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1 Introduction

The fragmentation of heavy quarks is a crucial aspect of quantum chromodynamics (QCD).
Detailed studies and precision measurements of the heavy-quark fragmentation properties
allow a deeper understanding of QCD. Furthermore, reliable modelling of the fragmen-
tation is of great importance for measurements of the production of Higgs bosons [1, 2],
top quarks [3, 4] and their associated production [5, 6], whose hadronic decays predomi-
nantly feature heavy quarks. Uncertainties related to the modelling of the fragmentation
processes of b-quarks into hadrons are significant in the most precise top quark mass de-
terminations [7-11], and are also the subject of theoretical study [12-15]. This subject
has been studied in ete™ collisions for charm [16-19] and bottom quarks [20-24]. In
hadron-hadron collisions, measurements of observables sensitive to the heavy-flavour frag-
mentation functions have been reported for D* mesons [25-27], D° mesons [28] and J/v
quarkonia [29].

The Monte Carlo (MC) predictions used at the LHC are tuned to describe the mea-
surements in eTe~ collisions at relatively low centre-of-mass energies. Therefore, new mea-
surements of b-quark fragmentation can be used to improve the MC simulation at LHC
energy scales.

This analysis presents a measurement of the fragmentation of b-quarks into charged
B mesons using the ATLAS full Run 2 dataset, containing 139 fb~! of pp collisions at



V/s = 13 TeV. To this end, the B¥ meson is reconstructed using the decay chain B¥ —
J/YK* — ptp~ K*. The procedure is similar to those in previous ATLAS measurements
involving BT — J/v%K* final states [30, 31]. Jets are reconstructed using the anti-k;
algorithm with radius parameter R = 0.4. The reconstructed B mesons are matched to

jets and the longitudinal and transverse momentum profiles, z and prTel, are defined as
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where pp is the three-momentum of the B hadron and pj is the three-momentum of the
jet. The longitudinal profile, z, quantifies the fraction of the jet momentum carried by
the B meson in the direction parallel to the jet axis. On the other hand, the transverse
profile, prTel, quantifies the momentum of the B meson in the direction orthogonal to the
jet axis. These variables are sensitive to the fragmentation function D(’;(m,QQ), which
is defined as the probability of a quark ¢ to fragment into a hadron h with an energy
fraction x at a scale @ [32, 33]. The measurement is performed in different intervals of
the jet transverse momentum, which provides a probe of the scaling of the fragmentation
functions. Furthermore, as discussed in the following, these observables are also sensitive to
the contributions of gluons producing a bb pair. Since, in many cases, bb pairs arising from
the splitting of high-pt gluons are not resolved into two different jets, the reconstructed
B meson carries a smaller fraction of the jet energy, resulting in a flatter distribution of z
and prq‘?l compared to jets with a single hard-scattering b-quark.

The paper is structured as follows. Section 2 is dedicated to the description of the
ATLAS detector. A summary of the MC samples and the dataset used throughout the
analysis is included in section 3, and the object and event selection is described in detail
in section 4. Section 5 is dedicated to the estimation of the purity corrections, while a
discussion of the subsequent corrections for detector effects is found in section 6. The
uncertainties affecting this measurement are discussed in section 7 and the results are
presented in section 8. Section 9 provides the summary and conclusions.

2 The ATLAS detector

The ATLAS detector [34] at the LHC covers nearly the entire solid angle around the colli-
sion point.! It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporat-
ing three large superconducting toroidal magnets with eight coils each.

The inner-detector system is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range || < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse
plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar

angle 6 as n = —Intan(6/2). Angular distance is measured in units of AR = \/(An)? + (A¢)2.



normally being in the insertable B-layer installed before Run 2 [35, 36]. It is followed by
the silicon microstrip tracker, which usually provides eight measurements per track. These
silicon detectors are complemented by the transition radiation tracker (TRT'), which enables
radially extended track reconstruction up to |n| = 2.0. The TRT also provides electron
identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead /liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three bar-
rel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeters. The
solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter
modules optimised for electromagnetic and hadronic measurements respectively.

