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We present a review of the current understanding of the heavy quark distributions in the
nucleon and their impact on collider physics. The origin of strange, charmandbottomquark
pairs at high light-front (LF) momentum fractions in hadron wavefunction—the ‘‘intrinsic’’
quarks, is reviewed. The determination of heavy-quark parton distribution functions (PDFs)
is particularly significant for the analysis of hard processes at LHC energies. We show
that a careful study of the inclusive production of open charm and the production of
γ /Z/W particles, accompanied by the heavy jets at large transverse momenta can give
essential information on the intrinsic heavy quark (IQ) distributions. We also focus on
the theoretical predictions concerning other observables which are very sensitive to the
intrinsic charm contribution to PDFs including Higgs production at high xF and novel fixed
target measurements which can be tested at the LHC.
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1. Introduction

1.1. Motivation of this review

The knowledge of the heavy quark distributions of the proton can provide fundamental information on nucleon structure.
Sincemanyhardprocesseswithin the StandardModel (SM) andbeyond, such as the production of heavy jets andHiggs boson
production, etc., are sensitive to the heavy quark content of the nucleon, heavy quark distributions play an increasingly
significant role in the physics program of the Large Hadron Collider (LHC). The parton distribution functions (PDFs) of the
strange, charm, and bottom quarks and their evolution are essential inputs for the calculation of these processes within
perturbative quantum chromodynamics (pQCD). The heavy quark PDFs reflect both the initial conditions at momentum
transfers below a factorization scale Q 2 < Q 2

0 as dictated by the non-perturbative QCD color-confining dynamics of the
proton plus the effects of pQCD which generates heavy quarks from the evolution of the light quark and gluon PDFs. A
global QCD analysis allows one to extract the PDFs from the comparison of hard-scattering data based on the factorization
properties of QCD.

In fact, QCD predicts two separate and distinct contributions to the heavy quark distributions q(x,Q 2) of the nucleons
at low and high x. Here x = k+/P+

= (k0 + k3)/(p0 + p3) is the frame-independent light-front (LF) momentum fraction
carried by the heavy quark in a hadron with momentum Pµ. In the case of deep inelastic lepton–proton scattering, the LF
momentum fraction variable x in the proton structure functions can be identified with the Bjorken variable xBj = Q 2/2p · q.
At small x, heavy-quark pairs are dominantly produced via gluon-splitting subprocess g → Q Q̄ . The existence of the
heavy quarks in the nucleon from this standard contribution is a result of the QCD evolution of the light quark and
gluon PDFs. The gluon splitting contribution to the heavy-quark degrees of freedom is perturbatively calculable using
the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution equation [1–3]. To first approximation, the heavy quark
distribution falls as (1 − x) times the gluon distribution.

However, the QCD also predicts additional Fock state contributions to the proton structure at high x, such as |uudQ Q̄ ⟩,
where the heavy quark pair is multiply connected to two or more valence quarks of the proton. This contribution depends
on non-perturbative distribution of valence quarks in the hadron, and is maximal at minimal off-shellness; i.e., when the

constituents all have the same rapidity yi and thus xi ∝


m2

i + k⃗2Ti. The heavy quark contributions to the nucleon’s PDF thus
peak at large x. Since they depend on the correlations determined by the valence quark distributions, these heavy quark
contributions are intrinsic contributions to the hadron’s fundamental structure. Furthermore, since all of the intrinsic quarks
in the |uudQ Q̄ ⟩ Fock state have similar rapidities they can reinteract, leading to significant Q vs. Q̄ asymmetries. In contrast,
the contribution to the heavy quark PDFs arising from gluon splitting is symmetric in Q vs. Q̄ . Since they only depend on
the gluon distribution, the contributions generated by DGLAP evolution can be considered as extrinsic contributions.

The PDFs at a fundamental level are computed from the squares of the hadrons’ light-front wavefunctions, the frame-
independent eigensolutions of the QCD Light-Front Hamiltonian. The intrinsic contributions are associated with amplitudes
such as gg → Q Q̄ → gg in the self-energy of the proton, the analogs of light-by-light scattering γ γ → ℓℓ̄ → γ γ in QED,
i.e., twist-6 contributions proportional to the gluon field strength of the order 3 in the operator product expansion (OPE).
Thus the OPE provides a first-principle derivation for the existence of intrinsic heavy quarks.

Unlike the conventional logm2
Q dependence of the low x extrinsic gluon-splitting contribution, the probabilities for the

intrinsic heavy quark Fock states at high x scale as 1/m2
Q in non-AbelianQCD. In contrast the probability for a higher Fock state

in an atom such as |e+e−ℓℓ̄⟩ in positronium scales as 1/m4
ℓ in Abelian QED, corresponding to the twist-8 Euler–Heisenberg

light-by-light insertion. Detailed derivations based on the OPE have been given in [4,5].
When a proton collides with another proton or nucleus, the off-shell intrinsic heavy quark Fock state fluctuations such

as |uudcc̄⟩ are materialized and can produce open or hidden charm states at high momentum fraction. For example, the
comoving udc quarks in a Fock state such as |uudcc̄⟩ can coalesce to produce a Λc(udc) baryon with a high Feynman
momentum fraction xF = xc + xu + xd or produce a J/ψ with xF = cc̄. Such high xF heavy hadron events have been
observed and measured with substantial cross sections at the ISR proton–proton collider and fixed target experiments such
as NA3 at CERN and SELEX at FermiLab. The Λb(udb) baryon was first observed at the ISR in forward pp → ΛbX reactions
at high xF.

The hypothesis of the intrinsic quark components in the protonwas suggested in [6] to explain the large cross-section for
the forward open charm production in pp collision at ISR energies [7–10]. The magnitude of the ISR cross sections suggests
that the intrinsic charm probability in the proton is approximately of order 1%; however, theoretical and experimental
uncertainties make it difficult to make an accurate estimate.

Intrinsic charm is also important for charm production in cosmic ray experiments that measure charm production
from high energy experiments interacting in the earth’s atmosphere. It also is important for estimating the high energy
flux of neutrinos observed in the IceCube experiment. In fact one finds [11] that the prompt neutrino flux arising from
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charm hadroproduction by protons interacting in the earth’s atmosphere which is due to intrinsic charm is comparable
to the extrinsic contribution if one normalizes the intrinsic charm differential cross sections to the ISR and the LEBC-MPS
collaboration data.

Mostmeasurements of c and b-jet production in deep inelastic lepton–proton scattering are consistent with the extrinsic
gluon-splitting perturbative origin of heavy flavor quarks [12] alone. However, these experiments are not sensitive to the
heavy quark distributions at large x region, where the theory predicts a non zero contribution of the so called intrinsic heavy-
quark components in the proton wave function [4,6,13], as is suggested in Refs. [14–16].

The first direct experimental indication for the intrinsic heavy quarks in a nucleonwas observed at the EMCmeasurement
of the charm structure function at large x [17]. The measurement of the charm structure function at high xBj by the EMC
experiment at CERN using deep inelastic muon–nucleus scattering showed a significant contribution to the proton structure
function at large xBj [17]. In fact, the charm structure function c(x,Q )measured by the EMC collaborationwas approximately
30 times higher than expected from gluon splitting and at xBj = 0.42 and Q 2

= 75 (GeV/c)2. As shown in Refs. [18–20],
the inclusion of both the HERA data and the EMC data to the global NNPDF analysis allows one to do a model independent
determination of the charm content of the proton. The results of Ref. [18] suggest the perturbative origin of the charm PDF
at x < 0.1, which vanishes atµ ≃ 1.5 GeV/c, but it also indicates presence of a large x intrinsic component picked at x ∼ 0.5
and carried 0.7% ± 0.3% of the nucleon momentum with the 68% CL at low scale µ0 = 1.65 GeV/c.

There have been attempts to describe the data [21–23] on inclusive spectra of the open charm production in soft pp
collisions and the asymmetry between the D− and D+ production in π−p collisions within the string model [24,25] without
the assumption on the intrinsic charm in a nucleon. However, the description of data is very sensitive to the fragmentation
functions of c-quarks to charmed hadrons, the knowledge of which up to now is not sufficient, see, e.g. Refs. [26–28].
Moreover, the experimental data on the open charm production, for example, Λ+

c in pp collision at the ISR energies and
large x, have large uncertainty [29,30].

The existence of the intrinsic heavy quark components can be observed not only in the forward kinematic region, but
also in hard pp processes of photon or vector boson production in association with the heavy flavor jets. The first hint on
this was observed at the Tevatron (

√
s = 1.96 TeV) in the production of prompt photons accompanied by heavy jets (c or

b) [31–35]. The basic underlying hard subprocesses are gc → γ c and gb → γ b. The measurements of pp → bγ X at high
pT are consistentwith standard analyseswhere the b quark PDF arises from gluon splitting g → bb̄. However, the pp → cγ X
data show a significant excess, indicating that the charm PDF has significant support at large x. This is consistent with the
fact that the ratio of intrinsic bottom to charm probabilities in the proton scales asm2

c/m
2
b [36].

It was observed that the ratio between the experimental spectrum of the prompt photon accompanied by the c-jets and
the theoretical calculation, which used the PDF without the IC, increases with pγT up to factor of about 3 at pγT ≃ 110 GeV/c.
The inclusion of the IC contribution obtainedwithin the BHPSmodel [6,13] allows one to reduce this ratio up to 1.5 [37]. This
stimulated us to investigate the hard processes of the production of prompt photons or gauge vector bosons accompanied
by heavy flavor jets (c or b) in pp collisions at the LHC energies [38,39]. It was shown that at large transverse momenta of γ
or Z/W (pT > 100 GeV/c) and their rapidities y > 1.5 the intrinsic charm can contribute to the pT-spectra of these particles.
Therefore, these processes can be used as a laboratory to search for the IC contribution. It was shown [40] that a possible
observation of the IC contribution looks very promising at the LHC in processes like pp → γ /Z/W + c/b+X . The main goal
of this review is to show, how the intrinsic heavy quark components in a nucleon can be tested at the LHC.

In addition to the processes discussed above themore exotic observables, for example, the diffractive and inclusive Higgs
boson production in pp collisions at LHC energies can give an information on the non-zero contribution of the intrinsic heavy
flavor components to the proton PDF [41,42]. In the xF-distribution of the diffractive Higgs boson production in pp collision a
peak is predicted at xF ∼ 0.9, which is due to the intrinsic charm (IC) contribution [41]. In [42] a similar enhancement in the
xF-spectrum of the inclusive Higgs boson production is predicted at xF ∼ 0.8–0.9 due to the intrinsic bottom (IB) contribution
to the proton PDF. Recently a proposal to observe the IC signal at the high luminosity fixed-target experiment using the LHC
beam (AFTER@LHC) [43] was suggested, see review [15] and references therein. All these predictions concern mainly the
forward production of heavy hadrons at large longitudinal fraction of their momentum xF > 0.5, therefore, in principle,
the intrinsic heavy quark signal in such observables could be visible. However, a high experimental accuracy is needed to
observe the enhancement in the heavy hadron spectra due to the IC or IB contribution to the proton PDF.

