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Abstract: The production cross-sections of Υ mesons, namely Υ(1S), Υ(2S) and Υ(3S),
in pp collisions at

√
s = 5TeV are measured with a data sample corresponding to an

integrated luminosity of 9.13 ± 0.18 pb−1 collected by the LHCb detector. The Υ mesons
are reconstructed in the decay mode Υ → µ+µ−. Double differential cross-sections times
branching fractions, as functions of the transverse momentum pT and the rapidity y of
the Υ mesons, are measured in the range pT < 20GeV/c and 2.0 < y < 4.5. The results
integrated over these pT and y ranges are

σ(Υ(1S))× B(Υ(1S)→ µ+µ−) = 2101± 33± 83 pb,
σ(Υ(2S))× B(Υ(2S)→ µ+µ−) = 526± 20± 21 pb,
σ(Υ(3S))× B(Υ(3S)→ µ+µ−) = 242± 16± 10 pb,

where the first uncertainties are statistical and the second are systematic. The ratios of
cross-sections between measurements of two different Υ states and between measurements
at different centre-of-mass energies are determined. The nuclear modification factor of
Υ(1S) at

√
s = 5TeV is updated as well using the directly measured cross-section results

from this analysis.
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1 Introduction

The production of heavy quark-antiquark resonances (quarkonia) at hadron colliders pro-
vides important information about the strong interaction, which is described by Quantum
Chromodynamics (QCD). Based on the assumption of factorization, the production pro-
cess can be separated into two steps, the generation of a heavy quark pair (QQ) through
the interaction of partons, and the subsequent hadronization of the quark pair into the
quarkonium state. The first step can be calculated within perturbative QCD, while the
latter one is nonperturbative and needs to be described by phenomenological models. In
the Colour Singlet Model [1–7], the intermediate QQ state is assumed to be colourless,
and has the same spin-parity quantum numbers as the final state quarkonium. On the
other hand, in the Colour Evaporation Model [4, 8–10], the probability of forming a spe-
cific quarkonium state is assumed to be independent of the color of the QQ pair. In the
nonrelativistic QCD (NRQCD) approach [11–13], intermediate QQ states with all possi-
ble colour-spin-parity quantum numbers may evolve into the desired quarkonium. The
transition probabilities, described by long-distance matrix elements (LDMEs) in NRQCD,
are nonperturbative and are determined by fitting to experimental data. The LDMEs are
assumed to be independent of the production mechanism and kinematics.

– 1 –



J
H
E
P
0
7
(
2
0
2
3
)
0
6
9

Although our understanding of hadronic production of heavy quarkonium has improved
significantly owing to four decades of theoretical and experimental efforts, the underlying
production mechanism is still not fully understood. For example, models fail to predict
both cross-sections and polarisations of the measured S-wave heavy quarkonia states over
the entire transverse momentum (pT) and rapidity (y) range [14–16]. Furthermore, model
calculations overestimate low-pT (pT less than the QQ invariant mass) cross-sections [14],
which dominate the pT-integrated production. The direct measurement of heavy quarko-
nium cross-sections at different colliding energies is a powerful tool to test production
models and provides inputs to studies using heavy ion data [17].

At LHCb, the production of Υ mesons has been studied via the µ+µ− final state in pp
collisions at the centre-of-mass energies of 2.76, 7, 8 and 13TeV [18–20]. In this analysis, a
measurement of the production cross-sections of Υ (1S), Υ (2S) and Υ (3S) is performed, at
the centre-of-mass energy of

√
s = 5TeV. The data are collected by the LHCb detector in

2015 and correspond to an integrated luminosity of 9.13± 0.18 pb−1 [21]. The production
cross-sections are measured as functions of the transverse momentum and the rapidity of
Υ mesons, in the range pT < 20GeV/c and 2.0 < y < 4.5. The result is used to update the
nuclear modification factor (RpPb) reported by LHCb for Υ production in pPb collisions at
the nucleon-nucleon centre-of-mass energy of √sNN = 5TeV [17].

2 The LHCb detector and event selection

The LHCb detector [22, 23] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c
quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [24], a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes [25] placed downstream of the magnet.
The tracking system provides a measurement of the momentum, p, of charged particles
with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers [26].

The online event selection is performed by a trigger [27], which consists of a hardware
stage selecting events with at least one muon candidate with pT > 0.9GeV/c based on
information from the muon systems, followed by a two-stage software stage, which applies
a full event reconstruction. In the software trigger, two muon candidates, each having pT >

0.5GeV/c and p > 3GeV/c, are required to form a good quality vertex with invariant mass
m(µ+µ−) > 4.7GeV/c2. In between the two software stages, an alignment and calibration
of the detector is performed in near real-time and their results are used in the second stage
of the trigger [28]. The same alignment and calibration information is propagated to the
offline reconstruction, ensuring consistent and high-quality particle identification (PID)
information between the trigger and offline software. The identical performance of the
online and offline reconstruction offers the opportunity to perform physics analyses directly
using candidates reconstructed in the trigger [27, 29], which the present analysis exploits.
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Candidate Υ mesons are further selected offline, where two muon tracks are required
to have pT > 0.65GeV/c, p > 10GeV/c and 1.9 < η < 4.9, and the invariant mass of the
two muons is required to be in the range of 9.0 < m(µ+µ−) < 10.7GeV/c2.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using Pythia [30]
with a specific LHCb configuration [31]. Decays of unstable particles are described by
EvtGen [32], in which final-state radiation is generated using Photos [33]. The interac-
tion of the generated particles with the detector, and its response, are implemented using
the Geant4 toolkit [34] as described in ref. [35].

