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Abstract

The first measurement of ϕ(1020) meson production in fixed-target pNe collisions at√
sNN = 68.5GeV is presented. The ϕ(1020) mesons are reconstructed in their

K+K− decay in a data sample consisting of proton collisions on neon nuclei
at rest, corresponding to an integrated luminosity of 21.7 ± 1.4 nb−1, collected
by the LHCb detector at CERN. The ϕ(1020) production cross-section in the
centre-of-mass rapidity range of −1.8 < y∗ < 0 and transverse momentum range of
800 < pT < 6500MeV/c is found to be σ = 182.7±2.7 (stat.)±14.1 (syst)µb/nucleon.
A double-differential measurement of the cross-section is also provided in four re-
gions of rapidity and six regions of transverse momentum of the ϕ(1020) meson
and compared with the predictions from Pythia and EPOS4, which are found to
underestimate the experimental values.
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1 Introduction

The existence of a quark-gluon plasma (QGP), a state of matter where quarks and gluons
are deconfined, is allowed by quantum chromodynamics (QCD) at high temperature
and high baryon density [1]. Experimental evidence of QGP formation has been found
in large collision systems [2–4], while formation of QGP droplets has been proposed to
describe some observables in collisions of small asymmetric systems (e.g. proton-nucleus)
at

√
sNN = 200 GeV [5]. However, in proton-nucleus collisions, cold nuclear matter (CNM)

effects are also present, such as modifications of the initial parton distribution functions in
nuclei (nPDFs) due to shadowing [6, 7], energy loss [8] and nuclear breakup [9, 10], which
produce effects similar to QGP. The study of particle production in small systems is thus
crucial to disentangle CNM effects from the possible formation of QGP at temperature
and density lower than it is generally expected [11].

One of the signatures of QGP formation is the enhancement of strange-hadron pro-
duction as a result of the chemical equilibrium of strange quarks [12]. This enhancement
has been observed in a variety of collision systems [13–15]. The ϕ(1020) meson, hereafter
referred to as ϕ, is abundantly produced at the LHC because it is a light bound state of a
strange quark-antiquark pair. The ϕ meson production in ordinary matter is suppressed
due to the Okubo–Zweig–Iizuka (OZI) rule compared to other vector mesons of similar
mass [16–18]. In the QGP medium, ϕ mesons can instead be produced through the
coalescence of abundant strange quarks, bypassing the OZI rule. This increase makes the
ϕ meson an ideal probe of QGP [19]. Alternative mechanisms to QGP formation such
as string fusion [20], colour reconnection [21] and rope hadronisation [22] have also been
proposed to describe strangeness enhancement. Hence, studying ϕ meson production in
proton-nucleus collisions at different centre-of-mass energies is essential to provide insights
into this complex variety of scenarios.

This paper presents the first measurement of ϕ meson production in proton-neon (pNe)
fixed-target collisions at

√
sNN = 68.5 GeV by the LHCb experiment. The differential

production cross-section is measured as a function of the ϕ meson transverse momentum
pT, and rapidity in the centre-of-mass of the reaction y∗.

2 The LHCb detector and the SMOG system

The LHCb detector [23, 24] is a single-arm forward spectrometer designed for studying
particles containing c or b quarks, covering the pseudorapidity range 2 < η < 5. The
detector comprises a silicon-strip vertex locator (VELO), three tracking stations equipped
with silicon-strip detectors and straw drift tubes, two ring-imaging Cherenkov (RICH)
detectors for charged hadron identification, a calorimeter system with scintillating-pad
and preshower detectors, electromagnetic and hadronic calorimeters, and a muon detector
with alternating layers of iron and multiwire proportional chambers.

The System for Measuring the Overlap with Gas (SMOG) [25] enables the injection
of gases (He, Ar, Ne) at pressures of O(10−7) mbar into the beam pipe section within
the VELO, allowing LHCb to operate as a fixed-target experiment. This provides a
unique opportunity to study proton-nucleus and nucleus-nucleus collisions with different
gaseous targets using the LHC beams. In this configuration, the high-energy proton
beam allows the LHCb acceptance to extend into the negative rapidity hemisphere in the
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nucleon-nucleon centre-of-mass system of the reaction, covering the region from y∗ ∼ −2.5
to y∗ ∼ 0.

3 Data sample and simulation

The pNe sample was collected in 2017 simultaneously with the proton-proton (pp) collision
data, where a beam of protons with an energy of 2.51 TeV collided against neon nuclei at
rest, resulting in a centre-of-mass energy of

√
sNN = 68.5 GeV.