1.2. Outline of this review

The review consists of 7 sections. In Section 2wepresent amore detailed overviewof the concepts of extrinsic and intrinsic
quark components in a nucleon and their distinction. In Section 3we showwhy the intrinsic quark components can be visible
in the hard pp processes at high energies. Section 4 is devoted to the intrinsic strangeness (IS) content of the nucleon and
search for it in hard pp collisions at high energies. Section 5 is a short overview of the global analysis of PDFs with intrinsic
charm. Section 6 is devoted to search for the intrinsic heavy quark in processes at collider energies, namely, in the inclusive
production of open charm or Higgs boson and production of prompt photons γ or gauge vector bosons W/Z accompanied
by c(b)-jets or open charm in pp collision at LHC energies. There we discuss a possible test of the IC contribution in proton
at LHC. Finally, in Section 7 we present the conclusion.
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Fig. 1. Schematic presentation of a proton during the pp collision at a value of Q 2 , when the lifetime of the intrinsic Fock-state is much larger than the
interaction time.

2. Extrinsic and intrinsic quark components in nucleon

By definition, the PDF fa(x, µ) is a function of the proton momentum fraction x carried by parton a (quark q or gluon g)
at the QCD momentum transfer scale µ. For small values of µ, corresponding to the long distance scales greater than 1/µ0,
the PDF cannot be calculated from the first principles of QCD (although some progress in this direction has been recently
achievedwithin the lattice methods [44,45]). If the PDF fa(x, µ), is known at a scaleµ > µ0, one can calculate it at any other
scale µ by solving the perturbative QCD evolution equations (DGLAP) [1–3]; usually, the value of the starting scale µ0 is
chosen about a few GeV/c. As the input of evolution functions fa(x, µ0) can be taken at any scale the functions can be found
empirically from some ‘‘QCD global analysis’’ [46–48] of a large variety of data, typically at µ > µ0.

In general, almost all pp processes that took place at the LHC energies, including the Higgs boson production, are sensitive
to the charm fc(x, µ) or bottom fb(x, µ) PDFs. Heavy quarks become visible in proton at scalesµc andµb and their contents
increase with increasing Q 2-scale through the gluon splitting in the DGLAP Q 2 evolution [1–3]. Direct measurement of the
open charm and open bottom production in the deep inelastic processes (DIS) confirms the QCD picture of heavy quarks
dynamics in proton [12].

As was assumed in [6,13], there are extrinsic and intrinsic contributions to the quark–gluon structure of the proton. The
extrinsic (or perturbative sea) quarks and gluons are generated on a short time scale associated with a large transverse
momentum processes as a result of gluon dynamics. Their distribution functions satisfy the standard QCD evolution
equations [1–3]. The extrinsic quark contribution qex(x) to PDFs is mostly significant at low x and decreases when the quark
momentum fraction grows. It depends logarithmically on the heavy quark mass MQ, while the intrinsic quark contribution
qin(x), the residual part of the proton structure not coming from the perturbative gluon splitting, is almost zero at low
x and dominates compared to the extrinsic one at large x > 0.1. It depends on the heavy quark mass as 1/M2

Q. Initially
in [6,13] authors have proposed existence of the 5-quark state in a proton, which consists of valence uud quarks and the
charm–anticharm pair cc̄ , i.e., |uudcc̄⟩. This model is called as the BHPS model, in the frame of which it was assumed
that c(x) = c̄(x). Later it was shown within the light-cone meson–baryon fluctuation model [49] that the intrinsic quarks
and antiquarks cannot be identical in contrast to the extrinsic quarks and antiquarks, which are necessarily CP symmetric
because they are produced from the gluon splitting. The distributions of qex(x) in comparison with qin(x) exhibit a series of
distinctions [6,13,15] explained in the following. The extrinsic heavy quarks are generated by gluon splitting, therefore their
PDFs are softer than those of the parent gluon by a factor of (1 − x). In contrast, the intrinsic heavy quark state in proton
|uudqinq̄in⟩ is dominated at high x, when it is minimally off shell and the intrinsic quarks distributions correspond to those
of constituent quarks. The resulting momentum and spin distributions of intrinsic qin and q̄in can be qin(x) ≠ q̄in(x). One can
argue that the proton quantum numbers are identical with those of uud and so the intrinsic PDFs of qin and q̄in should be
identical but with opposite spins. Fig. 1 shows a schematic view of a nucleon, which consists of three valence quarks qv, the
quark–antiquark pairs can be created by a diagram similar to the cut self-energy graph within the QED. In principle, these
pairs can be both the light quark–antiquark pair qq̄ and heavy quark–antiquark Q Q̄ pair. However, the distribution of the
intrinsic heavy quark Q Q̄ components dominates compared to the intrinsic light qq̄ components at large x > 0.1, as will
be discussed later, see also [15,50]. Therefore, we will focus mainly on the properties of heavy flavor intrinsic Q Q̄ pairs in a
nucleon.
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Fig. 2. Schematic graph of the Q Q̄ pair creation in a nucleon.

According to Fig. 2, if the gluon–gluon scattering box diagram, gg → Q Q̄ → gg , is inserted into the proton self-energy
graph, the cut of this amplitude generates five-quark Fock state of the proton |uudQ Q̄ ⟩ [15].

It was shown in [13] that the existence of intrinsic heavy quark pairs cc̄ and bb̄within the proton state could be due to the
diagrams where heavy quarks are multiply connected to valence quarks. On this basis, within the MIT bag model [51], the
probability to find the five-quark component |uudcc̄⟩ boundwithin the nucleon bag was estimated to be about 1%–2%. Later
some other models were also developed [16,50,52–55]. One of them considered a quasi-two-body state D̄0(uc̄) Λ̄+

c (udc) in
the proton [16]. In [16,50,56] the probability to find the intrinsic charm (IC) in the proton (the weight of the relevant Fock
state in the proton) was assumed to be 1%–3.5%. The probability of the intrinsic bottom (IB) in the proton is suppressed by
the factorm2

c/m
2
b ≃ 0.1 [36], wheremc and mb are the masses of the charmed and bottom quarks.

The probability distribution for the 5-quark state (|uudcc̄⟩) in the light-cone description of the protonwas first calculated
in [6]. The general form for this distribution calculated within the light-cone dynamics in the so-called BHPS model [6,13]
can be written as [16]

dP = N
5

j=1

dxj
xj
δ


1 −

5
j=1

xj


5

j=1

d2pTjδ(2)


5
j=1

pTj


F 2(s)

(s − m2
N)

2
, (1)

where

s =

5
j=1

p2Tj + m2
j

xj
(2)

and xj is the longitudinal momentum fraction of the parton, mj is its mass and mN is the nucleon mass. The form factor F 2

characterizes the dynamics of the bound state. It suppresses the contributions at large values of pTj and small xj to make the
integrated probability P converge.

LFWFs (light front wave functions) are defined at a fixed LF (light front) time τ = t + z/c . They are arbitrarily off-shell
in P−

= P0
− P3 and thus invariant massW .

The intrinsic heavy quark LF Fock states such as |uudQ Q̄ ⟩ arise from standard QCD—any diagramwhere the Q Q̄ is multi-
connected to the valence Fock states.

The simplest IQ Fock states correspond to the insertion of gluon–gluon scattering gg → Q Q̄ → gg in the hadron self-
energy. Its cut diagram is presented in Fig. 2.

The LFWFs are maximal at minimal off-shellness; i.e., minimum invariant mass. This occurs when all of the constituents
have the same rapidity and thus xi ∝


m2

i + k2Ti. This is why the heavy partons have the highest LF xi.

Even in QED one has intrinsic heavy lepton states such as |e+e−µ+µ−
⟩ LF Fock states. In the Abelian case the intrinsic

heavy lepton probability falls as 1/M4, where M is the effective mass of this system. In contrast, the probability falls as
1/M2 in non-Abelian QCD. Thus one has a direct way to validate QCD.

One could actually measure the x of distributions of such Fock states in positronium by colliding and dissociating
relativistic positronium atoms in a gas jet target: [e+e−

]Z → e+e−µ+µ−Z .
This is the analog of the Ashery experiment πA → qq̄A which measured the LFWF of the pion.
Since the quarks in |uudQ Ā⟩ tend to have the same rapidity, they will continue to reinteract. This causes the s(x)s̄(x)

asymmetry in the proton PDF.
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IQ is rigorous—it is a first-principle prediction of QCD. It can be analyzed using the OPE as shown byM. Polyakov et al. [36]
and earlier by paper from S.J. Brodsky et al. [4].

The production cross-section for γ ∗p → cc̄ vanishes as a power of W 2
− W 2

threshold. This is why one cannot reliably use
SLAC data to test IC, as noted by Gardner and Brodsky. Very few events satisfy this cut [57].

The IQ states will be produced at small rapidity ∆y relative to the SMOG nuclear target in the LHCb fixed target
experiment [58]. This provides an amazing testing ground for IQ.

One can thus validate the ISR experimentswhichmeasuredΛc andΛb at high xF [29,30]. This leading particle phenomena
was also observed by SELEX [59] in pA → ΛcX .

A dramatic consequence of IQ: Higgs boson production at high xF > 0.8 at the ISR. This is supported by themeasurement
of J/ψ by Badier et al. (NA3) and even double J/ψ hadroproduction at high xF [41,42,60].