3 Cross-section determination

The double-differential cross-section times the Υ → µ+µ− branching fraction (B) of Υ
production in a given (pT,y) bin is defined as

B(Υ → µ+µ−)× d2σ

dpTdy = N(Υ → µ+µ−)
L × εtot ×∆pT ×∆y , (3.1)

where N(Υ → µ+µ−) is the yield of Υ → µ+µ− signal decays, εtot is the total efficiency
in a (pT,y) bin, L is the integrated luminosity, and ∆pT and ∆y are the interval widths of
the Υ transverse momentum and rapidity, respectively.

The Υ yield in each (pT,y) bin is determined with an extended unbinned maximum-
likelihood fit to the invariant-mass distribution of the Υ candidates, denoted as mΥ in
the following. Four components are used to describe the distributions, the three Υ signals
and a combinatorial background. The mass distribution for each of the Υ (1S), Υ (2S) and
Υ (3S) states is described by a Crystal Ball (CB) function [36]. The differences between
the means and the ratios of the widths of these CB functions are fixed, respectively, to
the differences and the ratios of the world-average Υ (nS) masses [37]. The CB function
parameters α and n, which describe the radiative tail of the Υ mass distribution, are
fixed to the values of α = 2 and n = 1, following the same approach of the previous
analyses [19, 20]. The mass distribution of the combinatorial background contribution is
described by an exponential function.

The invariant mass distribution of all candidates for pT ∈ [0, 20]GeV/c and y ∈ [2.0, 4.5]
is shown in figure 1, with the fit result superimposed. The yields of Υ (1S), Υ (2S) and Υ (3S)
signals are 7560± 120, 1900± 70 and 930± 60, respectively.

The total efficiency εtot is expressed as the product of four components: the geo-
metrical acceptance, εAcc, the reconstruction and selection efficiency, εRec&Sel, the muon
identification efficiency, εPID, and the trigger efficiency, εTrg, as

εtot = εAcc × εRec&Sel × εPid × εTrg. (3.2)

These efficiencies in general depend on the Υ polarisation. The measurement of the
Υ polarisation by LHCb at

√
s = 7 and 8TeV [38] in pp collisions indicates that the three

polarisation parameters λθ, λθφ and λφ are consistent with zero. Therefore, the efficiencies
are determined in each (pT, y) bin for the Υ (1S), Υ (2S) and Υ (3S) mesons, assuming the
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Figure 1. Invariant mass distribution of Υ candidates in the kinematic range pT ∈ [0, 20]GeV/c
and y ∈ [2.0, 4.5]. The result of the fit with three Crystal Ball functions for the signal plus an
exponential function for the background is also shown.

Υ states are unpolarised. Variations of cross-sections due to polarisation are studied for
different scenarios of the polarisation parameter λθ, as the dependence of the efficiency on
the λθφ and λφ parameters is smaller [39].

The quantity εAcc is calculated using the simulation sample without a prior geometrical
acceptance requirement on the muons. The efficiency εRec&Sel is determined using full
simulation samples for which the distributions of charged track multiplicity of pp collisions
and Υ rapidity are corrected to match data. The efficiency εPID is calculated using the
single muon PID efficiency in bins of (p, η) weighted by the muon (p, η) distribution in
simulation samples. The single-muon PID efficiency is obtained using J/ψ → µ+µ− decays
in calibration data [40, 41]. The efficiency εTrg is determined on simulated events.

4 Systematic uncertainties

Several sources of systematic uncertainty are expected to affect the cross-section measure-
ments: determination of the signal yields, efficiency calculations and computation of the
integrated luminosity. The efficiency-related uncertainties are determined with indepen-
dent simulation samples for each Υ (nS) meson, and are expected to be similar for the three
states. They are reported in table 1 and discussed in detail in the following. The total
uncertainty is calculated as the quadrature sum of these uncertainties.

The systematic uncertainty from the determination of the signal yields is affected by
the invariant-mass fit model and is estimated using pseudoexperiments. The pseudoex-
periments employ a mixture of Υ (1S) signal in the full simulation sample and background
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Source Υ (1S) Υ (2S) Υ (3S) Comment
Signal yields Fit model 2.5 2.8 3.1 Correlated

Efficiency ε

Trigger 0.7–1.9 0.7–2.1 0.7–1.9 Correlated
Track reconstruction 1.7–3.1 1.7–3.2 1.7–3.4 Correlated
MuonID 0.5–5.3 0.5–5.1 0.5–5.2 Correlated
Kinematic spectrum 0.0–4.9 0.0–4.5 0.0–6.3 Uncorrelated
Final-state radiation 1.0 1.0 1.0 Correlated
Simulation sample size 0.5–4.5 0.4–3.3 0.4–3.4 Uncorrelated

Luminosity 2.0 2.0 2.0 Correlated

Table 1. Relative systematic uncertainty (%) from various sources. The ranges correspond to
results measured in each (pT, y) bin of Υ mesons. For some systematic uncertainties, the results
are correlated among different (pT, y) bins as noted in the last column.

generated according to the background model fitted in data. In the pseudoexperiments,
the relative fraction of the two components is chosen such that the level of background
matches the data in the Υ signal region. This signal-plus-background sample is fitted with
the same model as for the data. The systematic uncertainty is estimated as the relative
difference between the signal yield obtained from the fit and that of the input. This study
is repeated for the Υ (1S), Υ (2S) and Υ (3S) states, with different fractions of background,
yielding 2.5%, 2.8% and 3.1% as the systematic uncertainty for the three states, respec-
tively. The small difference between the uncertainties for the three states is attributed to
different background levels under each signal peak.

