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1 Introduction

The study of the production of hidden and open heavy-flavour hadrons in proton-proton
(pp) collisions provides an essential test of quantum chromodynamics (QCD), involving
both the perturbative and non-perturbative regimes of this theory. Experimentally, the
reconstruction of the lightest charmonium vector state, the J/i meson, produced in pp
collisions at the energies of the Large Hadron Collider (LHC) gives access to both the
physics of charmonium systems and that of beauty-quark production. Indeed, direct J/1
mesons and feed-down from higher mass charmonium states such as y. and ¥(2S), which
are denoted as the “prompt” component, can be experimentally separated from the con-
tribution from long-lived weak decays of beauty hadrons, denoted as the “non-prompt”
component. In addition, due to the large rest mass of the J/1 as compared to the other
beauty-hadron decay products, the J/i) momentum vector is very close to those of the
decaying beauty-hadron, making the non-prompt J/1) measurement a good tool to study
the production of beauty-flavour hadrons [1].

Due to the very different energy and time scales involved in prompt charmonium pro-
duction [2], phenomenological models assume that the cross section factorises into a hard
term, describing the initial production of the c€ pair, and a soft term accounting for the
subsequent evolution into a bound state. While the production of ¢€ pairs can be com-
puted within perturbative QCD, their evolution to a bound state involves long-distance
physics which is non-perturbative and relies largely on fits to experimental measurements.
A detailed overview of this field of study can be found in refs. [3-6]. There are a few
different approaches employed for the description of quarkonium production, namely the
Colour Singlet Model (CSM) [7], the Colour Evaporation Model (CEM) [8, 9], and the
Non-Relativistic QCD model (NRQCD) [10]. High precision measurements, in particu-
lar at the LHC [11-36], enabled significant improvements of the theoretical description
of charmonium production in all of these approaches as shown for CEM in refs. [37, 38|,



for CSM in refs. [39-41] and NRQCD in refs. [42-54]. However, a full description of the
data, in particular down to zero transverse momentum is still difficult [19, 30, 34]. Within
the NRQCD factorisation formalism, the long-distance effects leading to the charmonium
hadronisation are implemented using the so called long distance matrix elements (LDMEs)
which are fixed in fits to experimental data and are hypothesized to be universal. Sev-
eral global fit analyses have been performed in the past decade using NLO short distance
coefficients (SDCs), providing a simultaneous description of cross sections and polarisa-
tions measured at the LHC, with a good fit quality, as long as the fits are restricted to
the region of pyr > 8 GeV/c [42-54]. The production at low transverse momentum, which
dominates the total cross section, requires a special treatment since the collinear factorisa-
tion approach [55] is no longer applicable. Combining the Color Glass Condensate (CGC)
effective field theory at small z [56] and NRQCD formalisms, a new factorisation frame-
work for quarkonium production was proposed, which provides a satisfactory description
of charmonia at low pr [6, 57].

The inclusive production of open heavy-flavour hadrons in hadronic collisions is com-
puted using the collinear factorisation approach [55] as a convolution of the parton distri-
bution functions of the incoming hadrons, the hard parton-parton scattering cross section
computed perturbatively, and the fragmentation process describing the non-perturbative
evolution of a charm- or beauty-quark into an open heavy-flavour hadron. These calcu-
lations are implemented at the next-to-leading order (NLO) accuracy in the general-mass
variable-flavour-number scheme (GM-VFNS) [58, 59], and at NLO with an all-order re-
summation to next-to-leading log (NLL) accuracy in the limit where the pp of the heavy
quark is much larger than its mass in the FONLL resummation approach [60, 61]. Re-
cent calculations with next-to-next-to-leading-order (NNLO) QCD radiative corrections
are implemented for the beauty-quark production cross section [62]. Other predictions
are also performed in the leading order (LO) approximation through the kp-factorisation
framework [63]. All these computations describe, albeit within large theoretical uncer-
tainties, the production cross sections of open heavy-flavour hadrons measured in pp and
pD collisions in different kinematic domains at centre-of-mass energies ranging from 0.2 to
13 TeV [5, 64, 65]. Non-prompt J/v production is directly related to open beauty-hadron
production, and can be used to estimate the latter after an extrapolation. The measure-
ments of the total beauty-quark production cross sections are less sensitive to the non-
perturbative hadronisation effects than the total charm-quark production, which makes
them a good test for QCD in the perturbative regime. In the context of the LHC heavy-
ion physics programme, the measurement of beauty production in pp collisions is crucial
for studying both cold and hot nuclear matter effects, as they provide a reference for the
beauty-hadron production measurements in proton-nucleus and nucleus-nucleus collisions.

Before the start of the LHC, J/¢ production was extensively studied in pp and pp
collisions at the Tevatron [1, 66—68] and at RHIC [69, 70]. At the LHC, the J/1 transverse
momentum and rapidity differential production cross sections have been measured in pp
collisions at several centre-of-mass energies, namely /s = 2.76 TeV [11, 12], 5.02 TeV [13-
20], 7 TeV [21-26, 29], 8 TeV [27-29], and 13 TeV [15, 30-32]. Experimental measurements
were also extended to other observables, such as polarisation which was measured by AL-



ICE [33, 34], CMS [35], and LHCb [36] in pp collisions at /s = 7 and 8 TeV. At the
centre-of-mass energies discussed in this article, the prompt and non-prompt components
of the J/v production cross section at midrapidity were previously studied in pp collisions
at /s = 5.02 TeV by the ATLAS [16] and CMS [17, 18] collaborations and at /s = 13 TeV
by CMS [32]. At forward rapidity (2 < y < 4.5), the LHCb collaboration reported prompt
and non-prompt J/1) measurements at /s = 13 TeV [31] and at /s = 5TeV [20].

In this article, the prompt and non-prompt J /v cross section measurements performed
at midrapidity (Jy| < 0.9) at /s = 5.02 and 13 TeV via the dielectron decay channel are
reported. Measurements are carried out down to a transverse momentum of 2 GeV/c at /s
= 5.02TeV and 1GeV/c at 13 TeV. They are complementary to the existing ATLAS and
CMS measurements available for pr > 8 GeV/c and 6.5 GeV /¢, respectively. The low-pp
reach for non-prompt J/v allows the derivation of the do,;/dy at midrapidity and of the
total bb cross section at both energies /s = 5.02 and 13 TeV.