Neglecting all the quark masses in comparison with the nucleon mass and the charm quark mass mc, and integrating
(1) over dx1 . . . dx4 and putting F 2

= 1 in Eq. (1) one can get the following probability to find the intrinsic charm with
momentum fraction x ≡ x5 in the nucleon [61]

P(x) =
Nx2

6(1 − cx)5


φ1(x)+ φ2(x)


ln(x)− ln[1 − c(1 − x)x]


, (3)

where x = x5, c = m2
N/m

2
c ,

φ1(x) = (1 − x)(1 − cx)

1 + x


10 + x − c(1 − x)


x

10 − c(1 − x)


+ 2


, (4)

and

φ2(x) = 6x

1 + x


1 − c(1 − x)


[1 − c(1 − x)x]. (5)

Here N is found from the normalization equation: 1

0
P(x)dx = w, (6)

wherew is the integral fraction of the intrinsic charm. Setting c → 0 leads to the BHPS result [6,16,61]:

P(x) = 600wx2

6x(1 + x) ln x + (1 − x)(1 + 10x + x2)


. (7)

Eq. (7) was first derived by Brodsky, Hoyer, Peterson and Sakai [6] and, usually, this approach is called as the BHPS model.
In principle, the form factor F 2 cannot be more than 1. It is due to the suppression of the high mass configurations in Eq. (7).
For example, it can be chosen as the exponential suppression factor [16]:

F 2
= exp


−(s − m2

N)

Λ2


(8)

or the power-low suppression factor:

F 2
=

1
s +Λ2

n . (9)

As is shown in [16], the results for P(x) using the exponential or power-low suppression factor with n = 4 are rather similar
to the BHPS model, but are somewhat smaller at x > 0.5. Values n ≤ 2 are unphysical because they result in the total
probability divergence [16] and the use of Eq. (9) at n = 3 leads to a dependence F 2

∼ 1/m2
c that is similar to the result

of [5].
Another way to suppress the high-mass Fock space components can be made on the basis of quasi-two-body states

[16,49]. In particular, the relevant 5-quark Fock configurations can be grouped as (udc)(uc̄) considered as the off-shell two-
body state D̄0Λ+

c . In this case the factor F 2 is chosen, for example, in [16] as power-low suppression and can be different for
D̄0 andΛ+

c . It leads to the asymmetry between the c and c̄-distribution, which was considered first in [49]. The observation
of a c(x)− c̄(x) difference can definitively prove a non-perturbative charm quark component since the cc̄ pairs produced by
gluon splitting are symmetric, according to theNLO calculations,whereas theNNLO calculations can give different shapes for
c(x) and c̄(x), see for example, [16] and [62]. The charm and anti-charm distributions are obtained within the cloud-model
and can be parametrized by the following form at µ2

= m2
c [50]:

c(x) = Nx1.897(1 − x)6.095; c̄(x) = N̄x2.511(1 − x)4.929, (10)

where N/N̄ is determined by the quark number sum rule [50]: 1

0
[c(x)− c̄(x)] dx = 0, (11)
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and the normalization factor is related to the IC probability. In fact, the asymmetry between Λ̄−
c and Λ+

c baryons was
observed by the SELEX Collaboration [63] in Σ−p collisions at the beam momentum about 600 GeV/c. This asymmetry
was about 50% at xF ≃ 0.3. However, in π−p and pp collisions the asymmetry was practically invisible because of the very
poor statistics.

For the strange–antistrange pairs asymmetry similar to the charm–anticharm one was predicted in [49] and [54] within
the light-cone five meson–baryon fluctuation model assuming hypothesis about the intrinsic strangeness in a nucleon. The
difference between c(x) and c̄(x) was studied, for example, in [49]. Later we will discuss a possible verification of this
quark–antiquark asymmetry of the nucleon sea at the LHC.

Alternatively, the relevant 5-quark configurations can be grouped as (uud)(cc̄) or the off-shell proton and J/Ψ -
meson [16]. However, this quark combination does not result in the c − c̄ asymmetry.

In contrast to the light-cone approach of heavy flavor Fock quark components in a nucleon, the alternative purely
phenomenological scenario was suggested [50]. In this model the charm distribution in a nucleon is sea like, i.e., similar
to that of the light-flavor sea quarks c(x) = c̄(x) = d̄(x)+ ū(x) at µ2

0 = m2
c .

The initial non-perturbative forms for c(x) and c̄(x) at µ0 specified above are usually used as inputs to the general-mass
perturbative DGLAP evolution. The global analysis of distributions of the extrinsic and intrinsic heavy-flavor and light-flavor
quark distributions and gluons was performed in [50] on basis of the BHPS, the meson-cloud model, sea like scenario and
the PDF of type CTEQ6.5, which does not contain the IC contribution. Therefore, we will not redraw the figures from [50]
and [16], but let us discuss the main properties of these parton distributions as a function of x at different values of scale
µ. The BHPS model for the x distribution for intrinsic heavy flavor quarks was derived within the light-cone approach.
The derivation uses some additional simplifying approximations, which can be modified. The shape of the intrinsic quark
distribution versus x is due to its dependence on the energy propagator 1/(s−m2

N) in Eq. (1). Using the DGLAPµ2-evolution
for parton distributions itwas shown that the intrinsic charmprovides the dominant contribution to c(x) and c̄(x) at anyµ, if
the form of the IC distribution is given by the BHPS model with the non-zero IC probabilityw. The comparison of the charm
distribution to other flavor distributions presented, for example, in [50] showed that the inclusion of the IC contribution
withw = 1% and 3.5% leads to an enhancement, which is larger than the values of light sea quark distributions (usea = ūsea,
dsea = d̄sea, ssea = s̄sea) at x > 0.4 at any QCD scale µ. The intrinsic charm contribution cin(x) dominates compared to the
extrinsic one cex(x) at x > 0.1. The shape of the charm quark distribution c(x) = cex(x) + cin(x) is similar to the valence
quark distribution, but is smaller by a factor of about 10 in the whole region of 0.003 < x < 1 at low µ and in the region of
x > 0.1 at largeµ. The results for the IC distribution using the BHPSmodel and the D0Λ

+
c meson-cloudmodel are close [50].

The sea like scenario results in no enhancement for the charm quark distribution at x > 0.1, as it is within the BHPS and the
meson-cloud models. However, the sea like model gives for c(x) an excess about a factor of 1.5–2 compared to the cex(x) at
0.003 < x < 0.1 and low µ and there is no excess at large µ ≥ 100 GeV/c.

2.1. Intrinsic charm density in a proton as a function of IC probabilityw

According to [15,64,65], the intrinsic charm distribution at the starting scaleµ2
0 as a function of x can be presented in the

following approximated form similar to Eq. (7):

cin(x, µ2
0) = c0wx2


(1 − x)(1 + 10x + x2)+ 6x(1 + x) ln(x)


, (12)

where w is the probability to find the Fock state |uudcc̄⟩ in the proton, c0 is the normalization constant and the masses of
the light quarks and the nucleon are negligible compared to the charm quark mass. The inclusion of the non-zero nucleon
mass leads to a more complicated analytic form [50,61]. According to the BHPS model [6,13], the charm density in a proton
is the sum of the extrinsic and intrinsic charm densities,

xc(x, µ2
0) = xcex(x, µ2

0)+ xcin(x, µ2
0). (13)

The extrinsic, or ordinary quarks and gluons are generated on a short-time scale associated with the large-transverse-
momentum processes. Their distribution functions satisfy the standard QCD evolution equations. Contrariwise, the intrinsic
quarks and gluons can be associatedwith a bound-state hadron dynamics and one believes that they have a non-perturbative
origin. It was argued [13] that existence of intrinsic heavy quark pairs cc̄ and bb̄ within the proton state can be due to the
gluon-exchange and vacuum-polarization graphs presented in Fig. 2.

The charm density xc(x, µ2) at an arbitrary scale µ2 is calculated using the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi
(DGLAP) equations [1–3]. Such calculations were done by the CTEQ [56] and CT14 groups [20] at some fixed values of the IC
probability w. Namely, the CTEQ group used w = 1% and w = 3.5%, and CT14 used w = 1% and w = 2%. To calculate the
charm density function xc(x, µ2) at any reasonable value ofw, we use the following approximation Eq. (14). In the general
case, there is somemixing between two parts of Eq. (13) during the DGLAP evolution. It can be seen from comparison of our
calculations of charmed quark densities presented in Fig. 3, where this mixing was included within the CTEQ [56] set, and
Fig. 2 of [64], when themixing between two parts of the charm densitywas neglected. Our results on the total charm density
xc(x, µ2) are in good agreement with the calculations of [64] at the whole kinematical region of x because at x < 0.1 the IC
contribution xcin is much smaller than the extrinsic one xcex. However, such mixing is negligible [64], especially at large µ2
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Fig. 3. The total charmed quark density xc(x, µ2) as a function of x at different values of w at µ2
= 10 (GeV/c)2 (top) and µ2

= 104 (GeV/c)2 (bottom).
The triple-dashed line is the IC contribution atw = 1%, the dashed-double-dotted line corresponds to the IC atw = 2%, the dashed–dotted curve is the IC
atw = 3% and the double-dashed line corresponds to the IC atw = 3.5%.

and x. Therefore, one can apply the DGLAP evolution separately to the first part xcex(x, µ2
0) and the second part xcin(x, µ2

0)
of Eq. (13).

Taking into account that the IC probability w enters into Eq. (13) as a constant in front of the function dependent on x
and µ2, one can suggest a simple relation at anyw ≤ wmax:

xcin(x, µ2) =
w

wmax
xcin(x, µ2)


w=wmax

. (14)

Actually, Eq. (14) is the linear interpolation between two charm densities at the scaleµ2, obtained atw = wmax andw = 0.
Later we adopt the charm distribution function from the CTEQ66M set [56]. We assume wmax = 3.5% everywhere, which
corresponds to the CTEQ66c1 set [56].

The charmed quark densities at differentw and µ2 are shown in Fig. 3.
Our results are in good agreement with the calculations [64] but are obtained in the more straightforward manner.

Additionally, we performed the three-point interpolation of the charmed quark distributions (over w = 0, w = 1% and
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w = 3.5%, which correspond to the CTEQ66M, CTEQ66c0 and CTEQ66c1 sets, respectively). These results differ from the
ones based on (14) by no more than 0.5%, thus giving us confidence in our starting point. The comparison to CT14 with IC
1% and 2% was also performed and it is in very good agreement with results obtained using Eq. (14). We conclude that the
sensitivity of resulting distributions to choice of intrinsic charm PDF (CTEQ66 or CT14) is very small.

Belowwe apply the charmed quark density obtained by (13) and (14) to calculate the total and differential cross-sections
of associated prompt photon γ or Z boson and heavy flavor jet production, γ (Z)+ Q , at the LHC conditions. The suggested
procedure to calculate xcin(x, µ2) at any w ≤ wmax allows us to reduce significantly the time for the calculation of these
observables.

As a rule, the gluons and sea quarks play the key role in hard processes of open charm hadroproduction. Simultaneously,
due to the non-perturbative intrinsic heavy quark components one can expect some excess of these heavy quark PDFs
over the ordinary sea quark PDFs at x > 0.1. Therefore the existence of this intrinsic charm component can lead to some
enhancement in the inclusive spectra of open charmhadrons, in particularD-mesons, produced at the LHC in pp-collisions at
large pseudo-rapidities η and large transverse momenta pT [66]. Furthermore, as we know from [6,13,16,50,51,56] photons
produced in association with heavy quarks Q (≡c, b) in the final state of pp-collisions provide valuable information about
the parton distributions in the proton [16,31–34,36,38,50,53,56,66–74].

In this paper, having in mind these considerations we will first discuss where the above-mentioned heavy flavor Fock
states in the proton could be searched for at the LHC energies. Following this we analyze in detail, and give predictions for,
the LHC semi-inclusive pp-production of prompt photons accompanied by c-jets including the intrinsic charm component
in the PDF.

