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1 Introduction

The study of heavy quarkonium (c¢ and bb) production in high-energy hadron collisions
provides important information to better understand quantum chromodynamics (QCD).
Thanks to theoretical and experimental efforts in the past forty years, the comprehension
of hadronic production of heavy quarkonia has been improved significantly. The produc-
tion of heavy quarkonium in proton-proton (pp) collisions at the Large Hadron Collider
(LHC) is expected to start with the production of a heavy quark pair, QQ, followed by its
hadronization into a bound state. The heavy quark pair QQ is produced mainly via Lead-
ing Order (LO) gluon-gluon interactions. Several models have been proposed to describe
the underlying dynamics, such as the colour-singlet model (CSM) [1-7] and non-relativistic
QCD (NRQCD) [8-10]. In the CSM the intermediate QQ state is supposed to be colourless
and has the same quantum numbers as the quarkonium final state, while in NRQCD the
calculations also include the colour-octet contribution. However, at present no model can
describe both the heavy quarkonium production cross-section and polarisation simultane-
ously.

The production of 7'(1S), 7(2S) and 7 (3S) mesons has been studied at LHC by
ATLAS [11, 12] and CMS [13, 14] collaborations at centre-of-mass energies of 7 TeV and
13 TeV. The measurements have also been performed by LHCDb at centre-of-mass energies
of 2.76 TeV [15], 7TeV [16-19] and 8 TeV [17-20]. The NRQCD calculations can describe
the trends of the differential production cross-sections in data for all three 7" states within
uncertainties. The measured production cross-section ratios between 7 TeV and 8 TeV [18]
as a function of transverse momentum, pr, are consistently higher than the next-to-leading



order NRQCD theory predictions [21], and the ratios as a function of rapidity show a differ-
ent trend than the predictions [22, 23]. The measurement performed at 13 TeV presented
here provides valuable input to study the quarkonium production at a higher centre-of-mass
energy, enabling ratios to be determined with respect to data taken at a lower centre-of-
mass energy. Most of the theoretical and experimental uncertainties cancel in the ratios,
and more stringent constraints on the theoretical models can be obtained.

This paper presents a measurement of the differential production cross-sections times
dimuon branching fractions of 7°(1S5), 7°(2S) and 7°(3S) mesons, as functions of pr, and
rapidity, y, over the range 0 < pr < 30 GeV/c and 2.0 < y < 4.5. Ratios between the cross-
section measurements at 13 TeV and 8 TeV [18] are also presented. The measurements are
compared with theoretical predictions based on NRQCD [24].

2 The LHCDb detector and event selection

The LHCb detector [25, 26] is a single-arm forward spectrometer covering the pseudora-
pidity range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex de-
tector surrounding the pp interaction region [27], 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 [28] placed downstream of the magnet. The
tracking system provides a measurement of momentum, p, of charged particles with a rel-
ative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary vertex, the impact parameter, is measured
with a resolution of (15 + 29/pr) um, where pr is expressed in GeV/c. Different types
of charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors [29]. Photons, electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad (SPD) and preshower detectors, an electromagnetic calorimeter
and a hadronic calorimeter. Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers [30].

The data sample used in this measurement corresponds to an integrated luminosity
of 277 + 11pb~! of pp collisions at a centre-of-mass energy of 13TeV collected during
2015. The online event selection is performed by a trigger system [31] that consists of a
hardware stage selecting dimuon candidates with the product of the transverse momenta
of the muons greater than (1.3 GeV/c)?, followed by a two-stage software selection based
on the information available after full event reconstruction. In the software trigger, two
muons with p > 6 GeV/c, pr > 300 MeV/c are selected to form a 7" candidate. These
two muon candidates are required to form a common vertex [32] with an invariant mass
M > 4.7 GeV/c?. To reject high-multiplicity events with a large number of pp interactions,
a set of global event requirements [31] is applied, which includes the requirement that the
number of hits in the SPD subdetector be less than 900. In between the first and second
stages of the software trigger, the alignment and calibration of the detector is performed
nearly in real-time [33] and updated constants are made available for the trigger. The same
alignment and calibration information is propagated to the offline reconstruction, ensuring



the consistency and high-quality of the tracking and particle identification 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 [31, 34] as done in the present analysis.

After the trigger, the 7 candidates are further selected offline by requiring two well
identified muon candidates with transverse momentum larger than 1 GeV/¢, and momentum
larger than 10 GeV/c. The invariant mass of the two muon candidates is required to be in
the range 8.5 < M < 11.5 GeV/c?. Furthermore, the muons are required to form a vertex
with good fit quality.

The event-selection efficiencies are determined using simulated samples, which are
generated using PyTHIA 8 [35] with a specific LHCb configuration [36]. The three 7
states are assumed to be produced unpolarised in this analysis. The decays of hadrons are
described by EVTGEN [37], in which final-state radiation is simulated using PHOTOS [38].
The GEANT4 toolkit [39] is used to describe the interactions of the generated particles with
the detector and its response.

