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Abstract Charmonium production cross-section in proton—
proton collisions is measured at the centre-of-mass energy
A/s = 13TeV using decays to pp final state. The study is
performed using a data sample corresponding to an integrated
luminosity of 2.2fb~! collected in 2018 with the LHCb
detector. The production cross-section of the 1. meson is
measured in a rapidity range of 2.0 < y < 4.0 and in a
transverse momentum range of 5.0 < pr < 20.0GeVfe,
which is extended compared with previous LHCb analyses.
The differential cross-section is measured in bins of prt and,
for the first time, of y. Upper limits, at 90% and 95% confi-
dence levels, on the n.(2S5) and s, (1P) prompt production
cross-sections are determined for the first time.

1 Introduction

In proton—proton (p p) collision events at the LHC, charmo-
nium can originate from hadroproduction in a primary pp
interaction vertex (PV) (referred to as “prompt production”
hereafter) or from b-hadron decays in a vertex displaced from
the PV by the flight distance of the b hadron (referred to as
“from b-hadron”). In both cases, charmonium may also orig-
inate from decays of intermediate excited charmonium states
(“feed-down”), whose contributions can only be subtracted
when the production cross-section of the excited state and the
probability of transition between the two charmonium states
are known.

Despite a substantial theoretical effort, no consistent pic-
ture of the charmonium production mechanism is avail-
able [1]. Of the available approaches, nonrelativistic quan-
tum chromodynamics (NRQCD) is the most successful in
describing a wide range of measurements. It relies on three
main assumptions. First, it assumes a factorisation between
the perturbative process that creates a ¢ quark and ¢ anti-
quark, and the nonperturbative hadronisation of this pair
into a charmonium meson. Second, it assumes the univer-
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sality of the nonperturbative long-distance matrix elements
(LDME?S), which considers, e.g., charmonium hadroproduc-
tion and production in b-hadron decays. Finally, the assump-
tion of heavy-quark spin symmetry (HQSS) provides rela-
tions between LDMEs for the charmonium states with the
same orbital and radial quantum numbers, e.g., the J/y and
ne(18) mesons.!

The NRQCD calculations at next-to-leading order (NLO)
successfully describe the observed production and polarisa-
tion of the J/Yr and ¢ (25) states, but only in a limited range of
charmonium transverse momentum prt. A consistent descrip-
tion of the J/i hadro- and photo-production and polarisa-
tion, together with the production of the 7. meson, remains
challenging [2]. The first measurement of the n, meson pro-
duction by the LHCb Collaboration [3] showed that the
colour singlet (CS) contribution saturates the observed pr-
differential cross-section in the studied pt region. This result
led to a major revisiting of the theoretical framework and
yielded new approaches capable of simultaneously describ-
ing the J/y and 5. production and J/i polarisation, albeit
still within a limited pt range [4]. The recent LHCb mea-
surement of the 1, production [5] further constrains the the-
ory and indicates a possible colour octet (CO) contribution
at high pt. Meanwhile, the theoretical prediction of Ref.
[6] demonstrated the unphysical behaviour of the theoretical
description at low pr leading to negative total 7, production
cross-section. The latter motivates a new measurement of 7,
production at low pr.

In order to confront the measured production cross-
sections of the 1, and J/Y mesons with theory, knowledge
of the feed-down from excited states is needed. Instead, the
authors of Ref. [7] proposed to measure the production of
the first excited states, 7.(2S5) and ¥ (25) mesons, free from
feed-down contributions. The paper suggests the same rela-
tions between LDMEs as for the . and J/¥ states. In the
same work, the authors predicted the 7.(2S) hadroproduc-

! The 5.(15) state is referred to as 7. throughout the paper.
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tion cross-section in the LHCb acceptance at 13 TeV, based
on three different sets of LDMEs from Refs. [8—10].

While JP¢ = 17~ charmonium states, J/i and ¥ (25)
mesons, are precisely studied thanks to their reconstruc-
tion in the experimentally clean dimuon decays, a simul-
taneous reconstruction of all known charmonium states is
only possible via their decays to hadrons. In this paper, char-
monium decays to pp are used, following previous studies
done by the LHCb experiment [3,5]. This decay is avail-
able for all charmonium states [11] and thus allows studying
them simultaneously. The analysis covers prompt charmo-
nium production and charmonium production in b-hadron
decays of n¢, n:(25), xcs and h.(1 P) states, using data col-
lected by the LHCb experiment in 2018 corresponding to an
integrated luminosity of 2.2fb~!. The differential produc-
tion cross-section of 7. is measured in four bins of rapid-
ity, in the 2.0 < y < 4.0 range, and in six pt bins, in the
5.0 < pr < 20.0GeV/crange, which extends that of Ref. [5].
Upper limits are set for the prompt n.(2S) and h.(1P) pro-
duction cross-sections. The results also include the branching
fractions of the x.; production in inclusive b-hadron decays.

