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Abstract

The Υ (2S) and Υ (3S) production cross-sections are measured relative to that of
the Υ (1S) meson, as a function of charged-particle multiplicity in proton-proton
collisions at a centre-of-mass energy of 13TeV. The measurement uses data collected
by the LHCb experiment in 2018 corresponding to an integrated luminosity of
2 fb−1. Both the Υ (2S)-to-Υ (1S) and Υ (3S)-to-Υ (1S) cross-section ratios are found
to decrease significantly as a function of event multiplicity, with the Υ (3S)-to-
Υ (1S) ratio showing a steeper decline towards high multiplicity. This hierarchy
is qualitatively consistent with the comover model predictions, indicating that
final-state interactions play an important role in bottomonia production in high-
multiplicity events.
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1 Introduction

At the extremely high temperatures and densities encountered in relativistic heavy-ion
collisions, the coupling constant of QCD becomes so small that quarks and gluons are
no longer confined in hadrons [1, 2]. This state of matter, called quark-gluon plasma
(QGP) [3, 4], exhibits special features that appear as a result of hot nuclear matter
effects [5]. Due to Debye colour screening, surrounding partons prevent heavy quarks
from combining into quarkonia [6], resulting in the suppression of heavy-flavour quarkonia
production such as the different Υ states, hereafter denoted Υ (nS) (where n = 1, 2, . . .).
Additionally, the degree of suppression increases the more weakly bound an Υ (nS) state
is, meaning that the Υ (3S) is more suppressed than the Υ (2S). The screening length is
related to the temperature of the QGP which can thus be probed through the study of
quarkonia production [7].

Many crucial heavy-quarkonia production measurements in heavy-ion collisions have
indeed indicated the existence of QGP [8–11]. Furthermore, measurements from pA (where
A represents a heavy nucleus such as Au or Pb) also showed suppression [12–14]. This is
unexpected because the energy density of these colliding systems is too low to form the
QGP. Therefore, another explanation has been proposed for this suppression, namely cold
nuclear matter (CNM) effects, which include contributions from both initial- and final-
state effects. Initial-state effects arise from the modification of nucleon parton-distribution
functions for ions [15], energy loss [16] and multiparticle scattering [17]. Final-state
effects include interactions with comoving particles [18,19], known as the comover effect.
During the collision, the comoving particles are produced in the same spatial and temporal
region as those of the quarkonia. They travel together and interact with the quarkonia,
which leads to the suppression of quarkonia production. Initial-state effects influence the
production of the different Υ states equally. In measurements of the production ratios of
different Υ states, these initial-state effects cancel, thus isolating final-state contributions
such as the comover effect.

Quarkonia suppression in proton-proton (pp) collisions should provide a baseline to
study the final-state effects in pA and AA collisions. In particular, pp collisions with high
charged-particle multiplicity are expected to provide an environment similar to that of pA
and even AA collisions, thus can be used as a probe of final-state contributions. Recently,
phenomena specific to AA collisions have been observed in high-multiplicity pp collisions,
such as collective flow [20] and strangeness enhancement [21]. It is therefore plausible that
the final-state effects successfully describing the suppression of quarkonia in pA collisions
can be observed in pp collisions.

The suppression of quarkonium production across different collision systems is under
intense experimental scrutiny [22, 22–30]. For example, the CMS collaboration measured
the event-activity dependence of Υ (nS) production cross-section ratios in

√
s = 7 TeV

pp collisions [22], finding that the ratios Υ (3S)/Υ (1S) and Υ (2S)/Υ (1S) decrease with
track multiplicity. However, the ALICE collaboration measured the ratio Υ (nS)/Υ (1S)
as a function of charged-particle multiplicity in pp collisions [27], and did not find a
significant dependence on multiplicity. Recently, the LHCb collaboration observed that
the ratio ψ(2S) over J/ψ decreases with multiplicity [30]. The measurement reported
here complements these previous studies, and further explores quarkonia production and
possible suppression mechanisms in the forward rapidity region.

