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Abstract This paper presents a measurement of the pro-
duction cross-section of a Z boson in association with b-
or c-jets, in proton—proton collisions at /s = 13 TeV with
the ATLAS experiment at the Large Hadron Collider using
data corresponding to an integrated luminosity of 140 fb=.
Inclusive and differential cross-sections are measured for
events containing a Z boson decaying into electrons or muons
and produced in association with at least one b-jet, at least
one c-jet, or at least two b-jets with transverse momentum
pt > 20 GeV and rapidity |y| < 2.5. Predictions from sev-
eral Monte Carlo generators based on next-to-leading-order
matrix elements interfaced with a parton-shower simulation,
with different choices of flavour schemes for initial-state par-
tons, are compared with the measured cross-sections. The
results are also compared with novel predictions, based on
infrared and collinear safe jet flavour dressing algorithms.
Selected Z+ > 1 c-jet observables, optimized for sensitiv-
ity to intrinsic-charm, are compared with benchmark models
with different intrinsic-charm fractions.
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1 Introduction

The measurement of the production rate of a Z boson in
association with jets generated from heavy-flavour quarks,
namely c-quarks and b-quarks,! leading to Z + c-jets and
Z + b-jets final states, in proton—proton (pp) collisions pro-
vides an important test of perturbative quantum chromody-
namics (pQCD) and of the proton internal structure. Mea-
surements of Z + c-jets and Z + b-jets production provide a
benchmark to probe the modelling from Monte Carlo (MC)
generators used to estimate the background contribution of
these processes to other topologies, such as Higgs boson mea-
surements or searches for new physics which often feature
resonant decay into a pair of b-quarks.

State-of-the-art MC predictions for Z + b-jets and Z +c-
jet production are available for different flavour and mass
schemes and typically based on next-to-leading-order (NLO)
matrix elements combined with a parton shower (PS). In the
4-flavour number scheme (4FS), b-quarks can only be gener-
ated perturbatively from an explicit gluon splitting (g — bb)
in the partonic matrix element, are typically treated as mas-

I Throughout the paper it is implicitly assumed that c-quark and b-
quark refer to both quark and antiquark.
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sive, and do not contribute to the parton distribution functions
(PDFs) of the proton. This method does not resum logarithms
of the type o In(Q?/ mi), where Q is the hard process scale
and my, the quark mass, making it suitable for processes close
to the b-quark mass scale. In the 5-flavour number scheme
(5FS), the b-quark density is allowed in the initial state via a
b-quark PDF, allowing the resummation of the «g In( 0?%/ m,z,)
terms to all orders in «;. This method is suitable for pre-
dictions where the scale of the process is much larger than
the b-quark mass, by treating the b-quark as massless. The
ambiguity among the schemes is an intrinsic property of the
calculation and is expected to reduce with the inclusion of
higher-order perturbative corrections [ 1]. While infrared-safe
algorithms are routinely used for inclusive jets at the Large
Hadron Collider (LHC), a variety of such algorithms has now
also been developed for flavoured jets [2-5].

Inclusive and differential cross-sections of Z + b-jets pro-
duction were measured in proton—anti-proton collisions at
the centre-of-mass energy of /s = 1.96TeV by the CDF
and DO experiments [6,7]. Measurements of Z + b-jets
processes were performed at the LHC in pp collisions at
/s = 7TeV by the ATLAS, CMS and LHCb experiments
[8-12], at /s = 8TeV by the CMS experiment [13] and
at »/s = 13TeV by the ATLAS experiment with a partial
dataset in both resolved [14] and boosted [15] regimes, and
by the CMS experiment with the full Run 2 dataset [16].

Predictions for Z + c-jets production are derived either in
a 3-flavour scheme (3FS) or in a 4/5FS. Similarly to the dis-
cussion for Z + b-jets production, the two approaches differ
by the presence of resummation of s In(Q?/ m%) terms. The
4/5FS calculations that resum these logarithms are suitable
for calculations where the scale of the process is much larger
than the mass of c-quark, treating them as massless. In this
context, the hypothesis of a valence-like, or intrinsic, compo-
nent of charm quarks in a proton was first proposed nearly 40
years ago [17,18]. Although major PDF fitters also provide
PDF sets including intrinsic charm (IC) [19,20], its existence
and amount is still subject of a long-standing debate, lacking
experimental observations. It was shown that the measure-
ment of photon and Z boson production in association with
c-jets in the forward rapidity region is sensitive to the effect of
IC[21,22]. Inclusive and differential cross-sections of Z +c-
jets production were measuredin /s = 13TeV pp collisions
by CMS with a partial dataset [23]. The LHCb experiment
has measured Z + c-jets cross-sections in the forward region
[24] demonstrating a sizeable excess over predictions made
with no-IC PDF in the region of high Z boson rapidity, which
was later interpreted as evidence of the IC in the proton [25].