With its precise vertex reconstruction, powerful particle
identification (PID) and flexible trigger, the LHCb experi-
ment possesses excellent capabilities for charmonium pro-
duction studies [3,5,12—-19]. This suppresses a large com-
binatorial background contribution originating from the pp
interaction. The present study exploits the 2018 data sample
with a dedicated software trigger selection of pp combina-
tions compatible with charmonium decays, in an extended
range of invariant mass, transverse momentum and with
reduced PID requirements compared to previous LHCb mea-
surements [3,5].

2 The LHCDb detector and data sample

The LHCb detector [20,21] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector surrounding the pp
interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about
4T m, and three stations of silicon-strip detectors and straw
drift tubes placed downstream of the magnet. The track-
ing system provides a measurement of the momentum, p,
of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200GeV/c. The
minimum distance of a track to a primary pp collision
vertex, the impact parameter (IP), is measured with a res-
olution of (15 + 29/pt) um. Different types of charged
hadrons are distinguished using information from two ring-
imaging Cherenkov (RICH) detectors. Photons, electrons
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and hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromag-
netic and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire
proportional chambers.

The online event selection is performed by a trigger, which
consists of a hardware stage based on information from the
calorimeter and muon systems, followed by a software stage,
which performs the charmonium candidate reconstruction.
The hardware trigger selects events with a single high trans-
verse energy deposit in the calorimeter. In addition, events
with high multiplicity are rejected to reduce the number of
random combinations of tracks (combinatorial background).
The software stage then requires two oppositely charged
tracks with a good track-fit quality, identified as protons.
The studies of prompt charmonium decay to pp require a
dedicated software trigger selection, which suffers from a
large combinatorial background. To suppress the combina-
torial background and reduce the trigger bandwidth, the pro-
ton tracks are required to have a transverse momentum larger
than 2.0GeV/c, and a momentum larger than 12.5GeV/c.
Charmonium candidates must have a good vertex quality and
a transverse momentum larger than 5.0 GeV/c. 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 trigger [22]. The same alignment and calibra-
tion information is propagated to the offline reconstruction,
ensuring consistent and high-quality tracking and particle-
identification information in the trigger and offline software.
The identical performance of the online and offline recon-
struction offers the opportunity to perform physics analyses
directly using candidates reconstructed in the trigger [23,24],
which the present analysis exploits. The storage of only the
triggered candidates reduces the event size by an order of
magnitude. The signal selection is largely performed at the
trigger level. The only additional offline requirement is a
tighter PID selection on the proton candidates. To account
for imperfect knowledge of the magnetic field and tracker
alignment, a momentum scale calibration [25] is applied to
the data samples.

Simulation samples are used to model the effects of the
detector acceptance and the imposed selection requirements.
Generation of pp collision events is performed using the
Pythia8 [26,27] event generator with specific LHCb con-
figuration [28]. Decays of hadronic particles are described
by EvtGen [29], in which final-state radiation is generated
using PHOTOS [30]. The interaction of generated particles
with detector material is simulated using the GEANT4 pack-
age [31,32].

For all simulation samples, the charmonium decay ampli-
tude to pp is modelled to be uniform in the available phase
space. The samples of J/ir and v (2S) mesons are simulated
unpolarised. The samples of prompt . and 1. (2S) are gener-
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ated similarly to prompt J/i and ¥ (2S5), respectively, with
modified mass and width according to their known values
from Ref. [11]. A sample of J/iy — ppm” decays is gener-
ated to study the corresponding background contribution.

3 Cross-section determination

Measuring the ratios of the production cross-section of two
charmonium states, a signal channel A and a normalisation
channel B, allows for a partial cancellation of several sys-
tematic effects, and it can be expressed as

X X X
o _Na ¢

_ Bppp

X~ X X
Op Np &4

Baspp’ M
where X = p(b) for prompt production (production in b-
hadron decays), 0¥ is the production cross-section, NX is
the yield, and &% is the total efficiency to trigger, reconstruct
and select the signal and normalisation modes of the char-
monium candidates. The branching fractions B4 () p5 are
taken from Ref. [11]. The ratio of branching fractions of the
inclusive b-hadron decay to charmonium in Eq. 1 is obtained
as the ratio of production cross-sections in b-hadron decays,

b
g’HJ = Z4. The most precise determination of the J/y
b BX op

production cross-section [11,15] is generally used to nor-
malise the measurements.

The efficiency ¥ is determined as the product of the geo-
metrical acceptance, trigger, reconstruction, particle identi-
fication and selection efficiencies. It is calculated using sim-
ulated samples separately for prompt charmonium and char-
monium from b-hadron decays, and in each kinematic bin of
the n. meson for the differential production measurement.
The hardware trigger and proton PID efficiencies are cor-
rected using data-driven methods [33].

The prompt charmonium candidates (prompt sample) and
charmonium candidates from b-hadron decays (b-decays
sample) are separated using a pseudo-decay time

_ (@a—zp)Mpp
‘ Pz ’

where 7z, and z4 are the positions along the beam axis of the
candidate production and decay vertex, respectively, M5 is
the reconstructed pp mass and p; is the momentum compo-
nent along the beam direction of a charmonium candidate.
The prompt sample is selected by applying the requirement
t, < 80fs, while the b-decays sample is obtained by requiring
t, > 80fs and both proton tracks to be significantly displaced
from any PV. The final result for the 1, production measure-
ment is corrected for the cross-contamination between the
prompt and b-decays samples. The correction is determined
using the simulated samples, and it is calculated to be below
3% for the prompt sample and below 2% for the b-decays
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sample. This correction for the other charmonium states is
negligible compared to the statistical uncertainties.