Systematic uncertainties on both hardware and software trigger efficiency are studied
in this analysis. To validate systematic effects on the hardware trigger, the trigger efficiency
is determined for µ+ and µ− individually and is then used to calculate the efficiency for
Υ signals following the method described in ref. [42]. The difference between the trigger
efficiencies obtained on data and simulation is quoted as the systematic uncertainty on
the hardware-trigger efficiency. The systematic uncertainty, estimated to be in the range
0.0–1.9%, depends on the (pT, y) bin of the Υ mesons and is assumed to be correlated
among the bins. For the software trigger, alternative efficiency values are determined using
a subset of events triggered independently of the Υ signals [43]. Within this sample, the
fraction of Υ signal events that passes the software requirement is quoted as the trigger
efficiency. The efficiency is calculated for both data and simulation samples in (pT, y) bins
of the Υ mesons, and their difference is taken as the systematic uncertainty.

The track reconstruction efficiency is evaluated for each muon using calibrated simula-
tion and data samples [44], and their difference is used to correct the εRec&Sel efficiency of
simulated Υ decays. A systematic uncertainty of 0.8% per track is assigned to account for
the dependency of the correction on the event multiplicity variable that is used to weight
simulation to match data. Furthermore, an uncertainty is associated with the correction
due to the limited size of the calibration samples, which is propagated to the Υ cross-section
measurement using a large number of pseudoexperiments.
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The muon identification efficiency is affected by the statistical fluctuation of the PID
calibration constants originating from the limited size of calibration samples and from
the choice of the (p, η) binning scheme for muons. The statistical uncertainties in the
PID efficiencies are propagated to the Υ cross-sections using pseudoexperiments. The
variation is found to be below 1% and is therefore neglected. The systematic uncertainty
due to the kinematic binning scheme of the calibration sample is studied by measuring the
PID efficiency using alternative binning schemes. The difference between the alternative
efficiency and the default one is quoted as the systematic uncertainty.

The kinematic distributions of the Υ mesons in data and simulation samples could
be different, which may cause a mis-modelling in the underlying detection efficiency. Effi-
ciencies measured in (pT, y) intervals help to reduce the discrepancy, however the (pT, y)
bin size can cause systematic effects in the efficiency determination. To check for possible
residual effects, the y distributions of the Υ states in simulation are reweighted to match
those in data, for which the background has been subtracted using the sPlot technique [45].
In this analysis, the y distribution is studied as the efficiencies are found to have only a
weak dependence on the pT of the Υ candidates. All the efficiencies are re-calculated with
the reweighted y spectrum in the simulation sample, and relative differences between the
new results and the default are taken as systematic uncertainties.

Due to the missing energy caused by final-state radiation that is not reconstructed,
some signal events are removed by the requirement on the µ+µ− invariant mass. The
efficiency of this requirement is studied using simulation samples. A systematic uncertainty
of 1.0% is assigned to take into account possible differences between data and simulated Υ
decays, following the method of ref. [20].

The limited size of the simulation samples used to determine the efficiencies is a source
of systematic uncertainty. The relative statistical uncertainties in the efficiencies are prop-
agated to the cross-section measurements. The integrated luminosity has a relative uncer-
tainty of 2.0% [21], which is propagated to the final results as a systematic uncertainty.

5 Results

5.1 Cross-sections

The double-differential cross-sections times the branching fraction of Υ → µ+µ− are shown
in figure 2 and the numeric results are listed in tables 2, 3 and 4 in appendix A for Υ (1S),
Υ (2S) and Υ (3S), respectively. The cross-section times branching fraction as a function
of pT and integrated over y or vice-versa are shown in figure 3, and listed in tables 5
and 6 in appendix A for the three Υ states. The change of Υ cross-sections for alternative
polarisation relative to the zero polarisation is studied for λθ = −1, 0.1 and +1 in the
helicity frame, which is reported in appendix B. The result for λθ = ±1 corresponds to
the extreme transverse and longitudinal polarisation and λθ = 0.1 is the approximation of
LHCb measurement [38]. Results for other λθ values can be interpolated.

The differential cross-section times branching fraction as a function of pT for Υ (1S)
mesons for y integrated over 2.0–4.5 are compared with the NRQCD predictions [46] in
figure 4. The data points are plotted at the mean pT of each bin. Good agreement is
observed between NRQCD predictions and the measurement of this analysis for pT >
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Figure 2. Double-differential cross-section times Υ → µ+µ− branching fraction as a function of
pT in bins of y for (upper left) Υ (1S), (upper right) Υ (2S) and (bottom) Υ (3S) mesons. Statistical
and systematic uncertainties are added in quadrature.
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Figure 3. Differential cross-section times Υ → µ+µ− branching fraction (left) as a function of pT for
y integrated from 2.0 to 4.5 and (right) as a function of y for pT integrated from 0 to 20GeV/c, for the
Υ (1S), Υ (2S) and Υ (3S) states. Statistical and systematic uncertainties are added in quadrature.

5GeV/c. Another NRQCD calculation that tends to describe high-pT data at rapidity
y ∼ 0 is found to overestimate the LHCb result [47]. The difference between the two
NRQCD calculations is due to different values of LDMEs used in their analyses.
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NRQCD prediction of ref. [46].
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The double-differential cross-sections integrated over the kinematic range of
pT < 20GeV/c and 2.0 < y < 4.5 are

σ(Υ (1S))× B(Υ (1S)→ µ+µ−) = 2101± 33 (stat)± 83 (syst) pb,
σ(Υ (2S))× B(Υ (2S)→ µ+µ−) = 526± 20 (stat)± 21 (syst) pb,
σ(Υ (3S))× B(Υ (3S)→ µ+µ−) = 242± 16 (stat)± 10 (syst) pb.