The muon spectrometer comprises separate trigger and high-precision tracking cham-
bers measuring the deflection of muons in a magnetic field generated by the superconducting
air-core toroids. The field integral of the toroids ranges between 2.0 and 6.0 Tm across
most of the detector. A set of precision chambers covers the region |n| < 2.7 with three
layers of monitored drift tubes, complemented by cathode-strip chambers in the forward re-
gion, where the background is highest. The muon trigger system covers the range |n| < 2.4
with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.

Interesting events are selected to be recorded by the first-level trigger system im-
plemented in custom hardware, followed by selections made by algorithms implemented
in software in the high-level trigger [37]. The first-level trigger accepts events from the
40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger reduces in
order to record events to disk at about 1kHz.

An extensive software suite [38] is used in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of
the experiment.

3 Data and Monte Carlo samples

The dataset used in this analysis comprises the data taken from 2015 to 2018 at a centre-of-
mass energy of \/s = 13 TeV. After applying quality criteria to ensure good ATLAS detec-
tor operation [39], the total integrated luminosity used in this analysis is 139 fb~! [40, 41].
The uncertainty in the combined 2015-2018 integrated luminosity is 1.7% [40], obtained
using the LUCID-2 detector [42] for the primary luminosity measurements. The measure-
ments of the fragmentation properties are unaffected by this uncertainty, given that they
are normalised to the total cross section, thus cancelling out the contribution of the lumi-
nosity uncertainty. The average number of inelastic pp interactions produced per bunch
crossing for the dataset considered, hereafter referred to as ‘pile-up’, is (u) = 33.6.
Several different models of multijet production are used in this analysis. The MC
samples were generated using the PYTHIA 8 [43, 44], SHERPA [45], and HERWIG 7 [46—



48] generators. These models differ in the matrix element (ME) calculation, the parton
shower (PS) and the hadronisation model (HM). The main features of these samples are
summarised in table 1.

The PyTHIA 8 samples were generated using PYTHIA 8.240. The matrix element was
calculated at leading order for the 2 — 2 process. The PS algorithm includes initial-
and final-state radiation based on the dipole-style pp-ordered evolution, including g — gq
branchings and a detailed treatment of the colour connections between partons [43]. The
renormalisation and factorisation scales were set to the geometric mean of the squared
transverse masses of the two outgoing particles (labelled 3 and 4), i.e.

p2 =g = \Jma, mi, =/ +m3) - (0 +m3).

Two different sets of hadronisation and underlying-event parameter values (tunes) were
used in the generation of the PYTHIA 8 samples. Two of the samples make use of the ATLAS
A14 tune [49], for which the CTEQG6L1 PDF set [50] was used for the ME generation, the
PS, and the simulation of multi-parton interactions (MPI). Two additional samples make
use of the Monash tune [51], interfaced to the NNPDF2.3L0 PDF set [52] for the ME
generation, PS and MPI. The hadronisation is modelled using the Lund string model [53,
54] in all samples. The two samples using the A14 tune make use of the Lund-Bowler
parameterisation of the fragmentation function [55], differing in the value of the parameter
rp, which controls the shape of the fragmentation function for b-quarks: while the first
of them uses the nominal value r, = 0.855, the second one uses the so-called A14-RB
tune, for which 7, = 1.05, as obtained from a combined fit to LEP and SLD data [20—
23]. The two samples using the Monash tune make use of the Peterson [56] and Lund-
Bowler [55] parameterisations for the fragmentation functions, where the r, parameter is
set to 1, = 0.855 for the Lund-Bowler sample. The PYTHIA 8 sample making use of the
A14-rB tune is taken as the nominal MC sample, used across the analysis for unfolding
and uncertainty estimation.