This paper presents measurements of the inclusive and
differential production cross-sections of a Z boson, decay-
ing into electrons or muons, in association with at least one
c-jet, at least one b-jet or at least two b-jets using the full
pp collision dataset collected by the ATLAS experiment at
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Table 1 List of observables used to perform differential cross-section
measurements

Final state Observable Notation
Z+ > 1b-jet pr of the leading b-jet p%b
pr of the Z boson rr(Z)
AR = /(A¢)? + (Ay)? ARzp
between the Z boson and
leading b-jet,
where A¢ (Ay) is the
azimuthal angle (rapidity)
difference
Z+ > 1c-jet pr of the leading c-jet p%c
pr of the Z boson p1(Z)
Feynman-x variable xr(c)
xp = 2|p2(0)//5 [26]
Cross-section ratio of R(pr(2))
pr(Z2)in|y(2)] < 1.2
and |y(Z)| > 1.2
Z + > 2 b-jets Invariant mass of the two mpp
leading b-jets
Azimuthal angle difference Adpp

between the two leading
b-jets

/s = 13TeV and corresponding to 140 fb~!. Measurements
of the inclusive Z + > 1 c-jet, Z+ > 1 b-jetand Z + > 2 b-
jets cross-sections in a fiducial phase space are performed.
Differential measurements are performed for observables
selected for their sensitivity to pQCD, PDF models and MC
generator validation, as detailed in Table 1. In particular:
the transverse momentum, pr, of the Z boson and of the
highest-pr (leading) heavy-flavour jet are able to probe both
the pQCD predictions and MC modelling for Z + > 1 b-
jet or Z+ > 1 c-jet production; ARz is chosen as it is
sensitive to the presence of additional radiation in the event,
a substantially different feature of 4FS versus 5FS calcula-
tions; the x r (¢) and R(p1(Z)) observables, for Z + > 1 c-jet
events, are sensitive to PDF models and focus on IC sensi-
tivity; finally, mp, and A¢yp, are sensitive to various features
of MC generators, in particular g — bb modelling, in the
Z + > 2 b-jets final state, relevant for Higgs boson mea-
surements or searches for new physics.

In comparison with the previous ATLAS measurement
[14], more extreme regions of the phase space are explored.
The higher integrated luminosity contributes to increase
the number of selected events for rare final states with c-
jets or two b-jets. Advances in jet reconstruction and b-
tagging and the new data-driven methodologies developed
for the estimate of main backgrounds allow a reduction of
the leading experimental and modelling uncertainties, and
thus increase the sensitivity to the signal processes. In addi-
tion, the measurement of R(p1(2)), i.e. the p1(Z) differen-
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tial cross-section ratio of forward over central Z 4+ > 1 c-
jet events,” allows further cancellation of systematic uncer-
tainties enhancing sensitivity to IC effects. Finally, recent
advances in the theory sector permit a comparison of data
with MC predictions using next-to-leading-order matrix ele-
ments, expected to provide a better description of the pro-
cesses.

The strategy of the measurement is the following. Events
with a Z boson candidate decaying into an electron or muon
pair produced in association with at least one or at least
two jets identified as containing a b- or a c-hadron (flavour-
tagged) are selected based on variables measured at detector
level. Top quark pair and multijet backgrounds are estimated
via data-driven techniques, while the remaining non-Z+jets
backgrounds (mainly dibosons) are estimated via MC sim-
ulations. Selected events containing processes with a gen-
uine Z boson are categorized as Z + b-jets, Z + c-jets and
Z + light jets through a likelihood fit on a flavour-sensitive
observable (“flavour fit”). The fit is done separately for events
with > 1 flavour-tagged jet and with > 2 flavour-tagged jets.
Fits are performed in each bin of each observable, using the
data to constrain the shape of that observable and the normal-
isation. Separate electron and muon channel distributions are
fitted simultaneously. The non-signal Z+jets components,
normalised in the flavour fit, are then subtracted from the data
together with the other electroweak (EWK) and top back-
grounds. After background subtraction, data are unfolded to
particle level using an iterative approach, in a fiducial phase-
space close to the detector-level selection. Unfolding inputs
are obtained by summing electron and muon-channel distri-
butions. The detector-level systematic uncertainties are prop-
agated by performing the flavour fits and unfolding separately
for each systematic variation in a correlated way. Unfolded
distributions of Z+ > 1 or > 2 b-jets and Z + > 1 c-jet
are compared with available signal predictions from state-of-
the-art generators and from NNLO fixed-order predictions.
Z + > 1 c-jet measurements are finally compared with sev-
eral PDF sets with different contributions from IC.