The total cross-section in the LHCb acceptance as a function of pp centre-of-mass energy
is shown in figure 5 for Υ (1S), Υ (2S) and Υ (3S) mesons. All three distributions show
approximately a linear rise as a function of

√
s in the range 2.76–13TeV.
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5.2 Cross-section ratios

The cross-section ratios between the different Υ states are calculated as:

R2S/1S ≡
dσΥ (2S)
dy(pT) × B(Υ (2S)→ µ+µ−)
dσΥ (1S)
dy(pT) × B(Υ (1S)→ µ+µ−)

, (5.1)

R3S/1S ≡
dσΥ (3S)
dy(pT) × B(Υ (3S)→ µ+µ−)
dσΥ (1S)
dy(pT) × B(Υ (1S)→ µ+µ−)

, (5.2)

and the results are shown in figure 6. The ratios increase slightly with pT but show no
obvious dependence on y.

In the evaluation of the cross-section ratios, the statistical and systematic uncertainties
due to the limited simulation sample sizes are assumed to be uncorrelated between the two
Υ states and, hence, cancel in the ratios. The systematic uncertainties due to the invariant
mass fit model, and those originating from the trigger as well as tracking efficiencies are
assumed to be fully correlated between cross-sections of two Υ states.

Using the Υ cross-sections measured by LHCb at
√
s = 13TeV [20], ratios of cross-

sections at
√
s = 13TeV and

√
s = 5TeV are determined. The results as a function of pT

and those as a function of y are shown in figure 7 and are summarized in tables 7 and 8 in
appendix A, from which it is seen that the ratio increases from about 2 at low pT to about
4 at high pT, but is almost independent of y.

For the cross-section ratios between measurements at different
√
s, the systematic un-

certainties due to the invariant mass fit model and final-state radiation are considered to
be fully correlated. The systematic uncertainties originating from uncertainties of trig-
ger, muon identification, tracking efficiencies and luminosity are assumed to be partially
correlated.
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pT < 20GeV/c. The statistical and systematic uncertainties are added in quadrature.

5.3 Update of the Υ (1S) nuclear modification factor

To quantify nuclear effects for particle production in heavy-ion collisions, the nuclear mod-
ification factor

RpPb ≡
σpPb(√sNN)

A× σpp(
√
sNN) (5.3)

is determined, where A = 208 is the mass number for Pb, and σpPb and σpp are the
cross-sections for proton-lead (pPb) and pp collisions at the same centre-of-mass energy per
nucleon pair. Using a previous measurement of RpPb for Υ (1S) in pPb collisions at √sNN =
5TeV [17], the Υ (1S) production cross-section in pp collisions at

√
s = 5TeV is obtained

by an interpolation of LHCb measurements at
√
s = 2.76, 7 and 8TeV [18, 48, 49], as

σ(Υ (1S))× B(Υ (1S)→ µ+µ−) = 1.12± 0.11 nb,

in the range pT < 15GeV/c, 2.5 < y < 4.0.
The measurement of the Υ (1S) cross-section times the Υ (1S) → µ+µ− branching

fraction in the same kinematic range from this analysis is given by

σ(Υ (1S))× B(Υ (1S)→ µ+µ−) = 1.34± 0.02± 0.05 nb,

where the first uncertainty is statistical and the second systematic. While the two results
are consistent, the direct measurement has an uncertainty that is a factor of two smaller.
The nuclear modification factor RpPb is updated based on the direct measurement and the
results are

RpPb =

1.02± 0.19± 0.10 (−4.0 < y < −2.5),
0.76± 0.08± 0.05 (2.5 < y < 4.0),

(5.4)

where the positive (negative) rapidity is for particles produced in the p (Pb) beam direction.
Figure 8 compares the updated result with theoretical calculations considering the EPS09
nuclear parton distribution function [50, 51] or parton energy loss [52], quoted in ref. [17],
and good agreements are found between data and these calculations.
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Figure 8. Nuclear modification factor RpPb as a function of y for the Υ (1S) state, together with the
theoretical predictions mentioned in the text. The inner error bars show the statistical uncertainties,
while the outer ones show the statistical and systematic uncertainties added in quadrature.

6 Conclusion

The Υ production cross-sections in proton-proton collisions at a centre-of-mass energy
of
√
s = 5TeV are studied using a data sample with an integrated luminosity of

9.13± 0.18 pb−1, collected by the LHCb detector. The double-differential cross-sections,
as function of the transverse momentum pT and the rapidity y of the Υ mesons, are deter-
mined in the range pT < 20GeV/c and 2 < y < 4.5 for the Υ (1S), Υ (2S) and Υ (3S) states.
The Υ (1S) cross-section as a function of pT is well described by the NRQCD calculation for
pT > 5GeV/c with appropriate long distance matrix elements. The ratios of cross-sections
of Υ (2S) and Υ (3S) mesons with respect to Υ (1S) mesons are given in bins of pT or y.
The ratios of cross-sections measured at different pp collision energies are also determined.
The nuclear modification factor RpPb for Υ (1S) in proton-lead collisions at √sNN = 5TeV
is updated using the Υ (1S) production in pp data measured in this analysis. This result is
consistent with the previous result, while improving the precision by a factor of two.
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A Tabulated results

