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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 = 5 TeV 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 < 20 GeV/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 = 5 TeV 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
provides important information about the strong interaction, which is described by Quan-
tum Chromodynamics (QCD). Based on the assumption of factorization, the production
process 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 specific 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
possible 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.

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 quarkonium 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 13 TeV [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 = 5 TeV. 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 < 20 GeV/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 = 5 TeV [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 stations 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
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particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200 GeV/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 > 0.9 GeV/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 > 0.5 GeV/c and p > 3 GeV/c, are required to form a good quality vertex with invariant
mass m(µ+µ−) > 4.7 GeV/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.

Candidate Υ mesons are further selected offline, where two muon tracks are required
to have pT > 0.65 GeV/c, p > 10 GeV/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−) < 10.7 GeV/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
interaction 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
, (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
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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 Fig. 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.
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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.

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. (2)

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

√
s = 7 and 8 TeV [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
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.
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4 Systematic uncertainties

Several sources of systematic uncertainty are expected to affect the cross-section mea-
surements: determination of the signal yields, efficiency calculations and computation
of the integrated luminosity. The efficiency-related uncertainties are determined with
independent 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.

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.

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

The systematic uncertainty from the determination of the signal yields is affected by
the invariant-mass fit model and is estimated using pseudoexperiments. The pseudoexper-
iments employ a mixture of Υ (1S) signal in the full simulation sample and background
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, respectively. 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.
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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.

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.
Efficiencies 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 propagated to the cross-section measurements. The integrated luminosity has a
relative uncertainty 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 Fig. 2 and the numeric results are listed in Tables 1, 2 and 3 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 Fig. 3, and listed in Tables 4 and 5
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
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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.
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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.

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
Fig. 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 > 5 GeV/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.

The double-differential cross-sections integrated over the kinematic range of
pT < 20 GeV/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 Fig. 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 2.76–13 TeV.
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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
20 GeV/c, for the Υ (1S), Υ (2S) and Υ (3S) states. Statistical and systematic uncertainties are
added in quadrature.
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Figure 4: Differential cross-section of Υ (1S) mesons as a function of pT, compared with the
NRQCD prediction of Ref. [46].
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(black boxes) Υ (1S), (red upward triangles) Υ (2S) and (blue downward triangles) Υ (3S) states.
Statistical and systematic uncertainties are added in quadrature.
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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−)

, (3)

R3S/1S ≡
dσΥ (3S)

dy(pT)
× B(Υ (3S)→ µ+µ−)

dσΥ (1S)

dy(pT)
× B(Υ (1S)→ µ+µ−)

, (4)

and the results are shown in Fig. 6. The ratios increase slightly with pT but show no
obvious dependence on y.
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Figure 6: Ratios of the Υ (2S) or Υ (3S) production cross-section over that of the Υ (1S) state,
(left) as a function of pT for 2.0 < y < 4.5 and (right) as a function of y for pT < 20 GeV/c.
Statistical and systematic uncertainties are added in quadrature.

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 = 13 TeV [20], ratios of cross-

sections at
√
s = 13 TeV and

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

and those as a function of y are shown in Fig. 7 and are summarized in Tables 6 and 7 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

uncertainties due to the invariant mass fit model and final-state radiation are considered
to be fully correlated. The systematic uncertainties originating from uncertainties of
trigger, muon identification, tracking efficiencies and luminosity are assumed to be partially
correlated.
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√
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pT < 20 GeV/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
modification factor

RpPb ≡
σpPb(

√
sNN)

A× σpp(
√
sNN)

(5)

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 = 5 TeV [17], the Υ (1S) production cross-section in pp collisions at

√
s = 5 TeV is

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

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

in the range pT < 15 GeV/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),
(6)

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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quadrature.

6 Conclusion

The Υ production cross-sections in proton-proton collisions at a centre-of-mass en-
ergy of

√
s = 5 TeV 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
determined in the range pT < 20 GeV/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 > 5 GeV/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 = 5 TeV 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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Appendices

A Tabulated results

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

√
s = 5 TeV as a function of pT and y, respectively.

12



T
ab

le
1:

D
iff

er
en

ti
al

cr
os

s-
se

ct
io

n
ti

m
es

th
e
Υ
→
µ
+
µ
−

b
ra

n
ch

in
g

fr
ac

ti
on

(i
n

u
n
it

of
p
b
/(

G
eV

/
c)

)
in

b
in

s
of

(p
T

,
y
)

fo
r

th
e
Υ

(1
S

)
m

es
on

.
T

h
e

fi
rs

t
u

n
ce

rt
a
in

ti
es

ar
e

st
a
ti

st
ic

al
an

d
th

e
se

co
n

d
ar

e
sy

st
em

at
ic

.

p T
(G

eV
/c

)
2
<
y
<

2.
5

2.
5
<
y
<

3
3
<
y
<

3.
5

3.
5
<
y
<

4
4
<
y
<

4.
5

0
−

1
50
.6
±

8.
9
±

2.
3

53
.6
±

6.
6
±

2.
2

53
.6
±

6.
7
±

2.
3

45
.7
±

5.
6
±

2.
1

18
.2
±

4.
1
±

1.
3

1
−

2
13

9.
4
±

14
.8
±

6.
4

12
9.