Simulated samples of ϕ→ K+K− decays are generated with Pythia [26], configured
specifically for LHCb [27], with the colliding proton beam momentum set to match the
momentum per nucleon of both the beam and the target in the centre-of-mass frame.
The four-momentum of the ϕ decay products is then embedded into pNe minimum bias
events generated by the EPOS-LHC event generator [28]. The interaction of the generated
particles with the detector, along with its response, are simulated using the Geant4
toolkit [29,30], as described in Ref. [31]. The simulated samples are reconstructed and
analysed using the same software tools employed for data processing.

4 Event selection

The proton-gas events are selected by a two-stage trigger [32]. The first stage is hardware-
based and selects a constant rate of proton bunches moving towards the detector. These
bunches do not cross any filled bunch moving in the opposite direction at the nominal pp
interaction point. The second stage is software-based and selects events with at least one
track in the VELO. In addition, to suppress residual pp collisions, events with activity in
the backward region are vetoed based on the number of tracks in VELO stations upstream
of the interaction region.

In the offline selection, the ϕ candidates are formed from two opposite-charge kaon
tracks forming a good-quality vertex close to the primary pNe collision vertex (PV).
Each kaon track is required to have a minimum momentum of 2 GeV/c and a minimum
transverse momentum of 400 MeV/c, and the selected pairs should have an invariant
mass between 990 and 1100 MeV/c2. Tight particle identification (PID) requirements are
applied to select kaons. The measurement is performed in the ϕ transverse momentum
range 800 < pT < 6500 MeV/c and centre-of-mass rapidity range −1.8 < y∗ < 0. The
z coordinate of the PV is required to lie in the interval zPV ∈ [−200,−100]∪ [100, 150] mm
to suppress the contamination from pp collisions that occur at zPV ∼ 0 mm.

Figure 1 shows the K+K− invariant-mass distribution of the selected candidates. The
fit function is also shown and is composed of a background and a signal component. The
background is described with a second-order polynomial function, where the coefficients
are free to vary. The signal is described with a relativistic Breit–Wigner function,

fsig(m) =
mΓ(m)

(m2 −m2
ϕ)2 +m2

ϕΓ2(m)
, (1)

where

Γ(m) = Γϕ
m

mϕ

[
m2/4 −m2

K

m2
ϕ/4 −m2

K

]3/2

. (2)
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Figure 1: Invariant-mass distribution of ϕ → K+K− candidates after the selection. The fit
curve (solid blue line) is composed of combinatorial background (dashed green line) and signal
(red area).

In the fit, mK , mϕ and Γϕ parameters are fixed to the known values [33]. To account for
detector resolution effects, Eq. 1 is convolved with a Gaussian function whose width is free
to vary in the fit. A total of 16866 ± 185 signal events are obtained from the unbinned
maximum-likelihood fit to the K+K− invariant mass (m).

The double-differential cross-section per target nucleon is estimated by correcting the
signal yield in each kinematic region, N(pT, y

∗), obtained from independent fits, for the
ϕ→ K+K− decay branching fraction B(ϕ→ K+K−) = 49.1 ± 0.5% [33], the integrated
luminosity of the sample L, and the total efficiency ϵtot(pT, y

∗) according to the formula

d2σ

dpTdy∗
=

1

∆pT∆y∗
N(pT, y

∗)

ϵtot(pT, y∗) · L · B(ϕ→ K+K−) · A
, (3)

where ∆pT and ∆y are the kinematic region widths and A = 20.18 is the atomic weight
of neon [34]. The total efficiency includes the geometrical acceptance of the detector and
the efficiency of trigger, event reconstruction and offline selection.

The PV reconstruction efficiency is measured using a ϕ → K+K− data sample
reconstructed without vertex requirements [35]. The PID efficiency is estimated from a
ϕ→ K+K− data sample where one of the two kaons (the tag) is selected with a tight PID
requirement, while the other one (the probe) is selected without any PID condition. The
efficiency for K+ and K− is defined as the fraction of ϕ candidates in which the probe track
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passes the PID condition, which is estimated from an invariant-mass fit. The remaining
efficiencies are computed from simulated samples, where events are assigned weights to
ensure that the distribution of VELO cluster multiplicity matches that observed in data.
Data corrections from pp calibration samples are also applied when estimating the track
reconstruction efficiency. The integrated luminosity is determined to be 21.7 ± 1.4 nb−1

from the elastic proton scattering on neon atomic electrons [36].