3. Intrinsic heavy quarks and hard pp collisions

3.1. Where can one look for the intrinsic heavy quarks?

It is known that in the open charm/bottom pp-production at large momentum transfer the hard QCD interactions of
two sea quarks, two gluons and a gluon with a sea quark play the main role. The cross section for hard inclusive hadronic
reactions pp → hX can be factorized [75] as the product of structure and fragmentation functions convoluted with the sum
of contributing 2 → 2 quark and gluon subprocess i+ j → i′ + j′ cross sections. This result can be presented in the following
general form [76] (see also [77]):

E
dσ
d3p

=


i,j


d2kTi


d2kTj

 1

xmin
i

dxi

 1

xmin
j

dxjfi(xi, kTi)fj(xj, kTj)
dσij(ŝ, t̂)

dt̂

Dh
i,j(zh)

πzh
. (15)

Here ki,j and k′

i,j are the four-momenta of the partons i or j before and after the elastic parton–parton scattering, respectively;
kTi, kTj are the transverse momenta of the partons i and j; z is the fraction of the hadron momentum from the parton
momentum; fi,j is the PDF; and Di,j is the fragmentation function (FF) of the parton i or j into a hadron h.

When the transverse momenta of the partons are neglected in comparison with the longitudinal momenta, the variables
ŝ, t̂ , û and zh can be presented in the following forms [75]:

ŝ = xixjs, t̂ = xi
t
zh
, û = xj

u
zh
, zh =

x1
xi

+
x2
xj
, (16)

where

x1 = −
u
s

=
xT
2

cot
θ

2
, x2 = −

t
s

=
xT
2

tan
θ

2
, xT = 2

√
tu
s

= 2
pT
√
s
. (17)

Here as usual, s = (p1 + p2)2, t = (p1 − p′

1)
2, u = (p2 − p′

1)
2, and p1, p2, p′

1 are the 4-momenta of the colliding protons
and the produced hadron h, respectively; θ is the scattering angle for the hadron h in the pp c.m.s. The lower limits of the
integration in (15) are

xmin
i =

xT cot θ2
2 − xT tan θ

2

, xmin
j =

xixT tan θ
2

2xi − xT cot θ2
. (18)

Actually, the parton distribution functions fi(xi, kiT ) also depend on the four-momentum transfer squared Q 2 that is related
to the Mandelstam variables ŝ, t̂ , û for the elastic parton–parton scattering [75,76]

Q 2
=

2ŝt̂ û
ŝ2 + t̂2 + û2

. (19)

One can see that the Feynman variable xF of the produced hadron, can be expressed via the variables pT and η, or θ the
hadron scattering angle in the pp c.m.s,

xF ≡
2pz
√
s

=
2pT
√
s

1
tan θ

=
2pT
√
s
sinh η. (20)
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At small scattering angles of the produced hadron this formula becomes

xF ∼
2pT
√
s
1
θ
. (21)

It is clear that for fixed pT an outgoing hadron must possess a very small θ or very large η in order to have large xF (to follow
forward, or backward direction).

In the fragmentation region (of large xF) the Feynman variable xF of the produced hadron is related to the variable x of
the intrinsic charm quark in the proton, and according to the longitudinal momentum conservation law, the xF ≃ x (and
xF < x). Therefore, the visible excess of the inclusive spectrum, for example, of K -mesons can be due to the enhancement
of the IS distribution (see Fig. 4) at x > 0.1.

The lower limits of the integration in (15) can be also presented in the following form:

xmin
i =

xR + xF
2 − (xR − xF)

, xmin
j =

xi(xR − xF)
2xi − (xR + xF)

, (22)

where xR = 2p/
√
s. One can see from (22) that, at least, one of the low limits xmin

i of the integral (15) must be ≥xF. Thus
if xF ≥ 0.1, then xmin

i > 0.1, where the ordinary (extrinsic) charm distribution is completely negligible in comparison
with the intrinsic charm distribution. Therefore, at xF ≥ 0.1, or equivalently at the charm momentum fraction xc > 0.1 the
intrinsic charm distribution intensifies the charm PDF contribution into charm hadroproduction substantially (see Fig. 3). As
a result, the spectrumof the open charmhadroproduction can be increased in a certain region of pT andη (which corresponds
to xF ≥ 0.1 in accordance to (22)). We stress that this excess (or even the very possibility to observe relevant events in
this region) is due to the non-zero contribution of IC component at xc > xF > 0.1 (where non-IC component completely
vanishes).

This possibility was demonstrated for the D-meson production at the LHC in [66]. It was shown that the pT spectrum of
D-mesons is enhanced at pseudo-rapidities of 3 < η < 5.5 and 10 GeV/c< pT < 25 GeV/c due to the IC contribution, which
was included using the CTEQ66c PDF [56]. For example, due to the IC PDF, with probability about 3.5%, the pT-spectrum
increases by a factor of 2 at η = 4.5. A similar effect was predicted in [78].

One expects a similar enhancement in the experimental spectra of the open bottom production due to the (hidden)
intrinsic bottom (IB) in the proton, which could have a distribution very similar to the one given in (12). However, the
probability wIB to find the Fock state with the IB contribution |uudbb̄⟩ in the proton is about 10 times smaller than the IC
probabilitywIC due to relationwIB/wIC ∼ m2

c/m
2
b [13,36].

The IC ‘‘signal’’ can be studied not only in the inclusive open (forward) charm hadroproduction at the LHC, but also in
some other processes, such as production of real γ or virtual γ ∗ prompt photons, or Z0-bosons (decaying into dileptons)
accompanied by c-jets in the kinematics available to the ATLAS and CMS experiments. The contributions of the heavy quark
states in the proton could be investigated also in the c(b)-jet production accompanied by the vector bosonsW±, Z0. Similar
kinematics given by (22) and (20) can also be applied to these hard processes.

In the next section we analyze in detail the hard process of the open strangeness production in pp collisions including
the intrinsic strangeness (IS) contribution in the proton.

4. Intrinsic strangeness in proton

The BHPSmodel can be applied also to the search for the intrinsic strangeness (IS), see, for example, [68], where the early
HERMES data [69] on the strange quark distribution xS(x,Q 2

0 ) = x[s(x,Q 2
0 )+s̄(x,Q 2

0 )] at x > 0.1 andQ 2
0 = 2.5 (GeV/c)2 has

described rather satisfactorily using the IS contribution in a form about 2.5%. Unfortunately later the new HERMES data
appeared [79]. The HERMES information on xS(x,Q 2

0 ) were extracted from the data on the multiplicities of charged K -
mesons produced in the deep inelastic ep scattering. The extraction of the polarization-averaged strange quark distribution
from the HERMES data had an uncertainty related to the fragmentation functions (FFs). In Fig. 4 the old HERMES data [69]
(circles) and the new ones (squares and triangles) are presented. The square points in Fig. 4 correspond to the FFs taken
from [80] (DSS) and the triangles correspond to the following assumption:

DK
S (z,Q

2
0 )dz = 1.27, (23)

where DK
S (z,Q

2
0 ) is the FF of S to K ≡ K+

+ K− (the sum of K+ and K− mesons).
The dashed–dotted line in Fig. 4 corresponds to the PDF of type CTEQ6L [46], the dash curve is the IS contribution with its

probabilitywIS = 2.5% calculated within the BHPS model [6,13]. One can see from Fig. 4 a large uncertainty of the HERMES
data. Therefore, unfortunately the HERMES data do not allow to extract a reliable information on the IS contribution to the
PDF of strange quarks.

Let us analyze now how the possible existence of the intrinsic strangeness in the proton can be visible in pp collisions.
For example, consider the K−-meson production in the process pp → K−

+ X . Considering the intrinsic strangeness in
the proton [81] we calculated the inclusive spectrum dσ/d3p of such mesons within the hard scattering model (Eq. (15)),
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Fig. 4. The distributions of strange quarks xS(x) = x(s(x)+ s̄(x)) in the proton at Q 2
= 2.4 (GeV/c)2 , the black points are the old HERMES data [69]; the

blue squares are the new data [79], when the FFs are taken from [80] (DSS); the green triangles are the new data assuming normalization given by Eq. (23);
the dashed curve is the contribution of the intrinsic strangeness (IS) in the proton with the probability 2.5%; the yellow band corresponds to NNPDF2.3 set
[19]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The K−-meson distributions (with and without intrinsic strangeness contribution) over the transverse momentum pT for pp → K−
+ X at the

initial energy E = 158 GeV/c, the rapidity y = 1.3 and pT ≥ 0.8 GeV/c.

which describes satisfactorily the HERA and HERMES data on the DIS. The FF and the parton cross-sections were taken from
[82,83], respectively, as mentioned above.

We also emphasize that the intrinsic s(x) and s̄(x) are expected to be different in the proton since the comoving valence
and strange quarks in the |uudss̄⟩ Fock state can repeatedly interact. This can also be understood by the duality of this Fock
state with meson–nucleon fluctuations such as the K+(s̄u)Λ(uds) state. This duality [49] also predicts very different s(x)
and s̄(x) spin distributions in a polarized proton.

In Figs. 5, 6 the inclusive pT-spectra of K−-mesons produced in pp collision at the initial energy Ep = 158 GeV/c are
presented at the rapidity |y| = 1.3 (Fig. 5) and |y| = 1.7 (Fig. 6). The solid lines in Figs. 5, 6 correspond to our calculation
ignoring the intrinsic strangeness (IS) in the proton and the dashed curves correspond to the calculation including the IS
with the probability about 2.5%, according to [69]. The dots show the ratio of our calculation with the IS and without the IS
minus 1. One can see from Figs. 5, 6 (right axis) that the IS signal can be above 200% at |y| = 1.3, pT = 3.6–3.7 GeV/c and
slightly smaller, than 200% at |y| = 1.7, pT ≃ 2.5 GeV/c. Actually, this is our prediction for the NA61 experiment that is now
under way at CERN.
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Fig. 6. The K−-meson distributions (with and without intrinsic strangeness contribution) over the transverse momentum pT for pp → K−
+ X at the

initial energy E = 158 GeV/c, the rapidity |y| = 1.7 and pT ≥ 0.8 GeV/c.

5. Global analysis of PDFs with intrinsic charm

The charm content of the proton can be studied by the global analysis of PDFs, the charm quark distributions are gener-
ated perturbatively by pair radiation of gluons and light quarks, vanishing at a scale about the charm mass mc, see details
in [15,18,19,84]. In contrast to this, it was found in [18] that the fitted charmPDF vanisheswithin uncertainties at a scaleQ ∼

1.5 GeV/c at x ≤ 0.1 independently of the mc value. However, it was also shown in [18] that, at x ≥ 0.1 and low scales the
charm PDF does not vanish and rather has an intrinsic component, very weakly scale dependent and almost independent of
themc value, carrying about 1%of the total protonmomentum. Theuncertainties in all other PDFs are slightly increased by in-
cluding the IC charm,while the dependence of these PDFs onmc is significantly reduced [18]. Aswas shown, the uncertainties
in the fitted charm PDF are reduced if the EMC charm structure function dataset is included. The main application of the re-
sults obtained in [18,19,84] for the LHC phenomenology is that increase in stability with respect tomc persists at high scales.