This paper is organized as follows. The ATLAS detector
is described in Sect. 2, and details of the data sample and the
MC simulations are provided in Sect. 3. The object defini-
tions and the event selection at detector level are presented
in Sect. 4. Backgrounds that do not contain a real Z boson
are estimated via MC simulations or via data-driven tech-
niques, while backgrounds containing a real Z boson and
jets are estimated with a fit to data distributions sensitive to
the flavour of the jet; both are described in Sect. 5. Distri-
butions of the kinematic variables are presented in Sect. 6.
After background subtraction, the data are unfolded to par-

2 The separation of the central and forward Z 4+ > 1 c-jet event cat-
egories for |y(Z)| = 1.2 is optimized on the basis of sensitivity to IC
models and statistical precision of the expected measurement.

ticle level in a fiducial phase space, as detailed in Sect. 7.
Systematic uncertainties in the unfolded data are discussed
in Sect. 8. The results are presented in Sect. 9, and conclu-
sions are drawn in Sect. 10.

2 ATLAS detector

The ATLAS detector [27] at the LHC covers nearly the entire
solid angle around the collision point.® It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit generally being in the insertable
B-layer (IBL) installed before Run 2 [28,29]. It is followed
by the SemiConductor Tracker (SCT), which usually pro-
vides 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 correspond-
ing to transition radiation.

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

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of

3 ATLAS 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. Polar 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 =

V(AN + (Ag)2.

@ Springer
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the toroids ranges between 2.0 and 6.0T m across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, cover the region
[n| < 2.7, complemented by cathode-strip chambers in the
forward region, 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.

The luminosity is measured mainly by the LUCID-2 [30]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made by
algorithms implemented in software in the high-level trigger
[31]. The first-level trigger accepts events from the 40MHz
bunch crossings at a rate below 100kHz, which the high-level
trigger further reduces in order to record complete events to
disk at about 1kHz.

A software suite [32] is used in data simulation, 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 simulated event samples
3.1 Data sample description

The data used in this measurement were collected with the
ATLAS detector at the LHC between 2015 and 2018 in pp
collisions at /s = 13 TeV (LHC Run 2). Crossings of proton
bunches occurred every 25 ns, the collisions achieved a peak
instantaneous luminosity of 2.1 x 10%* cm™2 571, and the
mean number of pp interactions per bunch crossing (pile-
up) was (u) = 34.

The recorded data correspond to a total integrated lumi-
nosity of 140 fb~! with an uncertainty of 0.83% [33],
obtained using the LUCID-2 detector [30] for the pri-
mary luminosity measurements, complemented by measure-
ments using the inner detector and calorimeters. Data quality
requirements are applied to ensure that all detector compo-
nents were in good operating conditions.

The candidate events are selected by either a single-
electron or single-muon trigger with minimum transverse
momentum threshold, quality and isolation requirements
[34-36]. The pt threshold in 2015 is 24 (20) GeV for the elec-
trons (muons), satisfying loose isolation requirements. Due
to the higher instantaneous luminosity in 2016-2018, the pr
threshold is increased to 26 GeV for both the electrons and
the muons, and more restrictive isolation requirements are
imposed on both leptons along with more restrictive identi-
fication requirements for electrons. Triggers with higher pr
thresholds but with no isolation requirement or with loos-
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ened identification criteria were also used to increase the
efficiency.

3.2 Simulated event samples for signal and background
processes

MC simulations are used to describe signal events, to estimate
the contribution of background processes, to unfold the data
yield to the particle level, to estimate systematic uncertain-
ties and in comparison with the unfolded data distributions.
Generated events are processed using a full detector simula-
tion [37] based on GEANT4 [38], for the detector response to
final-state particles, and then reconstructed using the same
algorithms as the data. To account for pile-up, multiple over-
laid inelastic pp collisions are simulated with PYTHIA 8.186
[39] using the A3 tune [40] and the NNPDF 2.3 LO PDF set
[41]. The distribution of the average number of interactions
per bunch crossing in the simulations is weighted to reflect
the one in data.

An overview of all signal and background processes and
the generators used for the production of nominal results is
given in Table 2.