The article is organised as follows: the ALICE apparatus and data samples are de-
scribed in section 2, the data analysis is detailed in section 3, results are discussed in
section 4 and compared to existing measurements and to theoretical model calculations,
and finally in section 5 conclusions are drawn.

2 Apparatus and data samples

The ALICE apparatus comprises a central barrel placed in a solenoidal magnet that gen-
erates a constant field of B = 0.5 T oriented along the beam axis (z), a muon spectrometer
at forward rapidity, and a set of forward and backward detectors used for triggering and
event characterisation. A detailed description of the apparatus and its performance can be
found in refs. [71, 72]. The main detectors of the central barrel employed for the reconstruc-
tion of the J/1 via the ete™ decay channel are the Inner Tracking System (ITS) [73] and
the Time Projection Chamber (TPC) [74]. Both are used for track reconstruction, while
the TPC is also used for electron identification and the ITS for primary and secondary
vertex reconstruction. The ITS is composed of six cylindrical layers of high-resolution
silicon tracking detectors. The innermost layers consist of two arrays of hybrid Silicon
Pixel Detectors (SPD), located at an average radial distance r of 3.9 and 7.6 cm from the
beam axis and covering the pseudorapidity intervals |n| < 2.0 and |n| < 1.4, respectively.
The SPD provides the spatial resolution to separate on a statistical basis the prompt and
non-prompt J /1) components. The outer layers of the ITS are composed of Silicon Drift
Detector (SDD) and Silicon Strip Detector (SSD), with the outermost layer having a radius
r = 43cm. The TPC is a large cylindrical drift detector with radial and longitudinal sizes
of about 85 < r < 250cm and —250 < z < 250cm, respectively. It is the main track-
ing device and its readout is segmented radially in pad rows, providing up to 159 space
points per charged-particle track. The identification of charged tracks is performed via the
measurement of the specific ionisation energy loss dE/dx in the TPC gas.

The events are selected using a minimum bias trigger provided by the VO detectors [75],
defined as the coincidence in signals between its two subsystems, VOC and VOA. The two
V0 subsystems are scintillator arrays placed on both sides of the nominal interaction point



at z = —90 and +340cm, covering the ranges —3.7 < n < —1.7 and 2.8 < n < 5.1,
respectively. The settings of the minimum bias trigger, which is fully efficient in inelastic
collisions producing a J/1, are identical at the two centre-of-mass energies. The results
in pp collisions at /s = 5.02TeV are obtained using data recorded by ALICE in 2017,
whereas the measurements carried out at /s = 13 TeV are based on data samples collected
during the years 2016-2018. The event samples, which are the same as those used for
the published inclusive J/1 analyses at both energies [13, 30], correspond to integrated
luminosities of Ly = 19.4 & 0.4nb~! [76] and Ly, = 32.2 £ 0.5nb~! [77] at /s = 5.02
and 13 TeV, respectively.

3 Data analysis

Event selection and track quality requirements used in these analyses are identical to those
used for the corresponding inclusive J/1 cross section analyses at /s = 5.02 [13] and
13 TeV [30]. In particular, the events, besides fulfilling the minimum bias trigger condition,
are selected offline by requesting the collision vertex to be within the longitudinal interval
|zvtx| < 10 cm around the nominal interaction point to ensure uniform detector acceptance.
Beam-gas events are rejected using offline timing requirements with the VO detector. The
interaction probability per single bunch crossing was below 0.01 (5x1073) during the entire
data taking period at /s = 5.02TeV (13TeV). The residual contamination with pile-
up events is rejected offline using an algorithm which identifies multiple primary vertices
reconstructed with SPD tracklets and global tracks [72].

Selected tracks are required to have a minimum transverse momentum of 1GeV/c, a
pseudorapidity in the range of |n| < 0.9, a minimum of 70 space points in the TPC, and a
value of the track fit x? over the number of track points smaller than 4. A hit in at least one
of the two SPD layers is also required to improve the tracking resolution, reduce the number
of electrons from photon conversion in the detector material, and suppress tracks from
pile-up collisions occurring in different bunch crossings. In order to reject secondary tracks
originating from weak decays and interactions with the detector material, the candidate
tracks are also required to have a maximum distance-of-closest-approach (DCA) to the
reconstructed collision vertex of 0.5 cm in the radial direction and 2.0 cm along the beam-
axis direction. Tracks originating from topologically identified long-lived weak decays of
charged pions or kaons are rejected from the analysis. The electron identification is done
by requiring the reconstructed TPC dE/dx signal to lie within the interval [—2,43] o,
relative to the expectation for electrons, where o, is the specific energy-loss resolution for
electrons in the TPC. Furthermore, tracks consistent with the pion and proton assumptions
within 3.0 (3.5) o are rejected in pp collisions at /s = 5.02TeV (13 TeV). In addition, at
/s = 13 TeV the pion rejection was released from 3.5 to 2.5 o for tracks with a momentum
larger than 6 GeV/c in order to increase the J/v reconstruction efficiency in the highest pr
interval (10-15 GeV/c). Finally, electrons, which are found to be compatible with electrons
from gamma conversions when combined with an opposite charge candidate selected with
looser requirements, are rejected.



The J/1 candidates are formed by considering all opposite charge electron pairs. Pair
candidates where neither of the decay products has a hit in the first layer of the SPD
are excluded for a pp of the pair below 7GeV/c due to the poor spatial resolution of
the associated decay vertex. For higher values of the pp of the pair, this condition is
released to increase the number of candidates. Prompt J /1) mesons are separated from those
originating from beauty-hadron decays on a statistical basis, exploiting the displacement
between the primary event vertex and the decay vertex of the J/¢. The measurement of the
fraction of J /1 mesons originating from beauty-hadron decays, fg, is carried out through an
unbinned two-dimensional likelihood fit procedure, following the same technique adopted
in the previous pp analysis [21]. A simultaneous fit of the dielectron pair invariant mass
(mee) and pseudoproper decay length (x) distribution is performed. The latter is defined
as z = ¢ x L X pp myp/|pT|, Where L is the vector pointing from the primary vertex
to the J/1 decay vertex and my, is the J/t¢) mass provided by the Particle Data Group
(PDG) [78]. The fit procedure maximises the logarithm of a likelihood function:

N
InL =" In | fsig x Foig(a') x Msig(mie) + (1 = fsig) X Foea(2') x Mpig(mic)],  (3.1)
i=1
where N is the number of J/1 candidates within the invariant-mass interval 2.4 < mee <
3.6 GeV/c?, Fsig(z) and Fpyg() represent the pr-dependent probability density functions
(PDFs) for the pseudoproper decay length distributions of signal and background, respec-
tively. Similarly, MSig(mee) and MBkg(mee) represent the equivalent PDFs for the invariant
mass distributions. The signal fraction within the invariant-mass window considered for
the fit, fsie, represents the relative fraction of signal candidates, both prompt and non-
prompt, over the sum of signal and background. The pseudoproper decay length PDF of
the signal is defined as:

Fsig(x) = fg x Fi(x) + (1 = f5) X Fyrompt(x), (3-2)

where F(z) and Fprompt(z) are the « PDFs for non-prompt and prompt J /1, respectively
while ff; represents the fraction of J/i originating from beauty-hadron decays retrieved
from the maximum likelihood fit procedure. The only free parameters in the fitting pro-
cedure are fgig and f. The latter needs to be corrected for the different acceptance-
times-efficiencies for prompt and non-prompt J/i, averaged in the pp range where the
measurement is performed. These differences can arise from the different J/i pr distri-
butions used in the simulations, as well as different polarisation, as described below. The
fraction of non-prompt J/v corrected for these effects, fp, is obtained as:

’ -1
fo = <1+1_,f3 < A Xl ) : (3.3)

Is (A X €)prompt

where (A X €)prompt and (A X €)p represent the average acceptance-times-efficiency values

for prompt and non-prompt J/v, respectively, in the considered pr interval.
The various PDFs entering into the determination of fg are described in refs. [21, 79].
The PDFs corresponding to J/v, namely Fyrompt (), FB(x) and Mgig(mee), are determined



from Monte Carlo (MC) simulations. A sample of minimum bias pp collisions is generated
using PYTHIA 6.4 [80]. To this sample, prompt and non-prompt J/t¢) mesons are added.
The latter is also generated with PYTHIA 6.4, while the prompt J/v are simulated with a
pr spectrum based on a phenomenological interpolation of measurements at RHIC, CDF,
and the LHC [81] and a uniform distribution in rapidity. The J/1 dielectron decay is
simulated with the EvtGen [82] package, using the PHOTOS model [83] to deal with
the influence of radiative decays (J/¢» — eTe™v). Finally, GEANT3 [84] is employed
to handle the particle transport through the ALICE apparatus, considering a detailed
description of the detector material and geometry. Detector responses and calibrations in
MC simulations are tuned to data, taking into account time dependent running conditions
of all detectors included in the data acquisition. These simulations are used to compute the
corrections for acceptance and efficiency for the corresponding inclusive J /1 cross section
analyses at /s = 5.02 and 13TeV, as described in refs. [13, 30]. In the aforementioned
MC simulations prompt J/¢ component is assumed unpolarised, whereas for the non-
prompt J /1 a small residual polarisation as predicted by EvtGen [82] is considered. Further
assumptions concerning the polarisation of both components are not taken into account in
this publication. In order to consider a realistic shape of the pt distributions for evaluating
the acceptance-times-efficiency corrections averaged over finite size pr intervals, which
enter in eq. (3.3), the J/v kinematic distributions used in simulations were tuned to match
experimentally observed distributions. In particular, the measured inclusive cross section
is used to reweight the MC pp shape of prompt J/i¢, whereas the reweighting of the
non-prompt J /1) component is performed according to FONLL calculations. The largest
difference between the average efficiencies of prompt and non-prompt J/1 is observed
for the pr-integrated case where it amounts to about 3% at both /s = 5 and 13 TeV.
One of the key ingredients is the resolution function, R(x), which describes the accuracy
of x in the reconstruction. It affects all PDFs in eq. (3.1) related to the pseudoproper
decay length, and it is determined via MC simulations, considering the x distributions of
prompt J /v reconstructed with the same procedure and selection criteria as for data. It
is described by the sum of two Gaussians and a symmetric power law function, and it was
determined as a function of the pr of the J/¢. Tuning of the MC simulations was applied
to minimise the residual discrepancy between data and simulation for the distribution of
the DCA in the transverse plane of single charged tracks, as done in ref. [85]. The RMS
of the resolution function in pp collisions at /s = 13 TeV for candidate pairs with both
decay tracks having a hit in the first layer of the SPD, ranges from about 180 pm at
pr = 1.5GeV/c to 40 um at pyr = 12.5GeV/c. The corresponding RMS of the resolution
function for the 5.02 TeV data set is found to be about 30% worse at similar pt values
compared to the 13 TeV case, mainly due to worse I'TS detector performance. Background
PDFs, both for invariant mass and pseudoproper decay length, are retrieved from data.
In particular, the invariant-mass background PDF, Mpyge(mee), was parametrised by a
second-order polynomial function for pp below 2 GeV/c and for the pp-integrated case at
Vs = 13TeV. For pr > 2GeV /¢, an exponential function was used at both centre-of-
mass energies. In particular, the parameters of the invariant mass background function
were determined by fitting the invariant-mass distribution of opposite charge-sign pairs by



Mpyg (mee) plus a Crystal Ball function [86] for the signal, whose shape was determined from
MC simulations. The background x PDF considered in the two dimensional log-likelihood
function defined by eq. (3.1), Fpig(x), was constrained by fitting the pseudoproper decay
length distribution in the sidebands of the dielectron invariant-mass distribution, defined
as the regions 2.4-2.6 and 3.2-3.6 GeV /c?.

Examples of ete™ invariant mass and pseudoproper decay length distributions with
superimposed projections of the total maximum likelihood fit functions, computed in the
integrated p range, are shown in figure 1 for 13 TeV (upper panels) and 5.02 TeV (lower
panels) for pr > 1 and pp > 2 GeV /¢, respectively. Different components of the likelihood
fit function are superimposed on the invariant-mass (left panels) and pseudoproper decay
length (right panels) distributions of opposite charge-sign candidates. In particular, for
the pseudoproper decay length the components relative to the background, prompt and
non-prompt J/i¢ are shown. In addition to the pp-integrated case, the fraction of non-
prompt J/1¢ was also studied in six intervals of transverse momentum (1-2, 2-3, 3-5, 57,
7-10, 10-15GeV/c) at /s = 13 TeV and three pr intervals (2-4, 4-7, 7-10 GeV /c) at /s =
5.02 TeV. Furthermore, the data sample collected at /s = 13 TeV enables the study of the
non-prompt J/1 fraction differentially in rapidity; in particular it was measured in three
rapidity intervals for pp > 1GeV/e (Jy| < 0.2, 0.2 < |y| < 0.5, 0.5 < |y| < 0.9).