4 Fits to data

4.1 Production cross-section of the 1.(2S5), h.(1P) and
XcJ Mesons

The yields of charmonium candidates are determined from
a binned extended maximum-likelihood fit to the pp mass
distribution in the range 2850-3750 MeV/c2. The mass fit is
performed simultaneously for the prompt and b-decays sam-
ples. Independent fits are performed for studies of the 1. (25)
and & (1 P) prompt production, and y.; production in inclu-
sive b-hadron decays. The JP¢ = 17~ charmonium states,
namely the J/Y and 1 (2S) mesons, have negligible natu-
ral width compared to the detector resolution, thus they are
described by Crystal Ball functions representing the detec-
tor resolution. The other charmonium states are described
by a convolution of a Crystal Ball function and a relativistic
Breit—Wigner function. The J/i mass is a floating parameter
and the n. width is a fixed parameter in all fits. In the fits for
the n.(2S) and h.(1P) prompt production study, masses of
the n. and ¥ (2S5) states are freely varying parameters, while
masses and natural widths of the 1.(2S) and 4.(1 P) mesons
are constrained to their known values [11] in the correspond-
ing fits. The masses and widths of the x.; states are fixed
to their known values [11]. In the x.; production measure-
ment fit, masses of the y.o and . states are allowed to vary
in the fit. Masses and widths of the other states except for
the J/iy meson are fixed to their known values [11]. Table 1
summarizes the parameterisation for different fits.

One common mass resolution parameter, ocg, is shared
between the prompt and b-decays samples. The ratio of the
mass resolution between each charmonium state and the
J/¥ meson and the Crystal-Ball tail parameters are fixed
according to the simulation. The combinatorial background is
described by fourth- and third-order Chebyshev polynomial
for the prompt and b-decays samples, respectively. Potential
background contributions can be caused by pp combinations
from other partially reconstructed charmonium decays. Only
one such contribution arising from the J/y» — ppr® decay,
where the 70 meson is not reconstructed, is considered in the
fit. This background source can create a broad nonpeaking
structure affecting the region below the 7, mass. In the fit, it
is described by a square-root shape, \/ Mjpy — Mo — Mpp,
which is in good agreement with simulation. The normalisa-
tion of this background component is fixed to the J/y yield
using known branching fractions of the J/yy — ppr” and
J/W — pp decays [11], and the efficiency ratio between the
two decay modes.
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Table 1 Treatment of the parameters in the mass fits for the different studies. Parameters are fixed or constrained to their known values [11]

Fit My, Mpy My, My, M, Th.ap) My M, Ty 25 My s)
ne(2S) Free Free Fixed Fixed Fixed Fixed Constrained Free
he(1P) Free Free Fixed Fixed Constrained Fixed Fixed Free
XeJ Fixed Free Free Free Fixed Fixed Fixed Fixed

The pp mass distribution for the prompt and b-decays
samples is shown in Fig. 1. Projections of the simultaneous
fit result are overlaid. The yields of the charmonium states
from the fit are listed in Table 2. The fit shows no significant
nc(28) and k(1 P) signals. Therefore, for these states, upper
limits are set on the relative n.(25) to J/iy and h.(1P) to J/
production cross-section at 90% and 95% confidence levels
(CL).

4.2 Differential production cross-section of the 1, meson

The . differential production cross-section measurement is
performed in bins of the 7. transverse momentum and rapid-
ity. To determine the ratio of the 1. to J/i yields, the fit
to the pp mass distribution is performed simultaneously in
bins of either pt or y. The range of the mass fit is reduced
to 2850-3250 MeV/c?. The model of the signal description is
the same as that for the fits described above. The dependency
of the mass resolution on pt and y is determined from sim-
ulation and scaled by a factor in the fit to data. The scaling
parameter is obtained from a fit to the mass distribution in the
simulated samples using the same signal parameterisation as
that for data. The J/3 mass and the mass difference between
the J/y and 7, states are left as floating parameters in the
fit. The combinatorial background is described by an expo-
nential function multiplied by a second-order polynomial for
both prompt and b-decays samples. The cross-contamination
between the samples is estimated from simulation in bins of
pt and y, and used for correcting the yields of the charmo-
nium states.

The relative n. to J/y yield is extracted from the fit and
listed in Tables 3 and 4 for pt and y bins, respectively.

5 Systematic uncertainties

Alternative fit parameterisations for the signal and back-
ground are used to estimate systematic uncertainties on the
production cross-section. For the study of the 7n.(2S) and
h(1P) prompt production, the systematic uncertainties are
included in the upper limit using the discrete profiling method
[34]. For the other measurements, the systematic uncertain-
ties are estimated as a difference between the baseline fit and
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the fit with the alternative parameterisation. The following
systematic uncertainties are common for all measurements.