3 Cross-section determination

The double-differential production cross-section times dimuon branching fraction (B) is

defined as ) ( )
d“o _ N(pr,y

X B = putpT) = ’ , 3.1

dydpr ( o) L X eot(pr,y) X Ay X Apr (8-1)

where N (pr,y) and €0t (pT, y) are respectively the signal yields and the total efficiencies for
7(15), 7 (25) and 7(395) states in the given kinematic bin, £ is the integrated luminosity,
and Apr and Ay are the bin widths.

To determine the signal yields in each kinematic bin, an extended unbinned maximum-
likelihood fit is performed to the dimuon invariant mass distribution of the selected can-
didates. The dimuon mass distribution is described by three Crystal Ball functions [40],
one for each of the three 1" states, and the combinatorial background is described by an
exponential function. In each bin, the tail parameters of the Crystal Ball functions are
fixed as done in the previous analysis [16]. The mass and mass resolution of the 7°(15)
state are free parameters. For the 7°(25) and 7°(3S5) states, the mass differences with re-
spect to the 7'(1S) state are fixed to the current world averages [41] and the ratios of the
mass resolutions with respect to that of the 7°(15) state are fixed to those in the simulated
samples.

The invariant mass distribution of 7" candidates after all the selections in the range
0 < pr < 30GeV/c and 2.0 < y < 4.5 and the fit results are shown in figure 1. The total
signal yields are 397 841 + 796 for the 7°(15) state, 99 790 & 469 for the 7°(2S5) state and
50677 £ 381 for the T°(395) state.

The total efficiency, etot, in each bin is computed as the product of the detector geomet-
rical acceptance and of the efficiencies related to particle reconstruction, event selection,
muon identification and trigger. The detector acceptance, selection and trigger efficiencies
are calculated using simulation. The tracking efficiency is obtained from simulation and
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Figure 1. Dimuon invariant mass distribution of 7" candidates with 0 < pr < 30GeV/c and
2.0 < y < 4.5. The fit result with the Crystal Ball functions plus an exponential function is also
shown. The black dots refer to the data, the blue dashed line refers to the three signals and the
green dotted line refers to the background.

corrected using a data-driven method [42] to improve its modelling in simulation sam-
ples. The muon identification efficiency is determined from simulation and calibrated with
Jhp — ptp~ and ¢ — ptp~ data using a tag-and-probe method. The calibration samples
in data are not sufficient to give precise tracking and muon identification efficiencies for
the whole kinematic region.

4 Systematic uncertainties

Several sources of systematic uncertainties are associated with the determination of the
signal yields, efficiencies, and integrated luminosity. They are reported in table 1 and
described below. The dominant uncertainties are due to the trigger efficiency and the
luminosity.

The uncertainty related to the fit model predominantly originates from the description
of the signal tails caused by final-state radiation, and from the description of the background
line shape. The former is studied by using the same fit model to describe the dimuon
invariant-mass distribution of a mixed sample in which the signal is from the full simulation,
and the background is generated with pseudoexperiments using the same shape and fraction
as in the data. The latter is studied by replacing the exponential function with a second-
order Chebyshev polynomial function. A combined relative uncertainty of 1.9% for the
T(1S) state, 1.8% for the 7°(25) state and 2.5% for the 7°(35) state is assigned.

The efficiency of the global event requirements is found to be 100% in simulation, and
99.4% in data, with negligible statistical uncertainty. The difference, 0.6%, is assigned as
systematic uncertainty.

The trigger efficiency uncertainty is computed using the same method as in the 7 TeV
and 8 TeV analyses [18]. The dimuon hardware-trigger efficiency is studied with events
triggered by the single-muon hardware trigger. The difference of this efficiency in data



Source 7(15) 7(25) 1(39) Comment

Fit models 1.9 1.8 2.5 Correlated
Simulation statistics 0.4-4.6 0.5-5.1 0.5-4.4 Bin dependent
Global event requirements 0.6 0.6 0.6 Correlated
Trigger 3.9-9.8 3.9-9.8 3.9-9.8 Bin dependent
. (0.1-6.6) (0.2-6.4) (0.2-6.5)
Tracking B2x08) B(2x08) S(2x0.8) Correlated
Muon identification 0.1-7.9 0.1-7.6 0.2-8.5 Correlated
Vertexing 0.2 0.2 0.2 Correlated
Kinematic spectrum 0.0-1.1 0.0-2.2 0.0-2.5 Bin dependent
Radiative tail 1.0 1.0 1.0 Correlated
Luminosity 3.9 3.9 3.9 Correlated
Total 6.2-14.3 6.2-14.6 6.4-14.9 Correlated

Table 1. Summary of the relative systematic uncertainties (in %) on the 7" production cross-sections
times dimuon branching fractions. Some of the uncertainties are correlated between intervals. For
the trigger, track reconstruction and muon identification efficiencies, the uncertainties are larger in
the high rapidity region. The uncertainties on the tracking efficiency account for both the limited
size of the control samples (first parenthesis) and the impact of different multiplicity between data
and simulation on each track (second parenthesis).

and simulated samples divided by that in simulation is assigned as the relative systematic
uncertainty. The systematic uncertainty related to the global event requirements applied
in the single-muon trigger, as well as other sources of uncertainties are assumed to be equal
to those estimated in the inclusive bb cross-section measurements at 7 TeV and 13 TeV [43].
In total, the systematic uncertainty coming from trigger efficiencies is 3.9-9.8% for the
three 7" states, depending on the kinematic bin.