Inclusive Z boson production in association with both
light- and heavy-flavour jets is simulated using the MAD-
GRAPHS_AMC@NLO v2.6.5 [42] generator, combined with
PYTHIA v8.245 [43] parton shower using the FXFX [44] merg-
ing procedure (MGAMC+PY8 FXFX). This program gen-
erates matrix elements for Z boson production, with up to
three additional partons in the final state at NLO accuracy in
the strong coupling constant [45]. The showering and subse-
quent hadronisation is performed using PYTHIA v8.245 with
the A14 tune [46], using the NNPDF 2.3 LO PDF set with
ag = 0.130. The different jet multiplicities are merged using
the FXFX NLO matrix element and parton shower merging
prescription. The MGAMC+PY8 FXFX calculation uses the
SFS with massless b- and c-quarks at the matrix element
level, and massive quarks in the PYTHIA 8 parton shower.
At the generation level, the jet momentum is required to be
at least 10 GeV. The PDF set used for event generation is
NNPDF3.1LUXQED with oy = 0.118 [47]. The merging
scale is set to Q¢ = 20 GeV. MGAMC+PY8 FXFX Z+jets
samples are used for the nominal signal and background
determination, unfolding of the data distributions, to esti-
mate the uncertainties and are compared with the final cross-
section measurements. Z(— tt)+jets background samples
are also modelled by MGAMC+PY8 FXFX.

Additional Z(— €£)+ jets ({ = e, u) samples are sim-
ulated with the ATLAS configuration of SHERPA 2.2.11
[45], which computes NLO-accurate matrix elements for
up to two partons and LO-accurate matrix elements for up
to five partons with the Comix [48] and OPENLOOPS [49—
51] libraries. The default SHERPA parton shower [52] based
on a Catani—-Seymour dipole factorization and the cluster
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Table 2 Summary of signal and background MC samples. The gener-
ator programs used in the simulation are listed in the second column.
The QCD order in the calculation of the matrix elements (ME) is indi-
cated in the third column, where np denotes the number of real parton

emissions, and FS refers to the flavour scheme used. The precision in
QCD calculation for the inclusive production cross-section (oprod) 18
provided in the forth column

Process Generator Order of pQCD in ME (FS) Order oprod calculation

zZ— MGAMC+PY8 FxFx 0-3p NLO (5EFS)

Z— U SHERPA 2.2.11 0-2p NLO, 3-5p LO (5FS)

tr NNLO+NNLL

single top (s/t/Wt-channel) POWHEG+PY8 NLO NLO

q8/qq — VV — £L/tv/vv + qq SHERPA 2.2.1 1p NLO, 2-3p LO NLO

qq — ZH — €0/vv + bb POWHEG+PY8 NLO NNLO (QCD), NLO (EWK)
gg — ZH — £€/vv + bb POWHEG+PY8 NLO NLO+NLL

hadronisation model [53] is used. SHERPA 2.2.11 performs
a SFS calculation with massless b- and c-quarks at the ME
level, and massive quarks in the parton shower. The Hes-
sian NNPDF 3.0 NNLO set of PDFs [54] is used, calcu-
lated at next-to-next-to-leading order (NNLO) in QCD with
oy = 0.118. The samples are produced using a dedicated
set of parameters developed by the SHERPA authors. The dif-
ferent jet multiplicities are merged using the MEPS@NLO
prescription [55-58], with merging scale Qs setto 20 GeV.
The samples provide an alternative in the modelling of
Z(— £0)+ jets processes to MGAMC+PY8 FXFX. In par-
ticular they are used to determine the uncertainty on the
Z+jets background, to evaluate the modelling uncertainty
in the unfolding procedure and finally in comparison with
the measured data.

The #f simulations use the POWHEGBOX v2 [59-62] gen-
erator at NLO with the NNPDF3.0NLO [54] PDF set and
the hdamp parameter4 set to 1.5 myop [63]. The events are
interfaced to PYTHIA 8.230 [43], using the A14 tune [46]
and the NNPDF2.3L0 set of PDFs [41]. This sample is
normalized to the NNLO cross-section, including the resum-
mation of next-to-next-to-leading logarithmic (NNLL) soft
gluon terms, calculated with Tor++2.0 [64-70].

Single top quark production, in association with W
bosons (tW) as well as in the s- and #- channels, is
also simulated using POWHEGBOX v2 at NLO using the
NNPDF3.0NLO PDF setinterfaced with PYTHIA 8.230 using
the NNPDF 2.3 LO PDF set. To remove overlap with the ¢7
sample, the diagram-removal [71] procedure was used.

Semileptonic diboson (V V) final states, where one W or Z
boson decays leptonically and the other decays hadronically,
were simulated with SHERPA v.2.2.1 [72], with NLO MEs
for up to one parton emission and LO MEs for up to three
parton emissions calculated using the NNPDF 3.0 NNLO

4 The hdamp parameter is a resummation damping factor and one of
the parameters that control the matching of POWHEG matrix elements to
the parton shower and thus effectively regulates the high- pt radiation
against which the system recoils.

