nucleon with four-momentum P into a meson
M with momentum k and baryon B with momentum p.
We consider dissociations into the SU(4) octet isoscalar Λc
and isovector Σc baryons, and the decuplet Σ�

c baryon,
accompanied by the charmed pseudoscalar D and vector
D� mesons. The transitions to specific isospin states are
obtained using appropriate isospin transition factors, as
discussed in Sec. IV.
The contribution of a specific meson-baryon component

to the nucleon hadronic tensor WN
μν is defined in terms of

the contributions δ½MB�FN
1;2 to the structure functions as [55]

δ½MB�WN
μνðP; qÞ ¼ ~gμνδ½MB�FN

1 þ
~Pμ

~Pν

P · q
δ½MB�FN

2 ; (A1)

where q is the four-momentum of the external electromag-
netic field, and we define ~gμν ¼ −gμν þ qμqν=q2, and
~Pμ ¼ Pμ − P · qqμ=q2. Evaluating the one-loop diagram
for the scattering from the meson M gives

δ½MB�WN
μν ¼

g2MBN

16π2

Z
1

0

dy
Z

∞

0

dk2⊥
yð1 − yÞ

jFðsÞj2
ðM2 − sÞ2N

MB
μν ;

(A2)

where y is the longitudinal momentum fraction carried by
the meson, FðsÞ is the MBN hadronic factor, with the
invariant mass squared of the MB system s defined in
Eq. (7). The tensor NMB

μν is computed from the spin trace of
the appropriate meson and baryon propagators and vertices,
with explicit forms given below.
Within the framework of time-ordered perturbation

theory evaluated in the IMF kinematics (PL → ∞), with
intermediate state particles on their mass shells but off their
“energy shells,” the standard decomposition for the
momentum variables is [70]

P0 ¼ PL þ M2

2PL
þO

�
1

P2
L

�
; (A3a)

k0 ¼ jyjPL þ k2⊥ þm2
M

2jyjPL
þO

�
1

P2
L

�
; (A3b)

p0 ¼ j1 − yjPL þ k2⊥ þM2
B

2j1 − yjPL
þO

�
1

P2
L

�
; (A3c)

for the energies, and

k ¼ jyjPþ k⊥; (A4a)

p ¼ j1 − yjP − k⊥; (A4b)

for the three-momenta, with k⊥ · P ¼ 0. In the nonvanish-
ing forward limit one has y ∈ ½0; 1�, such that j1 − yj ¼
ð1 − yÞ. The expression in Eq. (A2) is evaluated in terms of
inner products P · k, P · p, and P · k computed from
Eqs. (A3) and (A4), and the corrections to the structure
functions δ½MB�FN

1;2 obtained by equating the coefficients
of the tensors in Eqs. (A1) and (A2). The corrections to the c
and c̄ distributions in Eqs. (8) are then extracted from
δ½MB�FN

1;2 using parton model relations analogous to Eq. (48).

1. N → DB splitting

The dissociation of a nucleon to a spin-1=2 charmed
baryon B ¼ Λc or Σc and a pseudoscalar D meson is
derived from the effective hadronic Lagrangian [41]

LDBN ¼ igψ̄Nγ5ψBϕD þ H:c:; (A5)

where ψN and ψB are the nucleon and charmed baryon
fields, respectively, ϕD is the spin-0 D meson field, and
the coupling constant g → gDBN . Treating the propagation
of the meson and baryon fields as appropriate for point
particles, the trace factor NDB

μν can be written as

NDB
μν ¼ 1

2
Tr½iγ5ðPþMÞiγ5WD

μνðk; qÞðpþMBÞ�
¼ ð2P · p − 2MMBÞ~gμνFD

1 þ � � � ; (A6)

where Wμν
D is the hadronic tensor for the D meson, with a

form similar to that in Eq. (A1), and FD
1 is the correspond-

ing structure function which depends on the c̄ distribution
in D. Equating the coefficients of ~gμν in Eqs. (A1), (A2),
and (A6) then yields the convolution expression in Eq. (8a)
with the splitting function in Eq. (16). Performing the
analogous calculation for the recoil process involving
scattering from the baryon B confirms the symmetry
relation (10), which follows from the global charge and
momentum conservation relations in Eqs. (13) and (14).