1
±

10
.2
±

5.
1

11
8.

4
±

9.
4
±

4.
9

78
.1
±

7.
5
±

3.
8

65
.5
±

7.
9
±

4.
6

2
−

3
16

3.
2
±

16
.4
±

7.
8

17
3.

3
±

11
.5
±

6.
9

14
1.

5
±

10
.6
±

5.
8

97
.0
±

8.
8
±

4.
8

53
.8
±

7.
5
±

3.
9

3
−

4
16

8.
2
±

16
.5
±

7.
5

16
6.

6
±

11
.7
±

6.
6

14
8.

7
±

10
.5
±

6.
2

10
9.

3
±

9.
7
±

5.
8

57
.8
±

8.
0
±

4.
0

4
−

5
15

0.
2
±

15
.3
±

6.
5

14
9.

5
±

10
.9
±

6.
0

11
6.

4
±

9.
4
±

4.
8

73
.7
±

8.
1
±

4.
1

47
.5
±

7.
0
±

3.
3

5
−

6
14

8.
0
±

15
.0
±

6.
8

11
8.

5
±

9.
8
±

4.
7

99
.9
±

8.
4
±

4.
2

62
.7
±

7.
7
±

3.
5

38
.4
±

6.
8
±

2.
8

6
−

7
10

1.
6
±

12
.4
±

4.
7

89
.4
±

8.
2
±

3.
6

70
.7
±

7.
1
±

3.
0

53
.9
±

6.
6
±

3.
0

19
.9
±

5.
9
±

1.
5

7
−

8
61
.0
±

10
.2
±

2.
8

66
.1
±

7.
2
±

2.
6

59
.2
±

6.
0
±

2.
6

24
.5
±

3.
5
±

1.
4

16
.0
±

3.
8
±

1.
2

8
−

9
42
.1
±

8.
0
±

1.
9

49
.4
±

5.
8
±

2.
0

34
.3
±

4.
7
±

1.
5

9
−

10
43
.6
±

8.
3
±

2.
1

39
.2
±

5.
2
±

1.
6

25
.7
±

4.
0
±

1.
2

12
.8
±

2.
0
±

0.
8

4.
4
±

1.
5
±

0.
3

10
−

13
21
.0
±

3.
2
±

1.
0

22
.1
±

2.
2
±

0.
9

11
.4
±

1.
6
±

0.
5

13
−

20
5.

1
±

1.
1
±

0.
3

3.
92
±

0.
65
±

0.
20

3.
20
±

0.
57
±

0.
16

1.
31
±

0.
45
±

0.
09

0.
27
±

0.
30
±

0.
02

13



T
ab

le
2:

D
iff

er
en

ti
al

cr
os

s-
se

ct
io

n
ti

m
es

th
e
Υ
→
µ
+
µ
−

b
ra

n
ch

in
g

fr
ac

ti
on

(i
n

u
n
it

of
p
b
/(

G
eV

/
c)

)
in

b
in

s
of

(p
T

,
y
)

fo
r

th
e
Υ

(2
S

)
m

es
on

.
T

h
e

fi
rs

t
u

n
ce

rt
a
in

ti
es

ar
e

st
a
ti

st
ic

al
an

d
th

e
se

co
n

d
ar

e
sy

st
em

at
ic

.