The SHERPA samples were generated using SHERPA 2.2.5. The matrix element was
calculated at leading order (LO) for the 2 — 2 process, and the default SHERPA CSS
dipole PS [57, 58]. Matrix element renormalisation and factorisation scales for 2 — 2
processes were set to the harmonic mean of the Mandelstam variables s, t and u [59]. The
CT14NNLO [60] PDF set was used for the matrix element calculation, as well as for the
modelling of the PS and MPI. The different SHERPA samples use different hadronisation
models. The first one makes use of the SHERPA AHADIC model for hadronisation [61],
which is based on the cluster hadronisation algorithm [62], while the second one uses the
Lund string model [43, 53, 54, 63] for the modelling of the hadronisation.

Finally, two HERWIG 7 samples were generated at leading order using HERWIG 7.2.1.
The matrix element for the 2 — 2 process was calculated at LO with the MMHT2014L0
PDF [64]. The renormalisation and factorisation scales were set as

2stu
M? ::ut2 - 242+ 2’
where s, t and u are the Mandelstam variables [59]. The first sample uses the default HER-
WIG 7 angle-ordered PS, while the second sample uses a dipole-based PS [65]. For both



Generator ME order Scales py, g | Parton shower PDF set Tune Hadronisation
Al4 Lund-Bowler
CTEQ6L1
. Al14-rB Lund-Bowler
PyTHiA8 | 2—=2@QLO | (mrs-mr4)2 pr-ordered
Lund-Bowler
NNPDF2.3 Monash
Peterson
. Cluster model
SHERPA 2—-2Q@LO H(s,t,u) CSS (dipole) CT14 —
Lund string model
2ot Angle-ordered
HERWIGT | 2 =2 @ LO \ e Dinol MMHT2014 — Cluster model
ipole

Table 1. Properties of the Monte Carlo samples used in the analysis, including the perturbative
order in «g, the number of final-state partons, the PDF set, the parton shower algorithm, the
renormalisation and factorisation scales, the tune and the hadronisation model. Further details can
be found in the text.

HERWIG 7 samples, the MMHT2014L0 [64] PDF was used for the modelling of the MPI,
and the hadronisation was modelled by means of the default HERWIG 7 cluster hadronisa-
tion algorithm.

The decays of the B mesons, of particular importance for this analysis, were modelled
using the EVTGEN1.6.0 generator [66] for the totality of the samples described above.
The samples simulated using PYTHIA 8 A14-RB, PYTHIA8 A14, and SHERPA with string
hadronisation were passed through the GEANT4-based [67] ATLAS detector-simulation
program [68] since they were also used to correct the measurements for detector effects, as
described in section 6. They are reconstructed and analysed with the same processing chain
as the data. These fully simulated samples include the effect of multiple pp interactions
per bunch crossing, simulated using PyTHIA 8.186 interfaced to the A3 tune [69], as well as
the effect on the detector response of interactions from bunch crossings before or after the
one containing the hard interaction. In addition, during the data-taking, some modules
of the ATLAS hadronic calorimeter were disabled for some periods of time. The resulting
non-functioning regions in the hadronic calorimeter were not necessarily included in the
simulation for all the samples. However, the effect of removing jets pointing towards these
regions has been found to be negligible.

4 Object and event selection

Events are selected using triggers optimised for J/1 meson identification and selection in its
decay into muon pairs [70]. These triggers select events with two muons with py > 6 GeV.
During the 2017 and 2018 data-taking periods, the trigger also required the invariant mass
of the dimuon pair to satisfy 2 GeV < my, <9 GeV and the angular separation between
the muons to satisfy AR, < 1.5. The trigger selection efficiency is about 60%.

The primary vertex of the event is reconstructed as the vertex maximising the value
of 3" p4 for all tracks originating from it. The reconstruction of B* mesons is done by
re-fitting a pair of oppositely charged muons with pr > 6 GeV and |n| < 2.5 to a common
vertex, with a fit quality fulfilling x? < 10. Both muons are reconstructed u