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Measurement of Z bosons produced in association with charm jets ðZcÞ in proton-proton collisions in
the forward region provides a direct probe of a potential nonperturbative (intrinsic) charm component in the
proton wave function. We provide a detailed study of the potential to measure Zc production at the LHCb
experiment in Runs 2 and 3 of the LHC. The sensitivity to valence-like (sea-like) intrinsic charm is
predicted to be hxiIC ≳ 0.3%ð1%Þ. The impact of intrinsic charm on Higgs production at the LHC,
including Hc, is also discussed in detail.
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I. INTRODUCTION

Whether the proton wave function contains an intrinsic
charm (IC) component is a topic of considerable interest
(see Ref. [1] for a review). In the absence of IC, the charm
(c) parton distribution function (PDF) arises entirely due to
perturbative gluon radiation; however, a juudcc̄i compo-
nent to the proton wave function is also possible. There is
substantial theoretical interest in the role that nonperturba-
tive dynamics play in the nucleon sea [2–4]. Furthermore,
the presence of IC in the proton would affect the cross
sections of many processes at the LHC either directly, from
c or c̄ initiated production, or indirectly, since altering the c
PDF would affect other PDFs via the momentum sum rule.
For example, Higgs boson production could be affected by
a few percent, largely due to changes in the gluon PDF. The
cross sections relevant for direct dark matter detection are
sensitive to IC if the interaction is mediated by the Higgs
boson [5]. IC would also affect both the rate and kinemati-
cal properties of c-hadrons produced by cosmic-ray proton
interactions in the atmosphere. Semileptonic decays of such
c hadrons provide an important background to astrophysi-
cal neutrinos [6,7].
A number of studies have been performed to determine

if—and at what level—IC exists in the proton.
Measurements of c-hadron production from deep inelastic
scattering (DIS) [8], where the typical momentum transfer
is Q ≈ 1–10 GeV, have been interpreted as evidence for
percent-level c content in the proton at large momentum
fraction (x) [9–11]. If the c PDF is entirely perturbative in
nature, much smaller c content at large x is expected,
whereas, valence-like charm content in the proton could
explain the DIS results. However, global PDF analyses tend
to either provide inconclusive results on IC [12], or claim
that IC is excluded at a level significantly less than 1% [13].

There is tension between some data sets applicable to such
analyses where they overlap kinematically. This has led to
global PDF fitters choosing eitherwhich data sets to consider,
or how to handle the inherent tension between data sets in
their studies. Low-energy fixed-target experiments are in
principle sensitive to large-x IC, but inclusion of such low-Q
data requires careful treatment of hadronic and nuclear
effects. Therefore, many authors have chosen to exclude
these data. Such choices inevitably affect the conclusions
drawn about IC. To date, a consensus has not been reached on
whether IC exists at the percent level [14,15].
The ideal probe of IC is a high-precision measurement of

an observable with direct sensitivity to the large-x charm
PDF, where Q is large enough such that hadronic and
nuclear effects are negligible. Measurement of the fraction
of Z þ jet events where the jet originates from a c quark,
Zc
j ≡ σðZcÞ=σðZjÞ, in the forward region at the LHC can

provide such a probe. Production of Zc may proceed via
gc → Zc (see Fig. 1), is inherently at large Q near the Z
mass which satisfies the constraints of Ref. [16] at large Q
(due to the large Z mass), and at forward rapidities requires
one initial parton to have large x, while the other must have
smaller x (see Fig. 2). Differential measurement of Zc

j

provides direct sensitivity to the process gc → Zc for large-
x c. The ratio Zc

j is chosen because it is less sensitive to
experimental and theoretical uncertainties than σðZcÞ.
In this article, we propose a differential measurement of

Zc production in proton-proton (pp) collisions in the
forward region. We show that using data that will be

FIG. 1. Leading-order Feynman diagrams for gc → Zc.
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