p T
(G

eV
/c

)
2
<
y
<

2.
5

2.
5
<
y
<

3
3
<
y
<

3.
5

3.
5
<
y
<

4
4
<
y
<

4.
5

0
−

1
23
.7
±

6.
5
±

1.
1

6.
8
±

3.
2
±

0.
3

14
.4
±

4.
0
±

0.
6

15
.5
±

3.
4
±

0.
7

4.
9
±

2.
6
±

0.
3

1
−

2
38
.6
±

8.
9
±

1.
8

34
.4
±

5.
8
±

1.
4

22
.0
±

5.
3
±

1.
0

26
.2
±

4.
8
±

1.
3

5.
0
±

3.
2
±

0.
4

2
−

3
48
.0
±

9.
6
±

2.
4

33
.3
±

6.
0
±

1.
4

41
.0
±

6.
4
±

1.
8

2.
8
±

4.
1
±

0.
1

7.
8
±

3.
5
±

0.
6

3
−

4
54
.4
±

10
.4
±

2.
5

30
.9
±

6.
2
±

1.
3

31
.9
±

5.
9
±

1.
4

18
.4
±

5.
2
±

1.
0

7.
1
±

3.
6
±

0.
5

4
−

5
44
.3
±

9.
3
±

2.
0

25
.5
±

5.
7
±

1.
1

26
.4
±

5.
4
±

1.
2

19
.5
±

5.
1
±

1.
1

9.
7
±

3.
8
±

0.
7

5
−

6
34
.1
±

8.
3
±

1.
6

23
.0
±

5.
5
±

1.
0

33
.0
±

5.
7
±

1.
5

13
.3
±

4.
4
±

0.
8

3.
20
±

2.
93
±

0.
24

6
−

7
22
.6
±

7.
7
±

1.
1

18
.1
±

4.
5
±

0.
8

30
.5
±

5.
3
±

1.
4

14
.2
±

4.
3
±

0.
8

9.
2
±

3.
9
±

0.
7

7
−

8
18
.4
±

7.
1
±

0.
9

22
.1
±

4.
7
±

0.
9

14
.7
±

3.
5
±

0.
7

7.
9
±

2.
4
±

0.
5

0.
38
±

2.
90
±

0.
03

8
−

9
3.

95
±

4.
10
±

0.
18

16
.0
±

3.
7
±

0.
7

11
.7
±

3.
2
±

0.
5

9
−

10
8.

8
±

4.
7
±

0.
4

12
.9
±

3.
8
±

0.
5

9.
4
±

2.
4
±

0.
4

3.
49
±

1.
08
±

0.
22

1.
68
±

1.
00
±

0.
12

10
−

13
9.

4
±

2.
6
±

0.
5

6.
4
±

1.
4
±

0.
3

4.
40
±

0.
98
±

0.
21

13
−

20
3.

01
±

0.
86
±

0.
16

1.
44
±

0.
53
±

0.
07

1.
09
±

0.
37
±

0.
05

0.
41
±

0.
37
±

0.
03

0.
16
±

0.
21
±

0.
02

14



T
ab

le
3:

D
iff

er
en

ti
al

cr
os

s-
se

ct
io

n
ti

m
es

th
e
Υ
→
µ
+
µ
−

b
ra

n
ch

in
g

fr
ac

ti
on

(i
n

u
n
it

of
p
b
/(

G
eV

/
c)

)
in

b
in

s
of

(p
T

,
y
)

fo
r

th
e
Υ

(3
S

)
m

es
on

.
T

h
e

fi
rs

t
u

n
ce

rt
a
in

ti
es

ar
e

st
a
ti

st
ic

al
an

d
th

e
se

co
n

d
ar

e
sy

st
em

at
ic

.

p T
(G

eV
/c

)
2
<
y
<

2.
5

2.
5
<
y
<

3
3
<
y
<

3.
5

3.
5
<
y
<

4
4
<
y
<

4.
5

0
−

1
4.

31
±

3.
50
±

0.
21

0.
68
±

2.
34
±

0.
03

5.
63
±

3.
23
±

0.
26

5.
74
±

2.
41
±

0.
28

1.
72
±

1.
66
±

0.
13

1
−

2
10
.5

3
±

6.
6
±

0.
51

10
.0

9
±

4.
33
±

0.
44

14
.6

8
±

4.
45
±

0.
68

4.
56
±

3.
01
±

0.
24

2.
42
±

2.
62
±

0.
17

2
−

3
21
.8

2
±

7.
16
±

1.
10

13
.9

2
±

4.
83
±

0.
61

7.
44
±

4.
66
±

0.
34

7.
77
±

4.
15
±

0.
43

6.
43
±

3.
35
±

0.
48

3
−

4
7.

33
±

6.
31
±

0.
35

17
.1

7
±

5.
19
±

0.
75

21
.4

5
±

5.
12
±

0.
99

9.
15
±

4.
53
±

0.
54

8.
10
±

3.
86
±

0.
59

4
−

5
15
.1

2
±

6.
33
±

0.
7

21
.5

9
±

5.
18
±

0.
95

20
.6

0
±

4.
86
±

0.
96

10
.0

2
±

4.
44
±

0.
59

1.
11
±

2.
87
±

0.
08

5
−

6
6.

81
±

5.
67
±

0.
33

11
.1

7
±

4.
42
±

0.
49

18
.1

9
±

4.
91
±

0.
85

9.
11
±

3.
98
±

0.
54

1.
14
±

3.
2
±

0.
09

6
−

7
10
.2

8
±

5.
0
±

0.
51

8.
07
±

3.
65
±

0.
35

11
.7

9
±

4.
30
±

0.
55

9.
5
±

3.
39
±

0.
56

5.
76
±

3.
22
±

0.
43

7
−

8
11
.9

0
±

5.
60
±

0.
58

6.
12
±

3.
45
±

0.
27

6.
87
±

2.
88
±

0.
32

3.
65
±

2.
19
±

0.
23

0.
00
±

2.
21
±

0.
00

8
−

9
0.