The charm PDF can have a non-vanishing intrinsic component of the non-perturbative origin, see, for example, [15].
On the other hand, if one assumes that the charm PDF is purely perturbative in origin, it vanishes below its production
threshold. The question arises as to the value of this threshold related to the charm pole mass, which is not known very
precisely. Even if the charm is entirely perturbative and its production threshold is known, there is a problem of getting
the accurate predictions because the cross-section of the massive charm is known within the low perturbative order. These
difficulties are solved, for example, within the NNPDF3.0 set [19].Within this set the charm PDF is parametrized on the basis
of light quark and gluon PDFs, i.e., with an independent neural network with 37 free parameters.

6. Intrinsic heavy quark signal in processes at collider energies

6.1. Inclusive production of charmed meson

It was shown that the IC could result in a sizable contribution to the forward charmed meson production [67].
Furthermore the IC ‘‘signal’’ can constitute almost 100% of the inclusive spectrum of D-mesons produced at high pseudo-
rapidities η and large transverse momenta pT in pp collisions at LHC energies [66].

If the distributions of the intrinsic charm or bottom in the proton are hard enough and are similar in the shape to the
valence quark distributions (have the valence-like form), then the production of the charmed (bottom) mesons or charmed
(bottom) baryons in the fragmentation region should be similar to the production of pions or nucleons. However, the yield
of this production depends on the probability to find the intrinsic charm or bottom in the proton, but this yield appears to
be rather small. The PDF which included the IC contribution in the proton have already been used in the perturbative QCD
calculations in [16,50,56].

The possible existence of the intrinsic charm in the proton can lead to some enhancement in the inclusive spectra of
the open charm hadrons, in particular D-mesons, produced at the LHC in pp-collisions at high pseudo-rapidities η and large
transverse momenta pT [66].

The inclusion of the intrinsic bottom or/and charm in the proton can increase the yield of the relevant heavy flavor
baryons by a factor of 3–10. In particular, we considered a possibility of measuring the reaction pp → Λ+

c X → Λ0π+X →

nπ0π+X using theATLAS,more specifically, one of its forward detectors the ZDC. Thismeasurement can provide information
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Fig. 7. The D0 + D̄0 distributions over the pseudorapidity η in pp → (D0 + D̄0)X at
√
s = 7 TeV/c and 10 ≤ pT ≤ 25 GeV/c [66].

on the intrinsic charm in the proton, the probability of which is estimated to be a factor of 10 higher than the one for the
intrinsic bottom in the proton. Finally, it is worth noticing that any reliable non-observation of this enhancement in the
experiments at the LHC can severely constrain the intrinsic heavy quark hypothesis.

Our calculations of the charmed meson production in pp collisions that were done within the MC generator PYTHIA8
including the IC contribution with the probability about 3.5% to the PDF are presented in Fig. 7 [66]. It is the distribution
of the single D-mesons (D0 + D̄0) produced in the pp collision at

√
s = 7 TeV/c as a function of their pseudo-rapidity η.

We found that the contribution of the intrinsic charm in the proton could be studied in the production of D-mesons in pp
collisions at the LHC. The IC contribution for the singleD0-meson production can be sizable, it is about 100% at large rapidities
3 ≤ |y| ≤ 4.5 and large transverse momenta 10 ≤ pT ≤ 25 GeV/c. As it is shown in [66], for the double D0 production this
contribution is not larger than 30% at pT ≥ 5 GeV/c and 3 ≤ |y| ≤ 4.5. These IC contributions for the single and double
D-meson production were obtained with the probability of the intrinsic charm taking to be w = 3.5% [56], and they will
decrease by a factor of 3 whenw ≃ 1%. Therefore, this value can be verified experimentally at LHCb.

The predictions presented in Fig. 7 [66] could be verified at the LHCb experiment in the kinematic region mentioned
above to observe a possible signal for the intrinsic charm. The intrinsic bottom in the proton is suppressed by a factor of
10 [36], therefore its signal in the inclusive spectra of B-mesons will probably be very weak.

The IC contributions could be also observed at the SMOG experiment [85] of the LHCb in the production of the open
charm, for example, D-mesons or charmed baryons Λc. One can use a gas jet target in a LHC detector – such as the SMOG
target available at LHCb – to study novel intrinsic heavy quark physics phenomena in pA collisions. Remarkably, heavy-quark
hadrons such as theΛb, double-charm baryons, and exotic hadrons such as tetraquarks and pentaquarks containing heavy
quarks will be produced at small target rapidities – nearly at rest in the nuclear target rest frame – and thus can be easily
observed. We note that the intrinsic heavy quark Fock states of a proton in the nuclear target, such as |uudQ Q̄ ⟩, have high
light-front momentum fraction xQ. The collision materializes the far off-shell light-front wave functions of Fock states, such
as |uudbb̄⟩. The coalescence of the heavy quarks with the comoving light quarks corresponds to the production of a heavy
hadron such as aΛb(udb) at small rapidity |yΛb | ≃ ln xb, relative to the rapidity of the nucleon in the target.

6.2. Inclusive production of Higgs boson and intrinsic charm and bottom in proton

The interesting predictions on the possible signal of the intrinsic heavy quark (IQ) contributions to the inclusive xF-
spectrum of the Higgs bosons produced at the TEVATRON and LHC energies are presented in [42]. In Fig. 8 the contributions
of the IC and IB to the xF-distribution of the Higgs boson produced in pp collisions at the collider energies LHC and TEVATRON
are presented.

One can see from Fig. 8 that the xF-distribution for the inclusive Higgs boson production coming from the IB contribution
is much larger than the one coming from the IC. It is due to the fact that the Higgs-Q coupling is proportional to the quark
mass mQ, therefore the Higgs-b coupling constant is much larger than the coupling constant Higgs-c . Fig. 8 also shows that
the cross section dσ/dxF for the inclusive production of the Standard Model Higgs boson coming from the IB is of order
150 fb at the LHC energy

√
s = 14 TeV/c, peaking in the region of xF ≃ 0.9. Therefore, the signal of the IB in the differential

cross section of the Higgs boson produced in pp collision at high xF can be tested at the LHC. As is shown in [42], it is much
larger than the IC signal.

6.3. Production of prompt photon and c or b-jet in hard pp collisions

The investigation of prompt photon and c(b)-jet production in pp̄ collisions at
√
s = 1.96 TeV/c was carried out at

the TEVATRON [31–34]. In particular, it was observed that the ratio of the experimental spectrum of the prompt photons
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Fig. 8. The xF-distribution of the Higgs boson produced in pp collision at the LHC energy
√
s = 14 TeV/c due to the non-perturbative intrinsic charm with

the probability about 1% (solid line). The dashed line corresponds to the Higgs boson production from the gluon–gluon fusion (top). The same distribution
due to the non-perturbative intrinsic bottom (IB) at the LHC energy

√
s = 14 TeV/c (solid line) and the TEVATRON energy

√
s = 2 TeV (dashed line,

bottom) [42].

accompanied by the c-jets to the relevant theoretical expectation (based on the conventional PDF, which ignored the IC
contribution) increases up to factor of about 3, when pγT becomes above 110 GeV/c. Furthermore, taking into account the
CTEQ66c PDF, which includes the IC contribution obtained within the BHPS model [6,13] one can reduce this ratio up
to 1.5 [37]. For the γ + b-jets pp̄-production no enhancement in the pγT -spectrum was observed at the beginning of the
experiment [31,34]. However, in 2012 the DØ collaboration has confirmed observation of such an enhancement [32]. It is
illustrated in Fig. 9.

The dash-dotted lines in Fig. 9 (bottom) show the ratio between the NLO calculations of pγT -spectrum obtained within
the BHPS model (using the CTEQ66c with the IC probability about 3.5%) and the spectrum using the CTEQ6Mwithout the IC
contribution. In addition to that the IC signal was visible in the ratio between the differential cross-sections of the photon
and c-jet production in pp̄ collision, γ + c , and γ + b production, see Fig. 10. This figure shows that, according to the pQCD
calculations [37], in the absence of the IC contribution this ratio decreases (solid line), as pγT grows, while the TEVATRON
data show its flat behavior at large pT ≥ 100 GeV/c. As for the prompt photon production accompanied by the b-jet in pp̄
annihilation, the TEVATRON data do not show any signal of the intrinsic b contribution, see Fig. 9 (top) [31]. It can be due to
very small intrinsic bottom probability in a proton, as mentioned above.

This intriguing observation stimulates our interest to look for a similar IC signal in pp → γ + c(b)+ X processes at LHC
energies, see [38,40].

The examples of Feynman diagrams corresponding to gg → γ (Z)Q Q̄ (a), qq̄ → γ (Z)Q Q̄ (b,c) and qQ → γ (Z)qQ (d,e)
subprocesses are presented in Fig. 11.
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Fig. 9. The data-to-theory ratio [31] for the processes pp̄ → γ + c + X , when yγ yjet > 0 (top) and the same ratio, when yγ yjet < 0 (bottom) at
√
s = 1.96 TeV/c. The dash-dotted line is the calculation of this ratio using the BHPS IC model with the IC probability about 3.5%.

The diagrams within the NLO QCD are more complicated than Fig. 11.
Let us illustrate qualitatively the kinematical regions where the IC component can contribute significantly to the

spectrum of prompt photons produced together with a c-jet in pp collisions at the LHC. For simplicity we consider only
the contribution to the reaction pp → γ (Z)+ Q + X of the diagrams given in Fig. 11(a). According to (20) at certain values
of the transverse momentum of the photon pγT and its pseudo-rapidity ηγ (or rapidity yγ ) the momentum fraction of γ can
be xγF > 0.1, therefore the fraction of the initial c-quark must also be above 0.1, where the IC contribution in the proton is
enhanced (see Fig. 3). Therefore, one can expect some non-zero IC signal in the pγT spectrum of the reaction pp → γ + c +X
in this certain region of pγT and yγ [38]. A similar IC effect can be visible in the production of the Z orW -boson accompanied
by c or b-jets in pp collisions. In [39,40] the theoretical predictions about the possible observation of the IC signal in the
pT-spectra of Z or W -bosons accompanied by the c or b-jets respectively are presented. These processes will be considered
later. First, let us discuss a possible search for the IC signal in the production of prompt photons accompanied by c-jet in pp
collision at LHC energies.

In Fig. 12 the differential cross-section dσ/dpγT calculated at NLOwithin the collinear QCDmassless quark approximation
as described in [37] is presented as a function of the transverse momentum of the prompt photon [38]. The following
requirements are applied: pγT > 45 GeV/c, pcT > 20 GeV/c with the c-jet pseudorapidity in the interval |yc| ≤ 2.4 and
the photon pseudorapidity in the interval 1.52 < |yγ | < 2.37 (forward region). The solid line represents the differential
cross-section calculated with the radiatively generated charm PDF (CTEQ66), the dash-dotted line uses as input the
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Fig. 10. The ratio σ(γ + c)/σ (γ + b) as a function of the photon transverse momentum pγT in pp̄ → γ + c(b)+ X process at
√
s = 1.96 TeV/c, see [33].