In the following, tables 2, 3 and 4 present the double-differential cross-sections times the
Υ → µ+µ− branching fraction for Υ (1S), Υ (2S) and Υ (3S) mesons, respectively. Tables 5
and 6 present the cross-sections time the Υ → µ+µ− branching fraction as a function of
pT, integrated over y, or vice-versa. Tables 7 and 8 present the ratios of cross-sections at√
s = 13TeV and

√
s = 5TeV as a function of pT and y, respectively.
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pT (GeV/c) Υ (1S) Υ (2S) Υ (3S)
0 − 1 111 ± 8 ± 5 32.6± 4.7± 1.5 9.0± 3.0± 0.5
1 − 2 265 ± 12 ± 12 63.1± 6.6± 2.9 21.1± 5.0± 1.0
2 − 3 314 ± 13 ± 15 66.5± 7.0± 3.1 28.7± 5.6± 1.5
3 − 4 325 ± 13 ± 15 71.3± 7.5± 3.3 31.6± 5.7± 1.6
4 − 5 269 ± 12 ± 12 62.7± 6.9± 3.0 34.2± 5.4± 1.6
5 − 6 234 ± 11 ± 11 53.3± 6.3± 2.5 23.2± 5.1± 1.2
6 − 7 162 ± 10 ± 8 44.9± 5.7± 2.2 22.7± 4.4± 1.2
7 − 9 98 ± 7 ± 5 25.8± 4.4± 1.2 11.6± 4.3± 0.6
9 − 13 42.6± 3.4± 2.1 14.1± 2.2± 0.7 8.6± 2.0± 0.5
13 − 20 6.9± 0.8± 0.4 3.1± 0.6± 0.2 2.0± 0.5± 0.1

Table 5. Differential cross-section times the Υ → µ+µ− branching fraction (in unit of pb/(GeV/c))
of the Υ (1S), Υ (2S) and Υ (3S) mesons as a function of pT for y integrated from 2.0 to 4.5.

y Υ (1S) Υ (2S) Υ (3S)
2.0 < y < 2.5 1167± 43± 45 346± 27± 14 124 ± 21 ± 5
2.5 < y < 3.0 1129± 30± 41 252± 17± 10 124 ± 14 ± 5
3.0 < y < 3.5 925± 26± 35 256± 16± 10 131 ± 13 ± 5
3.5 < y < 4.0 630± 24± 26 143± 14± 6 71.7± 12.0± 3.2
4.0 < y < 4.5 353± 21± 19 55± 12± 3 34.0± 10.4± 1.8

Table 6. Differential cross-section times the Υ → µ+µ− branching fraction (in unit of pb) of Υ (1S),
Υ (2S) and Υ (3S) mesons as a function y for pT integrated from 0 to 20 GeV/c.

pT (GeV/c) Υ (1S) Υ (2S) Υ (3S)
0 − 1 1.74± 0.12± 0.07 1.17± 0.17± 0.05 1.85± 0.62± 0.09
1 − 2 1.87± 0.08± 0.08 1.59± 0.17± 0.07 2.00± 0.47± 0.09
2 − 3 2.04± 0.08± 0.09 1.96± 0.21± 0.09 2.03± 0.39± 0.10
3 − 4 2.03± 0.08± 0.09 2.00± 0.21± 0.09 2.03± 0.36± 0.10
4 − 5 2.25± 0.10± 0.10 2.19± 0.24± 0.10 1.85± 0.29± 0.08
5 − 6 2.16± 0.10± 0.10 2.30± 0.27± 0.10 2.64± 0.57± 0.13
6 − 7 2.44± 0.15± 0.11 2.24± 0.29± 0.11 2.38± 0.46± 0.12
7 − 9 2.88± 0.15± 0.14 3.04± 0.40± 0.15 3.65± 1.01± 0.19
9 − 13 2.99± 0.17± 0.19 2.87± 0.33± 0.16 2.72± 0.45± 0.17
13 − 20 4.32± 0.48± 0.24 3.76± 0.71± 0.21 3.61± 0.93± 0.19

Table 7. Cross-section ratios between
√
s = 13TeV and 5TeV of Υ (1S), Υ (2S) and Υ (3S) mesons

as a function of pT for y integrated from 2.0 to 4.5.
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y Υ (1S) Υ (2S) Υ (3S)
2.0 < y < 2.5 2.13± 0.08± 0.05 1.79± 0.14± 0.05 2.49± 0.41± 0.07
2.5 < y < 3.0 2.04± 0.05± 0.05 2.23± 0.15± 0.05 2.32± 0.26± 0.06
3.0 < y < 3.5 2.19± 0.06± 0.05 1.94± 0.12± 0.05 1.89± 0.19± 0.05
3.5 < y < 4.0 2.66± 0.10± 0.07 2.86± 0.28± 0.08 2.78± 0.46± 0.08
4.0 < y < 4.5 3.11± 0.18± 0.11 4.80± 1.00± 0.16 3.94± 1.21± 0.13

Table 8. Cross-section ratios between
√
s = 13TeV and 5TeV of Υ (1S), Υ (2S) and Υ (3S) mesons

as a function of y for pT integrated from 0 to 20 GeV/c.