52
±

7.
65
±

0.
03

10
.7

9
±

3.
33
±

0.
47

2.
8
±

2.
19
±

0.
14

9
−

10
12
.2

0
±

5.
10
±

0.
61

3.
28
±

2.
56
±

0.
14

5.
02
±

1.
96
±

0.
25

2.
02
±

1.
03
±

0.
13

1.
43
±

1.
12
±

0.
10

10
−

13
4.

76
±

2.
02
±

0.
24

3.
18
±

1.
19
±

0.
14

3.
47
±

0.
91
±

0.
17

13
−

20
1.

24
±

0.
69
±

0.
07

1.
64
±

0.
48
±

0.
09

0.
85
±

0.
34
±

0.
04

0.
07
±

0.
38
±

0.
00

0.
23
±

0.
32
±

0.
02

15



Table 4: 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.

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) of
Υ (1S), Υ (2S) and Υ (3S) mesons as a function y for pT integrated from 0 to 20 GeV/c.

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

as a function of pT for y integrated from 2.0 to 4.5.

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

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

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
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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, (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 = 7 TeV and 8 TeV [38] in the same kinematic range as in this analysis,

and by the CMS experiment [54] for
√
s = 8 TeV.

To evaluate the change of results assuming non-zero polarisation, the angular distri-
butions 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 8, 9 and 10 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 11(14), 12(15) and 13(16) 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.

Table 8: 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 2.87± 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
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Table 9: Relative changes of cross-sections of Υ (2S) (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 (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 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
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Table 11: 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 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 (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 27.2± 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
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Table 13: Relative changes of cross-sections of Υ (3S) (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 (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 −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
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Table 15: 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 −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 (3S) (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± 0.6 −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
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T. Mombächer40 , M. Monk50,63 , I.A. Monroy69 , S. Monteil9 , G. Morello23 ,
M.J. Morello29,q , J. Moron34 , A.B. Morris42 , A.G. Morris50 , R. Mountain62 ,
H. Mu3 , E. Muhammad50 , F. Muheim52 , M. Mulder73 , K. Müller44 ,
C.H. Murphy57 , D. Murray56 , R. Murta55 , P. Muzzetto27,i , P. Naik48 ,
T. Nakada43 , R. Nandakumar51 , T. Nanut42 , I. Nasteva2 , M. Needham52 ,
N. Neri25,m , S. Neubert70 , N. Neufeld42 , P. Neustroev38, R. Newcombe55,
J. Nicolini15,11 , D. Nicotra74 , E.M. Niel43 , S. Nieswand14, N. Nikitin38 ,
N.S. Nolte58 , C. Normand8,i,27 , J. Novoa Fernandez40 , G.N Nowak59 , C. Nunez78 ,
A. Oblakowska-Mucha34 , V. Obraztsov38 , T. Oeser14 , D.P. O’Hanlon48 ,
S. Okamura21,j , R. Oldeman27,i , F. Oliva52 , C.J.G. Onderwater73 , R.H. O’Neil52 ,
J.M. Otalora Goicochea2 , T. Ovsiannikova38 , P. Owen44 , A. Oyanguren41 ,
O. Ozcelik52 , K.O. Padeken70 , B. Pagare50 , P.R. Pais42 , T. Pajero57 ,
A. Palano19 , M. Palutan23 , Y. Pan56 , G. Panshin38 , L. Paolucci50 ,
A. Papanestis51 , M. Pappagallo19,g , L.L. Pappalardo21,j , W. Parker60 , C. Parkes56 ,
B. Passalacqua21,j , G. Passaleva22 , A. Pastore19 , M. Patel55 , C. Patrignani20,h ,
C.J. Pawley74 , A. Pellegrino32 , M. Pepe Altarelli42 , S. Perazzini20 , D. Pereima38 ,
A. Pereiro Castro40 , P. Perret9 , K. Petridis48 , A. Petrolini24,l , A. Petrov38,
S. Petrucci52 , M. Petruzzo25 , H. Pham62 , A. Philippov38 , R. Piandani6 ,
L. Pica29,q , M. Piccini72 , B. Pietrzyk8 , G. Pietrzyk11 , M. Pili57 , D. Pinci30 ,
F. Pisani42 , M. Pizzichemi26,n,42 , V. Placinta37 , J. Plews47 , M. Plo Casasus40 ,