The tracking efficiencies in simulation are corrected with a data-driven method using
J/p — ptp~ control samples. The number of SPD hits distributions in simulated samples
are weighted to improve the agreement with data and an uncertainty of 0.8% per track is
assigned to account for a different multiplicity between data and simulation. The tracking
efficiencies determined from simulated samples are corrected with the ratio of efficiencies
in data and simulation. The uncertainty due to the finite size of the control samples is
propagated to the final systematic uncertainty using a large number of pseudoexperiments
and is 0.1-6.6% for the 7'(15) state, 0.2-6.4% for the 1'(2S) state and 0.2-6.5% for the
7(3S) state, depending on the kinematic bin. In total, the systematic uncertainty origi-
nating from the tracking efficiency is 1.6-6.8% for the T°(15) state, 1.6-6.6% for the 7°(25)
state and 1.6-6.7% for the 7°(35) state, depending on the kinematic bin.

The muon identification efficiency is determined from simulation and calibrated with
data using a tag-and-probe method. The single-muon identification efficiency is measured
in intervals of p, n and event multiplicity. The statistical uncertainty due to the finite size
of the calibration sample is propagated to the final results using pseudoexperiments. The
uncertainty related to the kinematic binning scheme of the calibration samples is studied
by changing the bin size. The uncertainty due to the kinematic correlations between the



two muons, which is not considered in the efficiency calculation, is studied with simulated
samples. The correlation is found to be negligible except for the most forward region,
in which the two muons from the T decays have smaller opening angle. In total, the
systematic uncertainty assigned to the muon identification efficiency is 0.1-7.9% for the
7(15) state, 0.1-7.6% for the 7(25) state and 0.2-8.5% for the 7°(3.5) state, depending on
the kinematic bin.

The systematic uncertainty on the signal efficiency of the vertex fit quality requirement
is studied by comparing data and simulation. A relative difference of 0.2% is assigned for
the three 1" states.

The kinematic distributions of 7" mesons in simulation and in data are slightly different
within each kinematic bin due to the finite bin size in pp and y, causing differences in
efficiencies. This effect is studied by weighting the kinematic distributions of 7" states
in simulation to match the distributions in data. All efficiencies are recalculated, and
the relative differences of the total efficiency between the new and the nominal results are
assigned as systematic uncertainties, which vary between 0.0-1.1% for the 7°(15) state, 0.0—
2.2% for the 7'(25) state and 0.0-2.5% for the 7°(3.5) state, depending on the kinematic bin.

A systematic uncertainty of 1.0% is assigned as a consequence of the limited precision
on the modelling of the final-state radiation in the simulation, estimated as in the previous
analysis [20].

The integrated luminosity is determined using the beam-gas imaging and van der
Meer scan methods [44]. A relative uncertainty of 3.9% is assigned on the luminosity and
propagated to the cross-sections.

5 Results

5.1 Cross-sections

The double-differential cross-sections multiplied by dimuon branching fractions for the
7(1S), T(2S) and Y'(35) states are shown in figure 2. The corresponding values are listed
in tables 2-4. By integrating the double-differential results over pr (y), the differential
cross-sections times dimuon branching fractions as functions of y (pr) are shown in figure 3
for the three 7" states, with the theoretical predictions based on NRQCD [24] overlaid. The
NRQCD predictions are in agreement with the experimental data at high pr.

The total cross-sections multiplied by dimuon branching fractions for the three states
integrated over the ranges of 0 < pr < 15GeV/c and 2.0 < y < 4.5 are measured to be

B(r(1S) — ptu™) x o(T(15),0 < pr < 15GeV/e,2 < y < 4.5) = 4687 £ 10 4 294 pb,
B(T((2S) = ptu™) x o(Y(25),0 < pr < 15GeV/c,2 < y < 4.5) = 1134 £ 6 + 71 pb,
B(r(3S) — ptu™) x (T (39),0 < pr < 15GeV/e,2 < y < 4.5) = 561 & 4 + 36 pb,

where the first uncertainty is statistical and the second is systematic. The corresponding
results as a function of pp centre-of-mass energy are shown in figure 4.

