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The LHCb detector, with its unique forward rapidity coverage, is able to
probe kinematic regions at Bjorken-z as low as 10%. This unique capabil-
ity, combined with excellent momentum resolution, vertex reconstruction,
and particle identification, enables precision measurements at low trans-
verse momentum and forward rapidity. In this paper, we discuss the latest
results of vector-meson exclusive production in pp and PbPDb collisions and
the production of light neutral mesons and D° mesons in lead-lead colli-
sions, shedding light on partonic and nuclear dynamics at unprecedented
small-z scales.
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1. Introduction

These proceedings summarize the main results of five recent measure-
ments of the LHCb Collaboration using data collected during Run 2 of the
LHC [1-5]. The measurements cover a variety of physics phenomena, but
they all share a common sensitivity to our understanding of the proton or
nucleus structure, particularly in a region of longitudinal momentum frac-
tion of partons that is considered low at LHC energies. The LHCDb detec-
tor is a single-arm forward spectrometer covering the pseudorapidity range
2 < n < 5, described in detail in Refs. [6] and [7]. Photons, electrons, and
hadrons are identified by two Ring Imaging Cherenkov sub-detectors and a
calorimeter system consisting of scintillating-pad (SPD) and preshower de-
tectors, an electromagnetic calorimeter, and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and mul-
tiwire proportional chambers. The pseudorapidity coverage of the LHCb
detector is extended by the HeRSChel system, composed of forward shower
counters at 114, 19.7, and 7.5 m upstream of the interaction point, and two
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downstream at 20 and 114 m [8]. The trigger consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by
a software stage, which applies a full event reconstruction.

2. Charmonia production in ultra-peripheral PbPDb collisions
at the LHCb

In heavy-ion collisions, when two nuclei collide with an impact parameter
larger than the sum of their radii, strong interactions are suppressed so
that photon-induced interactions between the two ions dominate [9]. These
collisions are called ultra-peripheral and they provide an excellent laboratory
to study nuclear shadowing effects and the initial states of collisions with
small z. In particular, the coherent photoproduction of J/ib and (2S)
mesons in ultra-peripheral collisions, when the photon couples coherently
with the entire nucleus through the exchange of a Pomeron, is expected to
probe the nuclear gluon distribution functions at a momentum transfer of
about m?/4, where m is the mass of the meson.

The LHCb Collaboration measured the coherent J/i) and ¢(2S) produc-
tion reconstructed through the dimuon final state using the 2018 PbPb data
sample collected at /syny = 5.02 TeV and corresponding to an integrated
luminosity of 228410 ub~! [2]. The LHCb Collaboration also measured the
ratio between the coherent v (25) and J/i production cross sections, where
the uncertainties due to systematic effects and the luminosity determination
largely cancel. This measurement can be used to constrain theoretical pre-
dictions and provide information on the choice of the meson wave function in
dipole scattering models [10, 11| and the factorisation scale in perturbative
Quantum Chromodynamics (QCD) models [12].

The measured differential cross sections for coherent J/i) and ¢ (2S5) pho-
toproduction as functions of the meson rapidity in the PbPb centre-of-mass
system (y*) are shown in Fig. 1. The large parton distribution functions
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Fig. 1. Differential cross section as a function of the meson rapidity in the PbPb
centre-of-mass system (y*) for coherent (left) J/i and (right) ¥(2S) photoproduc-
tion, compared to theoretical predictions.
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(nPDF) uncertainties in Fig. 1 indicate that coherent charmonium photo-
production in heavy-ion collisions can be sensitive to the nuclear modifica-
tion factors, especially to the modelling of the gluon shadowing, used in the
LO pQCD calculations [12].

The differential cross sections as a function of meson transverse momen-
tum are also measured separately for J/i») and 1(2S5) mesons in the ranges
of 2.0 < y* < 4.5 |2]. The ratio of the cross sections between the coher-
ent 1(2S5) and J/ production, as a function of rapidity, is also determined
for the first time in PbPb collisions and is found to be compatible with
theoretical models.