PDF set. The ME calculations are matched to the SHERPA
parton shower using the MEPS@NLO prescription.

Simulated events for gg — ZH(— £{ + bb) and gg —
Z H(— £+Dbb) processes in inclusive production or in asso-
ciation with one jet at NLO are generated with the POWHEG-
Box v2 interfaced with PYTHIA8.230 generator with the
NNPDF 3.0 NNLO PDF set. The samples include all final
states where the Higgs boson decays into bb and the Z boson
in a leptonic final state. The mass of the Higgs boson is set to
125 GeV and the H — bb branching ratio is set to 58%. The
qq — ZH(— £L+bb) cross-section is calculated at NNLO
(QCD) and NLO (EWK), while gg — ZH(— £ + bb)
cross-section is calculated at NLO+NLL (QCD). Contribu-
tions from #7Z and ¢ Z processes are found to be negligible
and are not included.

3.3 Theoretical predictions

In addition to particle-level predictions from the fully sim-
ulated MGAMC+PY8 FXFX and SHERPA 2.2.11 samples
described above, the measured unfolded cross-sections are
compared with several theoretical predictions, in order to
test the sensitivity to different flavour schemes in the matrix
element calculation, to the intrinsic-charm component in the
proton PDF and to higher orders in QCD calculation.

The generator predictions, all based on MGAMC+PYS8,
and their respective settings are summarized in Table 3.

To test the 4FS predictions, a sample of Z +bb events gen-
erated by MADGRAPH5_AMC®@NLO v3.5.3 is produced
using the 4FS with massive b-quarks at NLO with two partons
in the matrix element. It uses the 4-flavour NNPDF 3.1 NLO
PDF set (with only perturbative charm contribution) with
oy = 0.118; the sample is combined with PYTHIA v8.310
for the parton shower and hadronisation. To provide a 5FS
reference for these predictions, another sample is produced
with  MADGRAPH5_AMC@NLO v2.7.3 in the 5FS, where
Z +b-jets and Z + c-jets production is modelled with mass-
less quarks in the matrix element, generated at NLO accuracy

@ Springer
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Table 3 Summary of all MC

prediction along with the flavour Generator/settings Flav. scheme PDF LHAPDF ID
schemes (FS) and PDFs thgy Main MC samples
use. PDF ID numbers are given
according to LHAPDF [79] MGAMC+PY8 FxXFx 5ES NNPDF3.1 (NNLO) LuxQED 325100
numbering scheme SHERPA 2.2.11 SFS NNPDF3.0 (NNLO) 303200
Predictions to test various flavour schemes
MGAMC+PY8 SES NNPDF2.3 (NLO) 229800
MGAMC+PY8 Zbb 4FS NNPDF3.1 (NLO) pCH 321500
MGAMCH+PY8 Zcc 3FS NNPDF3.1 (NLO) pCH 321300
Intrinsic charm (IC) predictions
MGAMC+PY8 FxFx SES NNPDF4.0 (NNLO) pcH (no IC) 332100
NNPDF4.0 (NNLO) 331100
NNPDF4.0 (NNLO) EMC+LHCbZc - [25]
CT18 (NNLO) (no IC) 14000
CT18FC - CT18 BHPS3 14087
CT18FC - CT18 MCM-E 14093
CT14 (NNLO) (no IC) 13000
CT14 (NNLO)IC - BHPS1 13082
CT14 (NNLO)IC — BHPS2 13083
Fixed-order predictions [3]
NLO SES PDF4LHC21 93000
NNLO SFS PDF4LHC21 93000

with one parton. It uses the NNPDF 2.3 NLO PDF with
ag = 0.118. The showering and subsequent hadronisation is
performed with PYTHIA v8.243 where b-quarks are treated
as massive.

For the 3FS prediction of Z + c-jets production, a Z + c¢
event sample is generated with  MADGRAPHS_AMC@NLO
v3.5.3 at NLO with two partons, treating c-quarks as massive
in the matrix element. It uses the 3-flavour NNPDF 3.1 NLO
PDF set (with only perturbative charm contribution) with
ag = 0.118. The showering and subsequent hadronisation is
done with PYTHIA v8.310 with massive c-quarks.