In this paper, results are obtained under the assumption of zero polarisation. The
effects of possible 7" polarisation based on the LHCb measurements [19] in pp collisions at



pr [GeV/(]

20<y <25

25<y<3.0

30<y<35

35<y<4.0

4.0<y<4b

0-1
1-2
2-3
34
4-5
5-6
6-7
78
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23
23-24
24-25
2526
2627
27-28
28-29
29-30

94.75 £2.44 +£6.27
233.67 £ 3.83 = 15.52
313.67 +4.40 + 20.72
330.78 £4.51 + 22.11
308.47 +4.36 + 20.08
261.01 £4.05+17.44
219.98 +£3.74 £ 13.90
175.08 £3.34 £11.48

134.33 £ 2.86 £ 8.69

101.78 £ 2.46 £ 6.58

81.97 £2.14 £5.57

60.06 £1.78 =4.12

46.88 £ 1.54 = 3.25

34.64 £1.30 £2.44

26.20£1.10£1.85

20.81 £0.97£1.49

17.64 £0.87 £1.27

12.29 +0.65 = 0.89

8.50 £0.53 £0.63

7.57 £0.50 £ 0.58

89.26 £1.65 £ 5.65
236.95 +2.72 + 14.94
303.07 £ 3.14 + 18.95
313.85 £ 3.22 £ 19.58
285.77 £ 3.09 + 18.01
242.35 +2.86 + 15.04
194.56 £ 2.51 £12.11

156.34 £2.18 £ 9.76

119.99 £1.86 £ 7.49

89.18 £1.54 +£5.63

72.34+£1.34£4.54

53.65 £1.14 £+ 3.38

39.55 £0.98 £ 2.50

28.00£0.79 £1.78

22.15£0.68 £1.42

16.20 £ 0.58 £ 1.05

13.17 £ 0.53 £ 0.87

10.13 £ 0.45 £ 0.68

8.33 £0.42 £0.58

6.19+0.34 £0.43

82.21 £1.65£5.63
216.85 +2.61 + 14.87
274.80 £ 2.89 £+ 18.39
281.00 +£2.90 + 18.17
251.96 £ 2.70 &+ 16.26
211.58 £2.50 £+ 13.80
172.49 £2.20 £ 11.10
136.22 £1.90 £ 8.62
103.59 £ 1.58 £ 6.65

76.04 £1.34 £4.98

59.17£1.16 £ 3.92

44.40 £0.99 £+ 2.96

31.71£0.83 £2.12

23.81£0.71£1.61
17.87+£0.61 £1.23

13.14 +0.51 £0.91

10.41 £0.46 £0.75

8.35+£0.41 £0.61

5.82£0.35+0.44
5.15£0.32£0.39

70.76 £ 1.55 £ 6.10
177.87£2.47+16.12
240.07 £ 2.88 +20.28
240.17 +2.84 + 18.96
215.22 £2.71 £ 17.63
176.79 £2.43 £13.91
138.96 £2.16 = 11.22
107.01 £1.87 £ 8.15

79.26 £ 1.57 £ 6.62

59.62 £ 1.33 £5.06

44.99 £1.13 + 3.88

34.43 £0.97 £2.98

2476 £0.82 £2.24

18.20 £0.70 £ 1.67

14.18 £ 0.60 = 1.30

10.07+£0.51 £ 1.01

7.76 £ 0.46 £ 0.81

5.83 £0.39 £ 0.62

4.88+0.37£0.54

3.90 £0.31 £0.43

49.85+1.74 +5.94
124.19 £ 2.68 £ 14.27
151.23 £ 2.94 £ 20.38
156.12 + 3.04 £ 20.26
147.40 £ 3.00 £ 18.69
118.96 £ 2.68 £ 16.00
92.48 £2.41 +£12.40
67.50 £ 2.05 £+ 8.26
51.49 £1.85 £6.58
38.61 £1.59 £5.52
26.02£1.30£3.16
2194 £1.17£2.79
13.07+£0.93 £ 1.69

9.77£0.53£1.24

348 +£0.20+0.44

5.04 £0.29 £ 0.37

4.47+£0.21+£0.31

3.53 £0.18£0.27

3.52+£0.24 £0.27

2.86 £0.17+0.21

2.06 £0.14 £0.17

2.06 £0.17£0.16

1.60 £0.12+£0.12

1.49+0.12£0.13

1.48 £0.09 £0.17

1.40+£0.10£0.11

1.16 £ 0.10 = 0.10

0.82£0.09 £ 0.07

0.67 £ 0.06 £ 0.06

0.48 £0.05£0.06

0.54 £0.06 £0.07

Table 2. Double-differential cross-sections times dimuon branching fraction in different bins of pr and y for 7°(1S) (in pb). The first uncertainty

is statistical and the second is systematic.




pr [GeV/(]

20<y <25

25 <y <3.0

30<y<35

35<y<40

40<y <45

0-1
1-2
2-3
34
4-5
56
6-7
78
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23
23-24
24-25
25-26
26-27
27-28
28-29
29-30

19.09 £1.26 £1.29
51.52 £2.06 £ 3.43
65.75 +£2.33 £4.33
71.64 £2.44 £ 4.76
68.54 +2.36 +4.43
61.05 £2.23 £4.05
59.77£2.22 £ 3.78
46.04 £1.94 £ 3.03
37.33+£1.76 £2.43
30.18 £1.52 +£1.98
23.97+£1.32£1.66
19.99+1.17+1.41
16.85+£1.03 £1.19
12.67+£0.94 £0.92
9.61 £0.75£0.71
7.93 £0.66 £ 0.58
5.82£0.55+£0.43
4.77+048£0.37
4.07+0.42+0.31
3.84 £0.39£0.31