3. Measurement of exclusive charmonia production

Central exclusive vector-meson production (CEP) in pp collisions is the
quasi-elastic production of a single meson where the two initial-state protons
remain intact. Exclusive charmonium production results from the conversion
of a virtual photon into a c¢¢ pair, which hadronises into a J/i or ¢(2S5)
meson. These processes probe the generalised parton distributions at the
scale of the vector meson mass. The exclusivity of the process requires
that, at leading order, two gluons are exchanged with the target hadron.
Thus, the cross section approximately scales as gluon density squared [13—
16]. Exclusive J/ip and 1 (2S) production in pp collisions at the LHC have
previously been measured at centre-of-mass energies of /s =7 TeV [17, 18]
and 13 TeV [19].

The LHCD Collaboration measured the exclusive J/i) and 1(2S) produc-
tion in proton—proton collisions at /s = 13 TeV in the forward direction in
ten intervals of rapidity between 2.0 and 4.5 |5]. The data used were collected
with the LHCb detector at the LHC between 2016 and 2018, corresponding
to an integrated luminosity of 4.4fb~!, which is twenty times larger than
that used in Ref. [19]. This larger sample permits a first measurement of
the 1(25) cross section in the same rapidity intervals as for the J/i) cross
section, and thus the determination of their ratio as a function of rapidity.

The resulting differential cross sections are shown in Fig. 2. Theoretical
predictions are shown for comparison. While the J/i) cross section agrees
with the NLO prediction [20], which improves on the LO prediction [21], the
(25 cross section is significantly lower than both the LO and NLO predic-
tions [22]. The J/i) cross sections are used to determine the photoproduction
cross section as a function of the photon—proton energy, which is reported in
Ref. |5]. The results are consistent but more precise than those of Ref. [19].
The dependence of the J/i) and 1(2S) cross sections on the total transverse
momentum transfer is also determined in pp collisions for the first time and
is found consistent with the behaviour observed at HERA [5].
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Fig.2. Differential cross section for (left) J/ip and (right) %(2S) mesons. Theo-
retical predictions from Jones et al. [21, 22] and Flett et al. [20] are shown for
comparison.

4. Observation of exotic J/1¢ resonances in diffractive processes

The discovery of exotic QCD states has motivated an extensive the-
oretical and experimental effort to understand their properties [23]. The
nature of exotic hadrons has been studied mainly in inclusive production
or in exclusive beauty-hadron decays, in terms of properties such as mass,
spin, and decay width. Resonant structures in the J/i)¢p mass spectrum
have previously been observed in amplitude analyses of BT — J/1¢K™
decays [24-26]. Five of those exotic candidates, x.1(4140), x.1(4274), and
Xe1(4685) with quantum numbers J7¢ = 17+ and x.(4500) and y.o(4700)
with JP¢ = 0**, can be produced in photon-photon or Pomeron-Pomeron
processes, with the latter expected to dominate in pp collisions. Searches
for the production of these exotic-hadron candidates in such processes can
help elucidate their nature and distinguish between compact tetraquarks
and molecular states [27-30].

The LHCb Collaboration measured the J/v(— p*p~)¢(— KTK ™) pro-
duction cross section for the first time in events with no additional detected
activity, in which photon- and Pomeron-induced processes are expected to
be dominant. An analysis of the J/i)¢ invariant-mass distribution is also
performed and production cross sections are determined for each of the five
resonant states and a nonresonant (NR) component. The data used cor-
respond to an integrated luminosity of 5fb~! collected in pp collisions at
/s = 13 TeV between 2016 and 2018 with the LHCb detector.