Finally, a variety of predictions testing several IC mod-
els were produced using the PDF reweighting technique
according to the prescriptions in Ref. [73]. The standard
MGAMC+PY8 FXFX sample is used as a baseline for PDF
reweighting. One possibility to include the IC is provided
by the NNPDF group and allows a fraction of IC already
in the nominal NNPDF3.1LUXQED PDF used in the
MGAMC+PY8 FXxFx sample. A later analysis still allows
it in the nominal NNPDF4.0 PDF sets [74]. Moreover,
fits including the LHCb Z+charm measurement [24] and
EMC data [75] on top of the baseline NNPDF dataset have
been performed [25]. In the latter case, the NNPDF group
has claimed a 30 evidence of presence of the intrinsic charm
in the proton. Predictions for the Z + c-jets processes are
produced using the nominal NNPDF 4.0 NNLO PDF and
the one including the LHCb and EMC data. To produce a
no-IC reference to those, another prediction is made using

@ Springer

the NNPDF4.0 NNLO (pcH) PDF that includes only per-
turbative charm contribution.

Two predictions are produced using the CTEQ-TEA
PDF sets including IC contributions under various assump-
tions [76]. One of them is made using a PDF based on
the CTI8NNLO fit implementing the BHPS3 model of IC
[20,77]. The other one uses a CTI8NNLO variant including
IC following a meson-baryon model based on the effective-
mass (MBME) quark model [78]. As a reference for these,
a no-IC prediction is made using the nominal CTISNNLO
PDF that includes only perturbative charm contribution.

Lastly, two predictions are made using earlier PDFs from
CT14 fits that include a fixed amount of IC. They are based on
the CT14NNLO baseline fit and correspond to BHPS1 and
BHPS2 models that include IC with an average fraction of
proton momentum carried by intrinsic c-quarks of 0.6% and
2.1%, respectively [20]. A no-IC prediction with the nominal
CT14NNLO PDF is also provided as no-IC reference.

In addition, fixed-order NLO and NNLO QCD Z+jets pre-
dictions with massless quarks are obtained for signal com-
parisons, following the numerical set-up of [3]. Notably, the
flavour of the jets are assigned following an infrared and
collinear (IRC) safe algorithm referred to as the flavour-
dressing algorithm [2].5

5 Numerically, the main difference of this definition is that jets contain-
ing a bb or a cc pair are considered flavour-less, a contribution which
becomes more relevant in the high pr(Z) regime.
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4 Object definitions and event selections

In this measurement, events are required to have a signature
consistent with a Z boson, decaying into two electrons or two
muons, in association with at least one or at least two b-jets
or at least one c-jet. Events are selected if they are recorded
during stable beam conditions and if they satisfy detector and
data-quality requirements [80]. Candidate events are required
to have a primary vertex (PV), defined as the vertex with the
highest sum of track p%, with at least two associated tracks
measured in the ID, each with pt > 500 MeV [81].

Electron candidates are reconstructed from ID tracks com-
ing from the PV, which are matched to clusters of energy
deposited in the electromagnetic calorimeters. Electrons
must fulfil the following PV conditions: the longitudinal
impact parameter (zg) is required to satisfy |zgsin(6)| <
0.5 mm, where 6 is the angle of the track with respect to
the beam-line, and the transverse impact parameter signif-
icance (dy/oy,) is required to satisfy do/o4, < 5. Elec-
trons must satisfy requirements on the shape of the electro-
magnetic shower in the calorimeter, track quality and track-
cluster matching, using a likelihood-based identification with
a ‘Tight’ working-point [82]. Electrons must be isolated,
passing the ‘Tight-Var’ working point, built from tracking
and calorimeter information, with a energy-dependent vari-
able cone [82]. Electron are required to have pt > 27 GeV
and |n| < 2.47. Candidates in the transition region between
the barrel and end-caps of the electromagnetic calorimeters
(1.37 < |n| < 1.52) are excluded.

Muon candidates are identified by matching ID tracks
coming from the PV to either full tracks or track seg-
ments reconstructed in the muon spectrometer. The candi-
dates must pass the following PV requirements: the longi-
tudinal impact parameter must satisfy |zo sin(6)| < 0.5 mm
and the transverse impact parameter significance must sat-
isfy |do|/o (dp) < 3. Muons are required to fulfil ‘Medium’
identification requirements [83] based on quality criteria
applied to the inner-detector and muon-spectrometer tracks.
Muons must be isolated, passing the ‘FCTight’ working
point, built from tracking and calorimeter information, with
a pr-dependent variable cone [84]. Muon candidates are
required to have pt > 27 GeV and || < 2.5.