1748 +0.87+1.11
47.02 £ 1.45 +2.96
58.61 £ 1.65 £ 3.66
66.47 £1.78 +=4.14
64.62 £ 1.75 +4.06
61.03 £1.68 £ 3.78
49.55 £ 1.50 £+ 3.08
42.95 £ 1.32 £ 2.68
34.72+1.14+2.16
27.93£0.98 £1.76
21.65£0.83£1.37
16.51 +£0.69 £1.04
14.30 £ 0.61 £ 0.90
10.57 £ 0.53 £ 0.67
8.29 £ 0.46 £0.53
6.76 £ 0.40 £ 0.44
4.85+0.34 £ 0.32
3.43+0.28+£0.23
3.563+0.28+£0.24
2.88 £0.25£0.20

16.64 +£0.92 +1.14
40.56 £ 1.42 +£2.77
57.16 £1.63 £ 3.85
62.67 £ 1.65 = 4.06
57.78 £1.53 £3.72
52.15£1.45£3.39
43.04 +£1.29 +2.76
37.01£1.12+2.34
2941 £0.95+£1.88
23.81 £0.81 £1.57
18.12+£0.71£1.20
14.06 £ 0.60 £ 0.94
10.38 £0.51 £0.71
7.96 £0.44 £ 0.54
7.27+£0.41£0.51
5.58 £0.35£0.39
4.14+0.31+£0.30
3.26 £0.27+0.24
2.38+£0.23 £0.18
1.95+£0.22+£0.15

14.71 +0.83 £ 1.26
36.04 £1.33 £3.25
47.30 £1.52 +4.04
53.90 £ 1.59 £ 4.38
48.37 £1.50 £4.04
4141 £1.37+3.31
36.43 £1.26 = 2.98
29.84 £1.14£2.33
23.17£0.97+£1.99
19.29+0.84 +1.64
14.81+0.71 £ 1.27
10.44 £ 0.59 £ 0.93
8.30£0.52£0.75
6.55 £ 0.44 £ 0.62
5.07+£0.39 £ 0.47
3.43+£0.34+0.35
2.39+£0.27£0.25
244 £0.27+£0.27
1.64+0.23£0.18
1.58 £0.20 £ 0.19

8.43£0.79 £1.02
25.69 £1.38 £3.04
31.50 £1.49 £4.31
30.28 £1.52 +£4.01
35.79 £1.65 +4.62
29.36 £1.54 £ 3.96
23.17£1.39£3.17
19.00 £1.25£2.35
1444+1.10+£1.91
10.82 +£0.92 £ 1.57
10.55+0.91 £1.33
6.32£0.76 £0.81
4.46 £0.64 £ 0.57

4.16 £0.40 £ 0.53

1.55£0.15£0.19

2.056£0.20£0.16

1.89 £0.14 £0.13

1.65+0.13 £0.13

1.77£0.18 £0.14

1.10 £0.11 £ 0.08

0.78 £ 0.09 = 0.06

0.85+0.12+0.07

0.78 +-0.09 £ 0.06

0.63 = 0.08 = 0.05

0.83 £0.07 £ 0.09

0.47 £ 0.06 £ 0.04

0.61 £0.08 £0.05

0.49 £0.07 £ 0.04

0.31 £0.04 £0.03

0.30 £ 0.05 £ 0.04

0.27£0.05 £0.04

Table 3. Double-differential cross-sections times dimuon branching fraction in different bins of pr and y for 7°(2S) (in pb). The first uncertainty

is statistical and the second is systematic.




pr [GeV/(]

20<y <25

25 <y <30

30<y<35

35<y<40

40<y <45

0-1
1-2
2-3
34
4-5
5-6
6-7
78
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23
23-24
24-25
2526
2627
27-28
28-29
29-30

7.37+0.91+0.51
2247+ 1.58 £ 1.54
27.76 £1.75+1.90
29.69 £ 1.81 +£2.04
32.80 £1.85+£2.20
3221 £1.81£2.21
2796 £1.74+1.82
2534 £1.62£1.71
2121 +£1.45+1.42
18.24 +£1.27+1.22
1477+ 1.17+£1.04
11.48 £0.99 £ 0.82
8.45+0.84 £0.61
5.67£0.69 £0.41
5.70 £0.64 £ 0.42
5.11£0.57£0.38
5.17 £ 0.53 £ 0.39
3.22+£0.44£0.25
3.09£0.38£0.25
2.34 £0.33£0.19

7.54 £ 0.66 £ 0.50
19.32+£1.10£1.26
2845+1.32+1.84
32.38 £1.42 +2.09
32.05 +£1.42 +2.09
30.17+£1.34+£1.94
26.21 £1.23£1.69
20.59£1.05£1.33
17.63£0.92+1.14
15.46 £0.81 £1.01
11.39+£0.67£0.74
10.66 £ 0.59 £ 0.70
8.69 £ 0.53 £ 0.57
7.15+£0.45 £ 0.47
5.28 £0.38£0.35
4.47£0.35£0.30
3.08£0.29£0.21
2.81 +£0.26 £0.19
246 £0.24 £0.17
1.66 £0.19 £0.12