Events with additional activity, i.e., with additional tracks reconstructed
in the vertex detector (VELO tracks), are vetoed. The dimuon (dikaon)
invariant mass is required to be in the range of 3036 < M,,, < 3156 MeV
(1005 < Mgk < 1035 MeV). The J/ip¢ invariant mass is required to be less
than 6000 MeV. After the selection requirements, 989 J/ip¢ candidates are
retained.
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Figure 3 shows the result of a maximum-likelihood fit performed on the
resulting distribution using a model that consists of a sum of two exponential
functions modified by the turn-on factor and convolved with the same resolu-
tion function. This distribution shows no clear mass structure, however when
imposing the veto on additional VELO tracks, a resonant structure appears,
which indicates the presence of a photon-induced or Pomeron-induced mech-
anism. The J/i)¢ invariant-mass spectrum is described by a model consisting
of five resonances, namely x.1(4140), xc1(4274), xc0(4500), x1(4685), and
Xc0(4700), and a nonresonant component. The resonances considered are
the ones observed in Refs. [24-26] with quantum numbers compatible with
diffractive photon-induced or Pomeron-induced production processes. The
resulting J/1)¢ invariant-mass distribution for signal candidates is shown in
Fig. 3 overlaid with the results of an extended maximum-likelihood fit of the
signal model.
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Fig. 3. Left: Invariant-mass distribution of J/1)¢ candidates for the sideband sample
composed of events with more than four reconstructed VELO tracks. Note that
all other selection requirements are applied, including the J/i) and ¢ mass-window
requirements. Right: Invariant-mass distribution of J/¢(— uTp~)¢(— KTK™)
candidates in the signal sample after selection. The fit components are shown as
dashed lines.

Several clear resonant structures are observed in the invariant-mass dis-
tribution of these J/1¢ candidates, which is well described by a model con-
taining five resonant and one nonresonant components. This is the first
observation of J/i¢ production in diffractive processes and therefore helps
determine the underlying nature of exotic states.

5. Prompt D° nulcear modification factor in pPb collisions

Charm and beauty quarks are produced in the early stage of ultra-
relativistic heavy-ion collisions and are strongly affected by the presence of
deconfined hot nuclear matter, known as quark—gluon plasma (QGP) [31],
as well as by cold nuclear matter (CNM) effects. At LHC energies, the most
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relevant effect is from the initial state, where the parton distribution func-
tions in a nuclear environment (nPDF) [32-34] differ from those in isolated
nucleons at all values of Bjorken momentum fraction z.

Recent measurements have led to significantly reduced uncertainties of
nPDFs in the small-x region [35, 36|, which motivates measurements of the
nuclear modification factor Rppy, of prompt DY mesons in pPb collisions at
VSnNNy = 8.16 TeV. The quantity R,py, is defined as the ratio of the cross
section in pPb collisions to the corresponding cross section in pp collisions
scaled by the mass number of Pb. This measurement uses a data sample
20 times larger than that used for the LHCb D measurements at VSNN =
5.02 TeV [37].

The nuclear modification factor of the DY meson as a function of pr is
shown in Fig. 4, where eight panels report the results in different y* intervals
of Ay* = 0.5 and the two left panels are in the common range between
the forward and backward rapidity coverage, 2.5 < |y*| < 4. A significant
suppression of the cross section in pPb collisions, with respect to that in pp
collisions scaled by the lead mass number, is observed at forward rapidity
as well as at backward rapidity up to y* ~ —3.5.
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Fig. 4. Nuclear modification factor as a function of pr in different y* intervals for
prompt D° mesons in the (top) forward and (bottom) backward regions. The error
bars show the statistical uncertainties and the boxes show the systematic uncer-
tainties. The LHCD results at \/syy = 5.02 TeV [37] and theoretical calculations
at /syy = 8.16 TeV from Refs. [38-42| are also shown. For LHCb results at
Vsnn = 5.02 TeV, the error bars show the quadric sum of statistical and system-
atic uncertainties.