Systematic uncertatinties on the non-prompt fraction originate from the uncertainty
on the (A4 X ¢), through eq. (3.3), as well as incomplete knowledge of the PDFs. Systematic
uncertainties related to different hypotheses of polarisation of prompt and non-prompt J /v
are not considered.

The systematic uncertainty on (A X €) arising from the variation of the selection criteria
is described in detail in ref. [30]. The dominant sources of uncertainty are related to the
tracking and electron identification procedures. However, these are expected to be fully
correlated for prompt and non-prompt J /1), therefore their contribution cancels out in the
ratio when propagated to fg according to eq. (3.3). The systematic uncertainty of (A X ¢)

obtained on the non-prompt J/v fraction is evaluated by repeating the estimation of the
<A><E>]3
(A><€>prompt

of prompt and non-prompt J/¢. For non-prompt J/1, reweighted according to FONLL,

ratio , considering different hypotheses for transverse momentum distributions
different p distributions obtained from varying FONLL parameters are considered. For
prompt J /1), the measured J /1 cross section is fitted and the envelope obtained by varying
the fitting parameters according to their uncertainties is considered. The systematic un-
certainty on fg is assigned by considering the maximum difference observed when varying
the aforementioned ratio.

Systematic uncertainties, originating from the incomplete knowledge of all PDFs em-
ployed in the fitting procedure, are determined following a similar approach as described
in previous ALICE analyses [21, 79, 85]. An additional contribution considered in the
analyses presented in this article is related to the uncertainty of the relative hadronisation
fractions of beauty quarks into beauty hadrons. The mixture of beauty hadrons in MC
simulations can affect the PDF used for the description of the pseudoproper decay length
distribution of non-prompt J/¢. Beauty-hadron fractions in PYTHIA 6.4 are simulated
uniformly in pr, with the corresponding values compatible with those from the PDG [78].
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Figure 1. Invariant mass (left panels) and pseudoproper decay length (right panels) distributions
for J/1¢ candidates at midrapidity with superimposed projections of the maximum likelihood fit.
Pseudoproper decay length distributions are shown for J/¢ candidates reconstructed under the J/v
mass peak, i.e. for 2.92 < me. < 3.16 GéV/c?, for display purposes only. The distributions refer
to the pr-integrated case, in particular the upper (lower) panels show the distributions for pr >
1 (2) GeV/c in pp collisions at /s = 13 (5.02) TeV. The x? values, which are computed considering
the binned distributions of data points and the corresponding projections of the total fit function,
are also reported.

The LHCb collaboration measured the production fractions of Eg and A) hadrons, nor-
malised to the sum of B~ and B’ mesons, at forward rapidity (2 < n < 5) in pp collisions
at /s = 13TeV [87]. It was found that the AY to (B~ + EO) ratio depends strongly on
the transverse momentum of the beauty-hadron, in particular it is about 0.12 at pp =
25GeV/c and it increases significantly at low transverse momentum, reaching about 0.3
at pr = 4GeV /¢, and showing no dependence on pseudorapidity. The relative fractions of
beauty hadrons in MC simulations, employed to obtain the pseudoproper decay length PDF
of non-prompt J /1, were thus reweighted in order to match those measured by the LHCb
collaboration. The corresponding systematic uncertainty was assigned by considering half
of the relative deviation obtained on fp when MC simulations without the reweighting
procedure are used.



pr (GeV/c)
>11121| 23| 35| 57| 710 10-15
Resolution function R(z) | 4.0 [ 10.9 | 5.6 | 3.1 | 1.5 | 0.9 0.7
x PDF of background 41 | 94 | 76 | 3.1 2.8 2.0 2.9

x PDF of non-prompt J/¢ | 3.3 | 5.5 | 43 | 2.5 | 1.5 0.8 0.6

Primary vertex 25 | 44 | 43 | 23 | 1.2 0.5 0.3

MC pr distribution 26 | 05 | 05 | 0.5 | 0.1 0.1 0.1
mee PDF of signal 05| 07 ] 04| 04| 04 0.4 0.4
mee PDF of background 21105 | 08 ] 1.1 | 11 1.1 1.1
Total 7.8 116.0 | 11.2 | 5.7 | 3.9 2.6 3.2

Stat. uncertainty 8.1 | 33.3 | 187 | 12.7 | 12.7 | 12.9 | 20.2

Table 1. Systematic uncertainties of fg, expressed in %, for all pr intervals considered in the
analysis performed at /s = 13TeV. In the last row the statistical uncertainties on fp are also
reported.

pr (GeV/c)
>2 | 24 | 4-7 | 7-10
Resolution function R(z) | 3.0 | 44 | 1.6 | 0.6
x PDF of background 6.4 | 11.2 | 3.4 3.5
x PDF of non-prompt J/¢ | 3.1 | 42 | 1.8 | 1.5

Primary vertex 5.0 | 7.8 | 3.3 1.5

MC pr distribution 3.0 | 1.0 | 0.5 0.5
mee PDF of signal 06 | 0.7 | 0.7 0.7
mee PDF of background 1.0 1.5 1.0 1.0
Total 9.7 | 15.0 | 54 4.4

Stat. uncertainty 14.6 | 23.2 | 19.5 | 29.2

Table 2. Systematic uncertainties of fg, expressed in %, for all pr intervals considered in the
analysis performed at /s = 5.02TeV. In the last row the statistical uncertainties on fg are also
reported.

The systematic uncertainties were studied for each individual pr interval, as well as for
the pr-integrated case. In pp collisions at /s = 13 TeV no significant rapidity dependence of
the systematic uncertainties was observed, therefore the systematic uncertainties assigned
in the three rapidity intervals are the same as those evaluated for the y-integrated case.