In this analysis, the production cross-sections of the Υ (2S) and Υ (3S) states relative to
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that of the Υ (1S) state are measured using data collected in 2018 with an integrated lumi-
nosity of 2 fb−1 in pp collisions at

√
s = 13 TeV. Results are obtained in three-dimensional

bins of transverse momentum (pT), rapidity (y) and multiplicity. The measurements are
performed in the kinematic range 2.0 < y < 4.5 and 0 < pT < 30 GeV/c. Yields of the
Υ (nS) states are extracted from fits to the µ+µ− mass spectrum. To distinguish the effects
from QGP and interactions with comoving particles, multiplicity is characterised by three
variables: the total number of tracks used for reconstructing the primary vertex (PV)
NPV

trk , which is a good estimator for the collision multiplicity [31,32], and the number of
backward and forward tracks among PV tracks, referred to as NPV

bwd and NPV
fwd, respectively.

The variable NPV
trk and NPV

fwd include tracks from the Υ (nS) decay in the determination
of multiplicity, while NPV

bwd is measured in the opposite direction, where the Υ (nS) decay
tracks are not included.

2 Detector and dataset

The LHCb detector [33,34] is a single-arm forward spectrometer covering the pseudorapidity
range of 2 < η < 5, primarily designed for the investigation of particles containing b or c
quarks. This detector comprises a high-precision tracking system, which includes a silicon-
strip vertex detector (VELO) surrounding the pp interaction region [31], a large-area
silicon-strip detector located upstream of a dipole magnet with a bending power of about
4 T m, and three stations of silicon-strip detectors in the high η region and straw drift tubes
in the low η region [35] placed downstream of the magnet. The tracking system provides
the measurement of the momentum, p, of charged particles with a relative uncertainty
ranging from 0.5% below 20 GeV/c to 1.0% around 200 GeV/c. The minimum distance
of a track to a PV, known as the impact parameter, is determined with a resolution of
(15 + 29/pT)µm, where pT is expressed in GeV/c. Different types of charged hadrons are
distinguished using information from two ring-imaging Cherenkov detectors [36]. Photons,
electrons, and hadrons are identified by a calorimeter system consisting of scintillating-pad
(SPD) and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers [37].

Candidate Υ (nS) mesons are reconstructed using µ+µ− pairs selected by the trigger [38].
The trigger selection consists of a hardware and a software stage. The hardware stage
selects dimuon candidates with loose requirements for the occupancy in the SPD and the
pT of the candidate. The software stage requires two oppositely charged muon candidates
with large momenta and transverse momenta. The invariant mass of the muon pair must
be greater than 7900 MeV/c2. Particle identification (PID) requirements are used to reduce
the background from hadrons reaching the muon system and being wrongly identified as
muons. To suppress the contribution from other interactions to the measured multiplicity,
only events with a single visible pp interaction per bunch-crossing are selected.

The PV coordinate along the beam direction, zPV, is restricted to the region where
the VELO acceptance is uniform. The allowed zPV ranges are listed in Table 1. An
unbiased data sample recorded by a random trigger, called NoBias data, is used to obtain
a reference distribution for the multiplicity. By normalising with the mean value in NoBias
data, the multiplicity can be compared across different collision systems [39].

To reduce combinatorial background, additional selections are applied to the Υ (nS)
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Table 1: The binning schemes and zPV ranges for different multiplicity variables. The binning
schemes are presented in terms of the bin edges in multiplicity.

Variable Binning schemes zPV ranges
NPV

trk [0, 35, 48, 60, 73, 90, 200] [ −50, 160] mm
NPV

fwd [0, 22, 32, 40, 49, 61, 151] [−160, 160] mm
NPV

bwd [0, 8, 13, 18, 23, 31, 91] [ −20, 160] mm

candidates. First, the muons are required to form a vertex and to pass more stringent PID
requirements than those imposed at the trigger level. The momentum of each muon is
required to be more than 10 GeV/c, and pT to be greater than 1 GeV/c. Furthermore, the
muons are required to be within the pseudorapidity range 1.9 < η < 4.9 and the dimuon
invariant mass must be within 8800 < mµ+µ− < 10700 MeV/c2. Combined with the track
momentum resolution performance, these criteria allow a clear separation of the different
Υ (nS) states.