29

https://orcid.org/0000-0001-6805-0395
https://orcid.org/0000-0002-4036-2060
https://orcid.org/0000-0001-8631-4200
https://orcid.org/0000-0001-8664-4787
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0009-0008-8631-9552
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0000-0001-8774-8270
https://orcid.org/0000-0002-2073-711X
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0009-0002-8059-5325
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0009-0005-6974-140X
https://orcid.org/0000-0003-0658-4919
https://orcid.org/0000-0003-1633-0496
https://orcid.org/0000-0002-5443-4870
https://orcid.org/0000-0003-1587-4555
https://orcid.org/0000-0001-5241-8642
https://orcid.org/0000-0002-5816-9488
https://orcid.org/0000-0002-2360-2392
https://orcid.org/0000-0002-3454-7261
https://orcid.org/0000-0002-0322-5550
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0002-7195-8537
https://orcid.org/0000-0002-3151-3453
https://orcid.org/0000-0002-4094-1273
https://orcid.org/0000-0002-7551-6971
https://orcid.org/0000-0003-3523-9479
https://orcid.org/0000-0002-6917-6210
https://orcid.org/0000-0001-9619-6666
https://orcid.org/0000-0003-3192-6175
https://orcid.org/0000-0003-3509-1240
https://orcid.org/0000-0002-2589-240X
https://orcid.org/0000-0002-3966-2998
https://orcid.org/0000-0001-6640-7274
https://orcid.org/0000-0001-5012-6013
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0000-0002-2243-8412
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0000-0001-5455-3768
https://orcid.org/0000-0002-5241-2555
https://orcid.org/0000-0002-5723-0961
https://orcid.org/0000-0003-2043-4669
https://orcid.org/0000-0003-0755-8413
https://orcid.org/0000-0002-5277-9103
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0001-6052-8243
https://orcid.org/0000-0002-5541-6500
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-4234-435X
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0001-6658-1993
https://orcid.org/0000-0003-4658-6361
https://orcid.org/0000-0002-6919-227X
https://orcid.org/0000-0002-2375-9509
https://orcid.org/0000-0003-4176-1503
https://orcid.org/0000-0003-3898-7464
https://orcid.org/0000-0003-1874-8407
https://orcid.org/0000-0003-1168-9547
https://orcid.org/0000-0002-6323-5582
https://orcid.org/0000-0001-9892-5113
https://orcid.org/0000-0002-9433-054X
https://orcid.org/0000-0003-4416-6961
https://orcid.org/0000-0002-8196-1828
https://orcid.org/0000-0003-4937-7637
https://orcid.org/0000-0002-3697-8129
https://orcid.org/0000-0001-6823-2607
https://orcid.org/0000-0002-0630-5185
https://orcid.org/0009-0001-8755-2937
https://orcid.org/0000-0003-0312-3914
https://orcid.org/0000-0002-1072-5633
https://orcid.org/0000-0002-6876-3288
https://orcid.org/0000-0002-7053-4951
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0000-0002-0152-2412
https://orcid.org/0000-0002-9571-7535
https://orcid.org/0000-0002-4644-5916
https://orcid.org/0000-0001-6651-9436
https://orcid.org/0000-0003-0171-7890
https://orcid.org/0009-0003-8228-0404
https://orcid.org/0000-0002-9390-8821
https://orcid.org/0000-0003-1652-8005
https://orcid.org/0000-0001-5704-3499
https://orcid.org/0000-0003-2744-3656
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0003-0062-1985
https://orcid.org/0000-0002-3731-9977
https://orcid.org/0000-0002-2120-5633
https://orcid.org/0000-0003-1960-4413
https://orcid.org/0000-0003-1144-3678
https://orcid.org/0000-0002-2490-435X
https://orcid.org/0000-0002-9915-6587
https://orcid.org/0000-0001-8114-3078
https://orcid.org/0000-0001-9099-4878
https://orcid.org/0000-0002-4111-0797
https://orcid.org/0000-0002-5055-7224
https://orcid.org/0000-0002-7298-3101
https://orcid.org/0000-0003-0529-6982
https://orcid.org/0000-0002-2867-722X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0000-0002-6150-3168
https://orcid.org/0000-0002-8663-9037
https://orcid.org/0000-0002-8996-795X
https://orcid.org/0000-0003-4792-9178
https://orcid.org/0000-0002-6438-4483
https://orcid.org/0000-0001-6841-6035
https://orcid.org/0000-0002-3264-3401
https://orcid.org/0000-0002-7380-6190
https://orcid.org/0000-0001-8713-6119
https://orcid.org/0000-0002-9428-4715