Systematic uncertainties are summarised for the pr-integrated case, as well as in trans-
verse momentum intervals, in tables 1 and 2 for pp collisions at /s = 13 and 5.02 TeV,
respectively. The largest contributions to the total systematic uncertainty come from the
resolution function and the PDF of the pseudoproper decay length for the background. A
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Figure 2. Non-prompt J/v¢ fraction as a function of pr measured by the ALICE collaboration in
pp collisions at /s = 13 TeV (left panel) and 5.02 TeV (right panel) compared with similar results
obtained at midrapidity in pp collisions at the LHC, namely CMS [18, 24] and ATLAS [29]. The
results from CDF in proton-antiproton collisions at /s = 1.96 TeV [1] are also shown in both panels.
Error bars correspond to the quadratic sum of statistical and systematic uncertainties.

large contribution is associated to the reconstruction of the primary vertex, which might
include in its computation the decay tracks of the J/v¢ candidates, both prompt and non-
prompt. A systematic uncertainty to account for possible bias effects due to the presence
of decay products from non-prompt J/1 candidates was evaluated, similarly as done in
the previous analyses at /s = 7TeV [21, 88]. The systematic uncertainty related to the
primary vertex was found to be larger in the 5.02 TeV data set than in the 13 TeV one due
to the lower multiplicity. The systematic uncertainty on the reconstruction of the primary
vertex in table 1 and table 2 shows an increasing trend towards lower transverse momentum
at both centre-of-mass energies, reaching about 8% in the pr interval 2-4 GeV/c at /s =
5.02 TeV. Both the larger systematic uncertainty of the primary vertex and the worse z
resolution at /s = 5.02 TeV than at /s = 13 TeV, lead to the choice of 2 GeV/c as the lower
pr threshold for reconstructed J/1 candidates at /s = 5.02 TeV, whereas the non-prompt
J /1 fraction could be determined down to 1 GeV/c at /s = 13 TeV. The total systematic
uncertainty was obtained at both centre-of-mass energies by adding in quadrature the con-
tributions from all sources detailed in tables 1 and 2. Most of the systematic sources can
be considered highly correlated over the pr ranges, except those related to the x and mee
PDF of the background.

4 Results and discussion

Figure 2 shows the non-prompt J/v fraction measured by the ALICE collaboration in pp
collisions at /s = 13 TeV (left panel) and 5.02 TeV (right panel) as a function of transverse
momentum, compared to the measurements carried out at the LHC at midrapidity by the
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CMS [18, 24] and the ATLAS [29] collaborations. The measurements performed by the
CDF collaboration in proton-antiproton collisions at /s = 1.96 TeV [1] are also shown in
both panels. The non-prompt J/1 fractions measured by the ALICE collaboration exhibit
an increasing trend as a function of the transverse momentum of the J /1) mesons, inline with
previously published measurements. The ALICE results at /s = 5.02 TeV are compatible
with those from CMS [18] in the common pr range. A comparison of the ALICE results
at /s = 13TeV and the lower centre-of-mass energy measurements from CDF hints that
the increase of fg with collision energy, previously observed from the ATLAS and CMS
measurements, holds also at lower pr.

The fractions of J/1 originating from beauty-hadron (hg) decays within |y| < 0.9 in
pp collisions at /s = 13 and 5.02 TeV in the measured pr intervals, also called the “visible”

regions, are:

fsible, s = 13TV (), 5 1 GeV/e, |y| < 0.9) = 0.185 % 0.015 (stat.) +0.014 (syst.),
fuisible, /s = 02TV () 9 GeV /e, Jy| < 0.9) = 0.157 £ 0.023 (stat.) & 0.015 (syst.).

The non-prompt J/v fractions can be combined with the corresponding inclusive J /¢
cross sections measured at the two centre-of-mass energies [13, 30] to evaluate prompt and
non-prompt J /1) cross sections. The values provided in this section are quoted assuming
prompt J/1 to be unpolarised, whereas for non-prompt J/1 a residual polarisation, as
described in section 3, is considered. Non-prompt and prompt J/i cross sections are
obtained according to:

0J/ip+hp = fB X Oinclusive J/» Oprompt J/¢p — (1 - fB) X Oinclusive J/- (41)

The pr-differential non-prompt J /1 cross sections at /s = 13 and 5.02 TeV are shown
in the upper panels of figure 3. Statistical and systematic uncertainties on the non-prompt
J /1 cross section, shown in figure 3 by error bars and boxes respectively, are evaluated
by adding in quadrature the corresponding uncertainties of fp and inclusive J/v cross
sections. Boxes do not include the global normalisation uncertainty due to the luminosity.
The measurement at /s = 5.02 TeV is compared with the existing midrapidity results at
higher p from ATLAS [16] and CMS [17], at the same centre-of-mass energy. Consistency
is observed with both the ATLAS and CMS measurements in the common pr region. These
measurements are compared with theoretical calculations based on the FONLL factorisa-
tion approach [60, 61]. For this calculation CTEQ6.6 [89] parton distribution functions are
used. The theoretical uncertainties from the factorisation and renormalisation scales, up
and ug, are estimated by varying them independently in the ranges 0.5 < up/mr < 2 and
0.5 < ur/mr < 2, with the constraint 0.5 < up/ur < 2 and mt = 1/p% + m2. The beauty-
quark mass was varied within 4.5 < my, < 5.0GeV/c?. The uncertainties of the parton
distribution functions, calculated according to the Hessian prescription of CTEQG6.6 [89],
are included as well in the total uncertainty. The ratios of the model predictions to the
ALICE data are shown in the bottom panels at both energies. The relative uncertainties
of the FONLL calculations are shown by the shaded band, while the data points around
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Figure 3. The d;ZgT of non-prompt J/4 in pp collisions at /s = 13 TeV (left panel) and 5.02 TeV
(right panel) as a function of pp. The measurement at /s = 5.027TeV is compared with similar
measurements from CMS [17] and ATLAS [16] collaborations at high pp. The error bars (boxes)
represent the statistical (systematic) uncertainties. Uncertainties due to the luminosity are not
included in the boxes. The results are compared with the FONLL calculations [60, 61] at both

energies. Bottom panels show the ratios FONLL to ALICE data. The uncertainty band represents

the relative uncertainty from the model whereas the bars and boxes centered around unity refer to
relative statistical and systematic uncertainties on ALICE data points, respectively.