5 Systematic uncertainties

Several sources of systematic uncertainty are considered, including those associated with
the signal and background fit models, as well as with the evaluation of the efficiencies.

A systematic uncertainty is evaluated by computing the relative difference between
the signal yield obtained with the baseline fit model and an alternative model based on an
exponential function for the background and a Breit–Wigner function for the signal that
includes the Blatt–Weisskopf barrier factors. These factors modify the mass-dependent
signal width (Eq. 2) into

Γ(m) = Γϕ
m

mϕ

[
m2/4 −m2

K

m2
ϕ/4 −m2

K

]3/2
1 + r20

(
m2

ϕ/4 −m2
K

)
1 + r20 (m2/4 −m2

K)
, (4)

where the radius of the ϕ meson is fixed to r0 = 5.1 GeV−1 [33].
The uncertainty on the geometrical acceptance is due to the limited size of the simulated

sample. An alternative set of weights to correct the multiplicity in the simulation is
obtained using the number of tracks in the event instead of the number of VELO
clusters. The difference between the efficiencies computed with this set of weights and
the nominal efficiencies is assigned as a systematic uncertainty. The uncertainty on the
PV reconstruction and PID efficiencies arise from the size of the individual data sample
used for each estimate. The uncertainty on the reconstruction and selection efficiency
depends on both the size of the simulated sample and the uncertainty on the tracking
corrections obtained from data [37]. An additional source of systematic uncertainty arises
from the contamination of residual pp collisions, which is evaluated from the comparison
of data samples of pure pNe and pure pp collisions [38]. Finally, the uncertainty on the
ϕ → K+K− branching ratio and on the estimate of the integrated luminosity are also
considered.

The sources and the corresponding uncertainty values are summarised in Table 1,
separated between those correlated and uncorrelated across the kinematic regions.

6 Results

The measured ϕ production cross-section in pNe fixed-target collisions at
√
sNN = 68.5 GeV

within −1.8 < y∗ < 0 and 800 < pT < 6500 MeV/c is found to be

σ = 182.7 ± 2.7 (stat.) ± 14.1 (syst.)µb/nucleon.

The double-differential cross-section is shown in Fig. 2, in different rapidity ranges as a
function of pT. The cross-section shows a decreasing trend with increasing momentum

4



Table 1: Summary of the relative contributions to the systematic and statistical uncertainties for
this measurement. Correlated systematic uncertainties affect all kinematic regions by the same
amount, while ranges denote the minimum and maximum values among the pT and y∗ regions.

Systematic uncertainties
Uncorrelated among kinematic regions

Signal determination (<0.1 – 5.9)%
Geometrical acceptance (<0.1 – 1.8)%
Multiplicity corrections (0.2 – 3.6)%
PID efficiency (2.3 – 4.4)%

Correlated among kinematic regions
PV reconstruction 1.2%
Reconstruction and selection efficiency 3.2%
pp contamination 2.0%
B(ϕ→ K+K−) 1.0%
Luminosity 6.5%
Statistical uncertainty (3.7 – 6.7)%

and large negative rapidity, as observed for charmed mesons with the same energy and
collision system [38]. By integrating the results, the single-differential cross-sections as a
function of pT and y∗ are obtained and shown in Fig. 3 together with the predictions from
Pythia 8.312 [39] and from a preliminary EPOS4 release [40–43]. This version of Pythia
includes the Angantyr model [44], which can simulate pp, pA, and AA collisions, and offers
the flexibility to modify the initial-state geometry model to accommodate light nuclei
such as neon. In comparison, the preliminary release of EPOS4 provides pregenerated
tables specifically for pNe collisions at

√
sNN = 68.5 GeV. The strong pT dependence is

reproduced by the models, although they generally underestimate the data in almost all
intervals.

The numerical values of the cross-section are reported in Tables 2 and 3. The average
transverse momentum in each centre-of-mass rapidity region is provided in Table 4.

7 Conclusions

The first measurement of the production cross-section of the ϕ(1020) meson in pNe
collisions at

√
sNN = 68.5 GeV by the LHCb experiment is presented. The cross-section in

the range of rapidity −1.8 < y∗ < 0 and transverse momentum 800 < pT < 6500 MeV/c is
found to be

σ = 182.7 ± 2.7 (stat.) ± 14.1 (syst.)µb/nucleon,

where the first uncertainty is statistical, and the second is systematic. The differential
cross-section is compared to predictions based on Pythia 8.312 and preliminary EPOS4
generators, which generally underestimate the experimental points. This result provides
useful information to tune phenomenological models on strangeness production and will
constitute a key reference for QGP searches in heavier colliding systems.
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Figure 2: Double-differential ϕ-meson production cross-section per nucleon. Statistical and
uncorrelated uncertainties are indicated by the bars, while the filled area represents the correlated
uncertainty.