B Dependence of cross-sections on the polarisation

The angular distribution of Υ → µ+µ− decays is described by

d2N

d cos θdφ ∝ 1 + λθ cos2 θ + λθφ sin 2θ cosφ+ λφ sin2 θ cos 2φ, (B.1)

where θ and φ are the polar and azimuthal angles of the µ+ momentum in the rest frame of
the Υ meson for a given polarisation coordinate system, and λθ, λθφ and λφ are the three
polarisation parameters [53]. Zero polarisation implies λθ = λθφ = λφ = 0. The detection
efficiency of the Υ mesons is a function of the polarisation, especially of λθ.

The Υ (nS) mesons are assumed to be unpolarised in this measurement, which is also
the case for the simulated signal samples used to determine the efficiencies. Such an
assumption is supported by the measurements of the Υ polarization by LHCb in pp collisions
at
√
s = 7TeV and 8TeV [38] in the same kinematic range as in this analysis, and by the

CMS experiment [54] for
√
s = 8TeV.

To evaluate the change of results assuming non-zero polarisation, the angular dis-
tributions of muons in the Υ rest frame in the simulated signal samples are reweighted,
and the total efficiencies are recomputed. The relative changes of the double-differential
cross-sections for a polarisation of λθ = 0.1 [38] in the helicity frame compared to zero
polarisation in each (pT,y) interval are given in tables 9, 10 and 11 for Υ (1S), Υ (2S) and
Υ (3S) mesons, respectively. In addition, the relative changes of the double-differential
cross-sections for a polarisation of λθ = +1 (−1) are also evaluated, and are shown in
tables 12(15), 13(16) and 14(17) for Υ (1S), Υ (2S) and Υ (3S) mesons, respectively. The
helicity frame uses the Υ momentum in the laboratory frame as the spin quantization axis.
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pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 2.87± 0.37 1.83± 0.13 1.01± 0.07 1.26± 0.13 2.06± 0.38
1 − 2 2.75± 0.21 1.83± 0.08 1.06± 0.05 1.15± 0.08 1.93± 0.23
2 − 3 2.72± 0.18 1.78± 0.07 1.10± 0.05 1.03± 0.08 1.62± 0.20
3 − 4 2.60± 0.17 1.75± 0.07 1.03± 0.05 0.84± 0.08 1.16± 0.20
4 − 5 2.45± 0.17 1.68± 0.07 0.94± 0.06 0.66± 0.10 0.78± 0.22
5 − 6 2.30± 0.19 1.63± 0.08 0.78± 0.07 0.41± 0.11 0.39± 0.25
6 − 7 2.16± 0.21 1.40± 0.09 0.61± 0.08 0.19± 0.14 0.16± 0.30
7 − 8 2.02± 0.23 1.34± 0.10 0.47± 0.10

−0.05± 0.12 −0.24± 0.27
8 − 9 1.84± 0.25 1.25± 0.12 0.40± 0.11
9 − 10 1.75± 0.28 1.14± 0.13 0.34± 0.14

−0.17± 0.14 −0.60± 0.32
10 − 13 1.48± 0.19 1.07± 0.09 0.28± 0.11
13 − 20 1.34± 0.22 0.85± 0.11 0.28± 0.13 −0.12± 0.23 −0.56± 0.59

Table 9. Relative changes of double-differential cross-sections of Υ (1S) (in %), for a polarisation
of λθ = 0.1 rather than zero, in (pT,y) intervals.

pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 2.83± 0.33 1.88± 0.14 1.03± 0.09 1.29± 0.15 2.18± 0.40
1 − 2 2.78± 0.20 1.83± 0.08 1.06± 0.05 1.19± 0.09 1.96± 0.24
2 − 3 2.73± 0.17 1.78± 0.07 1.06± 0.05 1.05± 0.08 1.67± 0.21
3 − 4 2.61± 0.16 1.74± 0.07 1.02± 0.05 0.89± 0.08 1.23± 0.20
4 − 5 2.46± 0.17 1.68± 0.07 0.94± 0.06 0.67± 0.10 0.84± 0.22
5 − 6 2.33± 0.18 1.64± 0.08 0.83± 0.07 0.48± 0.11 0.51± 0.26
6 − 7 2.18± 0.20 1.46± 0.08 0.63± 0.07 0.24± 0.14 0.21± 0.30
7 − 8 2.08± 0.23 1.41± 0.10 0.50± 0.09

0.02± 0.12 −0.17± 0.29
8 − 9 1.88± 0.25 1.23± 0.10 0.49± 0.10
9 − 10 1.84± 0.29 1.16± 0.12 0.31± 0.12

−0.18± 0.15 −0.45± 0.33
10 − 13 1.59± 0.20 1.11± 0.08 0.27± 0.10
13 − 20 1.34± 0.20 0.89± 0.08 0.28± 0.11 −0.15± 0.22 −0.57± 0.65

Table 10. Relative changes of cross-sections of Υ (2S) (in %), for a polarisation of λθ = 0.1 rather
than zero, in (pT,y) intervals.
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pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 2.81± 0.32 1.87± 0.13 1.04± 0.08 1.22± 0.14 2.27± 0.44
1 − 2 2.77± 0.20 1.84± 0.08 1.06± 0.05 1.20± 0.09 1.97± 0.24
2 − 3 2.72± 0.17 1.81± 0.07 1.07± 0.05 1.09± 0.08 1.64± 0.21
3 − 4 2.62± 0.16 1.77± 0.07 1.02± 0.05 0.91± 0.08 1.28± 0.20
4 − 5 2.54± 0.18 1.70± 0.07 0.95± 0.06 0.72± 0.10 0.91± 0.22
5 − 6 2.33± 0.18 1.65± 0.08 0.84± 0.07 0.51± 0.11 0.56± 0.27
6 − 7 2.21± 0.21 1.51± 0.09 0.69± 0.08 0.29± 0.14 0.29± 0.31
7 − 8 2.11± 0.24 1.43± 0.10 0.53± 0.09