Hadronic jets are reconstructed using the anti-k; algorithm
[85] implemented in the FASTJET package [86], with radius
parameter R = 0.4, from particle-flow objects [87]. Jets
are calibrated using a simulation-based calibration scheme,
followed by in situ corrections to account for differences
between simulation and data [88]. To eliminate jets coming
from pile-up vertices, jets with pt < 60 GeV and |n| < 2.4
are required to have a significant fraction of their tracks with
origin compatible with the PV, as defined by a jet vertex
tagger (JVT) discriminant [89]. Selected jets must have pt >
20 GeV and rapidity |y| < 2.5.

Jets containing heavy-flavour hadrons are identified using
a cut on the DLIr b-tagging discriminant [90], a deep-
learning multivariate algorithm trained using information
about tracks and the secondary vertexes within a jet. Jets
are selected if they pass the 85% working point, which cor-
responds to an efficiency of 85% in selecting jets containing
a b-hadron, of 30% for jets containing a c-hadron (and no b-
hadrons) and of 2.5% for jets containing only light hadrons.
Flavour-tagged jets are required to have pt > 20 GeV and
pseudorapidity |n| < 2.5.

Electrons, muons and jets are reconstructed and identified
independently. An overlap-removal procedure is then applied
to uniquely identify these objects in an event. Preselected
jets with a high probability to be initiated by an electron or a
radiated photon, such that AR between the jet and a lepton
is smaller than 0.2, are removed. In a second step, leptons
closer than AR = 0.4 to any remaining jet are removed.

The missing transverse momentum p?iss, with magnitude
E%liss, is defined as the negative vector sum of the transverse
momentum of all identified hard physics objects (electrons,
muons, jets), as well as an additional track-based soft term
accounting for the contribution of unclustered particles, as in
Ref. [91].

Events are required to have exactly two leptons of the
same flavour (ee or 1) and of opposite charge with dilepton
invariant mass in the range of 76 GeV< my; <106 GeV. At
least one of the lepton candidates is required to match the
lepton that triggered the event. To reject the large contribution
from ¢¢ background, events with p%z < 150 GeV must have
E%‘iss < 60 GeV. For events passing these selection criteria
two signal regions are defined: those with at least one flavour-
tagged jet form the ““1-tag” region; and those with at least two
flavour-tagged jets form the “2-tag” region.

A summary of the object definitions and the event selec-
tions used in the analysis is given in Table 4.

In MC samples, events passing the selection in Table 4
are furthermore categorised according to the flavour of the
underlying hadron generating the jet. First, the selected jets
are classified as either b-, c- or light jets using cone-based
criteria as follows. They are labelled as b-jets if they lie within
AR = 0.3 of at least one b hadron with pt > 5GeV. If a
b hadron matches two jets, only the closest jet in AR is
labelled as b-jet. Jets not identified as b-jets are considered
to be c-jets if they lie within AR = 0.3 of any ¢ hadron
with pt > 5GeV. All other jets are classified as light jets.
Then, simulated events are sequentially classified as follows.
If they have heavy-flavour jets and the leading one is a b-jet,
they are classified as Z 4+ b or Z + bb when there is exactly
one or more than one b-jet, respectively. If the leading heavy-
flavour jet is a c-jet, they are classified as Z + c. Finally, they
are classified as Z + [ when only light jets are present.

Inthe 1-tag signal region, Z 4+ > 1 b-jetand Z 4+ > 1 c-jet
analyses are performed. In the former, the sum of Z + b and

@ Springer
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Table 4 Summary of object definitions and event selections defining
the signal regions of the analysis at detector level

Object definition
Electron channel Muon channel
Single electron trigger Single muon trigger
Tight Medium
Isolated Isolated
Leptons do/oqy <5, 1z0sin(6)| do/og, < 3,
< 0.5 mm |zo sin(0)| <
0.5 mm
pt > 27 GeV pt > 27 GeV
In] < 1.37 or 1.52 In] < 2.5
<|n| <2.47
Jets pr >20GeV and |y| < 2.5

AR(et, £) > 0.4

Flavour-tagged pr >20GeV and |y| < 2.5
jets

DLIr@85%

Event selection

Leptons Exactly 2, same-flavour, opposite-charge
meyg 76 GeV < myge < 106 GeV

Eiss ENiSs < 60 GeV if p& < 150 GeV
Flavour-tagged jets > 1 or > 2 jets, DLIr@85%

Signal regions

1-tag > 1 flavour-tagged jets

2-tag > 2 flavour-tagged jets
Rapidity regions
Central rapidity Z boson rapidity |y(Z)| < 1.2

Forward rapidity Z boson rapidity |y(Z)| > 1.2

Z + bb samples is used to define the signal, while the Z+jets
background corresponds to the sum of the Z + c and Z + [
samples. In the latter, Z + ¢ is used to define the signal, while
the sum of the Z 4 b, Z + bb and Z + [ samples is treated as
Z+jets background. In the 2-tag signal region, Z 4+ > 2 b-
jets analysis is performed, where the signal is given by the
Z + bb sample, while the sum of the Z +b, Z+c,and Z +1
samples form the Z+jets background.