unity show the relative statistical and systematic uncertainties of the cross sections mea-
sured by the ALICE collaboration. Most of the ALICE data points at /s = 5.02 and
13 TeV sit in the middle or upper regions of the corresponding FONLL uncertainty band,
thus experimental results and theoretical calculations are compatible, albeit the theoretical
uncertainties are significantly larger than the experimental ones, especially at low pr.
The prp-differential cross section of prompt J/v, also obtained according to eq. (4.1),
is shown in figure 4 for both collision energies. A comparison of the 5.02 TeV measurement
with the available measurements from ATLAS [16] and CMS [17] at midrapidity at the
same energy shows consistency in the common pr range. These measurements are also
compared with theoretical calculations performed for both energies using a few NRQCD
based models and the improved CEM model. In particular, the ratios of different models
to ALICE measurements, with the corresponding relative uncertainties from each model,
are shown in the bottom panels of figure 4. The NRQCD calculations by Ma et al. [44]
and Butenschoen et al. [43] are performed at NLO using collinear factorisation while the
calculations by Ma and Venugopalan [91] are leading order NRQCD calculations combined
with a resummation of soft gluons within the Color-Glass Condensate (CGC) model. The
two NLO calculations use different long distance matrix elements (LDME), obtained by fit-
ting different charmonium measurements and in different kinematic intervals which leads
to different pr intervals of applicability. In addition, the calculations from ref. [43] do
not consider the contributions from decays of higher mass charmonia like 1(2S) and x,
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Figure 4. The degT of prompt J/v measured by the ALICE collaboration in pp collisions at

Vs = 13TeV (left panel) and /s = 5.02TeV (right panel). The error bars (boxes) represent
the statistical (systematic) uncertainty. The results at /s = 5.02 TeV are compared with similar
measurements from CMS [17] and ATLAS [16] at high pr. Uncertainties due to the luminosity are
not included in the boxes. The results are compared with calculations from NLO NRQCD [43, 44,
90], NRQCD+CGC [91], and from ICEM [38]. Bottom panels show the ratios of the models to
ALICE results. The uncertainty bands represent the relative uncertainty from each model whereas
the bars and boxes centered around unity refer to relative statistical and systematic uncertainties
on ALICE data points, respectively.

which are estimated to contribute more than 30% to the prompt J/v production [92, 93].
Both calculations show good agreement with the data within the rather large theoreti-
cal uncertainties. The NRQCD+CGC calculations, which span over the whole transverse
momentum region from pr = 0 up to pr = 8 GeV /¢, show good agreement at both centre-
of-mass energies. The NLO NRQCD calculations by Lipatov et al. [90], obtained with the
MC generator PEGASUS [94], are performed within the kp-factorisation approach using
pr-dependent gluon distribution functions [90]. The calculations can be extended down
to zero transverse momentum of the J/1 using the KMR [95] technique to construct the
unintegrated gluon distribution functions. Furthermore, the LDMEs are obtained from
a simultaneous fit of charmonium measurements at the LHC [90], and feed-down contri-
butions to J/¢ from higher charmonium states are taken into account. The calculation
overestimates the prompt J/v production, especially in the low pr region. The ICEM cal-
culation from Cheung et al. [38], performed within the kp-factorisation approach, provides
a good description of the prompt J/v cross section in the whole measured pr range. This
model includes feed-down contributions from higher mass charmonium states. The large
model uncertainties exhibited by all the calculations are due to the unconstrained energy
scales intrinsic to QCD calculations, namely the charm-quark mass, the renormalisation,

and factorisation scales and affect mainly the overall normalisation of the calculations.
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The integrated cross sections of J/v from beauty-hadron decays in the visible regions
at /s = 13TeV and /s = 5.02 TeV are:

visible, 1/s=13 TeV

O3 fpehp (pr > 1GeV/e,|y| < 0.9) = 2.71 £ 0.23 (stat.) = 0.25(syst.) ub,
a}}ﬂfﬁfzm TV (pr > 2GeV/e, |y < 0.9) = 0.89 + 0.15 (stat.) +0.10 (syst.) ub.

The FONLL calculations, integrated in the corresponding kinematic regions, provide
2407057 ub at /s = 13TeV and 0.75753% ub at /s = 5.02TeV. The measured visible
cross sections are extrapolated down to pr = 0 relying on the pp-shape of the FONLL
calculations. The extrapolation factors, computed using the same approach as described
in ref. [21], are 1.11373999 and 1.55970 35 at /s = 13TeV and /s = 5.02 TeV, respec-
tively, which indicates that the measurement at /s = 13TeV covers about 90% of the
total cross section at midrapidity. The measurement at /s = 5.02 TeV covers only approx-
imately 45% of the total cross section, half of that covered at 13 TeV, mostly because of
the higher value of the minimum pr limit, 2 GeV/c instead of 1 GeV /c. The uncertainties
of the extrapolation factors are obtained by changing independently renormalisation and
factorisation scales as well as beauty-quark mass and parton distribution functions, con-
sidering all variations mentioned above. In addition, a systematic uncertainty related to
the incomplete knowledge of beauty-quark hadronisation fractions was estimated through
MC simulations. In particular, the mixture of beauty-flavour hadrons in PYTHIA 6.4 was
reweighted in order to match the corresponding measurement of the LHCb collaboration
in pp collisions at /s = 13TeV [87]. A systematic uncertainty was computed by compar-
ing the extrapolation factors obtained with and without the application of the reweighting
procedure. The corresponding uncertainty of the extrapolation factor is below 1% at /s
= 13 TeV and about 1% at /s = 5.02 TeV.

The obtained extrapolated pp-integrated non-prompt J/1) cross sections per unit of
rapidity are:

T = 1.68 = 0.14 (stat.) £0.16 (syst.) g gs (extr.) ub,
T = 0.77 = 0.13 (stat.) £0.09 (syst.) oz (extr.) ub.

Although the extrapolation uncertainty is larger at /s = 5.02 TeV than at /s = 13 TeV,
it is still negligible compared to the total systematic uncertainty. The pp-integrated cross
section is compared with similar measurements in pp collisions at /s = 13 TeV performed
by LHCb [31] at forward rapidity in the left panel of figure 5. The shadowed area on
top of the ALICE point represents the systematic uncertainty which originates from the
extrapolation. Theoretical predictions from the FONLL calculations are superimposed on
the plot.