Fig. 11. The O(ααs) (a) and O(αα2
s ) (b)–(e) contributions to the γ (Z)+ Q production.

sea-like PDF (CTEQ66c4) and the dashed line the BHPS PDF (CTEQ66c2). In the lower half of Fig. 12 the above distributions
normalized to the distribution acquired using the CTEQ66 PDF and µr = µf = µF = pγT , are presented. The shaded yellow
region, represents the scale dependence. Clearly the difference between the spectrum using the BHPS IC PDF and the one
using the radiatively generated PDF increases as pγT grows.

Therefore, Fig. 12 shows that the IC signal could be visible at the LHC energies with both the ATLAS and CMS detector
in the process pp → γ + c + X when pγT ≃ 150 GeV/c. In the region described above the IC signal dominates over the
non-intrinsic charm background with significance at a level of a factor of 2 (in fact 170%).

6.4. Production of γ (Z)+ c(b)-jet within the kT-factorization and the MCFM

The kT-factorization approach [86–88] is based on the small-x Balitsky–Fadin–Kuraev–Lipatov (BFKL) [89–91] gluon
dynamics and provides solid theoretical ground for the effects of the initial gluon radiation and the intrinsic parton
transverse momentum.1 Our main motivation to use the kT-factorization formalism here is that its predictions for the

1 A detailed description of the kT-factorization approach can be found, for example, in reviews [92–94].
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Fig. 12. The dσ/dpγT distribution versus the transverse momentum of the photon for the process pp → γ + c + X at
√
s = 8TeV/c using CTEQ6.6M (solid

blue line), BHPS CTEQ6c2 (dashed red line) and sea-like CTEQ6c4 (dash-dotted green line), for forward photon rapidity 1.52 < |yγ | < 2.37. The ratio of
these spectra with respect to the CTEQ6.6M (solid blue line) distributions (bottom). The calculation was done within the NLO QCD approximation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

associated γ + Q production better agree with the TEVATRON data compared to the NLO pQCD (see [32,35]). The
consideration is mainly based on the O(ααs) off-shell (depending on the transverse momenta of initial quarks and gluons)
quark–gluon Compton-like scattering subprocess, see Fig. 11(a).Within this approach the transversemomentumdependent
(TMD) parton densities include many high order corrections, while the partonic amplitudes are calculated within the
leading order (LO) of QCD. The off-shell quark–gluon Compton scattering amplitude is calculated within the reggeized
parton approach [95–99] based on the effective action formalism [100,101], which ensures the gauge invariance of the
obtained amplitudes despite the off-shell initial quarks and gluons.2 The TMD parton densities are calculated using the
Kimber–Martin–Ryskin (KMR) approach, currently developed within the NLO [103]. This approach is the formalism to
construct the TMD quark and gluon densities from the known conventional parton distributions. The key assumption is that
the kT dependence appears at the last evolution step, so that the DGLAP evolution can be used up to this step. Numerically,
for the input we used parton densities derived in Section 2. Other details of these calculations are explained in [102].

To improve the kT-factorization predictions at high transverse momenta, we take into account some O(αα2
s ) contribu-

tions, namely qq̄ → VQ Q̄ and qQ → VqQ ones, where V denotes the photon or the Z boson, see Fig. 11(b)–(e). These
contributions are significant at large x and therefore can be calculated in the usual collinear QCD factorization scheme. Thus,
we rely on the combination of two techniques that are most suitable.

Let us present the results of our calculations. First of all we describe our numerical input. Following to [103], we set
the charmed and bottom quark masses mc = 1.4 GeV/c, mb = 4.75 GeV/c, the Z-boson mass mZ = 91.1876 GeV/c,
and sin2 θW = 0.23122. The chosen factorization and renormalization scales are µR = µF = ξpT or µR = µF = ξmT,
where pT is the produced photon transverse momentum and mT is the Z boson transverse mass. As usual, we vary the
non-physical parameter ξ between 1/2 and 2 about the default value ξ = 1 in order to estimate the scale uncertainties
of our calculations. We employ the two-loop formula for the strong coupling constant with active quark flavors nf = 5
at ΛQCD = 226.2 MeV/c and use the running QED coupling constant over a wide region of transverse momenta. The
multidimensional integration in the kT-factorization calculations was performed by means of the Monte Carlo technique,
using the VEGAS routine [104].

In our calculations we also follow the conclusion obtained in our papers [38,39] that the IC signal in the hard processes
discussed here can be detected at ATLAS or CMSof the LHC in the forward rapidity region 1.5 < |η| < 2.4 and pT > 50GeV/c.
Additionally, we require |η(Q )| < 2.4 and pT(Q ) > 25 GeV/c, where η(Q ) and pT(Q ) are the pseudo-rapidity and transverse
momentum of the heavy quark jet in a final state, as was done in [38,39].

The results of our calculations are shown in Figs. 13–21. The transversemomentumdistributions of photons and Z bosons
accompanied by the c and b quarks are presented in Figs. 13–15 at the different IC probabilityw (namely,w = 0%,w = 2%
andw = 3.5%) at

√
s = 8 and 13 TeV/c.

One can see in Figs. 14 and 15 that theMCFM and kT-factorization predictions for Z+Q production are very similar in the
whole pT region, therefore below we will present the observables calculated within the kT-factorization approach only. The
coincidence of these two calculations is due to effective allowance for the high-order corrections within the kT-factorization

2 Here we use the expressions derived earlier [102].
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Fig. 13. The cross-sections of the associated γ + c and γ + b production in the pp collision calculated as a function of the photon transverse momentum
pT at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom) within the kT-factorization approach. The kinematical conditions are described in the text.

formalism (see, for example, [92–94] for more information). Both types of calculations predict a significant enhancement of
pT distributions due to the IC terms at pT ≥ 100 GeV/c, which is in agreement with the previous studies [38,39,64].

The pT spectrum ratios σ(γ +c)/σ (γ +b) and σ(Z+c)/σ (Z+b) versus pT at differentw are presented in Figs. 16 and 17.
One can see that in the absence of the IC contribution the ratio σ(γ+c)/σ (γ+b) is about 3 at pT ∼ 100GeV/c and decreases
down to 2 at pT ∼ 500 GeV/c. This behavior is the same for both energies

√
s = 8 TeV/c and

√
s = 13 TeV/c.

If one takes into account the IC contributions, this ratio becomes approximately flat at w = 2% or even increasing up
to about 4 at w = 3.5%. It is very close to the TEVATRON data [33]: the constant ratio σ(γ + c)/σ (γ + b) ∼ 3.5–4.5
measured in the pp̄ collisions at 110 < pT < 300 GeV/c and

√
s = 1.96 TeV/c. However, this agreement cannot be treated

as the IC indication due to huge experimental uncertainties (about 50%) and rather different kinematical conditions. If the
IC contribution is included, the ratio σ(Z + c)/σ (Z + b) also increases by a factor about 2 at w = 3.5%, when the Z boson
transverse momentum grows from 100 to 500 GeV/c (see Fig. 17). In the absence of the IC terms this ratio slowly decreases.

One can consider other observables which could be useful to detect the IC signal, the cross-sections discussed above but
integrated over pT > pmin

T , where pmin
T ≥ 100 GeV/c, and their ratios. Our predictions for such integrated cross-sections

versus the IC probability w at pmin
T = 100, 200 and 300 GeV/c for

√
s = 8 TeV/c and pmin

T = 200, 300 and 400 GeV/c for
√
s = 13 TeV/c are shown in Figs. 18–21.
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Fig. 14. The cross-sections of the associated Z + c and Z + b production in the pp collision calculated as a function of the Z boson transverse momentum
pT at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom) within the kT-factorization approach. The kinematical conditions are described in the text.

All the pT-spectra have a significant scale uncertainty as is shown in [39]. According to [39], the ratio between the
cross-sections for the Z + Q and W + Q production in the pp collision is less sensitive to the scale variation calculated
within the MCFM. Nevertheless, the uncertainty in this ratio at large pT > 250 GeV/c is about 40%–50%. In the present
paper we check these results for the ratios σ(γ + c)/σ (γ + b) and σ(Z + c)/σ (Z + b). In Figs. 18–21 we present
these ratios versus the IC probability w calculated at different scales, when the cross-sections of γ (Z) + Q production
are integrated within the different intervals of transverse momentum. One can see a very small QCD scale uncertainty,
especially at

√
s = 13 TeV/c (bottom right), which is less than 1%. In contrast, the scale uncertainty for the integrated

γ (Z)+ Q cross-sections (see Figs. 18–21) is significant and amounts to about 30%–40%. The sizable difference between the
scale uncertainties for the ratios σ(Z +Q )/σ (W +Q ) and σ(Z + c)/σ (Z +b) is due to the different matrix elements for the
Z + Q and W + Q production in pp collisions, while the matrix elements for the Z + c and Z + b production are the same.

It is important that the calculated ratios σ(γ + c)/σ (γ + b) and σ(Z + c)/σ (Z + b) can be used to determine the
IC probability w from the future LHC data. Moreover, these ratios are practically independent of the uncertainties of our
calculations: actually, the curves corresponding to the usual scale variations as described above coincidewith each other (see
Figs. 19 and 21, bottom). Therefore, we can recommend these observables as a test for the hypothesis of the IC component
inside the proton.
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Fig. 15. The cross-sections of the associated Z + c (top) and Z + b (bottom) production in pp collision calculated as a function of the Z boson transverse
momentum pT at

√
s = 13 TeV/c within the MCFM routine.

6.5. Prompt photon and open charm production

In Fig. 22 the differential cross-sections of prompt photons accompanied by the D∗-mesons calculated as a function of
produced photon transverse momenta at

√
s = 8 TeV/c (top) and 13 TeV/c (bottom) are presented with and without the IC

contribution, and the ratios of these spectra are shown in Fig. 23. The calculations were performed using the kT-factorization
approach and the kinematical requirements applied are the same as above. We produce D∗ mesons from charmed quarks
using the Peterson fragmentation function with a shape parameter ϵc = 0.06, and the branching fraction f (c → D∗) is
equal to 0.255. In Fig. 23 the ratio of the pT-spectra of the photons accompanied by the D∗ mesons in pp collisions with the
intrinsic 3.5% charm contribution and without it at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom). One can see that the

IC signal in the γ + D∗ cross-section is practically the same as in the case of γ + c-jet production.

6.6. W (Z)-boson and b(c)-jet production

Let us analyze another hard processes of the production of vector boson accompanied by the b and c-jets in pp
collision, which can give us also information on the intrinsic charm in proton [39]. The LO QCD diagram for the process
Qf(Q̄f) + g → Z0

+ Qf(Q̄f) is presented in Fig. 24. These hard subprocesses can give the main contribution to the reaction
pp → Z0(→ l+ + l−)+ Qf(Q̄f)− jet + X , which could also give us information on the IC contribution in the proton.