Simulation samples are produced to model the efficiencies and the mass distribution of
the signal candidates. The Pythia [40] generator with a specific LHCb configuration [41]
is used to generate pp collisions. Bottomonia decays are described by EvtGen [42],
in which final-state radiation is generated using Photos [43]. The interaction of the
generated particles with the detector and its response are implemented using the Geant4
toolkit [44] as described in Ref. [45]. The bottomonia states are generated unpolarised in
accordance with a recent measurement [46], where the polarisation is found to be close to
zero. The effects of possible nonzero polarisation are considered as a source of systematic
uncertainties as described in Section 4.

3 Determination of the production ratios

The double-differential production cross-section is defined as

d2σΥ (nS)
dy dpT

=
N(Υ (nS)); pT, y)

L × εtot(pT, y) × B(Υ (nS)) → µ+µ−) × ∆pT × ∆y
, (n = 1, 2, 3), (1)

where N(Υ (nS)); pT, y) is the signal yield extracted by fitting the dimuon invariant-mass
distribution in each (pT, y) bin, L is the integrated luminosity, εtot(pT, y) is the total
efficiency calculated using simulation samples, and ∆pT and ∆y are the bin widths for trans-
verse momentum and rapidity, respectively. The branching fraction B(Υ (nS)) → µ+µ−) is
(2.48±0.04)% for Υ (1S), (1.93±0.17)% for Υ (2S) and (2.18±0.21)% for Υ (3S) states [47].
According to Eq. 1, the double-differential production ratio is defined as

σΥ (nS)
σΥ (1S)

(pT, y) =
N(Υ (nS); pT, y)

N(Υ (1S); pT, y)
× εtot(Υ (1S); pT, y)

εtot(Υ (nS); pT, y)
× B(Υ (1S) → µ+µ−)

B(Υ (nS) → µ+µ−)
, (n = 2, 3).

(2)
The measurements are performed in different multiplicity bins according to the binning

schemes shown in Table 1. The binning schemes are chosen so that there are sufficient
signal candidates to reliably extract the signal yields within each multiplicity bin. The
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Table 2: The mean value of different multiplicity variables in NoBias data.

Variables Mean value

NPV
trk 26.03

NPV
fwd 16.17

NPV
bwd 9.86

normalised multiplicity is defined as

⟨M⟩i/⟨M⟩NoBias =

∑3
n=1 ωi,n⟨M⟩i,n∑3

n=1 ωi,n
× 1

⟨M⟩NoBias

, (3)

where M is the multiplicity variable (NPV
trk , NPV

bwd or NPV
fwd), i is the index for the multiplicity

bin, ωi,n is the inverse variance of ⟨M⟩i,n, and ⟨M⟩NoBias is the average multiplicity in
NoBias data. The invariant mass is used as a discriminating variable to extract the
multiplicity distribution for different Υ (nS) states with the sPlot method [48]. The
multiplicity variables are self-normalised according to their corresponding mean values in
NoBias data according to Eq. 3, so that they can be compared across different collision
systems under different centre-of-mass energies [39]. The mean values in NoBias data can
be found in Table 2.