The prompt J/9 cross section for pr > 0 at midrapidity (|y| < 0.9) can be obtained by
subtracting the extrapolated non-prompt J/1 cross section from the inclusive one reported
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for pp > 0 in refs. [13, 30]:

da\/g = 13TeV
%ﬂ/w = 7.2940.27 (stat.) £ 0.52 (syst.) 7001 (extr.) ub,
y
V5 = 5.02TeV
%ﬂ/w — 4.87+0.25 (stat.) £ 0.35 (syst.) 7555 (extr.) ub.
; .

The uncertainty from the luminosity is included in the total systematic uncertainty.
The pr-integrated (pp > 0) prompt J/1) cross section at 13 TeV was determined addition-
ally in three rapidity intervals (|y| < 0.2, 0.2 < |y| < 0.5, 0.5 < |y| < 0.9), by combining
non-prompt J/1 fractions as a function of rapidity discussed in section 3 and inclusive
J/1 cross section measurements in the same rapidity intervals [30]. The rapidity depen-
dent cross section is shown in the right panel of figure 5, together with the measurements
from LHCb [31] performed at forward rapidity. The systematic uncertainties shown in
the right panel of figure 5, represented by boxes, include the extrapolation uncertainty as
well as the uncertainty from luminosity determination. The measurements are compared
with the NRQCD+CGC calculations from ref. [91] and to the ones from the ICEM [38]
model. Although the scale uncertainties lead to rather large uncertainties for their calcu-
lations, the two models exhibit a different rapidity dependency, with the data favoring the
NRQCD-+CGC calculations.

Following a similar approach as the one described in ref. [21], the pp-integrated beauty-
quark production cross section per unit of rapidity at midrapidity (|y,| <0.9), do,/dy, can
be extracted. The extrapolation was carried out at both centre-of-mass energies, starting

from the visible non-prompt J/v cross section measurements a}’i/sfth, assuming:

visible
_ FONLL J/¥+hg
doyg/dy = (doy 5 /dy) X —e FontT (4.2)
93 )yp+hp

where dJEBONLL /dy and U}}i‘fﬁI;ONLL represent the beauty-quark production cross section
at midrapidity and the non-prompt J/v cross section in the visible region both evalu-
ated using FONLL calculations. The average branching ratio of inclusive beauty-hadrons
decaying into J/1 used for the computation of aj]’i/sq;}ie}’mFONLL is BR(hg — J/v + X) =
(1.16 £ 0.10)% [78]. The resulting beauty-quark production cross sections at midrapidity

are thus:
_\/s=13TeV
do g

—bb = 73.34+6.1 (stat.) £ 9.3 (syst.) 95 (extr.) ub,
Ay /<09

_/5=5.02TeV
dog

—= = 34.745.9 (stat.) £ 5.0 (syst.) 53 (extr.) ub,
4y jyl<0.9
where the total systematic uncertainty includes both the uncertainty of the BR(hg —
J/1 4+ X), which amounts to 8.6%, and the uncertainty from the luminosity estimation.
The extrapolation uncertainty due to FONLL was computed using the same approach as for
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Figure 5. Left panel: the g—‘; of non-prompt J/v extrapolated down to pr = 0 at midrapidity

computed by the ALICE collaboration compared with similar measurements in pp collisions at /s
= 13TeV carried out at forward rapidity by the LHCb collaboration [31]. Right panel: the g—z
of prompt J/1 as a function of the rapidity in pp collisions at /s = 13 TeV. The results close to
midrapidity are based on the ALICE measurements extrapolated down to pr = 0, and closed (open)
symbols represent measured (reflected) data points (see text for details). Similar results obtained
by the LHCb collaboration [31] at forward rapidity are shown as well. The theoretical calculations
are from refs. [38, 60, 61, 91].

the extrapolation of the non-prompt J/v cross section down to pr = 0, including also the
systematic uncertainty obtained by changing the beauty-quark hadronisation fractions. A
possible additional uncertainty originating from the assumption of the BR(hg — J/¢ +X)
was also investigated. In particular, the world average value [78], used for the computation
above, refers to the mixture of beauty-flavour mesons and baryons based on measurements
performed at the Large Electron-Positron Collider (LEP). This mixture might be different
at the LHC, according to the recent LHCb measurements [87], thus affecting the average
BR(hg — J/v + X). The extrapolation factor was recomputed through fast simulations
considering measurements of the branching ratios of non-strange beauty-flavour mesons
decaying into J/1) available in the PDG [78] and some reasonable variation intervals for
those of BY and AD. These intervals were defined by combining the sum of the branching
ratios of exclusive decay channels with a J/v in the final state available in the PDG [78] as
well as the beauty-quark hadronisation fractions measured at LEP [78]. The correspond-
ing uncertainty of the extrapolation factor, obtained by assuming hadronisation fractions
from LHCb, was found to be less than 3%, independent of both the collision energy and
the extrapolation region. This number is well within the 8.6% uncertainty of the PDG
BR(hg — J/v + X), and therefore it is not included as an additional uncertainty of the
extrapolation factor.

The do,;;/dy at /s = 5.02 TeV is found to be consistent with the result of a measurement

from non-prompt D mesons [96], do,/dy|,, |<0.0 =32.5 £ 2.3 (stat) £ 2.5 (syst) ] (extr.) ub,
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where the systematic uncertainty includes both uncertainties due to the branching ratio
and luminosity. This value was obtained by applying to the published measurement a cor-
rection factor of 1.06 evaluated through POWHEG simulations [96], in order to convert the
rapidity selection criterion of the bb pair (|y, 5| < 0.5) to a rapidity selection criterion on the
single beauty-quark (|y,| < 0.5). An additional correction factor of about 1% was needed
for obtaining the cross section in the rapidity range |y,| < 0.9. The weighted average of the
two measurements was calculated according to the procedure described in [97], assuming
the extrapolation uncertainties, estimated through FONLL for both measurements, as well
as the systematic uncertainty on the track reconstruction efficiency [13, 96], to be fully cor-
related. The combined value is do,;/dy)y, |<0.9 = 32.5 & 2.2 (stat) T22 (syst) 39 (extr.) ub,
where the systematic uncertainty includes contributions from the branching ratios and
luminosity.