The LO QCD diagram for the process Qf(Q̄f)+ g → W±
+ Q ′

f (Q̄
′

f ) is presented in Fig. 25, where Qf = c, b and Q ′

f = b, c.
These hard subprocesses can give the main contribution to the reaction pp → W±(→ l+ + ν) + Q ′

f (Q̄
′

f )-jet + X , which
could give us information not only on the IC contribution but also on the IS in the proton.
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Fig. 16. The cross-section ratio of the γ + c production to the γ + b one in the pp collision calculated as a function of the photon transverse momentum
pT at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom) within the kT-factorization approach.

At NLO in QCD, W/Z + Qf diagrams, often more complicated than the ones presented in Figs. 24 and 25, must also be
considered. As can be seen in Fig. 26, the heavy flavor jets in the final state of these diagrams come from a gluon splitting
somewhere along the event chain, and thus does not feature any intrinsic quark contribution. If the cross-sections of these
diagrams are large enough, the conclusions about the sensitivity of a measurement to intrinsic charm at the LHC will be
affected. It is thus important to consider QCD NLO calculations in the current study.

To this end, we calculated the pT-spectra of heavy flavor jets (b and c) in association with a vector boson produced at
NLO in pp collisions at

√
s = 8 TeV/c using the parton level Monte Carlo (MC) generator MCFM version 6.7 [86]. The NLO

corrections include the splitting of a gluon into a pair of heavy flavor quarks, and thus provide a better description of such
process than what is yielded by parton showers, at least for the first splitting. The lack of further parton radiation and of
hadronization in MCFM will affect the shape of the hadronic recoil to vector bosons and the pT spectra of the leading heavy
flavor jet in the various V + c and V + b (V = W or Z) events, but it affects the predictions with and without an intrinsic
charm contributions to the PDF in the exact same way. Conclusions that will be derived fromMCFM about the IC sensitivity
studies to be presented below are thus not affected by the fact that MCFM provides only a fixed order calculation with no
parton shower or further non-perturbative corrections. For the various processes considered, the vector boson is required
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Fig. 17. The cross-section ratio of the Z + c production to the Z + b one in the pp collision calculated as a function of the Z boson transverse momentum
pT at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom) within the kT-factorization approach.

to decay leptonically, in order to allow experimental studies to trigger on these events, and the pseudo-rapidity of the heavy
quark jet is required to satisfy |ηQ| < 1.5, to probe high-x PDFs.

By selecting Z + c-jet events, where the c-jet is required to be rather forward (1.5 < |yc| < 2.0), we can see on the top
panel of Fig. 27 that the c-jet transverse momentum spectrum of events with a 3.5% intrinsic charm contribution to the PDF
(CTEQ66c) features an excess, increasing with the c-jet pT, compared to the corresponding differential cross-section when
only extrinsic heavy flavor components of the PDF are considered (CTEQ66). These differential cross-section distributions
have been obtained at NLO from the MCFM processes number 262. From the right panel of the same figure, showing the
ratio of the two spectra obtained with and without an IC contribution, we can see that the excess in the c-jet pT spectrum
due to IC is of ∼5% for pT of 50 GeV/c, and rises to about 220% for pT ∼ 300 GeV/c. This effect can thus be observed at the
LHC if the c-jet pT differential cross-section in Z + c events can be measured with sufficient precision.

In the case of theW production in association with heavy flavor jets, the intrinsic charm contribution would be observed
in aW + b-jet final state due to the change of flavor in the charged current. In MCFM, the NLOW + b Feynman diagrams for
which the LO part is depicted in Fig. 25, correspond to the MCFM processes 12 and 17 [86]. They provide the contribution to
W+Q ′ which is sensitive to IC. The pT spectrumof the b-jet is presented, for the sumof these processes, in Fig. 28 (top),where
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Fig. 18. The cross-sections of the associated γ + c and γ + b production in the pp collision as a function of w integrated over the photon transverse
momenta pT > pmin

T for different pmin
T at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom).

one calculation (squares) has been obtained at NLO in QCD with the CTEQ66c PDF that includes an IC contribution (about
3.5%), and the other calculation (triangles) uses the CTEQ66 PDF, which does not include IC. On the bottom panel of Fig. 28,
the ratio of these two spectra (with and without an IC contribution to the PDF used in theW + b production calculations) is
presented. From this figure, one can see that the inclusion of the IC contribution to the PDF leads to an increase in the b-jet
spectrum by a factor of about 1.9 at pT > 250 GeV/c. This is comparable to what was observed in the Z + c case of Fig. 27.

Similarly, the W + c final state would be sensitive to intrinsic strange while the Z + b final state would be sensitive
to intrinsic bottom. These processes are however suboptimal for finding intrinsic quarks at the LHC. As mentioned above,
the contribution of the IB to the PDF is suppressed by a factor of (mc/mb)

2 and is thus subdominant compared to intrinsic
charm. The contribution of the intrinsic strangeness (IS) can be of the same order of magnitude as the IC according to [68,
81]. The Q 2 evolution for this component has however not been calculated up to now, and thus contains many unknowns.
This is why this paper concentrates on the intrinsic charm component of the proton.

The results of Figs. 27 and 28 seem a priori very encouraging regarding the capacity of the LHC to provide an observation
of an intrinsic charm contribution to the PDFs inW/Z +Qf events, but the real situation is unfortunatelymore complex than
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Fig. 19. The corresponding ratios of cross-sections in Fig. 18. The calculations were done using the kT-factorization approach. The bands correspond to the
usual scale variation as it is described in the text.

this. TheW boson plus one or more b-quark jets production, calculated at NLO in the 4-flavor scheme (4FNS), for which two
of the diagrams are represented in Fig. 26 must also be included. These correspond to the MCFM processes number 401/406
and 402/407 [86]. Their total cross-section is about 50 times larger that theW + b processes sensitive to IC. As a result, the
totalW + b production is not sensitive to an intrinsic charm component of the PDF, as it was shown in [39], where the sum
of all processes contributing to W + b has been taken into account. Fortunately the Z + c processes do not suffer from a
similar large dilution of the intrinsic quark component because the Qf + g → Z + Qf processes, which are sensitive to IC,
are not Cabibbo-suppressed.

Another difficulty lies in the experimental identification of heavy flavor jets in the way how to select them, for example,
Z + c-jet events in a very large Z-jets sample. Algorithms typically disentangling heavy flavor jets from light-quark jets
exploit the longer lifetime of heavy-quark hadrons that decay away from the primary vertex of the main process, but close
enough to allow for a reconstruction of the tracks of the decay products of the heavy-flavor hadron in the inner part of
the detector. Such algorithms are typically not capable of explicitly distinguishing c-jets from b-jets; only the efficiency for
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Fig. 20. The cross-sections of the associated Z + c and Z + b production in the pp collision as a function of w integrated over the Z boson transverse
momenta pT > pmin

T for different pmin
T at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom). The kinematical conditions are described in the text.

identifying the heavy flavor nature of the jet would differ between c-jets and b-jets. For example, one of the ATLAS heavy-
flavor tagging algorithm (MV1) yields an efficiency of 85% for b-jet identification and 50% for c-jet (for aworking pointwhere
the light flavor rejection is 10), see References in [39]. As a result of such heavy flavor jet tagging algorithm, the selected
Z + Q final state will be a mixture of Z + c and Z + b.

A priori, onewould expect that Z+b events are sensitive to intrinsic bottom and therefore act only as a small background
to intrinsic charm studies, when the two processes cannot be experimentally distinguished. The situation is however more
complicated than this. Because of sum rules, an intrinsic charm component would affect the total b-quark contribution to
the proton, and the Z + b-jet final state therefore becomes sensitive to intrinsic charm as well. As was shown in [39], this
contribution is in the opposite direction of the intrinsic charm effect on Z + c processes presented in Fig. 27. In addition, the
heavy flavor tagging efficiency is lower for c-jets than it is for b-jets, therefore increasing the weight of the negative Z + b
contribution to the total Z plus heavy flavor tagged jets signal. The question is thus: are Z + Q -jet events still sensitive to
intrinsic charm?
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Fig. 21. The corresponding ratios of cross-sections in Fig. 20. The calculations were done using the kT-factorization approach. The bands correspond to the
usual scale variation as it is described in the text.

To avoid these difficulties in [39] the following idea to search the IC signal in the Z/W boson production accompanied by
heavy flavor jets was suggested. The new idea is to use the ratio of the leading heavy flavor spectra in inclusive heavy flavor
Z +Q toW +Q events to verify the predictions about an IC contribution to the proton. The background related to the Z/W
productionwith association of light jets is included, which does not change themain conclusion on the IC signal in that ratio.
We would like to stress also that studying the ratios discussed above we avoid many uncertainties related to a background
due to the light jet production, rescaling in QCD and many others because they are almost canceled. Such measurements
can already be made with ATLAS and CMS available data.

To verify this, the ratio of the pT spectra of the leading heavy flavor jet (b, c) produced in Zb + Zc and Wb + Wc + Wbj
processes has been calculated using a PDF including IC together with PDF without any IC contribution to the proton. The
result of the calculation is presented in Fig. 29. As can be seen in this figure, the sensitivity to IC signal observed in Z + Q is
maintained in the ratio, which can amount to about 160% of the extrinsic only contribution at pT of about 270–300 GeV/c.
This ratio measurement would, at least partially, cancel a number of large experimental systematic uncertainties, especially
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Fig. 22. The pT-spectra of the photons accompanied by the D∗-mesons in pp collisions with the intrinsic 3.5% charm contribution and without it at
√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom). Both plots correspond to 1.5 < |yγ | < 2.4, |yjet| < 2.4.

since in our proposal, V + c-jets and V + b-jets are both considered as signal and not treated as a background with respect
to the other. This would allow for a clear signal at the LHC, if the IC contribution is sufficiently high (here we considered
a 3.5% contribution). In the case where no excess is observed, limits on the IC contribution to the proton can be obtained
from such measurement. Note that ratio predictions obtained with MCFM [39] would agree with predictions that include a
parton shower and a modeling of the hadronization, because such effects cancel in the ratio for jets above ∼100 GeV/c.

As discussed above, a high pT and relatively high rapidity heavy-flavor jet enhances the probability to have a heavy
flavor quark in the initial state with a high-x fraction, ensuring that the effect of intrinsic quarks on the cross-section is
more prominent. This is the reason why we proposed to measure the ratio of Z + Q to W + Q differential cross-sections
as a function of the transverse momentum of the leading heavy-flavor jet measured within a specific rapidity interval. As
indicated by Eq. (20), a large-x heavy flavor quark will in general be achieved by a high-value of the Feynman variable xVF of
the final state vector boson V recoiling to the hadronic system. While such variable cannot be reconstructed at the detector
level in W + Q events because of the presence of an undetectable neutrino in the final state, it is possible to construct
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Fig. 23. The ratios of the pT-spectra of the photons accompanied by the D∗-mesons in pp collisions with the intrinsic 3.5% charm contribution and without
it at

√
s = 8 TeV/c (top) and

√
s = 13 TeV/c (bottom). Both plots correspond to 1.5 < |yγ | < 2.4, |yjet| < 2.4.