2. N → D�B splitting

For the interaction between the nucleon and spin-1=2
baryon with a vector D� meson, the effective Lagrangian is
given by [41]

LD�BN ¼ gψ̄NγμψBθ
μ
D� þ f

4M
ψ̄NσμνψBF

μν
D� þ H:c:; (A7)

where θμD� is the vector meson field, with field strength
tensor Fμν

D� ¼ ∂μθνD� − ∂νθμD�, the tensor operator σμν ¼
ði=2Þ½γμ; γν�, and the vector and tensor couplings are g →
gD�BN and f → fD�BN . In this case the trace factor ND�B

μν is
given by
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ND�B
μν ¼ 1

2
Tr

�
ðPþMÞ

�
gγα þ f

2M
ðΔα − γαΔÞ

�
ðpþMBÞ

×

�
gγβ −

f
2M

ðΔβ − γβΔÞ
��

WD�
μναβðk; qÞ

¼
�
g2Gv þ

gf
M

Gvt þ
f2

M2
Gt

�
~gμνFD�

1 þ � � � ; (A8)

where Δ ¼ P − p, and the kinematical factors Gv, Gvt, and
Gt are given in Eqs. (20). The rank-4 tensor for the
interacting D� meson can be expressed in the form [45]

WD�
μναβðk; qÞ ¼

�
~gμνFD�

1 þ
~kμ ~kν
m2

D�
FD�
2

�
~gαβ; (A9)

with FD�
1;2 the corresponding vector meson structure

functions.

3. N → DB� splitting

The interaction of a nucleon with a spin-3=2 charmed
baryon B ¼ Σ�

c and a pseudoscalar meson is given by the
Lagrangian [41]

LDB�N ¼ f
mD

ðΨ̄μ
B�ψN∂μϕD þ ψ̄NΨ

μ
B�∂μϕDÞ; (A10)

where Ψμ
B� is the Rarita-Schwinger spinor-vector field, and

the coupling f → fDB�N . From Eq. (A10) the trace factor
tensor can be written

NDB�
μν ¼ 1

2
Tr½ðPþMÞΛαβ

B� ðpÞΔαΔβWD
μνðk; qÞ�

¼ 4

3
ðP · pþMMB� Þ

�ðp · ΔÞ2
M2

B�
− Δ2

�
~gμνFD

1
þ � � � ;

(A11)

where the energy projector for the spinor-vector is

Λαβ
B� ðpÞ¼ðpþMB�Þ

�
−gαβþγαγβ

3
þγαpβ−γβpα

3MB�
þ2pαpβ

3M2
B�

�
:

(A12)

The inner products in Eq. (A11) can once again be obtained
from Eqs. (A3) and (A4) with B → B�, which leads directly
to the splitting function in Eq. (21).

4. N → D�B� splitting

Finally, for the nucleon splitting to a spin-3=2 charmed
baryon B� coupled to a vector meson D� the effective
hadronic Lagrangian is given by [41]

LD�B�N ¼ f
mD�

iðΨ̄B�νγ
5γμψN − ψ̄Nγ

5γμΨB�νÞFμν
D� ; (A13)

where f → fD�B�N . This yields the resulting trace tensor

ND�B�
μν ¼ 1

2
Tr½ðPþMÞγ5γαΛα0β0

B� ðpÞγ5γβ�Gαβα0β0 ~gμνFD�
1 þ�� � ;
(A14)

where we define

Gαβα0β0 ¼ Δαβ ~gα0β0 − Δαβ0 ~gα0β − Δα0β ~gαβ0 þ Δα0β0 ~gαβ (A15)

and Δαβ ≡ ΔαΔβ, and the other expressions are defined
above. Evaluating the trace in Eq. (A14) and equating
coefficients of the ~gμν terms then leads to the convolution
relation with the splitting function in Eq. (22).

APPENDIX B: CHARM CONTENT OF CHARMED
BARYONS AND MESONS

This appendix details the derivations of the c and c̄ quark
distributions in charmed baryons and mesons within the
relativistic quark-spectator model introduced in Sec. V. For
consistency with the calculation of the hadronic splitting
functions in Appendix A, we proceed from effective quark-
hadron Lagrangians using time-ordered perturbation theory
in the IMF to compute the PDFs in terms of phenomeno-
logical vertex functions.