0.09± 0.12 −0.06± 0.28
8 − 9 1.94± 0.26 1.23± 0.10 0.44± 0.10
9 − 10 1.74± 0.28 1.22± 0.11 0.42± 0.10

−0.11± 0.14 −0.52± 0.33
10 − 13 1.60± 0.19 1.05± 0.07 0.31± 0.08
13 − 20 1.42± 0.21 0.87± 0.07 0.34± 0.08 −0.11± 0.18 −0.55± 0.62

Table 11. Relative changes of cross-sections of Υ (3S) (in %), for a polarisation of λθ = 0.1 rather
than zero, in (pT,y) intervals.

pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 27.5± 1.5 16.2± 0.5 8.4± 0.3 10.7± 0.5 18.8± 1.4
1 − 2 26.3± 0.8 16.2± 0.3 8.8± 0.2 9.7± 0.3 17.2± 0.9
2 − 3 25.8± 0.7 15.7± 0.3 9.2± 0.2 8.6± 0.3 14.2± 0.7
3 − 4 24.4± 0.7 15.4± 0.3 8.6± 0.2 6.9± 0.3 9.8± 0.6
4 − 5 22.7± 0.7 14.7± 0.3 7.8± 0.2 5.3± 0.3 6.4± 0.7
5 − 6 21.1± 0.7 14.2± 0.3 6.4± 0.2 3.3± 0.3 3.1± 0.7
6 − 7 19.5± 0.8 12.1± 0.3 4.9± 0.3 1.5± 0.4 1.3± 0.9
7 − 8 18.0± 0.8 11.4± 0.4 3.8± 0.3

−0.4± 0.3 −1.8± 0.7
8 − 9 16.3± 0.9 10.6± 0.4 3.2± 0.4
9 − 10 15.4± 1.0 9.6± 0.5 2.7± 0.4

−1.3± 0.4 −4.5± 0.8
10 − 13 12.8± 0.7 8.9± 0.3 2.2± 0.3
13 − 20 11.4± 0.8 7.0± 0.4 2.2± 0.4 −0.9± 0.6 −4.2± 1.5

Table 12. Relative changes of cross-sections of Υ (1S) (in %), for a polarisation of λθ = 1 rather
than zero, in (pT,y) intervals.
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pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 27.2± 1.3 16.7± 0.5 8.5± 0.3 11.0± 0.5 19.8± 1.5
1 − 2 26.6± 0.8 16.2± 0.3 8.8± 0.2 10.0± 0.3 17.6± 0.9
2 − 3 25.9± 0.7 15.7± 0.3 8.9± 0.2 8.8± 0.3 14.6± 0.7
3 − 4 24.5± 0.6 15.3± 0.3 8.5± 0.2 7.3± 0.3 10.4± 0.7
4 − 5 22.9± 0.6 14.7± 0.3 7.8± 0.2 5.5± 0.3 6.9± 0.7
5 − 6 21.5± 0.7 14.3± 0.3 6.8± 0.2 3.8± 0.3 4.1± 0.8
6 − 7 19.8± 0.8 12.5± 0.3 5.1± 0.3 1.9± 0.4 1.7± 0.9
7 − 8 18.6± 0.9 12.1± 0.4 4.0± 0.3

0.2± 0.4 −1.3± 0.8
8 − 9 16.7± 0.9 10.4± 0.4 3.9± 0.3
9 − 10 16.1± 1.1 9.8± 0.5 2.5± 0.4

−1.4± 0.4 −3.4± 0.9
10 − 13 13.7± 0.7 9.2± 0.3 2.1± 0.3
13 − 20 11.5± 0.7 7.3± 0.3 2.2± 0.4 −1.2± 0.6 −4.3± 1.6

Table 13. Relative changes of cross-sections of Υ (2S) (in %), for a polarisation of λθ = 1 rather
than zero, in (pT,y) intervals.

pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 27.0± 1.3 16.6± 0.5 8.7± 0.3 10.3± 0.5 20.6± 1.6
1 − 2 26.5± 0.8 16.3± 0.3 8.9± 0.2 10.1± 0.3 17.6± 0.9
2 − 3 25.9± 0.7 15.9± 0.3 8.9± 0.2 9.2± 0.3 14.4± 0.7
3 − 4 24.6± 0.6 15.5± 0.3 8.5± 0.2 7.5± 0.3 10.9± 0.7
4 − 5 23.6± 0.7 14.9± 0.3 7.9± 0.2 5.9± 0.3 7.5± 0.7
5 − 6 21.5± 0.7 14.4± 0.3 6.9± 0.2 4.1± 0.4 4.5± 0.8
6 − 7 20.2± 0.8 13.0± 0.4 5.6± 0.3 2.3± 0.4 2.3± 0.9
7 − 8 18.9± 0.9 12.3± 0.4 4.3± 0.3

0.7± 0.4 −0.5± 0.8
8 − 9 17.3± 1.0 10.4± 0.4 3.5± 0.3
9 − 10 15.3± 1.0 10.3± 0.5 3.4± 0.4

−0.8± 0.4 −3.8± 0.9
10 − 13 14.0± 0.7 8.8± 0.3 2.4± 0.3
13 − 20 12.1± 0.7 7.2± 0.3 2.7± 0.3 −0.8± 0.5 −4.2± 1.6