The uncertainty associated with the mass resolution
description is estimated using an alternative fit where the
sum of two Gaussian functions with parameters determined
from simulation is used instead of the Crystal Ball func-
tion. The uncertainty related to the knowledge of the char-
monium natural width is estimated in alternative fits where
the natural width is varied within the world-average uncer-
tainties [11]. The largest variation is taken as the systematic
uncertainty. The uncertainty associated with the combina-
torial background description is estimated using an alter-
native background parameterisation. In the studies of the
nc(28) and k(1 P) prompt production cross-section and x s
production in inclusive b-hadron decays, the background is
parametrised using an exponential function multiplied by a
third- or a second-order polynomial function for prompt and
b-decays samples, respectively. In addition, in the n.(25)
and (1 P) prompt production study, a second parameteri-
sation uses the product of a square-root function, an expo-
nential function and a polynomial. A third-order polynomial
is used for the prompt sample, and a second-order polyno-
mial function is used for the b-decays sample. In the 7,
production studies, an alternative background parameteri-
sation with a third-order Chebyshev polynomial is used.
The systematic uncertainty related to the contribution from
Ji — ppr® decays is estimated by varying the value of
the efficiency ratio €y, _, ,5,0/€Jpy— pp and the branching
ratio B, _, 570/ By — pp Within their uncertainties.

The systematic uncertainty corresponding to the ratio of
efficiencies of different charmonium states is estimated by
varying its value by the uncertainty corresponding to the sim-
ulation sample sizes. The uncertainties associated with pos-
sible discrepancies between data and simulation are largely
cancelled out in the efficiency ratio. The uncertainty related
to the cross-contamination between the prompt and b-decays
samples is estimated by modifying the corresponding yields
by their uncertainties.

The effect of possible nonzero polarisation of the J/ir
meson is accounted for in the reconstruction efficiency.
Weights are assigned to the simulated J/i» — pp events to
reproduce the distributions corresponding to the polarisation
parameter values of A9 = +0.1 [15].
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Table 2 Results of the

- p 2 b 2
simultaneous fit to the pj mass Charmonium state NP x 10 N Mass [ MeV/c~ ]
distributions for combined e 1501 + 99 8857 + 361 29821 + 0.8
prompt and b-decays data
sample. Yields are restricted to J 1225 + 42 27983 £ 248 3096.6 + 0.1
be positive with symmetric Xc0 47 £50 766 £ 136 3414.7
uncerta?nt@es present.ed: The el 0+62 443 + 98 3510.7
uncertainties are statistical only
he(1P) 63 £ 37 0+67 3525.4
Xe2 38 +£39 125 +97 3556.2
nc(28) 0£32 0£52 3637.5
Y(2S) 49 + 37 1529 £ 91 36853+ 0.8

The uncertainty of the efficiency ratios, as well as the
uncertainties of the By, ,5 and B, ,5 values, are taken
into account directly in the production cross-section deter-
mination. The systematic uncertainties on the signal yields
are propagated to the production cross-section using Eq. 1.

The 7. differential production cross-section measurement
includes the uncertainty corresponding to the pt or y depen-
dence of the relative mass resolution between 1, and J/J
states. It is accounted for by introducing a linear depen-
dence of the resolution as a function of pt or y con-
strained by simulation. For the 7, differential production
cross-section measurement, the systematic uncertainties on
the combinatorial background description, resolution ratio,
cross-contamination between samples and the contribution

Table 3 Ratios of the observed 7. to J/y yields corrected for cross-
contamination for prompt production and production in b-hadron
decays in bins of transverse momentum pt. The uncertainties are sta-
tistical

pr [GeV/c] Nie/N7 Nye/ NG,

5.0-6.5 0.34 +0.32 0.295 + 0.057
6.5-8.0 0.70 +0.21 0.247 +0.034
8.0-10.0 1.07 +0.15 0302 + 0.027
10.0-12.0 0.88 + 0.20 0358 + 0.034
12.0-14.0 1.34+0.29 0.318 + 0.039
14.0-20.0 1.30 + 0.42 0313 +0.042
5.0-20.0 0.87 4 0.09 0303 +0.017
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Table 4 Ratios of the observed 7. to J/¥ yields mesons corrected for
cross-contamination for prompt production and production in b-hadron
decays in bins of rapidity y. The uncertainties are statistical

Table 6 Upper limits at 90% and 95% CL for the 1.(2S) and h.(1P)
prompt production cross-sections and their ratios to that of the J/yr
meson, extracted using a Bayesian approach

y Nue/Njjy Ny /Ny

2025 0.6440.15 0.304 + 0.027
2.53.0 1.1240.19 0.315 +0.027
3.0-35 0.86 4 0.19 0.300 £ 0.029
3.54.0 0.83 4 0.40 0.317 £ 0.066

Table 5 Relative uncertainties (in %) on the ratio of prompt cross-
sections U,Z /a;ﬂ. Uncertainties on By, ,5 and By - 5 measure-
ments are considered separately and given in the text

pr [GeVic ]