The production ratio over a specific kinematic region can be obtained by

σΥ (nS)
σΥ (1S)

=

∑
k∈KN(Υ (nS))k/εtot(Υ (nS))k∑
k∈KN(Υ (1S))k/εtot(Υ (1S))k

× B(Υ (1S) → µ+µ−)

B(Υ (nS) → µ+µ−)
, (n = 2, 3), (4)

where K is a certain set of (pT, y) bins. Finally, the production ratio in bins of multiplicity
is normalised by the total production ratio,

Normalised
σΥ (nS),i

σΥ (1S),i
=

N(Υ (nS))i/εtot(Υ (nS))i∑
i∈IN(Υ (nS))i/εtot(Υ (nS))i

×
∑

i∈IN(Υ (1S))i/εtot(Υ (1S))i

N(Υ (1S))i/εtot(Υ (1S))i
,

(n = 2, 3),

(5)

where I is the set of multiplicity bins, and i is the index for multiplicity bins. By comparing
the normalised ratio to unity, the multiplicity dependence can be compared for different
states.

The yields are extracted by performing an extended unbinned maximum-likelihood fit
to the dimuon invariant-mass distributions. The signal of the mass spectrum is described
by a Crystal Ball function [49] and the background is described by an exponential function.
To reduce the number of free parameters of the model, the relation between the width
and tail parameters of the Crystal Ball function is parametrised from simulation. The
mass differences between Υ (nS) states are fixed to the current world averages [47]. The
fit to the full sample is shown in Fig. 1.

The total efficiency is a product of the detector’s geometrical acceptance and efficiencies
of the particle reconstruction and selection, muon identification, and trigger. All efficiencies
are calculated using simulation samples and corrected by the data-driven methods described
in Refs. [50,51]. The efficiencies are determined in (pT, y,multiplicity) bins according to
the binning scheme used for data. They are found to be similar for the different Υ (nS)
states considered.
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Figure 1: Invariant-mass distribution of µ+µ− candidates. The fit results are also shown.

4 Systematic uncertainties

The considered sources of systematic uncertainties are associated with the determination
of signal yields and evaluation of the efficiencies. Systematic uncertainties for the invariant-
mass fit are considered separately for the signal and background shapes in the whole
kinematic region of 2.0 < y < 4.5 and 0 < pT < 30 GeV/c, due to the limited sample
size, and in each multiplicity bin. The systematic uncertainty for the signal shapes is
studied by varying the shape parameters in the fit model. The systematic uncertainty
for the background shapes is estimated by replacing the default exponential function
with a third-order polynomial function. In both cases, the largest relative differences
between the baseline fit and the newly calculated production ratio are taken as systematic
uncertainties.

The systematic uncertainty for the background shapes is estimated by replacing the
default exponential function with a third-order polynomial function. Due to the limited
sample size, this is performed in the whole (pT, y) region in different multiplicity bins.
The relative difference in the ratio between the two models is quoted as the systematic
uncertainty.

The systematic uncertainty in the trigger efficiency calculation originates from the
imperfect description of hardware and software triggers in simulation. The uncertainties
associated with the muon and dimuon hardware triggers are studied separately due to the
limited sample size. The former is studied using the tag-and-probe method [34] and the
latter follows the analysis in Ref. [52], studied with events triggered by the single-muon
hardware trigger. The uncertainty caused by software trigger requirements is estimated
by data-driven methods [53], using a subset of events that are triggered independently of
signal candidates. Their quadratic sum is taken as the overall systematic uncertainty for
the trigger efficiency.

Tracking efficiencies in the simulation are calibrated using a J/ψ → µ+µ− control
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Table 3: Range of systematic uncertainties (in %) for the double-differential production ratio
across different kinematic and multiplicity bins.

Sources RΥ (2S))/Υ (1S) RΥ (3S)/Υ (1S) Comment
Signal shape 0.1 − 0.8 0.3 − 1.7

Correlated between bins

Background shape 0.1 − 0.7 0.0 − 2.3
Trigger efficiency 0.3 − 1.5 1.3 − 5.0

Track reconstruction 0.0 − 0.1 0.0 − 0.1
Muon identification 0.0 − 0.8 0.0 − 0.7

Polarisation 0.0 − 0.7 0.0 − 0.6
Limited simulation sample size 0.9 − 4.6 0.9 − 4.6 Bin independent

Total 1.4 − 4.8 1.7 − 5.8 Correlated between bins

sample [51]. An uncertainty of 0.8% per track is assigned, which cancels when calculating
the production ratios. The systematic uncertainty due to the limited control sample size
is evaluated by the sampling method described in Ref. [30].