Table 2: Double-differential cross-section per nucleon as a function of (pT, y
∗) in units of

µb/nucleon/(MeV/c). The first uncertainty includes the statistical and uncorrelated contribu-
tions, while the second represents the correlated uncertainty.

Range y∗

pT [ MeV/c ] [−1.8,−1.3] [−1.3,−1.0]
[ 800, 1050] 0.121±0.010±0.009 0.161±0.012±0.012
[1050, 1200] 0.091±0.007±0.007 0.107±0.008±0.008
[1200, 1350] 0.059±0.005±0.004 0.082±0.006±0.006
[1350, 1550] 0.040±0.003±0.003 0.057±0.004±0.004
[1550, 1850] 0.021±0.002±0.002 0.028±0.002±0.002
[1850, 6500] 0.0012±0.0001±0.0001 0.0017±0.0001±0.0001

Range y∗

pT [ MeV/c ] [−1.0,−0.7] [−0.7, 0.0]
[ 800, 1050] 0.179±0.013±0.014 0.218±0.013±0.014
[1050, 1200] 0.139±0.011±0.011 0.132±0.008±0.010
[1200, 1350] 0.090±0.006±0.007 0.100±0.006±0.008
[1350, 1550] 0.058±0.005±0.004 0.062±0.004±0.005
[1550, 1850] 0.033±0.002±0.003 0.036±0.003±0.003
[1850, 6500] 0.0020±0.0002±0.0002 0.0022±0.0001±0.0002
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Figure 3: Single-differential cross-sections per nucleon (blue) as a function of (top) pT in
−1.8 < y∗ < 0, and (bottom) y∗ in 800 < pT < 6500MeV/c. The measurement are compared
to EPOS4 (orange) and Pythia 8.312 (magenta) predictions. On the measurement, statistical
and uncorrelated uncertainties are indicated by the bars, while the filled area represents the
correlated uncertainty.
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Table 3: Single-differential cross-section as a function of pT or y∗. The first uncertainty
includes the statistical and uncorrelated contributions, while the second represents the correlated
uncertainty.

Range Values
pT [ MeV/c ] dσ/dpT [µb/nucleon/( MeV/c)]
[ 800, 1050] 0.313±0.013±0.024
[1050, 1200] 0.210±0.008±0.016
[1200, 1350] 0.150±0.006±0.011
[1350, 1550] 0.098±0.004±0.007
[1550, 1850] 0.054±0.002±0.004
[1850, 6500] 0.0032±0.0001±0.0002

y∗ dσ/dy∗ [µb/nucleon]
[−1.8,−1.3] 72.7±3.0±5.5
[−1.3,−1.0] 96.1±3.6±7.3
[−1.0,−0.7] 109.7±4.1±8.3
[−0.7, 0.0] 122.7±4.3±9.3

Table 4: Average pT in MeV/c units of the ϕ meson in each kinematic region and in the full
rapidity range (last column).

Range y∗ y∗

pT [ MeV/c ] [−1.8,−1.3] [−1.3,−1.0] [−1.0,−0.7] [−0.7, 0.0] [−1.8, 0.0]
[ 800, 1050] 961 965 951 964 960
[1050, 1200] 1125 1125 1126 1127 1126
[1200, 1350] 1274 1274 1272 1274 1274
[1350, 1550] 1437 1442 1447 1448 1444
[1550, 1850] 1678 1682 1676 1688 1681
[1850, 6500] 2255 2284 2259 2295 2273
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F. Molina Cardenas83 , T. Mombächer49 , M. Monk57,1 , S. Monteil11 ,
A. Morcillo Gomez47 , G. Morello28 , M.J. Morello35,r , M.P. Morgenthaler22 ,
J. Moron40 , W. Morren38 , A.B. Morris49 , A.G. Morris13 , R. Mountain69 ,
H. Mu4,b , Z. M. Mu6 , E. Muhammad57 , F. Muheim59 , M. Mulder78 , K. Müller51 ,
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kUniversità di Cagliari, Cagliari, Italy
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vUniversità di Siena, Siena, Italy
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