5.0-20.0
Statistical uncertainty 10.4
Combinatorial background 54
Contribution from J/yy — ppm° 0.3
Resolution pr-dependence 0.1
Cross-feed < 0.1
Total uncorrelated systematic 54
Variation of I';, 1.7
Mass resolution model 1.8
Polarisation of J/i 1.6
Total correlated systematic 3.0
Total systematic 6.2

from the J/y — ppr® decay are estimated bin-by-bin and
considered as uncorrelated among bins. To reduce the impact
of statistical fluctuations, they are smoothed over bins using
a linear interpolation. The systematic uncertainties on the 7,
natural width, mass-resolution model and J/y polarisation
are considered as correlated among bins. The first two are
estimated from the fit to the mass distribution in the entire
pt (y) range and assumed to be the same in all the bins.
The uncertainties on the relative n. prompt production cross-
sections are given in Table 5. The uncertainties in bins of pr
and y are summarised in Tables 9 and 10 in the Appendix.

6 Results
6.1 Prompt production of the 1.(2S) and A.(1 P) mesons

The upper limits at 90% and 95% confidence level (CL) on
the relative and absolute prompt production cross-section at
/s = 13TeV for the .(2S) and h.(1P) states are set for
the first time. The study is performed in the kinematic range
5.0 < pt < 20.0GeV/c and 2.0 < y < 4.0. The results are
listed in Table 6 and shown in Figs. 2 and 3. The Bayesian
approach [35] was used for setting the upper limits.

@ Springer

Upper limit 90% CL 95% CL
(One28) X By.28)— pp)/ (@109 X Bipy— pp) 0.113 0.136
0.(28) X By, (25)— pp [nb] 0.331 0.401
(On.(1Py X Bp.Py—pp)/(©@ipy X Bypy—pp) 0117 0.133
On(1P) X Bp.(1P)— pp [nb] 0.327 0.375

A comparison of the results for the n.(2S) production
and an NLO NRQCD theoretical prediction [7] is shown
in Table 7. The comparison is performed in different kine-
matic ranges due to the lack of J/y prompt production
cross-section measurement in the same kinematic range as
the current 7.(2S) measurement. Therefore, an additional
upper limit for the 7.(2S) prompt production cross-section
at 95% CL is set in the pt range 5.0 < pt < 14.0GeVic.
Assuming that the difference between the J/iy prompt pro-
duction cross-section values estimated in the kinematic range
5.0 < pr < 14.0GeV/c and 5.0 < pr < 20.0GeV/c is com-
patible with their uncertainty, the absolute 1. (2S) production
cross-section in both pr ranges is estimated using the first
value. The predictions are made using three different sets
of LDMEs: Shao et al. [8], Gong et al. [9], and Bodwin et
al. [10]. The upper limit is found to be considerably lower
than the prediction based on Bodwin et al. [10]. The obtained
cross-section upper limit is also below the prediction by Shao
et al. [8], which, however, reports large theory uncertainties.

6.2 Production of the n. meson

The differential production cross-section of the 7, meson
is measured for both prompt charmonium production and
production in inclusive b-hadron decays. Results are pre-
sented in an extended pT range in comparison to the previous
analysis [5]. The pr-differential cross-section is measured
in the range 5.0 < pr < 20.0GeV/c, and y-differential
cross-section is measured for the first time in the range
20 <y <4.0.

Using Eq. 1 and yields extracted from the fit to data, the
relative 7. to J/iy prompt production cross-section is mea-
sured to be

(anc/O_J/W)S.O<pT<20.OGeV/c, 2.0<y<4.0

=1.324+0.14£0.09 £ 0.13.

Here and throughout the paper, unless explicitly mentioned,
the first uncertainty is statistical, the second is systematic,
and the third is due to the uncertainties on the branching
fractions B, 5 and By pp.

The prompt J/y production cross-section is only available
for pr < 14GeV/c. Using the value of
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Fig. 3 Thelog-likelihood profile plots for the (black dashed line) base-
line fit and alternative fits including: (red dashed line) alternative mass
resolution model, (green and blue dashed lines) alternative models
of combinatorial background, (orange dashed line) alternative resolu-
tion ratio, (magenta dashed line) alternative contribution from partially
reconstructed J /¢ — ppn® decay, and (cyan dashed line) account-
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for the nonzero J /v polarisation. The black solid line represents the
log-likelihood profile obtained using the discrete profiling method [34].
The solid red and green lines show Bayesian upper limits on (left) 1. (2.5)
and (right) relative n.(2S) to J/vy prompt-production cross-section at
90% and 95% CL, respectively

~ 16—

% 14 F LHCb, 2.2fb!
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ing for the nonzero J /¢ polarisation. The black solid line represents
the log-likelihood profile obtained using the discrete profiling method
[34]. The solid red and green lines show Bayesian upper limits on (left)
he(1P) and (right) relative h.(1P) to J /vy prompt-production cross-
section at 90% and 95% CL, respectively

Table 7 Upper limits (UL) at 95% CL for 1. (2S) relative to J/i» and n.(2S) absolute prompt production cross-section, and its comparison with

NLO NRQCD theoretical prediction (Refs. [7-10])

pr [GeVic ] UL 95% CL Shao et al. [8] Gong et al. [9] Bodwin et al. [10]
e 28) X Bye25)—pp [Pb]