The nuclear modification factors are measured with high accuracy and
show strong CNM. A stronger suppression than the predictions of nPDF
calculations is observed for the lowest transverse momentum region of pt <
1 GeV at forward rapidity. For the backward rapidity range of —3.5 < y* <
—2.5, the R,py, values are lower than nPDF calculations at pp > 6 GeV
with a significance of 2.0-3.8 standard deviations, indicating a weaker anti-
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shadowing effect than the model or additional final-state effects at backward
rapidity. This is the most precise measurement of the prompt D° produc-
tion in pPb collisions to date, providing unique constraints to improve nPDF
parameterization down to x ~ 1075,

6. Studies of 7 and 1’ production in pp and pPb collisions

Studying the production of 7°, 1, and 1’ mesons in heavy-ion collisions
allows for the isolation of the mass and isospin dependence of nuclear effects,
which can help reveal the origin of QGP-like phenomena in small-collision
systems. The collective radial flow of the QGP, for example, is expected to
produce larger enhancements for heavier particles, as heavier particles must
receive a larger momentum boost in order to comove with an expanding
medium [43, 44]. The production of 7 mesons has been studied extensively
in small-collision systems at central rapidity at RHIC and the LHC [45—
53]. However, there are no studies of 7 meson production at forward or
backward rapidity in collisions involving heavy ions. Studying both 7 and
n’ production at forward and backward rapidities helps reveal the mass and
rapidity dependence of nuclear effects in heavy-ion collisions.

The 1 and 7’ cross sections are measured differentially in pr in pp col-
lisions at /s = 5.02 and 13 TeV, and in pPb collisions at 8.16 TeV. The
n-meson cross sections are combined with the previous LHCb measurements
of the ¥ differential cross sections to calculate the /7" cross-section ra-
tio. The measurements are performed in the center-of-mass rapidity (Yem)
ranges 2.5 < Yem < 3.5 and —4.0 < Yem < —3.0, which correspond to the
overlapping portions of the pp and pPb fiducial regions. The center-of-mass
rapidity is related to the lab-frame rapidity yiap by Yem = Yiap — 0.465 in
pPb collisions and |yem| = y1ap in pp collisions.

The differential cross sections are used to calculate nuclear modification
factors, which are shown in Fig. 5. In the forward region, the n, 7%, and »/
results all agree where their fiducial regions overlap. The observed suppres-
sion is consistent with the effects of nuclear shadowing of the gluon density
seen in global nPDF analyses [32, 36, 54]. In the backward region, the 7°
and 7 measurements deviate at low pr and converge for pr > 3 GeV. In
this region, the 7%, , and 7’ measurements all agree. The results show no
significant evidence for mass dependence of the nuclear modification factor
of light-neutral mesons.

This is the first study of n-meson production at forward and backward
rapidity at the LHC and the first study of n’-meson production in high-
energy proton—ion collisions. The measured differential cross sections are
compared to predictions from PYTHIA 8 and EPOS4 and neither event gen-
erator successfully describes the measurements for every data set and rapid-
ity region [3]. The measured nuclear modification factors of the 7°, 1, and
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Fig.5. Measured n and 7’ nuclear modification factors in the (left) backward and
(right) forward regions. Error bars show the statistical uncertainties, while the
boxes show the systematic uncertainties except for the uncertainty associated with
the luminosity, which is fully correlated between measurements. The luminosity

uncertainty is shown as a dark gray shaded box. The n and 7’ results are compared
to the 7° data from Ref. [55].

n’ mesons all agree at both forward and backward rapidity for p > 3 GeV.
These measurements provide important information for the interpretation
of baryon and strangeness enhancement studies in small collision systems.

7. Conclusions

This contribution highlights five LHCb results sensitive to low x, includ-
ing the observation of exotic states in diffractive events. We demonstrate
that these measurements can constrain and improve phenomenological mod-
els, with future studies anticipated to further enrich this understanding.

M.S.R. was partially supported by CNPq, FAPERJ, and INCT-CERN
(process No. 406672/2022-9).
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