The muon-identification efficiency determined using simulation is calibrated with
J/ψ → µ+µ− decays, where the single-muon identification efficiency is measured in bins of
(p, η,NSPD), where NSPD is the number of SPD hits. The uncertainty due to the limited
calibration data sample size is estimated in the same way as for the tracking efficiency.
The uncertainty related to the binning scheme of (p, η,NSPD) is studied by changing the
bin sizes.

The Υ (nS) states are unpolarised in the simulation, as suggested by current mea-
surements [46, 54]. However, the uncertainty of these measurements is non-negligible
and the effect of possible nonzero Υ (nS) polarisation on the efficiency determination
needs to be considered. To evaluate these effects, the simulation sample is weighted using
the distribution of θ∗, which is the angle between the µ+ in the Υ (nS) rest frame and
the Υ (nS) momentum direction in the laboratory frame. The distribution found in the
polarisation analysis is

dN

d cos θ∗
=

1 + λθ cos2 θ∗

2 + 2 × λθ/3
, (6)

where λθ is assumed to be 0.2 according to the LHCb measurement [46]. The total
efficiencies are calculated by weighting the θ∗ distribution, with the difference in calculated
production ratios between the weighted and baseline efficiencies taken as the systematic
uncertainty.

The systematic uncertainties due to the limited size of the simulation sample are
studied by propagating the uncertainties on the total efficiencies to the production ratio.
The summary of all systematic uncertainties on the Υ (nS) production ratios is given in
Table 3.
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Figure 2: Normalised production cross-section ratios Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) as a
function of self-normalised NPV

trk for 2.0 < y < 4.5 and 0 < pT < 30 GeV/c. The vertical error
bars represent the statistical uncertainties and the boxes represent the systematic uncertainties.
The width of the boxes has no physical meaning.

5 Results

5.1 Multiplicity dependence of production ratios

The multiplicity dependence of the normalised Υ (nS)/Υ (1S) production ratios with NPV
trk

over the whole kinematic region 0 < pT < 30 GeV/c, 2 < y < 4.5 is shown in Fig. 2. Both
Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) ratios decrease with multiplicity, and the Υ (3S) state
is more suppressed than the Υ (2S) state. This hierarchical pattern is consistent with
that found in 8.16 TeV pPb collisions [14], which suggests that final-state effects such as
the comover effect need to be considered in high-multiplicity pp events. The multiplicity
dependence of the Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) ratios with NPV

trk are compared with
comover model predictions [18], which also reproduce the observed suppression pattern for
Υ states. Similar to what was found for the ψ(2S)/J/ψ ratio in pp collisions at 13 TeV [30],
the Υ (2S)/Υ (1S) ratio is in agreement with the comover model which reproduces the
observed multiplicity dependence, except in the low multiplicity region. In the case of the
Υ (3S)/Υ (1S) ratio, the slope of the ratio is in agreement with the model but the value is
in worse agreement, which motivates further theoretical investigation.

The multiplicity dependence for Υ (nS)/Υ (1S) production ratios is also studied as a
function of the self-normalised NPV

fwd and NPV
bwd parameters, as shown in Fig. 3. In both

cases, Υ (3S) production is found to be more suppressed than Υ (2S) production. The
Υ (3S)/Υ (1S) production ratio decreases more rapidly with forward multiplicity NPV

fwd than
backward multiplicity NPV

bwd since comoving particles are expected to interact with the
produced bottomonia in the same rapidity range. This is consistent with the ψ(2S)/J/ψ
results [30]. The Υ (2S)/Υ (1S) production ratios do not show a significantly steeper trend
in forward compared to backward multiplicity, where the normalised cross-section ratios
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Figure 3: Normalised production cross-section ratios Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) as a
function of self-normalised (left) NPV

fwd and (right) NPV
bwd for 2.0 < y < 4.5 and 0 < pT < 30GeV/c.

are from 1.13 to 0.88 within uncertainties. Though the final-state particles produced
in the backward region do not interact with bottomonia, the Υ (nS)/Υ (1S) ratios still
decrease with NPV

bwd, which results from the strong correlation between NPV
bwd and NPV

trk .