https://orcid.org/0000-0003-4665-5451
https://orcid.org/0000-0002-4047-4521
https://orcid.org/0000-0003-2222-7727
https://orcid.org/0000-0003-1664-8963
https://orcid.org/0000-0002-7366-4364
https://orcid.org/0000-0002-9331-1363
https://orcid.org/0000-0002-3687-9630
https://orcid.org/0000-0002-3038-7301
https://orcid.org/0009-0004-7045-2181
https://orcid.org/0000-0001-8993-3234
https://orcid.org/0000-0002-5477-3995
https://orcid.org/0000-0001-5023-2086
https://orcid.org/0000-0001-7144-0175
https://orcid.org/0000-0003-0875-2533
https://orcid.org/0000-0002-1947-8034
https://orcid.org/0000-0002-4266-1726
https://orcid.org/0000-0003-1667-7115
https://orcid.org/0000-0003-1836-0189
https://orcid.org/0000-0003-0818-4695
https://orcid.org/0000-0002-0374-5310
https://orcid.org/0000-0002-2622-8551
https://orcid.org/0000-0003-4232-5615
https://orcid.org/0000-0002-6969-2063
https://orcid.org/0000-0001-7450-1121
https://orcid.org/0000-0003-1580-0898
https://orcid.org/0000-0002-0091-5177
https://orcid.org/0000-0002-4018-1454
https://orcid.org/0000-0002-7956-054X
https://orcid.org/0000-0002-1697-4999
https://orcid.org/0000-0003-3650-2689
https://orcid.org/0009-0009-9185-4901
https://orcid.org/0000-0002-3718-4144
https://orcid.org/0000-0002-5662-8804
https://orcid.org/0000-0002-1849-1472
https://orcid.org/0000-0002-5612-979X
https://orcid.org/0000-0003-0484-0157
https://orcid.org/0000-0001-8742-0531
https://orcid.org/0000-0001-5015-3353
https://orcid.org/0000-0002-6180-3697
https://orcid.org/0000-0003-4190-1078
https://orcid.org/0000-0002-1857-1675
https://orcid.org/0000-0002-0832-9199
https://orcid.org/0000-0001-6644-9888
https://orcid.org/0000-0003-1908-4219
https://orcid.org/0000-0001-9720-7507
https://orcid.org/0000-0001-7413-5862
https://orcid.org/0000-0002-1131-8909
https://orcid.org/0000-0001-6867-8166
https://orcid.org/0000-0002-5105-1305
https://orcid.org/0000-0002-6441-075X
https://orcid.org/0000-0002-5729-8675
https://orcid.org/0000-0002-6915-8370
https://orcid.org/0000-0003-3109-3695
https://orcid.org/0000-0001-6977-2971
https://orcid.org/0009-0000-6210-6861
https://orcid.org/0000-0002-6813-6794
https://orcid.org/0000-0002-5728-9867
https://orcid.org/0000-0001-7115-7214
https://orcid.org/0000-0002-8297-6714
https://orcid.org/0000-0002-6106-3756
https://orcid.org/0000-0002-0706-1944
https://orcid.org/0000-0003-2298-0102
https://orcid.org/0000-0001-9034-3637
https://orcid.org/0000-0001-7513-3033
https://orcid.org/0000-0002-6587-4695
https://orcid.org/0000-0003-0215-1091
https://orcid.org/0000-0003-2536-4209
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-1819-1381
https://orcid.org/0000-0003-4864-7164
https://orcid.org/0000-0002-2521-9346
https://orcid.org/0000-0003-1328-0534
https://orcid.org/0000-0002-0994-3641
https://orcid.org/0000-0001-7792-4082
https://orcid.org/0000-0002-3001-6690
https://orcid.org/0000-0003-1229-3093
https://orcid.org/0000-0001-6902-0710
https://orcid.org/0000-0001-7025-3407
https://orcid.org/0000-0002-2310-4166
https://orcid.org/0000-0002-9797-8464
https://orcid.org/0000-0002-9584-8500
https://orcid.org/0000-0002-3890-9426
https://orcid.org/0000-0002-4161-9147
https://orcid.org/0000-0002-8240-7300
https://orcid.org/0000-0003-3227-9248
https://orcid.org/0000-0001-7251-9125
https://orcid.org/0000-0003-3184-1622
https://orcid.org/0009-0005-9758-742X
https://orcid.org/0000-0001-9630-2000
https://orcid.org/0000-0002-6095-9593
https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0002-4110-7299
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0003-0465-2893
https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0001-9479-1285
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0000-0003-3643-7469
https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0000-0001-8312-4268
https://orcid.org/0000-0001-8377-149X
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0002-5103-8880
https://orcid.org/0000-0003-2226-8924
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7599-4666
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0009-0009-8213-7265
https://orcid.org/0000-0002-2289-918X