7.41£0.78 £0.52
16.34 £ 1.13 +1.16
2514 £1.32+1.74
27.69£1.31+1.86
24.71£1.19£1.65
26.25£1.16 £1.77
22.66 £1.06 £1.51
20.17£0.90 £1.32
16.74 £0.78 £ 1.11
13.48£0.67£0.92
9.99 £ 0.57 £ 0.69
9.00 £0.52 £ 0.62
7.29+0.44+£0.51
5.63 £0.38 £0.40
3.68£0.31 £0.26
3.56 £0.30 £0.26
2.87+0.27+0.21
2.03+£0.23£0.15
1.67+0.21 £0.13
1.34£0.19£0.11

6.12 £ 0.64 £ 0.55
1591 +1.05+1.48
21.13+£1.21£1.85
22.49+1.24+1.88
22.72£1.19+1.94
20.10£1.10 £1.69
18.97+1.03 £ 1.61
16.09 £0.93 £ 1.28
11.39+0.77 £ 1.01
9.65 £ 0.65£0.85
7.96 £0.57 £ 0.70
5.57 £0.46 £ 0.49
5.45+£0.43£0.49
4.55£0.40£0.43
3.49+£0.35£0.34
2.37+0.29+0.24
1.82£0.25+0.20
1.54+0.23 £0.16
1.23+0.22+0.14
0.85£0.16 £0.10

4.94 £0.67 £ 0.62
10.74 £ 0.96 + 1.35
13.83 +£1.12+1.92
1597+ 1.22 £ 2.17
1463 +1.21+1.91
13.96 +£1.18 £ 1.96
13.34 +£1.16 £ 1.87
10.90 £1.05 £ 1.38
8.73+£0.96£1.14
6.29 £+ 0.86 £ 0.94
4.96 £ 0.69 £ 0.62
4.04 £0.69 £0.52
3.39£0.59 £ 0.46

2.03+£0.32+£0.26

0.85+0.14£0.11

1.29+£0.17£0.10

1.35£0.12+0.09

1.17+£0.11 £ 0.09

0.89 £0.14 £0.07

1.06 £0.11 £ 0.08

0.83 £0.10 = 0.07

0.77 £0.11 £ 0.06

0.46 +0.07 £ 0.03

0.51 +£0.07+£0.04

0.60 £ 0.06 £ 0.07

0.44 £ 0.06 £ 0.04

0.41 £0.07+£0.03

0.32 £0.06 £0.03

0.23 £0.04 £0.02

0.16 £0.04 £ 0.02

0.21 £0.05£0.03

Table 4. Double-differential cross-sections times dimuon branching fraction in different bins of pr and y for 7°(3S) (in pb). The first uncertainty

is statistical and the second is systematic.
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Figure 2. Double-differential cross-sections multiplied by dimuon branching fractions as a function
of pr in intervals of y for the (a) 7(15), (b) 7(2S) and (c) 7(35) mesons. Statistical and systematic
uncertainties are added in quadrature.
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Figure 3. Differential cross-sections multiplied by dimuon branching fractions for the 7°(1.5) (black
solid squares), 7'(25) (red upward triangles) and 7°(3S) (blue downward triangles) states (top)
versus pr integrated over y between 2.0 and 4.5 and (bottom) versus y integrated over pr from 0
to 15GeV/c. Statistical and systematic uncertainties are added in quadrature. Predictions from
NRQCD [24] for the 7'(1S) (black grid shading), 7'(2S) (red grid shading) and 7°(3S) (blue grid
shading) states are overlaid in the top plot.

7TeV and 8 TeV are studied. The measurements show no large transverse or longitudinal
polarisation over the accessible phase-space domain. The cross-sections increase up to 2.8%
for the three T states when assuming the transverse polarisation of o = 0.1, where « is the
polarisation parameter in the helicity frame [45].

5.2 Cross-section ratios

The ratios of the differential production cross-sections multiplied by dimuon branching
fractions between 1°(25) and T(15), Ryg/15, and that between 7'(3S) and T(1S), R3g/1s,
are shown in figure 5.

In these ratios, the statistical uncertainties of the cross-sections and those due to the
finite size of the simulated samples are assumed to be uncorrelated. The systematic uncer-
tainties related to the signal yields and the efficiencies of the global event requirements, the
trigger and the tracking are assumed to be 100% correlated between the different states.
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uncertainties are added in quadrature.

- 12 —



The cross-sections times dimuon branching fractions measured at a centre-of-mass
energy of 13 TeV presented in this paper are compared with the measurements at 8 TeV [18].
The ratios of double-differential cross-sections between 13 TeV and 8 TeV measurements,
Ry3/5, are shown in figure 6. The corresponding values are listed in tables 5-7. The
cross-section ratios between 13TeV and 8 TeV versus pr integrated over y, and versus y
integrated over pr are shown in figure 7.