1. c̄ in D

To model the distribution of a c̄ quark in the pseudoscalar
D meson we consider the effective Lagrangian describing
the coupling of the D to the c̄ and a light quark q,

Lc̄qD ¼ igψ̄ c̄γ5ψqϕD þ H:c:; (B1)

where ψq and ψ c̄ are the quark q and c̄ fields, and the
effective coupling constant is g → gc̄qD. The contribution to
the hadronic tensor of the D meson from scattering off the
c̄ quark with a spectator light quark q can be written in
analogy with Eq. (A2) for the hadronic calculation,

c̄DðzÞ ¼
ND

16π2

Z
∞

0

dk̂2⊥
zð1 − zÞ

jGðŝÞj2
ðm2

D − ŝÞ2 T̂
c̄q; (B2)

where k̂⊥ denotes the internal quark transverse momentum
in theD meson and z is the Bjorken scaling variable for the
quark inside theDmeson, with the invariant mass squared ŝ
of the c̄q pair defined in Eq. (32). The normalization factor
ND is determined from valence quark number conservation
in the D meson, Eq. (33).
The trace factor T̂c̄q can be computed from the quark-

level “handbag” diagram, yielding
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T̂c̄q ¼ 1

4k̂þ
Tr½iγ5ðk̂þmc̄Þγþðk̂þmc̄Þð−iγ5Þð−p̂þmqÞ�;

¼ 2ðp̂ · k̂þmc̄mqÞ; (B3)

which follows from the on-mass-shell condition in time-
ordered perturbation theory, k̂2 ¼ m2

c̄, with p̂ the four-
momentum of the spectator quark. The γþ structure arises
from reducing the hard scattering amplitude γμðk̂þ qþ
mc̄Þγνδððk̂þ qÞ2 −m2

c̄Þ to its leading twist approximation
[71], γþ=ð2k̂þÞδð1 − z=ŷÞ, where ŷ is the parton fraction of
the hadron momentum, after equating the coefficients of gμν

and selecting the þ component of the external photon
current.
The result in Eq. (31) of Sec. V is then obtained by

inserting the expression for T̂c̄q in Eq. (B3) into Eq. (B2),
and using the IMF momenta as in Eq. (A3) but with the
replacements y → z, M → MD, mD → mc̄, and MB → mq.

2. c̄ in D�

For the distribution in the D� meson, the following
simple vector form is chosen for the Lagrangian describing
the c̄qD� interaction,

Lc̄qD� ¼ gψ̄ c̄γμψqθ
μ
D� þ H:c:; (B4)

where g → gD�c̄q. This yields the trace factor

T̂ðc̄qÞ� ¼ 1

4k̂þ
Tr½ð−p̂þmqÞγαðk̂þmc̄Þγþðk̂þmc̄Þγβ�~gαβ

¼ 4

�ðP · p̂ÞðP · k̂Þ
m2

D�
þ 3

2
mc̄mq þ

p̂ · k̂
2

�
: (B5)

Applying the same procedure as for the c̄ distribution
inside the pseudoscalar D meson, one immediately arrives
at Eq. (37).

3. c in Λc, Σc

The charm quark distributions inside charmed baryons
are obtained from an expression analogous to that in
Eq. (B2),

cBðzÞ ¼
NB

16π2

Z
∞

0

dk̂2⊥
zð1 − zÞ

jGðŝÞj2
ðm2

B − ŝÞ2 T̂
c½qq�; (B6)

where T̂c½qq� is the corresponding trace factor for the
scattering from the c quark with a spectator diquark ½qq�
in the intermediate state. For spin-1=2 baryons, we consider
the scalar interaction between the c and ½qq� quarks and the
charmed baryon, given by the Lagrangian

Lc½qq�B ¼ gψ̄Bψcϕ½qq� þ H:c:; (B7)

with g → gc½qq�B, and ϕ½qq� is the field of the scalar diquark.
The trace factor T̂c½qq� can be explicitly derived as

T̂c½qq� ¼ 1

4k̂þ
Tr½ðPþMBÞðk̂þmcÞγþðk̂þmcÞ�

¼ 2ðP · k̂þmcMBÞ; (B8)

giving the net result for the charm quark distribution inside
a spin-1=2 baryon in Eq. (38).