F. Polci13,42 , M. Poli Lener23 , A. Poluektov10 , N. Polukhina38 , I. Polyakov42 ,
E. Polycarpo2 , S. Ponce42 , D. Popov6,42 , S. Poslavskii38 , K. Prasanth35 ,
L. Promberger17 , C. Prouve40 , V. Pugatch46 , V. Puill11 , G. Punzi29,r , H.R. Qi3 ,
W. Qian6 , N. Qin3 , S. Qu3 , R. Quagliani43 , N.V. Raab18 , B. Rachwal34 ,
J.H. Rademacker48 , R. Rajagopalan62, M. Rama29 , M. Ramos Pernas50 ,
M.S. Rangel2 , F. Ratnikov38 , G. Raven33,42 , M. Rebollo De Miguel41 , F. Redi42 ,
J. Reich48 , F. Reiss56 , C. Remon Alepuz41, Z. Ren3 , P.K. Resmi10 , R. Ribatti29,q ,
A.M. Ricci27 , S. Ricciardi51 , K. Richardson58 , M. Richardson-Slipper52 ,
K. Rinnert54 , P. Robbe11 , G. Robertson52 , A.B. Rodrigues43 , E. Rodrigues54 ,
E. Rodriguez Fernandez40 , J.A. Rodriguez Lopez69 , E. Rodriguez Rodriguez40 ,
D.L. Rolf42 , A. Rollings57 , P. Roloff42 , V. Romanovskiy38 , M. Romero Lamas40 ,
A. Romero Vidal40 , J.D. Roth78,†, M. Rotondo23 , M.S. Rudolph62 , T. Ruf42 ,
R.A. Ruiz Fernandez40 , J. Ruiz Vidal41 , A. Ryzhikov38 , J. Ryzka34 ,
J.J. Saborido Silva40 , N. Sagidova38 , N. Sahoo47 , B. Saitta27,i , M. Salomoni42 ,
C. Sanchez Gras32 , I. Sanderswood41 , R. Santacesaria30 , C. Santamarina Rios40 ,
M. Santimaria23 , E. Santovetti31,t , D. Saranin38 , G. Sarpis14 , M. Sarpis70 ,
A. Sarti30 , C. Satriano30,s , A. Satta31 , M. Saur15 , D. Savrina38 , H. Sazak9 ,
L.G. Scantlebury Smead57 , A. Scarabotto13 , S. Schael14 , S. Scherl54 , M. Schiller53 ,
H. Schindler42 , M. Schmelling16 , B. Schmidt42 , S. Schmitt14 , O. Schneider43 ,
A. Schopper42 , M. Schubiger32 , S. Schulte43 , M.H. Schune11 , R. Schwemmer42 ,
B. Sciascia23 , A. Sciuccati42 , S. Sellam40 , A. Semennikov38 , M. Senghi Soares33 ,
A. Sergi24,l , N. Serra44 , L. Sestini28 , A. Seuthe15 , Y. Shang5 , D.M. Shangase78 ,
M. Shapkin38 , I. Shchemerov38 , L. Shchutska43 , T. Shears54 , L. Shekhtman38 ,
Z. Shen5 , S. Sheng4,6 , V. Shevchenko38 , B. Shi6 , E.B. Shields26,n , Y. Shimizu11 ,
E. Shmanin38 , R. Shorkin38 , J.D. Shupperd62 , B.G. Siddi21,j , R. Silva Coutinho62 ,
G. Simi28 , S. Simone19,g , M. Singla63 , N. Skidmore56 , R. Skuza17 ,
T. Skwarnicki62 , M.W. Slater47 , J.C. Smallwood57 , J.G. Smeaton49 , E. Smith44 ,
K. Smith61 , M. Smith55 , A. Snoch32 , L. Soares Lavra9 , M.D. Sokoloff59 ,
F.J.P. Soler53 , A. Solomin38,48 , A. Solovev38 , I. Solovyev38 , R. Song63 ,
F.L. Souza De Almeida2 , B. Souza De Paula2 , B. Spaan15,†, E. Spadaro Norella25,m ,
E. Spedicato20 , E. Spiridenkov38, P. Spradlin53 , V. Sriskaran42 , F. Stagni42 ,
M. Stahl42 , S. Stahl42 , S. Stanislaus57 , E.N. Stein42 , O. Steinkamp44 ,
O. Stenyakin38, H. Stevens15 , S. Stone62,† , D. Strekalina38 , Y.S Su6 , F. Suljik57 ,
J. Sun27 , L. Sun68 , Y. Sun60 , P. Svihra56 , P.N. Swallow47 , K. Swientek34 ,
A. Szabelski36 , T. Szumlak34 , M. Szymanski42 , Y. Tan3 , S. Taneja56 , M.D. Tat57 ,
A. Terentev38 , F. Teubert42 , E. Thomas42 , D.J.D. Thompson47 , K.A. Thomson54 ,
H. Tilquin55 , V. Tisserand9 , S. T’Jampens8 , M. Tobin4 , L. Tomassetti21,j ,
G. Tonani25,m , X. Tong5 , D. Torres Machado1 , D.Y. Tou3 , S.M. Trilov48 ,
C. Trippl43 , G. Tuci6 , A. Tully43 , N. Tuning32 , A. Ukleja36 , D.J. Unverzagt17 ,
A. Usachov33 , A. Ustyuzhanin38 , U. Uwer17 , A. Vagner38, V. Vagnoni20 ,
A. Valassi42 , G. Valenti20 , N. Valls Canudas76 , M. Van Dijk43 , H. Van Hecke61 ,
E. van Herwijnen55 , C.B. Van Hulse40,v , M. van Veghel73 , R. Vazquez Gomez39 ,
P. Vazquez Regueiro40 , C. Vázquez Sierra42 , S. Vecchi21 , J.J. Velthuis48 ,
M. Veltri22,u , A. Venkateswaran43 , M. Veronesi32 , M. Vesterinen50 , D. Vieira59 ,
M. Vieites Diaz43 , X. Vilasis-Cardona76 , E. Vilella Figueras54 , A. Villa20 ,
P. Vincent13 , F.C. Volle11 , D. vom Bruch10 , A. Vorobyev38, V. Vorobyev38,
N. Voropaev38 , K. Vos74 , C. Vrahas52 , J. Walsh29 , G. Wan5 , C. Wang17 ,
G. Wang7 , J. Wang5 , J. Wang4 , J. Wang3 , J. Wang68 , M. Wang25 , R. Wang48 ,
X. Wang66 , Y. Wang7 , Z. Wang44 , Z. Wang3 , Z. Wang6 , J.A. Ward50,63 ,
N.K. Watson47 , D. Websdale55 , Y. Wei5 , B.D.C. Westhenry48 , D.J. White56 ,

