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Events containing a Z boson and a charm jet are studied for the first time in the forward region of proton-

proton collisions. The data sample used corresponds to an integrated luminosity of 6 fb~! collected at a
center-of-mass energy of 13 TeV with the LHCb detector. In events with a Z boson and a jet, the fraction of
charm jets is determined in intervals of Z-boson rapidity in the range 2.0 < y(Z) < 4.5. A sizable
enhancement is observed in the forwardmost y(Z) interval, which could be indicative of a valencelike
intrinsic-charm component in the proton wave function.
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The possibility that the proton wave function may contain
a |uudce) component, referred to as intrinsic charm (IC), in
addition to the charm content that arises due to perturbative
gluon radiation, i.e., g — cc splitting, has been debated for
decades (for a recent review, see Ref. [1]). The light front
QCD calculations of Refs. [2,3], referred to as the Brodsky-
Hoyer-Peterson-Sakai (BHPS) model, predict that nonper-
turbative IC manifests as valencelike charm content in the
parton distribution functions (PDFs) of the proton; whereas,
if the c-quark content is entirely perturbative in nature, the
charm PDF resembles that of the gluon and sharply
decreases at large momentum fractions x. (Charge conju-
gation is implied throughout this Letter, e.g., charm refers to
both the ¢ and ¢ quarks.) Understanding the role that
nonperturbative dynamics play inside the nucleon is a
fundamental goal of nuclear physics [4—15]. Furthermore,
the existence of IC would have many phenomenological
consequences. For example, IC would alter both the rate and
kinematics of ¢ hadrons produced by cosmic-ray proton
interactions in the atmosphere, which are an important
source of background in studies of astrophysical neutrinos
[16-21]. The cross sections of many processes at the LHC
and other accelerators would also be affected [22-32].

Measurements of c-hadron production in deep inelastic
scattering [33] and in fixed-target experiments [34], where
the typical momentum transfers were Q < 10 GeV (natural
units are used throughout this Letter), have been interpreted
both as evidence for [35,36] and against [37] the percent-
level IC content predicted by BHPS. Even though such
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experiments are in principle sensitive to valencelike
c-quark content, interpreting these low-Q data is challeng-
ing since it requires careful theoretical treatment of non-
perturbative hadronic and nuclear effects. Recent global
PDF analyses, which also include measurements from
the LHC, are inconclusive and can only exclude IC
carrying more than a few percent of the momentum of
the proton [38,39].

Reference [29] proposed probing IC by studying events
containing a Z boson and a charm jet Zc in the forward
region of proton-proton (pp) collisions at the LHC. The
ratio of production cross sections RS = o(Zc)/a(Zj),
where Zj refers to events containing a Z boson and any
type of jet, was chosen because it is less sensitive than
o(Zc) to experimental and theoretical uncertainties. Since
Zc production is inherently at large Q, above the electro-
weak scale, hadronic effects are small. A leading-order Zc
production mechanism is gc — Zc scattering (see Fig. 1),
where in the forward region one of the initial partons must
have large x, hence Zc¢ production probes the valencelike
region (Fig. S4 of Supplemental Material shows the x
regions probed). Using next-to-leading-order (NLO) stan-
dard model (SM) calculations, Fig. 2 illustrates that a
percent-level valencelike IC contribution would produce a
clear enhancement in Rj for large (more forward) values of
Z rapidity, y(Z); whereas only small effects are expected in
the central region where all previous measurements of R
were made [40,41].

g g c

the author(s) and the published article’s title, journal citation, FIG. 1. Leading-order Feynman diagrams for gc — Zc
and DOI. Funded by SCOAP’. production.
0031-9007/22/128(8)/082001(12) 082001-1 © 2022 CERN, for the LHCb Collaboration