5.0-14.0 < 426 664 + 297 365 + 135 855+ 123

5.0-20.0 < 401 674 + 304 368 + 138 870 + 126
(@nc@8) X By 25)—pp)/ @app X Bipy—pp)

5.0-14.0, y <4.0 < 0.14 0.48 +£0.22 0.27 £0.10 0.62 +0.09

5.0-14.0, y <4.5 0.43 +£0.19 0.24 +0.09 0.55+0.08

5.0-20.0, y <4.0 <0.14
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= 1373 4+ 58 nb from Ref. [15],
the absolute 1. prompt production cross-section is measured
to be

5.0<pr<14.0GeVic, 2.0<y<4.0
9y

(o )5.O<pT<l4.OGeV/c, 2.0<y<4.0
Ne

= 1815+ 189 £ 120 & 192nb,

where the last uncertainty also includes the uncertainty on
the J/y production cross-section.

The relative n. to J/i and absolute 1, prompt production
cross-section are shown as a function of the centre-of-mass
energy in Fig. 4. In addition, the corresponding J/i produc-
tion cross-section in the same kinematic range from Refs.
[14,15,36] is shown for comparison.

The relative 7, inclusive branching fraction from b-hadron
decays is measured to be

Bp—sn.x/Bp—spx = 0.49 £0.03 £0.02 £ 0.05.

Using the value By, jy x = 1.160.10% [11], the absolute
value is measured to be

Bysp.x = (5.6440.31 +0.18 +0.73) x 1072,

where the last uncertainty includes the uncertainty on the
b — J/Y inclusive branching fraction.

The relative differential 1. to J/iy prompt production
cross-section is shown in Fig. 5 in bins of pr and y, and
the corresponding values are reported in Tables 11 and 12,
respectively. The result of the fit by a linear function to the
prompt production cross-section in bins of pr is overlaid.
The slope is found to be 0.118 4 0.057(GeV/c™!). A signif-
icant slope may indicate the presence of CO contribution to
the 1, prompt production cross-section at higher pt [4].

The absolute differential 1, prompt production cross-
sections as a function of pr and y are shown in Fig. 6. The
values are reported in Tables 13 and 14 in bins of pt and y,
respectively.

Relative and absolute prompt pr-differential production
results are compared with the NLO NRQCD predictions for
CS and for the sum of CS and CO contributions? and modified
NRQCD [37], and shown in Fig. 7. The NRQCD CS model
and modified NRQCD show reasonable agreement with data
for pr > 8 GeV/c, but overestimate data at lower pr. The the
sum of the CS and CO contributions overestimates data in
the entire pt range.

6.3 Production of x.; mesons in b-hadron decays
The relative yields of the x.; states in b-hadron inclusive
decays are measured in order to derive the absolute branching

ratios of the x.; states to pp.

2 The prediction is provided by H.S.Shao based on Ref. [4] in the kine-
matic range corresponding to that presented in this analysis.

@ Springer

The relative efficiency-corrected yields of the x.; states
in b-hadron inclusive decays are measured to be

B(b— xc1X) x B(xc1—> pp)
B(b— xc0X) x B(xco— pDp)
B(b— xc2X) x B(xc2—> pPp)
B(b— Xc0X) X B(XCO_) pﬁ)

=0.58+0.23£0.02,

=0.17+0.12£0.01,

where the quoted uncertainties are statistical and systematic.
The uncertainty in both measurements is dominated by the
statistical uncertainty.

Using the known branching ratios of the x.; decays to the
pp final state, By, p5 = (2.21 £0.8) x 1074, By 5 =
(7.60£0.34) x 1073, and By, ;5 = (7.33 £0.33) x 107>
[11], the ratios of the branching fractions of the b-hadron
inclusive decays to the x.; states are measured to be

b yarX
Bl x1X) _ | 68 +0.66+0.05+0.10,
B(b—> XcOX)

b— yeaX
B> x2X) _ 504036+ 0.04 0,03,
B(b— xc0X)

where the quoted uncertainties are statistical, systematic and
from the branching fractions of the y.; decays to pp final
state, respectively.

Precise measurements of the branching ratios of the J/ir
decay to the pp final state and the inclusive b-hadron decay
to the J/y final state enable an improved precision of the
measurements for the x.o and x.; states. The product of
the branching fractions of b-hadron decays to x.; and the
branching fractions of the x.; — pp decay mode are deter-
mined as

Bhs yeox XBy,gs pp=(6.74 £ 1.18 £0.18 £ 0.59) x 1077,
Blys gy x X By, s pp=(3.88 £ 0.91 £0.11 £ 0.34) x 1077,
Bps yoX X Bygs pp = (113 £0.83 £0.03 £ 0.10) x 1077 .

The quoted uncertainties are statistical, systematic and
related to the By, ,7, and By, jy x uncertainties. The com-
puted branching ratios of inclusive b-hadron decays to x.s
are presented in Table 8.

The values are compared with the previous LHCb mea-
surement of x.; production in b-hadron decays [38] and with
the world averages [11]. Both LHCb results are in good agree-
ment. The presented measurements of the y.o and x.; pro-
duction in b-hadron decays are the most precise to date.