In the ratios, the systematic uncertainties originating from the fit model, global event
requirements and kinematic spectrum are assumed to be uncorrelated. Those from trig-
ger, muon identification, tracking correction and luminosity are partially correlated. The
systematic uncertainty from final-state radiation is assumed to be 100% correlated.

6 Conclusion

A study of the production of Y'(15), T(2S5) and 7 (3S) mesons in proton-proton collisions
at the centre-of-mass energy /s = 13 TeV is reported. The differential cross-sections times
dimuon branching fractions of 7" mesons are measured as functions of pr and y, in the
kinematic range 0 < pr < 30GeV/c and 2.0 < y < 4.5. The production cross-section
ratios of 7°(2S) and 7'(3S) mesons with respect to the 7°(1.S) meson are given in intervals
of pr and y. The ratios of the production cross-sections with respect to those measured at
/s = 8TeV are also presented.

The results of differential cross-sections times dimuon branching fractions as a func-
tion of pr integrated over y between 2.0 and 4.5 are compared with predictions based on
NRQCD. These predictions provide a good description of the experimental data at high
pr for all the three T states.
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pr[GeV/e] 20<y<25 25<y<30 30<y<35 35<y<40 40<y<4b

0-1 1.231 £0.081  1.200£0.071  1.257£0.081 1.346+0.109  1.578 £ 0.188
1-2 1.187+£0.072  1.256 £0.070  1.330 £0.082  1.354+0.113  1.568 +0.174
2-3 1.256 £ 0.075  1.241+0.069  1.325+0.080 1.48440.114  1.575+0.203
3-4 1.299 +£0.078  1.282+£0.070  1.379+£0.080  1.512+0.109  1.704 +0.211
4-5 1.345+0.079  1.334+0.074  1.420+£0.082 1.5554+0.116  1.919 +0.235
5-6 1.393+0.085 1.368£0.076  1.455+0.085 1.616+0.117  1.894 +0.245
6-7 1.484 £ 0.087  1.408 £0.078  1.540 £0.089  1.6544+0.124  1.993 + 0.258
7-8 1.544 £ 0.095  1.483+£0.083  1.591+£0.091 1.700£0.120  1.912 +0.231
89 1.566 £ 0.096  1.504+0.086  1.649 £0.096 1.7094+0.133  2.171 £ 0.279
9-10 1.561 £0.098  1.484+0.086  1.616 £0.098  1.8224+0.147  2.453 +0.353

10-11 1.633+£0.112  1.637+£0.097  1.723+£0.106  1.8994+0.160  2.592 + 0.343

11-12 1.614 £ 0.112  1.644+£0.098  1.759+£0.113  1.9414+0.165  3.396 + 0.476

12-13 1.702 £ 0.122  1.648 £0.102  1.752+£0.115  1.959+0.179  2.712 +0.421

13-14 1691£0130  1540£0.099 177740123  2026£0.194 o0

14-15 1.660 £0.136  1.651+£0.109  1.812+0.130  2.188+0.217

15-16 1.763 +0.150  1.573+£0.110  1.805+£0.136  2.219 & 0.243

16-17 2.018+0.174 1.7904+0.132  1.86540.151  2.168 + 0.260

17-18 1.834+0.170  1.790£0.138  2.131+£0.183  2.3324+0.296  4.978 & 0.794

18-19 1.5290 £ 0.150  1.984+£0.166  1.877+£0.180  2.679 & 0.376

19-20 1.874+0.197 1.854+£0.164  2.044 +£0.205  2.598 & 0.369

;2:;; 1.853+£0.176  1.9124+0.157  2.088 & 0.196

;g:;i 911940230 207140191 221240244 2500 +0-369

24-25

55 26 1.664 +0.210  1.863+£0.216  2.652 + 0.335

;3:;; 2.059 =+ 0.262

og gg 234040274 2.205 =+ 0.289

59 30 2.096 =+ 0.326

Table 5. The cross-section ratios between 13 TeV and 8 TeV in different bins of pr and y for 1'(15).




pr[GeV/e] 20<y<25 25<y<30 30<y<35 35<y<40 40<y<4b

0-1 1.177+0.114  1.106 £0.086  1.177+0.100 1.318 £0.128  1.194 +0.185
1-2 1.1824+0.086  1.150 £0.073  1.155+0.082  1.260+0.115  1.560 =+ 0.201
2-3 1.1874+0.082  1.105+0.068  1.267+0.085 1.329+0.112  1.454 +0.203
3-4 1.198 £0.083  1.177+0.071  1.348 +£0.086  1.433+0.116  1.426 +0.196
4-5 1.2514+0.085  1.243+0.076  1.390 +£0.087  1.460+0.121  1.864 + 0.252
5-6 1.299 +0.092  1.363+0.084  1.436 +£0.093  1.524+0.124  1.777 £0.249
6-7 1.472+0.106  1.330 £0.084  1.433+0.093 1.636 £0.138  1.847 + 0.268
7-8 1.379+£0.102  1.446+£0.092  1.5594+0.101  1.699 +0.140  1.878 £ 0.260
8-9 1.390 £0.108  1.473+0.097  1.605+0.106 1.689+0.152  1.978 + 0.308
9-10 1.485+0.120 1.518 £0.102  1.667+0.115 1.834+£0.167 2.173 +0.370