Table 14. Relative changes of cross-sections of Υ (3S) (in %), for a polarisation of λθ = 1 rather
than zero, in (pT,y) intervals.
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pT (GeV/c) 2<y< 2.5 2.5<y< 3 3<y< 3.5 3.5<y< 4 4<y< 4.5
0 − 1 −30.2±0.7 −21.7±0.1 −13.4±0.2 −16.1±0.1 −23.6±0.7
1 − 2 −29.1±0.4 −21.8±0.1 −13.9±0.2 −14.9±0.1 −22.6±0.5
2 − 3 −29.1±0.3 −21.4±0.1 −14.4±0.1 −13.6±0.1 −19.8±0.5
3 − 4 −28.3±0.3 −21.0±0.1 −13.7±0.1 −11.4±0.2 −15.1±0.5
4 − 5 −27.0±0.3 −20.4±0.1 −12.7±0.1 −9.3±0.3 −10.6±0.7
5 − 6 −25.9±0.4 −20.1±0.1 −10.7±0.2 −6.0±0.4 −5.6±0.9
6 − 7 −24.8±0.5 −17.5±0.1 −8.5±0.2 −2.9±0.5 −2.4±1.2
7 − 8 −23.6±0.5 −16.9±0.1 −6.7±0.3

0.7±0.5 3.9±1.2
8 − 9 −21.8±0.6 −16.1±0.2 −5.8±0.3
9 − 10 −21.1±0.7 −14.7±0.2 −5.0±0.4

2.7±0.6 10.5±1.5
10 − 13 −18.3±0.5 −14.1±0.1 −4.2±0.3
13 − 20 −17.0±0.6 −11.6±0.2 −4.2±0.4 1.9±0.9 9.5±2.8

Table 15. Relative changes of cross-sections of Υ (1S) (in %), for a polarisation of λθ = −1 rather
than zero, in (pT,y) intervals.

pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 −29.7± 0.7 −22.3± 0.2 − 13.6± 0.1 − 16.6± 0.3 − 24.8± 0.8
1 − 2 −29.5± 0.4 −21.8± 0.1 − 13.9± 0.1 − 15.4± 0.2 − 22.9± 0.5
2 − 3 −29.2± 0.3 −21.3± 0.1 − 14.0± 0.1 − 13.9± 0.2 − 20.4± 0.5
3 − 4 −28.2± 0.3 −21.0± 0.1 − 13.5± 0.1 − 12.0± 0.2 − 15.8± 0.5
4 − 5 −27.1± 0.3 −20.3± 0.1 − 12.7± 0.1 − 9.4± 0.3 − 11.4± 0.7
5 − 6 −26.1± 0.4 −20.2± 0.1 − 11.3± 0.1 − 6.8± 0.3 − 7.3± 0.9
6 − 7 −24.9± 0.4 −18.1± 0.1 − 8.8± 0.2 − 3.5± 0.5 − 3.2± 1.1
7 − 8 −24.2± 0.5 −17.8± 0.1 − 7.1± 0.2

− 0.3± 0.5 2.7± 1.3
8 − 9 −22.2± 0.5 −15.9± 0.2 − 7.1± 0.2
9 − 10 −22.2± 0.6 −15.0± 0.2 − 4.5± 0.4

2.9± 0.6 7.8± 1.6
10 − 13 −19.6± 0.4 −14.6± 0.2 − 4.1± 0.3
13 − 20 −16.9± 0.4 −12.1± 0.3 − 4.2± 0.3 2.4± 0.9 9.8± 3.2

Table 16. Relative changes of cross-sections of Υ (2S) (in %), for a polarisation of λθ = −1 rather
than zero, in (pT,y) intervals.
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pT (GeV/c) 2 < y < 2.5 2.5 < y < 3 3 < y < 3.5 3.5 < y < 4 4 < y < 4.5
0 − 1 −29.7± 0.6 −22.2± 0.2 − 13.7± 0.1 − 15.6± 0.3 − 25.8± 0.9
1 − 2 −29.3± 0.4 −22.0± 0.1 − 14.0± 0.1 − 15.6± 0.2 − 22.9± 0.5
2 − 3 −29.1± 0.3 −21.7± 0.1 − 14.1± 0.1 − 14.4± 0.2 − 19.9± 0.5
3 − 4 −28.3± 0.3 −21.2± 0.1 − 13.6± 0.1 − 12.3± 0.2 − 16.5± 0.5
4 − 5 −27.9± 0.4 −20.6± 0.1 − 12.8± 0.1 − 10.0± 0.3 − 12.2± 0.7
5 − 6 −26.1± 0.4 −20.1± 0.1 − 11.5± 0.1 − 7.3± 0.4 − 8.0± 0.9
6 − 7 −25.1± 0.4 −18.8± 0.1 − 9.6± 0.2 − 4.3± 0.5 − 4.4± 1.1
7 − 8 −24.4± 0.5 −18.0± 0.1 − 7.6± 0.2

− 1.4± 0.5 1.0± 1.2
8 − 9 −22.8± 0.5 −15.8± 0.2 − 6.4± 0.2
9 − 10 −20.9± 0.6 −15.7± 0.3 − 6.1± 0.2

1.7± 0.6 8.8± 1.6
10 − 13 −19.5± 0.4 −13.8± 0.2 − 4.6± 0.2
13 − 20 −18.0± 0.4 −11.8± 0.3 − 5.0± 0.2 1.7± 0.7 9.3± 2.9

Table 17. Relative changes of cross-sections of Υ (3S) (in %), for a polarisation of λθ = −1 rather
than zero, in (pT,y) intervals.
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