The do,;;/dy computed at midrapidity in pp collisions at /s = 5.02 and 13 TeV are
shown as a function of centre-of-mass energy in figure 6, together with existing experi-
mental measurements in pp collisions from PHENIX [98] and ALICE [99], and results in
pp collisions from UA1 [100] and CDF [1]. Beauty-quark production cross sections from
ALICE dielectron measurements, extrapolated using either PYTHIA or POWHEG simu-
lations [101-103], are shown as well. The depicted FONLL calculations are in agreement
with the data, although the experimental points sit on the upper side of the theoretical
uncertainties. The pr-integrated bb cross sections in figure 6 are also compared with calcu-
lations with next-to-next-to-leading-order (NNLO) QCD radiative corrections [62], which
recently became available. The NNLO calculations are found to be slightly higher than
FONLL, resulting in a general better description of the measurements.

The total bb production cross section, obtained by extrapolating in rapidity and down
to pr =0, is

O_Visible
J/¢<hp
2 x BR(hg — J/v +X)’

o(pp — bb + X) = ay, x (4.3)
where the extrapolation factor, auy, is the ratio of the bb cross section in the full phase space
to the visible non-prompt J/1 cross section. The factor 2 in the denominator takes into
account that beauty quarks are produced in pairs and the non-prompt J/v can originate
from the decay of hadrons containing either a b or a b quark. The extrapolation factor is

computed using the FONLL calculation and found to be 0‘21{5 = 18TV 4.631’8:?5{ at 13 TeV

and a}lf = 02TV 5.697031 at 5.02TeV. The extrapolation uncertainties are evaluated

using the same approach as described for the extrapolation of the do,/dy at midrapidity.
The corresponding total bb cross sections are:

1\3/%5:13 TV = 541445 (stat.) 4 69 (syst.)T13 (extr.) ub,
U£:5.02T6V = 218 4 37 (stat.) £ 31 (syst.)™57 (extr.) ub.

The total systematic uncertainties include contributions from BR(hg — J/v +X) and
the luminosity. The measured values can be compared with the predictions from FONLL

=13TeV =13TeV =5.02 TeV
(NNLO), namely Ul;/Bg,FONLeL = 4721350 ub (Ul;/Bg,NNLg = 5087153 ub) and Ul;/EE,FONLLe =
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Figure 6. The do,/dy at midrapidity as a function of the centre-of-mass energy. The ALICE
measurement at /s = 5.02 TeV corresponds to the weighted average of non-prompt D mesons [96]
and non-prompt J /1 (see text for details). The ALICE results are compared with existing measure-
ments in pp collisions (PHENIX [98] and ALICE [99]) and in pp collisions (UA1 [100] and CDF [1]).
The shaded area around the ALICE data points represents the extrapolation uncertainty. Results
from dielectron measurements from the ALICE collaboration, obtained using either PYTHIA or
POWHEG simulations, are also shown [101-103]. FONLL [60, 61] and NNLO [62] calculations in
the rapidity range |y| < 0.9, with the corresponding uncertainty bands, are superimposed.

184Jr = b ( Q){ N;?JQOTeV = 206+ 7 pb). The experimental results are larger than the cen-
tral values from both FONLL and NNLO, but in agreement within the large theoretical
uncertainties at both centre-of-mass energies. The value at /s = 13TeV is compatible
within uncertainties with the measurement from the LHCb collaboration, based on the
non-prompt J/1 cross section measured at forward rapidity (2.0 < y < 4.5) for pp >
0, o = 495 £ 2 (stat.) & 52 (syst.) ub [31]. The systematic uncertainty quoted by the
LHCb collaboration does not include any extrapolation uncertainty, and the extrapolation
factor ay,; = 5.2 was evaluated through PYTHIAG6 simulations. The corresponding values
obtained with PYTHIAS simulations and FONLL calculations, both quoted in ref. [31],
amount to 5.1 and 5.0, respectively.

The combination of the ALICE and LHCb measurements of non-prompt J/« in the
respective visible region allows us the determination of the total bb cross section at /s =
13 TeV with the smallest extrapolation factor. It is again computed with FONLL calcula-
tions as the ratio between the bb cross section in the full phase space over the non-prompt
J /1 cross section in the combination of the visible regions of ALICE and LHCb. Its value is
QEQEIE%CE+LHCb = 2.395+0.014 and it further reduces to QEQK%%CEJFLHC]D = 1.61670:0% by
reflecting the LHCb data points around y = 0. The resulting total beauty-quark production
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cross section using the combined measurements is

£:13T6V = 502 + 16 (stat.) = 51 (syst.)™2 (extr.) ub,
where the uncertainty was evaluated assuming the uncertainties of the ALICE and LHCb

non-prompt J/1 cross section measurements to be fully uncorrelated.

5 Summary

The prp-differential cross sections of prompt and non-prompt J/¢ were measured in the
rapidity range |y| < 0.9 in pp collisions at /s = 5.02 and 13 TeV down to pr = 2GeV/c
and 1 GeV /¢, respectively. In addition, the prompt J/1 cross section was measured in three
rapidity intervals at /s = 13 TeV. The measured cross sections, both pr (or y)-differential
and integrated over pr and y, were obtained assuming prompt J/1 to be unpolarised.
Results were compared with theoretical calculations from QCD based models and simi-
lar measurements from other LHC experiments. The non-prompt J/1 cross sections are
described by predictions from FONLL calculations at both energies. The prompt J/v
cross sections as a function of transverse momentum and rapidity are described within
uncertainties by models based on NRQCD calculations as well as with an improved ver-
sion of the CEM. The large uncertainties of the model calculations, which arise from the
charm quark mass, as well as factorisation and renormalisation scales, do not allow to
discriminate among different models. The pp-differential cross sections, for both prompt
and non-prompt J/1 at /s = 5.02 TeV are consistent with complementary measurements
from the ATLAS and CMS collaborations, available at high transverse momentum. The
do,;;/dy at midrapidity and the total bb cross section were derived by using FONLL pr
and y shapes at both centre-of-mass energies. The total bb cross section at /s = 13 TeV
is found to be consistent with the measurement from the LHCDb collaboration, and a value
obtained from the combination of ALICE and LHCb measurements with a significantly
reduced extrapolation factor was also provided.
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