10-11 1.470 +£0.130  1.553+0.110  1.589+0.115 1.913+0.184  2.899 + 0.473

11-12 1.526 +£0.142  1.538 £0.111  1.694+0.132  1.775+0.185  2.848 +0.545

12-13 1.709 £ 0.162  1.707£0.126  1.627+0.132  1.845+0.203  3.014 £ 0.675

13-14 161240173 1.662+£0.133  1.6254+ 0144 1.9744£0233 0 0

14-15 1.607 £0.186  1.671 +£0.143  1.986+0.175  1.995 + 0.257

15-16 1.6814+0.201  1.666 £0.147  1.96440.192  1.863 £ 0.268

16-17 1.5414+0.196  1.639+£0.161  1.897+0.201  1.754 + 0.294

17-18 1.819+£0.253  1.442+0.155  1.894+0.221  2.348 £0.402  4.896 & 1.034

18-19 1.768 £ 0.246  1.918 £0.210  1.7134+0.215  2.098 + 0.414

19-20 2.158 £ 0.307  2.0734+0.243  2.110+0.317  2.507 & 0.494

32:3; 1.529 +£0.208  1.7494+0.184  2.396 + 0.284

22723 932340349 172040220 191410304 OP0+E0-536

23-24

24-25

55 26 1.353+0.244  1.923+£0.288  2.269 & 0.387

;gjg 2.088 + 0.364

53 2 1.710 £ 0.312 2.294 + 0.420

50 30 2.538 + 0.517

Table 6. The cross-section ratios between 13 TeV and 8 TeV in different bins of pr and y for 7°(25).




pr[GeV/e] 20<y<25 25<y<30 30<y<35 35<y<40 40<y<4b

0-1 1.11740.167 1.14540.126  1.362+£0.174 1.265+0.173  1.681 +0.328
1-2 1.372+£0.135  1.143+0.095 1.1384+0.109 1.364+£0.152  1.566 £+ 0.251
2-3 1.294+£0.119  1.275+0.096  1.3894+0.116  1.397+0.139  1.399 £+ 0.223
34 1.193+£0.107  1.3494+0.099  1.386£0.108  1.409+0.136  1.702 + 0.264
4-5 1.443+£0.124  1.403+0.103  1.2994+0.101  1.475+0.141  1.633 £ 0.260
5-6 1.601 £0.139  1.477+0.109  1.5394+0.118  1.514+0.148  1.896 £ 0.308
6-7 1.495+0.135 1.5244+0.115  1.539+0.119 1.676+£0.165 2.131+0.351
7-8 1.618 £0.149  1.376 £0.108  1.6434+0.125 1.680+£0.160  2.198 £+ 0.355
89 1.593 £0.152  1.438+0.116  1.704+0.132  1.565+£0.169  2.494 + 0.447
9-10 1.72440.170  1.6074+0.130  1.689+£0.138  1.609+0.176  2.538 + 0.533

10-11 1.797£0.199  1.431+0.125 1.566+0.136 1.645+0.186  2.253 +0.474

11-12 1.755+£0.210  1.687+0.143  1.808 £0.166 1.610+£0.196  2.930 + 0.689

12-13 1.451+0.184 1.639+0.146  1.870+0.172 1.933+0.239  3.684 + 0.985

13-14 1.177+£0.174  1.727+£0.158  1.8524+0.189  2.167 £ 0.291 3385 4 0.851

14-15 1.478 £0.218  1.5804+0.163  1.574+0.175  2.100 + 0.311

15-16 1.680 £0.245  1.848+0.199  1.9804+0.231  1.941 4+ 0.328

16-17 2.3484+0.337 1.587+£0.189  1.8884+0.232  2.167 +0.419

17-18 1.809 £0.315  1.824+0.227  1.827+£0.262 1.913+0.377 4.640 £ 1.254

18-19 1.958 £0.319  2.109+£0.274  1.9374+0.304  1.977 £ 0.460

19-20 1.987 £0.357  1.696+£0.244  2.0754+0.369  2.116 & 0.536

g?j; 1.5324+0.254  1.8464+0.234  2.536 % 0.348

22723 1.744 £0.346 22944 0.313  2.580 £0.412 3.255 £ 0.582

23-24

24-25

o5 26 2.257+0.466  1.510+£0.285  2.408 + 0.461

26-27 2.215 + 0.459

;;:;S 1.700 £0.316 2.339 4+ 0.495

5030 2.629 4 0.654

Table 7. The cross-section ratios between 13 TeV and 8 TeV in different bins of pr and y for 7°(35).
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Figure 6. Ratios of double-differential cross-sections between 13 TeV and 8 TeV measurements
versus pr in intervals of y for the (a) Y'(15), (b) 7(2S) and (c) Y (3S) states. Statistical and
systematic uncertainties are added in quadrature.
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