Fig. 24. LO Feynman diagrams for the process Qf (Q̄f )g → ZQf (Q̄f ), where Qf = c, b.
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Fig. 25. Example of an LO Feynman diagram for the process Qf(Q̄f)g → W±Q ′

f (Q̄
′

f ), where Qf = c, b and Q ′

f = b, c respectively.

Fig. 26. Some NLO Feynman diagrams for the process Qf (Q̄f )g → W±Q ′

f (Q̄
′

f ), where Qf = c, b and Q ′

f = b, c respectively. Left: gluon-splitting; Right:
t-channel type of W-scattering with one gluon exchange in the intermediate state.

Fig. 27. Comparison of the pT-spectra for the NLO pp → Z + c process 262 [86] obtained with PDF including an intrinsic charm component (CTEQ66c)
and PDF having only an extrinsic component (CTEQ66) (top). Ratio of these two spectra (bottom).



S.J. Brodsky et al. / Progress in Particle and Nuclear Physics 93 (2017) 108–142 137

Fig. 28. Comparison of the pT-spectra for the NLO pp → W + b, processes 12 + 17 [86] obtained with PDF including an intrinsic charm component
(CTEQ66c) and PDF having only an extrinsic component (CTEQ66) (top). Ratio of these two spectra (bottom).

a quantity highly correlated to such Feynman variable by using the leading heavy-flavor jet in the final state, rather than
the vector boson. We therefore propose to investigate the sensitivity to IC of the ratio of the Z + Q to W + Q differential
cross-sections as a function of the pseudo-Feynman variable of the leading heavy-flavor jet defined as:

xQF =
2pLead Q -jet

T
√
s

sinh(ηQ ), (24)

where pLead Q -jet
T is the transverse momentum of the leading heavy flavor jet in the final state and ηQ is the pseudo-rapidity

of this jet.
First, the sensitivity of Z +Q events to intrinsic charm is presented in the top panel of Fig. 30 as a function of this pseudo-

Feynman variable of the leading heavy-flavor jet. The xQF -spectrum has been obtained from the total NLO pp → Z+b(b̄) plus
pp → Z+c(c̄) contributions calculatedwithMCFM (processes 261, 262 [86]) for collisions at

√
s = 8 TeV/c. The distribution

displayed with red square has been obtained using the CTEQ66c PDF that includes an intrinsic charm component, while the
distribution displayed as blue inverted triangles has been obtained with the CTEQ66 PDF that only contains an extrinsic
charm component. In the bottom panel the ratio of the two spectra is shown.

Fig. 31 presents the sensitivity to an intrinsic charm component to the PDF for the ratio of Z + Q to W + Q events
as a function of the pseudo-Feynman variable xQF . In this figure, heavy flavor tagging has been applied to both Z + Q and
W + Q processes. An IC contribution of 3.5% yields a change by a factor of 2–4 in the Z + Q toW + Q cross-section ratio at
xQF ≃ 0.3–0.4 compared to the calculation where the PDF does not include any IC component. The number of events in that
kinematic region runs from about a few hundred up to a few thousand events, for both Z + Q and W + Q processes. This
results in a reduced statistical uncertainty on the Z+Q toW+Q ratio compared to the proposed ratiomeasured as a function
of the transverse momentum of the leading heavy flavor jet in the phase space region discussed above. Because the pseudo-
Feynman variable and the Q -jet transverse momentum observables correspond to significantly different distributions in
shape, both sensitive to an intrinsic charm contribution to the proton, butwith different sensitivity to the various systematic
uncertainties, we thus have here two complementary ratio observables to be measured at the LHC in order to observe an IC
contribution to the proton, or determine an upper limit on it.
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Fig. 29. Comparison of the ratio of the pT-spectra for the Z + Q to W + Q NLO processes obtained with PDF including an intrinsic charm component
(CTEQ66c) and PDF having only an extrinsic component (CTEQ66). Heavy flavor jet tagging efficiencies have been applied to the c-jets and the b-jets (top).
Ratio of these two ratios of spectra (bottom).

As discussed above, the leading heavy flavor jet transversemomentum and rapidity distributions are similar for b-jet and
c-jet in Z+Q andW+Q events. As a consequence, the experimental uncertainties onQ -jet energymeasurements and heavy
flavor tagging efficiencies will get significantly reduced in the ratio measurements proposed above. The Feynman diagrams
contributing to Z + Q and W + Q processes are however quite different. It is therefore important to verify that a similar
cancellation of the theory uncertainty also occurs in this ratio, therefore not impeding the conclusion about IC that can be
obtained with such ratio. The dominant theoretical systematic uncertainty on a NLO cross-section calculation obtained at
fixed order in perturbative QCD comes, by far, from the uncertainty introduced by the choice of renormalization (µR) and
factorization (µF) scales in the calculation. In the current calculations performed with MCFM [86], the central predictions
were obtained with a dynamic scale µR = µF = HT, where HT is the scalar sum of the transverse momentum of all the
particles (pTi) in the final state (HT =

n
i pTi). In order to assess the sensitivity of the calculations to this choice of scale,

cross-sections have been calculatedwith two other choices of scale,HT ·2 andHT/2, and results are compared to the nominal
predictions.

It was shown in [39] that the choice of scale made in both predictions is the same, therefore leaving a ratio of predictions
with IC to predictions without IC independent of the choice of scale.

7. Conclusion

The quark and gluon distribution functions of the proton encode the color-confining dynamics of QCD. These probability
distributions are directly related to the frame-independent light-front wavefunctions, the eigensolutions of the QCD
Hamiltonian. Because of QCD factorization, the PDFs allow the computation of the cross sections for virtually all high
energy collision processes studied at the LHC. However, the heavy quark contribution to the proton PDFs is still a major
uncertainty. Aswehave discussed, QCDpredicts two sources of heavy quarks to the constituent structure of the light hadrons
– the standard small-x extrinsic contribution at from gluon splitting g → Q Q̄ – plus the intrinsic contribution at large x
which arises from diagrams where the Q Q̄ pair is connected by two or more gluons to the valence quarks. The maximum
configuration of such intrinsic contributions occurs at minimal off-shellness; i.e., when all of the quarks in the |uudQ Q̄ ⟩
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Fig. 30. Comparison of the xQF -spectra for the total NLO pp → Z + b(b̄) process plus pp → Z + c(c̄) (processes 261, 262 [86]) obtained with PDF including
an intrinsic charm component (CTEQ66c) and PDF having only an extrinsic component (CTEQ66) (top). Ratio of these two spectra (bottom).

Fock state are at rest in the proton’s rest frame, corresponding to equal rapidity yi in the moving proton, and thus where the

momentum fraction carried by each quark is proportional to its transverse mass: xi ∝


m2

Ti + k⃗2Ti.
The hypothesis of intrinsic quark components in the proton at high x was originally suggested in [6] and was motivated

by possible explanation of the large cross-section for the forward open charm production in pp collision at ISR energies
[7–10]. However, the accuracy of the experimental data on the open charm production at large x does not provide precise
constraints on the intrinsic heavy quark probability. We have discussed a number of experiments such as deep inelastic
scattering measurements of c(c,Q ) at the EMC and HERA; soft processes of the open charm or strangeness production and
even the Higgs boson production in pp collisions at LHC. We have also shown that the inclusive production of open charm
or strangeness at high transverse momentum can serve as a tool for the search for the heavy quark Q Q̄ Fock states in the
nucleon. The IC or IS signal can be visible in the pT-spectrumofD-mesons orK -mesons produced, for example, in pp collisions
at their large rapidities y and transverse momenta pT. It can be verified at CERN experiments such as the LHC and NA61.

The semi-inclusive production of prompt photons or gauge vector bosons in association with heavy flavor jets c or b pro-
vides an idealmethod for verifying the IC contribution in the proton PDF. The increase of pT spectrumof these hadrons or jets
produced at large pT and the forward rapidity region of ATLAS or CMS (1.5 < |y| < 2.4) due to the IC enhancement in the PDF
is predicted. We also have found observables very sensitive to the non-zero intrinsic charm contribution to the proton den-
sity. They are the γ /Z +b production. These ratios should be decreasing in the absence of the IC contribution to the PDF and
they should be flat or increasing if the IC is included, when pT grows. This prediction, can also verify the IC hypothesis at LHC.

We argued that the ratio of the cross-sectionsγ /Z+c andγ /Z+b integrated over pT > pmin
T with pmin

T ≥ 100GeV/c can be
used to determine the IC probabilityw from the future LHC data becausewe calculated it as a function ofw. The advantage of
the proposed ratios is that the theoretical uncertainties are very small, while the uncertainties for the pT-spectra of photons
or Z bosons produced in association with the c or b jets are large. Therefore, the search for the IC signal by analyzing the
ratio σ(γ /Z + c)/σ (γ /Z + b) can be more promising.

We have also shown that because of dominance of gluon-splitting processes, the production of W -bosons accompanied
by heavy flavor jets is not directly sensitive to intrinsic heavy quarks. However, we can take advantage of this fact to propose
a promising new method which reduces the expected systematic uncertainties by comparing the differential cross-section
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Fig. 31. Comparison of the ratio of the xQF -spectra for the Z + Q to W + Q NLO processes obtained with PDF including an intrinsic charm component
(CTEQ66c) and PDF having only an extrinsic component (CTEQ66) (top). Ratio of these two ratios of spectra (bottom).

for W plus heavy flavor jets to that in Z + Q events. The ratio of the leading heavy flavor spectra in inclusive heavy flavor
Z + Q to W + Q events can thus be used to determine the intrinsic heavy quark contribution to the proton PDF. Such
measurements can already be made with available data from ATLAS and CMS.

Wehave also discussed the fact that the existence of intrinsic heavy charmand bottomquarks in the protonwavefunction
implies that the Higgs boson will be produced at high momentum fractions xF > 0.8 in pp → HX collisions at the LHC, via
the samemechanism that produces quarkonium states such as pp → J/ψX at high xF. In addition, we have noted that fixed
target experiments at the LHC such as the AFTER facility and the SMOG nuclear target at LHCb can materialize the intrinsic
heavy quark Fock states in a novel way. Since the momentum distributions of the intrinsic heavy quarks in the |uudQ Q̄ ⟩

Fock state are maximal when all of the constituents have the same rapidity, the collision of the LHC proton beam with
nucleons in the nuclear target will lead to the production of heavy hadrons such as the Λb and exotic heavy quark states,
such as tetraquarks and pentaquarks, at small rapidities relative to the rapidity of the target. Each of these novel processes
will illuminate one of the most interesting features of QCD bound state dynamics—intrinsic heavy quarks.
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