5.2 Production ratios in different kinematic regions

The multiplicity dependence of the Υ (nS)/Υ (1S) production ratio in different pT regions
is shown in Fig. 4. A decreasing trend is observed for the ratio of production with
increasing multiplicity in each pT bin. The comover model predicts an average pT for the
underlying charged particles of around 1 GeV/c, and thus favours stronger suppression
at low pT. The comover effects would then be stronger with particles emitted close to
the bottomonium. In the high-pT region, the multiplicity dependence for Υ (nS)/Υ (1S)
ratios declines slightly. This is consistent with CMS results in 7 TeV pp collisions [22] and
ATLAS results in 13 TeV pp collisions [55].

A more detailed multiplicity dependence of double-differential production ratios is
shown in Fig. 5. The overall trends are consistent with the multiplicity dependence observed
in the integrated kinematic region NPV

trk for 2.0 < y < 4.5 and 0 < pT < 30 GeV/c shown
in Fig. 2 and Fig. 3, respectively. Furthermore, within each rapidity bin, the multiplicity
dependence of Υ (nS)/Υ (1S) ratios in different pT regions is similar and consistent with
the rapidity-integrated results in different pT bins as shown in Fig. 4. This indicates that
in the pseudorapidity interval 2.0 < y < 4.5, the multiplicity dependence of Υ (nS)/Υ (1S)
ratios is roughly the same, which is consistent with the ψ(2S)/J/ψ results [30].
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Figure 5: Normalised double-differential production cross-section ratios as a function of self-
normalised (top) NPV
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fwd and (bottom) NPV

bwd in different kinematic bins. The upper
and lower row of each plot represents the Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) results, respectively.
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Figure 6: The production times dimuon branching fraction ratio for (left) Υ (2S)/Υ (1S) and
(right) Υ (3S)/Υ (1S) as a function of pT in different collision systems and experiments [14,56,57].
Here, y∗ is the rapidity in the centre-of-mass frame. The error bars represent the quadratic sum
of statistical and systematic uncertainties.

5.3 Comparisons with other measurements

Measurements of production ratios multiplied by B(Υ (nS))/B(Υ (1S)), where n = 2, 3,
as a function of pT, have been carried out in different collision systems and experiments
[14, 56, 57]. A comprehensive comparison is shown in Fig. 6. The results presented in this
paper show good agreement with the LHCb results measured in pp collisions at 5 TeV.
They are also consistent with other measurements, but are more precise and significantly
extend the rapidity region.

6 Conclusion

The production ratios of Υ (3S) and Υ (2S) to Υ (1S) in pp collisions at
√
s = 13 TeV are

studied using data collected by the LHCb experiment during 2018 and corresponding to
an integrated luminosity of 2 fb−1. The normalised ratios are determined as functions of
different multiplicity variables in bins of (pT, y) and an integrated region over 2.0 < y < 4.5
and 0 < pT < 30 GeV/c. A decreasing trend is observed for the normalised Υ (3S)/Υ (1S)
and Υ (2S)/Υ (1S) ratios. The Υ (3S) state is found to be more suppressed, in line with
other observations in larger collision systems. This hierarchy is found to be qualitatively
consistent with the comover model predictions, indicating that final-state interactions play
an important role in bottomonia production in high-multiplicity events. The decreasing
trend versus multiplicity is more significant when the multiplicity variable is measured in
the rapidity region of the Υ (nS) candidates. The decreasing trend in the low-pT regions is
more pronounced than in high-pT regions. On the other hand, no significant dependence
on rapidity is observed. Finally, the ratios as a function of pT are compared with LHCb
pp and pPb, and CMS results, and are in agreement within uncertainties.
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