7 Summary

Using p p collision data corresponding to an integrated lumi-
nosity of 2.2fb~! collected by the LHCb experiment at
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Fig. 4 Left: measured 1. to J /v cross-section ratio at different centre-
of-mass energies. Right: measured 1. and J /¢ [14,15,36] prompt pro-
duction cross-sections. The red points show the result from the current
analysis. The error bars show following uncertainties: statistical, sys-
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Fig. 5 Measured 7. to J/y prompt-production cross-section ratio in
intervals of (left) pt and (right) y. The error bars show following
uncertainties: statistical, systematic, and due to the branching fractions
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Fig. 6 Measurement of the differential prompt production cross-
section of the (red) 1. and (blue) J /vy mesons [15] in bins of (left) pr-
and (right) y. The error bars show following uncertainties for 7, produc-

tematic, and due to the J/¢ — pp and n. — pp branching fractions
(and J /¢ production cross-section for the absolute production cross-
section)
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Fig. 7 Measurement of the (left) absolute n. and (right) relative n. to J/y pr-differential prompt-production cross-section. Magenta boxes
represent NLO NRQCD CS prediction; green boxes show the sum of NLO NRQCD CS and CO predictions. Blue lines represent the modified

NRQCD prediction [37]

Table 8 Branching fractions of x.; production in inclusive b-hadron
decays. The quoted uncertainties are statistical, systematic and the
related to the By, ,— pp, Byjy— pp» and By jpy x uncertainties. The val-

ues are compared with results from analysis of charmonia production
using decays to ¢¢ [38] and the world average values [11]

c¢¢c — pp, measured cc — ¢ [38] World average [11]
B y0x X 1073 3.05+0.54 +0.08 = 0.29 3.024+1.08 15+6
By x X 1073 5.11+1.20+0.14 £+ 0.50 2.76 = 1.09 14+4
By x X 1073 1.54 £1.13 +£0.04 +0.15 1.154+0.42 6.2+29

A/s = 13TeV in 2018, the upper limits on the ratio of the
nc(28) and k(1 P) to J/Y prompt production cross-section,
at 90% (95%) CL, are determined for the first time as
(99.25) X By 25~ pp)
@i X Bipy—pp)
(On.(1P) X Bp.(1P)— pp)
@iy X Bipy—pp)

<0.11 (0.14),

<0.12 (0.13),

in the kinematic range 5.0 < pt < 20.0GeV/c and 2.0 <
y < 4.0. The upper limits on the 1.(2S5) and k(1 P) prompt
production cross-sections multiplied by their decay branch-
ing fractions to the pp final state are determined.

The relative n. to J/iy prompt production cross-section is
measured in the extended kinematic range compared to the
previous analysis, 5.0 < pt < 20.0GeV/c, leading to

(O UJ/¢)5.0< pr<20.0GeVie, 2.0<y<4.0

=1.32+0.14+£0.09 £ 0.13.

Henceforth, the first uncertainty is statistical, and the second
is systematic. The third uncertainty is due to the uncertainties
on the branching fractions 3;,._, ,5 and By - 5.

The absolute 1. prompt production cross-section is derived
using the J/y prompt production cross-section measurement
at 4/s =13 TeV [15]. The relative n. to J/i and the absolute

@ Springer

N inclusive branching fractions from b-hadron decays are
measured, obtaining

Bpysnox/Bos sy x = 0.49 £ 0.03 £ 0.02 + 0.05,
Bpspox = (5.6440.31£0.18 £ 0.73) x 1072,

where the third uncertainty is due to the uncertainties on the
branching fractions B,._, ,5 and B . ,5 and the uncer-
tainties on the branching fractions By, 5, By — pp and
Bp—s jy x , respectively. The results on 7, production are con-
sistent with the previous LHCb measurement at /s =13 TeV
[5]. The 5. prompt production cross-section at low pr is
below the available theoretical expectations and calls for an
improved theory description in this range.

New measurements of the branching fractions Bj, ., x x
By, ,— pp and By, ., x are reported. The inclusive branching
fraction results for the y.o and x.; mesons,

Bps yox = (3.05 4 0.54 £ 0.08 £ 0.29) x 107,
Bps yoyx = (5.11 £1.20 + 0.14 £ 0.50) x 1072,
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are the most precise to date. The third uncertainty here is due
to the uncertainties on the branching fractions B, »5.
Bipy—pp and Bp— jpy x-
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Appendices
A Tables of the relative uncertainties

The relative uncertainties for pr- and y-differential prompt
production cross-sections are shown in Tables 9 and 10,
respectively. The uncertainties are expressed in percent, rel-
ative to the central value in each bin. The total systematic
uncertainty is calculated as the quadratic sum of the individ-
ual sources.
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Table 9 Relative uncertainties (in %) on the ratio of prompt cross-sections oy, /0. in bins of the 7. transverse momentum, pt. Uncertainties on

By.— pp and By - pp are considered separately and given in the text

pr [GeVic ]