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.128.082001&domain=pdf&date_stamp=2022-02-24
https://doi.org/10.1103/PhysRevLett.128.082001
https://doi.org/10.1103/PhysRevLett.128.082001
https://doi.org/10.1103/PhysRevLett.128.082001
https://doi.org/10.1103/PhysRevLett.128.082001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 128, 082001 (2022)

n AN L A A B R AL DL R
0.14 Central Region < = Forward Region —
L In| < 2.4 2.0 < n(p) < 4.5 B
0.12 pr(p) > 25GeV pr(p) > 20 GeV ]
: pr(3) > 30 GeV 2.2 < n(j) <4.2 ]
= o1 pr(j) > 20 GeV E
S =
S 008F =
% - NLO SM E
N 0.06 F B xowc E
e} - m
004 B 1 allowed =
002F _— pups (x)1c=1%
ob— 1 N !
0 1 2 3 4

FIG. 2. NLO SM predictions [29] for R; without IC [42],
allowing for potential IC [39], and with the valencelike IC
predicted by BHPS with a mean momentum fraction of 1%
[38]. The fiducial region from Ref. [41] is used for y(Z) < 2;
otherwise the fiducial region of this analysis is employed. The
broadening of the error band that arises in the forward region,
when allowing for IC, is due to the lack of sensitivity to
valencelike IC from previous experiments. More details on these
calculations are provided in Supplemental Material [43]. The
error bands shown for the first two predictions display the 68%
confidence-level regions. Only the central value is shown for
BHPS due to the charm PDF being fixed.

This Letter presents the first measurement of R in the
forward region of pp collisions. The data sample used
corresponds to an integrated luminosity of 6 fb~! collected
at a center-of-mass energy of /s = 13 TeV with the LHCb
detector. The Z bosons are reconstructed using the
Z — uTu~ decay, where henceforth all Z/y* — u*u~
production in the mass range 60 < m(utu~) < 120 GeV
is labeled Z — pu*u~. The analysis is performed using
jets clustered with the anti-k; algorithm [44] using a
distance parameter R = 0.5. The fiducial region is
defined in terms of the transverse momentum py, pseudor-
apidity #, and azimuthal angle ¢ of the muon and jet

momenta, and includes a requirement on AR(u,j) =

VAn(u, j)? + Ag(u, j)? to ensure that the muons and jets
are well separated, which suppresses backgrounds from
QCD multijet events and electroweak processes like
W + jet production. Charm jets are the subset for which
there is a promptly produced and weakly decaying ¢ hadron
within the jet. The fiducial region is defined in Table I. If
multiple jets satisfy these criteria, the one with the highest
pr s selected. No requirement is placed on the maximum
number of jets in the event.

The quantity R§ is measured in intervals of y(Z) as
RS = N(c-tag)/[e(c-tag)N(j)], where N(c-tag) is the
observed Zc yield, e(c-tag) is the c-tagging efficiency,
and N(j) is the total Z;j yield. The integrated luminosity
does not enter this expression because R involves a ratio

of production cross sections. In addition, the muon and jet

reconstruction efficiencies largely cancel in the ratio due to
the similarity of the Z boson and jet kinematics in Zc¢ and
Zj production. The c-tagging algorithm, which is described
in detail in Ref. [45], looks for a displaced-vertex (DV)
signature inside the jet cone that is indicative of the weak
decay of a ¢ hadron.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < n < 5, described in
detail in Refs. [46,47]. Simulated data samples are used to
evaluate the detector response for jet reconstruction,
including the c-tagging efficiency, and to validate the
analysis. In the simulation, pp collisions are generated
using PYTHIA [48] with a specific LHCb configuration [49].
Decays of unstable particles are described by EVTGEN [50],
in which final-state QED radiation is generated using
PHOTOS [51]. The interaction of the generated particles
with the detector, and its response, are implemented using
the GEANT4 toolkit [52] as described in Ref. [53].

The online event selection is performed by a trigger
[54,55] consisting of a hardware stage using information
from the calorimeter and muon systems, followed by a
software stage that performs a full event reconstruction. At
the hardware stage, events are required to have a muon with
pr(p) > 6 GeV. In the software stage, the muon track is
required to be of good quality and to have p,(u) > 10 GeV.
The off-line selection builds Z — ™y~ candidates from two
oppositely charged muon tracks that must be in the fiducial
region defined in Table I and consistent with originating
directly from the same pp collision.