4. c in Σ�
c

For the charm density of the spin-3=2 B� baryons the
following Lagrangian is adopted:

Lc½qq��B� ¼ g
m½qq��

iðΨ̄B�νγμψc − ψ̄cγμΨB�νÞFμν
½qq�� ; (B9)

with g → gc½qq��B� , which correctly gives the parities of the
physical B� and quark fields. Again, the field strength
tensor here has the form Fμν

½qq�� ¼ ∂μθν½qq�� − ∂νθμ½qq�� , where
θ½qq�� denotes the (spin-1) axial-vector diquark. The trace
factor in this case is found to be

T̂c½qq�� ¼ 1

4m2
½qq�� k̂

þ Tr½Λβ0α0
B� ðPÞγαðk̂þmcÞγþ

× ðk̂þmcÞγβ�Gαβα0β0 : (B10)

After reindexing, Gαβα0β0 is given by Eq. (A14), the
exchange boson carries the four-momentum Δ̂ ¼ P − k̂,
and the metric tensor of the massive, spin-1 diquark is
~gμν ¼ −gμν þ PμPν=m2

½qq�� . Computing the trace and con-
tractions of Eq. (B10) and evaluating the result with the
appropriate kinematic definitions analogous to Eq. (A3),
one may obtain Eq. (41) as given in Sec. V B.

APPENDIX C: PHENOMENOLOGICAL
FIT PARAMETERS

Following Ref. [21], we provide here simple three-
parameter fits to the c and c̄ PDFs in the MBM computed
using several different models for the charm quark distri-
butions in the charmed mesons and baryons, including the
confining model, effective mass model, and the δ function
model. The parametric form for the charm distributions in
the nucleon for the confining and effective mass models is
taken to be

TABLE III. Best fit parameter values for the c and c̄ distribu-
tions in the nucleon in Eqs. (C1) and (C2) in the MBM for a
central cutoff mass Λ ¼ 3.0 GeV.

c, c̄ fit
parameters

confining
model

effective mass
model

δ function
model

A 1.720 × 102 1.052 × 102 2.638 × 105

α 1.590 3.673 4.266
β 6.586 10.16 4.485
Ā 7.404 × 101 4.160 × 100 2.463 × 104

ᾱ 1.479 4.153 5.003
β̄ 4.624 6.800 4.857
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cðxÞ ¼ Cð0ÞAxαð1 − xÞβ; (C1a)

c̄ðxÞ ¼ Cð0ÞĀxᾱð1 − xÞβ̄; (C1b)

where the normalization constants A ¼ 1=Bðαþ 1; β þ 1Þ
and Ā ¼ 1=Bðᾱþ 1; β̄ þ 1Þ, with B the Euler beta function,
ensure that the distributions are normalized to Cð0Þ.
For the δ function model, where the c and c̄ PDFs in the

charmed hadrons are given by δ functions in x, it is more
convenient to parametrize the distributions in Eqs. (46) as

cðxÞ ¼ Cð0ÞAxαðxB − xÞβθðxB − xÞ; (C2a)

c̄ðxÞ ¼ Cð0ÞĀxᾱðxM − xÞβ̄θðxM − xÞ; (C2b)

with xB and xM given by Eq. (47).

For convenience, we give the parameters for the PDFs
normalized to Cð0Þ, which can be varied within each model
according to preference. Although the actual normalization
Cð0Þ in the MBM is modified through the form factor cutoff
Λ, which affects also the shape of the resulting distribution,
in practice the change in the shape parameters over the
range 2.8≲ Λ≲ 3.2 GeV is small. The parameters in
Table III are given for the central fit value
Λ ¼ 3.0 GeV, determined from the inclusive Λþ

c produc-
tion data in pp scattering, for which the normalization is
Cð0Þ ¼ 2.4%. The parametrization may be extended to
smaller values of the cutoff, Λ ≈ 2.5 GeV, for qualitative
comparisons, although the changes in shape begin to
become more appreciable as one moves away from the
above range.
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