5.0-6.5 6.5-8.0 8.0-10.0 10.0-12.0 12.0-14.0 14.0-20.0
Statistical uncertainty 95.6 30.7 14.3 229 21.8 31.9
Combinatorial background 4.0 39 3.8 3.6 3.5 32
Contribution from J/y — ppn® 0.1 < 0.1 0.1 0.2 0.3 0.5
Resolution pr-dependence 0.1 < 0.1 0.1 0.3 0.4 0.6
Cross-feed < 0.1 0.1 0.1 0.1 0.2 0.3
Total uncorrelated systematic 4.0 3.9 3.8 3.6 35 34
Variation of I';, 1.5 1.1 1.7 1.6 1.7 1.8
Mass resolution model 35 24 1.6 22 1.1 0.6
Polarisation of J/y 2.1 1.8 1.6 1.3 1.2 0.9
Total correlated systematic 33 3.1 2.9 2.8 2.8 2.6
Total systematic 5.1 4.9 4.8 4.6 4.5 43

Table 10 Relative uncertainties (in %) on the ratio of prompt cross-sections oy, /0 in bins of the 7, rapidity, y. Uncertainties on B, _, , and

By — pp are considered separately and given in the text

Y

2.0-2.5 2.5-3.0 3.0-35 3.5-4.0
Statistical uncertainty 23.3 16.6 22.3 48.1
Combinatorial background 6.5 54 43 32
Contribution from J/y — ppn® 04 0.2 < 0.1 0.2
Resolution y-dependence 1.0 0.6 0.3 < 0.1
Cross-feed 0.1 0.1 0.1 0.1
Total uncorrelated systematic 6.6 55 4.3 32
Variation of I';, 1.0 1.4 1.4 1.4
Mass resolution model 0.1 1.2 0.3 1.7
Polarisation of J/i 22 1.5 1.2 14
Total correlated systematic 33 2.9 2.8 2.8
Total systematic 7.4 6.2 5.1 43

B Tables of differential production cross-sections
B.1 Relative differential production cross-sections

The relative pt- and y-differential 5. to J/iy prompt produc-
tion cross-sections are shown in Tables 11 and 12. The first
uncertainty is statistical, the second is the uncorrelated sys-
tematic uncertainty, the third is the systematic uncertainty
correlated among bins, and the last one is the uncertainty
related to By - pp and By, 5 branching fractions.

@ Springer

Table 11 Relative pr-differential 1, prompt production cross-section

pr [GeVie ] doy. /doypy

5.0-6.5 0.52 £0.49 £ 0.03 £ 0.02 + 0.05
6.5-8.0 1.07 £0.33 £ 0.06 £ 0.03 £ 0.10
8.0-10.0 1.66 +£0.24 +0.09 £ 0.05 £ 0.16
10.0-12.0 1.43+0.33+0.11 £0.04 £0.14
12.0-14.0 2.04 +£0.45 +0.22 £ 0.06 £ 0.20
14.0-20.0 1.89 £ 0.60 +0.24 +0.05 £ 0.18
5.0-14.0 1.29+0.15+0.07 £ 0.04 £0.13
6.4-14.0 1.42+£0.15+0.05+0.04 £0.14
5.0-20.0 1.32+£0.14 £ 0.08 £ 0.04 £ 0.13
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Table 12 Relative y-differential 1. prompt production cross-section

y dO’,,C/de/v,

2.0-2.5 0.96 £ 0.22 £ 0.07 £ 0.03 + 0.09
2.5-3.0 1.65+£0.27+0.11 £0.05 £ 0.16
3.0-35 1.36 £0.30 £ 0.08 £ 0.04 £ 0.13
3.5-4.0 1.29 £ 0.62 £ 0.07 £ 0.04 £ 0.13

B.2 Absolute differential production cross-sections

The absolute pr- and y-differential n. prompt production
cross-sections are shown in Tables 13 and 14. The first uncer-
tainty is statistical, the second is the uncorrelated systematic
uncertainty, the third is the systematic uncertainty correlated
among bins, and the last one is the uncertainty related to
By pp and By, ,5 branching fractions and the J/i pro-
duction cross-section.

Table 13 Absolute pr-differential 1, prompt production cross-section

pr [GeVie ] day, /dpr [nb/ GeVic]
5.0-6.5 277.0 +264.8 + 16.9 £ 9.0 £ 29.4
6.5-8.0 227.8 £69.8 + 12.1 £7.0 £ 24.2
8.0-10.0 1345+ 192+ 7.6 £3.9 + 143
10.0-12.0 4244+974+32+£124+46
12.0-14.0 2314+50+£25+06+26
6.5-14.0 796.4 4 86.6 + 30.8 + 21.4 + 84.4
5.0-14.0 1772.8 4 205.4 + 97.6  49.0 £ 187.9

Table 14 Absolute y-differential 1, prompt production cross-section

y doy, /dy [nb]

2.0-2.5 1620 & 377 £ 121 =53 £ 172
2.5-3.0 2498 + 414 + 162 + 73 4+ 264
3.0-3.5 1762 + 392 + 99 4+ 49 4+ 188
3.54.0 1291 + 621 + 69 4+ 37 + 139
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