Jet reconstruction is performed off-line by clustering
charged and neutral particle-flow candidates [56] using the
anti-ky clustering algorithm as implemented in FASTJET
[57]. Reconstructed jets with 15 < pr(j) < 100 GeV and
2.2 <n(j) < 4.2 are kept for further analysis. Jets with
15 < pr(j) < 20 GeV, which are outside of the fiducial
region, are retained for use when unfolding the detector
response. The #(j) requirement, which is included in the
fiducial region and was first used in Refs. [58—60], ensures
a nearly uniform c-tagging efficiency of about 24%, with
minimal p7(j) or n(j) dependence. The fiducial require-
ment AR(u,j) > 0.5 is applied to reconstructed jets.
Finally, the highest-p; jet satisfying these criteria from
the same pp collision as the Z boson is selected. After
applying all requirements, 68 694 Z;j candidates remain in
the dataset.

The effects of the detector response on the measured jet
momenta are accounted for using an unfolding procedure.
This involves first determining the reconstructed Zc and Zj
yields in intervals of [y(Z), p7(j)]. The non-Z background
is neglected for both Zc¢ and Zj candidates because it is less
than 1% and largely cancels in the R ratio. The c-jet yields
are determined using the DV-based tagging approach
described in detail in the following paragraphs. Interval
migration is accounted for by unfolding the pz(j) distri-
butions of the Zc¢ and Zj yields in each y(Z) interval
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TABLE I. Definition of the fiducial region.
Z bosons pr(n) > 20 GeV, 2.0 < n(u) < 4.5,

60 < m(putu~) < 120 GeV
Jets 20 < pr(j) <100 GeV, 2.2 < n(j) < 4.2
Charm jets pr(chadron) > 5 GeV, AR(j, c hadron) < 0.5
Events AR(u, j) > 0.5

independently using an iterative Bayesian procedure
[61,62]. The Zc yields are then corrected for c-tagging
inefficiency. Finally, the unfolded [y(Z), p7(j)] distribu-
tions are integrated for py(j) > 20 GeV to obtain the Z¢
and Zj yields used to determine the R ratios. The analysis
employs three y(Z) intervals with ranges 2.00-2.75,
2.75-3.50, and 3.50-4.50, and four p(j) intervals ranging
1520, 20-30, 30-50, and 50-100 GeV, where after
unfolding the yields in the three highest p;(j) intervals
are summed to obtain RS.

The signature of a ¢ jet is the presence of a long-lived ¢
hadron that carries a sizable fraction of the jet energy. The
tagging of c jets is performed using DVs formed from the
decays of such ¢ hadrons. The choice of using DV and not
single-track or other non-DV-based jet properties, e.g., the
number of particles in the jet, is driven by the need for a
small misidentification probability of light-parton jets.
Furthermore, the properties of DVs from c-hadron decays
are known to be well modeled by simulation, which means
that only small corrections using control samples are
required. Since DVs can also be formed from the decays
of b hadrons or due to artifacts of the reconstruction, the
DV-tagged charm yields are obtained by fitting the dis-
tributions of DV features with good discrimination power
between ¢, b, and light-parton jets.

The tracks used as inputs to the DV-tagger algorithm are
required to have py > 0.5 GeV and to be inconsistent with
originating directly from a pp interaction point. A DV is
associated to a jet when AR < (.5 between the jet axis and
the DV direction of flight, defined by the vector from
the pp interaction point to the DV position. Requirements
that reject strange-hadron decays and particles formed in
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FIG. 3.

interactions with material [63] are placed on the mass,
m(DV), and momentum, p(DV), of the particles that form
the DV, along with the DV position. In addition, only DVs
with at most four tracks are used, since higher-multipli-
city DVs are almost exclusively due to b-hadron decays.
More details about the c-tagging algorithm are provided
in Ref. [45].