30

https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-0127-6255
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0003-0806-7149
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0002-9325-2308
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-3199-2968
https://orcid.org/0000-0002-0685-6497
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-8816-3626
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0002-1955-7541
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0002-5213-3783
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0002-8657-3576
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0001-5419-7951
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0001-9330-1440
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-5836-5211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-3004-187X
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3204-5847
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0001-6057-6018
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-8694-2853
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0002-2122-771X
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0002-7811-2147
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0002-9121-6629
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0001-8856-2777
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-3111-4003
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-0267-6402
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0002-8712-9055
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0001-9322-9565
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0003-2538-5798
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0000-0002-1916-3884
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0001-9511-2846
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0000-0002-5121-6923


M. Whitehead53 , A.R. Wiederhold50 , D. Wiedner15 , G. Wilkinson57 ,
M.K. Wilkinson59 , I. Williams49, M. Williams58 , M.R.J. Williams52 , R. Williams49 ,
F.F. Wilson51 , W. Wislicki36 , M. Witek35 , L. Witola17 , C.P. Wong61 ,
G. Wormser11 , S.A. Wotton49 , H. Wu62 , J. Wu7 , K. Wyllie42 , Z. Xiang6 ,
Y. Xie7 , A. Xu5 , J. Xu6 , L. Xu3 , L. Xu3 , M. Xu50 , Q. Xu6, Z. Xu9 , Z. Xu6 ,
D. Yang3 , S. Yang6 , X. Yang5 , Y. Yang6 , Z. Yang5 , Z. Yang60 ,
L.E. Yeomans54 , V. Yeroshenko11 , H. Yeung56 , H. Yin7 , J. Yu65 , X. Yuan62 ,
E. Zaffaroni43 , M. Zavertyaev16 , M. Zdybal35 , O. Zenaiev42 , M. Zeng3 ,
C. Zhang5 , D. Zhang7 , L. Zhang3 , S. Zhang65 , S. Zhang5 , Y. Zhang5 ,
Y. Zhang57, Y. Zhao17 , A. Zharkova38 , A. Zhelezov17 , Y. Zheng6 , T. Zhou5 ,
X. Zhou6 , Y. Zhou6 , V. Zhovkovska11 , X. Zhu3 , X. Zhu7 , Z. Zhu6 ,
V. Zhukov14,38 , Q. Zou4,6 , S. Zucchelli20,h , D. Zuliani28 , G. Zunica56 .

1Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro, Brazil
2Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
3Center for High Energy Physics, Tsinghua University, Beijing, China
4Institute Of High Energy Physics (IHEP), Beijing, China
5School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,
China
6University of Chinese Academy of Sciences, Beijing, China
7Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
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hUniversità di Bologna, Bologna, Italy
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kUniversità di Firenze, Firenze, Italy
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