Two DV properties are used to separate charm jets
from beauty and light-parton jets: the number of tracks
in the DV, Ny (DV), and the corrected mass, m., (DV)=
\/m(DV)? + [p(DV) sin 0] 4+ p(DV) sin 6, where @ is the
angle between the momentum and the flight direction of the
DV. The corrected mass, which is the minimum mass the
long-lived hadron can have that is consistent with the flight
direction, peaks near the typical c-hadron mass for c jets,
and consequently provides excellent discrimination against
other jet types. The DV track multiplicity provides addi-
tional discrimination against b jets, since b-hadron decays
often produce many displaced tracks. These two distribu-
tions are fitted simultaneously to obtain the DV-tagged c-jet
yields. The probability density functions, referred to as
templates, for ¢, b, and light-parton jets are obtained from
calibration data samples that are each highly enriched in a
given jet flavor [45]. Figure 3 shows the m,(DV) and
Ny (DV) distributions for all DV-tagged candidates in the
Zj data sample reconstructed in the fiducial region, along
with the fit projections; such fits are performed in each
[v(Z), pr(j)] interval to obtain the reconstructed Zc yields.

The effects of py(j) interval migration are corrected for
using the unfolding procedure. The detector response is
studied using the p; -balance distribution p7(j)/pr(Z) for
Zj candidates that are nearly back-to-back in the transverse
plane, using the same technique as in Refs. [56,64]. Small
adjustments are applied to the p;(j) scale and resolution in
simulation to obtain the best agreement with data. In
addition, for the Zc¢ and Zj samples the pr(j) and
pr(DV) distributions in simulation are adjusted to match
those observed in data. The unfolding matrix for jets that
contain a reconstructed DV is shown in Fig. 4, while the
corresponding matrix for inclusive Zj production is pro-
vided in Supplemental Material [43].

LHCb

6!

Candidates

Ntrk (DV)

Distributions of (left) m,.(DV) and (right) Ny, (DV) for all DV-tagged candidates in the Z;j data sample reconstructed in the
fiducial region with the projections of the fit results superimposed.
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FIG. 4. The detector-response matrix for c-tagged jets. The
shading represents the interval-to-interval migration probabilities
ranging from (white) O to (black) 1. Numerical labels are only
shown for values greater than 1%. Jets with true (reconstructed)
pr(j) in the 20-100 GeV region but for which the reconstructed
(true) pr(j) is either below 15 GeV or above 100 GeV are
included in the unfolding but not shown graphically.

The dominant systematic uncertainty is due to limited
knowledge of the c-tagging efficiency, which is measured
in pr(j) intervals using data in Ref. [45] and briefly
summarized here. Scale factors that correct for discrepan-
cies between data and simulation are determined using a
tag-and-probe approach on a dijet calibration sample. A
stringent requirement is applied to the tag jet which
enriches the probe-jet sample in charm content. The DV-
tagged c-jet yield in the probe sample is obtained in the
same way the Zc yield is determined in this analysis,
namely by fitting the m,,(DV) and N (DV) distributions
for DV-tagged probe jets. The total number of ¢ jets in
the probe sample is obtained by fully reconstructing the
D’ - K~z and D" — K~z"z" decays, obtaining the
prompt-charm yields by fitting the D -meson mass and
impact-parameter distributions, then correcting these yields
for the detector response, decay branching fractions [65],
and c-hadron fragmentation fractions [66]. The c-tagging
efficiency is the ratio of the DV-tagged and total c-jet
probe-sample yields. The scale factors that correct the
c-tagging efficiency in simulation are determined to be
1.03 £0.06, 1.01 +0.08, and 1.09 +0.17 in the 20-30,
30-50, and 50-100 GeV p(j) intervals, respectively, with
corresponding c-tagging efficiencies of (23.9 + 1.4)%,
(24.4+£1.9)%, and (23.6 £4.1)%. These uncertainties,
which include all statistical and systematic contributions,
are propagated to the R results producing 6%—7% relative
uncertainties in each y(Z) interval.

Other sources of smaller systematic uncertainty are also
considered. First, variations of the m.,.(DV) and Ny, (DV)

TABLE II. Relative systematic uncertainties on RS, where
ranges indicate that the value depends on the y(Z) intervals.

Source Relative uncertainty
c tagging 6%—1%
DV-fit templates 3%—4%

Jet reconstruction 1%

Jet p; scale and resolution 1%

Total 8%

templates are studied, which arise from using different
strategies to model the backgrounds in the highly enriched
calibration data samples. However, the shifts observed in
the Zc yields largely cancel with the corresponding shifts
seen in &(c-tag). The residual differences of 3%-4% in
each y(Z) interval are assigned as systematic uncertainties.
The ratio of the jet-reconstruction efficiency for ¢ and
inclusive jets is consistent with unity in all kinematic
intervals in simulation, with a 1% systematic uncertainty
assigned due to the limited sample sizes. Finally, the
statistical precision of the back-to-back Zj sample used
to determine the py(j) scale and resolution is propagated
through the unfolding procedure resulting in a 1% relative
systematic uncertainty on Rj. The systematic uncertainties
are summarized in Table II.

Figure 5 shows the measured R distribution in intervals
of y(Z); the numerical results are provided in Table III, and
additional results are reported in Supplemental Material
[43]. The measured Rj values are compared to NLO
SM calculations [29] based on Refs. [67-73], which are
validated against additional predictions [70,71,74,75] and
updated here to use more recent PDFs [38,39,42,76,77].

Ol———71—— 71— 7T
: LHCh = o 3
0.08 L V5= 13TeV [ stat@syst ]
~ - s
N 004 —
< [ NLOSM T ]
- e PDF4LHC15-No IC ® i
0.02 [ = NNPDF 3.0-IC allowed ]
4 CT14+BHPS (z)1c = 1% ]
0 i T T R B R
2 2.5 3 35 4 4.5
y(Z)

FIG. 5. Measured R distribution (gray bands) for three
intervals of forward Z rapidity, compared to NLO SM predictions
[29] without IC [42], with the charm PDF shape allowed to vary
(hence, permitting IC) [39,76], and with IC as predicted by BHPS
with a mean momentum fraction of 1% [38]. The predictions are
offset in each interval to improve visibility.
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TABLE III.  Numerical results for the ij measurements, where
the first uncertainty is statistical and the second is systematic.
¥(2) RS (%)
2.00-2.75 6.84 +0.54 £0.51
2.75-3.50 4.05 +£0.32 +0.31
3.50-4.50 4.80 +0.50 £+ 0.39
2.00-4.50 498 +£0.25 £0.35

While Zc predictions at next-to-next-to-leading-order in
QCD are not available, Zb predictions are [78], and similar
methods should be applicable. The NNPDF Collaboration
analysis provides results where the charm PDF is allowed
to vary, both in size and in shape [39]. The sizable
uncertainties that arise in the forward region are due to
the lack of sensitivity to valencelike IC from previous
experiments. Reference [38] updated the CT14 analysis
[79] to include the IC content predicted by BHPS [2,3],
which results in the enhancement at forward y(Z) shown
previously in Fig. 2. These predictions have smaller
uncertainties because the size and shape of the IC con-
tribution are fixed, i.e., the IC contribution is assumed to be
known, hence does not contribute to the uncertainty on RS.

More details on the theory calculations, along with pre-
dictions based on other PDFs [80-82], are provided in
Supplemental Material [43].

The observed R values are consistent with both the
no-IC and IC hypotheses in the first two y(Z) intervals;
however, this is not the case in the forwardmost interval
where the ratio of the observed to no-IC-expected values is
1.85 £ 0.25. As illustrated in Fig. 2, this is precisely the
y(Z) region where valencelike IC would cause a large
enhancement. Indeed, Fig. 5 shows that, after including the
IC PDF shape predicted by BHPS with a mean momen-
tum fraction of 1%, the theory predictions are consistent
with the data. Incorporating these novel forward R}

results into a global analysis should strongly constrain
the large-x charm PDF, both in size and in shape. While
the large enhancement in the forwardmost y(Z) interval is
suggestive of valencelike IC, no definitive statements
can be made until the R¢ results are included in a global
PDF analysis.

In conclusion, events containing a Z boson and a charm
jet are studied for the first time in the forward region of
pp collisions. The data sample used corresponds to an
integrated luminosity of 6 fb~! collected at a center-of-
mass energy of 13 TeV with the LHCb detector. The ratio
R is measured in intervals of y(Z) and compared to NLO
SM calculations. The observed spectrum exhibits a sizable
enhancement at forward Z rapidities, consistent with the
effect expected if the proton wave function contains the
|uudce) component predicted by BHPS. However, con-
clusions about whether the proton contains valencelike

intrinsic charm can only be drawn after incorporating these
results into global PDF analyses.
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