5 Background estimation

The dominant background in both the 1-tag and 2-tag signal
regions is composed by events with a Z boson produced in
association with jets where jet flavour is different from the
one targeted in the measurement, i.e. light jets and either c-
jets for Z + > 1 b-jet and Z + > 2 b-jets measurements or
b-jets for Z+4 > 1 c-jet measurement. This is determined
using a fit to data, as detailed in Sect. 5.2. Dileptonic 77
events represent the second largest background, especially
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important in 2-tag region. Its contribution is estimated with a
data-driven method, as explained in Sect. 5.1. Smaller back-
ground contributions from dibosons, Z H, single top quark
and Z — vt productions are estimated using simulation, as
described in Sect. 3.2. Background contributions from mul-
tijet events are estimated with a data-driven technique and
found to be negligible as described in Sect. 5.3.

5.1 Data-driven estimation of ¢¢ contribution

A control region enriched with 77 events is constructed
using the same event selection of Table 4, but requiring
opposite-flavour e* ¥ final states, instead of same-flavour
ete™ and ut ™ ones, and a wider dilepton mass window
71 GeV < myy < 111 GeV. This control region contains
only percent-level contributions from single-top production
events and other processes. Examples of 7 control region
distributions are shown in Fig. 1.

The prediction for the 77 distributions® in the signal regions
is obtained by subtracting all non-77 simulated backgrounds
from the data in the control region and multiplying by ee /e
and pu/ep transfer factors. The transfer factors are derived
as the ratio of the simulated ¢7 distribution in the signal region
to that in the control region for each observable.

All detector systematic uncertainties described in Sect. 8
are propagated to the 7 estimate by applying correspond-
ing variation to the simulated 77 sample used for deriving
the transfer factors, and to the non-¢7 simulated backgrounds
in the control region. The propagation of theoretical uncer-
tainties associated with the simulated 77 sample was found
to have negligible effect. An additional uncertainty is intro-
duced to evaluate possible bias from the extrapolation of 77
contribution to the signal region. It is evaluated in a validation
region defined to be similar to the signal region but requiring
Efrniss > 60GeV, irrespective of the value of p%‘z, and requir-
ing the dilepton mass to satisfy 71 GeV < mgp < 76 GeV or
106 GeV < myg; < 111 GeV. The uncertainty is computed as
difference between the ¢7 estimate by extrapolation from the
control region and the result of subtracting simulated non-7¢
contributions in the validation region. This difference reaches
10% for low transverse momenta of Z boson and of leading
tagged jet and is mostly consistent with zero elsewhere.

5.2 Extraction of Z+jets background

The flavour fit consists in a set of maximum-likelihood
fits to data used to correct the simulated shape and rate
of Z+jets background components. The individual fits are
based on templates of a jet-flavour sensitive distribution built

© This data-driven estimate automatically includes minor processes
where tf dileptonic events are produced in association with vector
bosons.
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Fig. 1 Distribution of events in the 7 control region as a function of
a leading tagged jet pt for the 1-tag selection, and b my, for the 2-tag
selection. The lower panels display the ratio of the predictions of MC
simulations for signal plus background to data. The statistical uncer-

using events falling in kinematic regions corresponding, in
most of the cases, to the bins of the observable used in the
cross-section measurement. In statistically limited kinematic
regions, events from up to four cross-section bins can be
merged to produce the templates. Such merged bin bound-
aries are always aligned with those of the cross-section bins.
Each individual fit is done simultaneously in the electron and
muon channels, while fits using each lepton channel indepen-
dently are checked to yield consistent results.

In the 1-tag region, the DL1r b-tagging discriminant out-
put of the leading flavour-tagged jet is used as the flavour-
sensitive distribution. This observable is split in four inter-
vals corresponding to certain ranges of b-tagging efficien-
cies, namely 85-77% (bin 1 — loosest b-jet selection, lowest
purity), 77-70% (bin 2), 70-60% (bin 3), and < 60% (bin 4
— tightest b-jet selection, highest purity). Separate templates
are built for simulated Z + > 1 b-jet, Z+ > 1 c-jet and
Z + light jets events. All non-Z+- jets backgrounds are com-
bined to build a single template.

In the 2-tag region, the previously described four inter-
vals of the DL1r discriminant outputs of the leading and the
sub-leading flavour-tagged jets are combined to give a new
ten-bin distribution used for fitting.” Templates are built sep-
arately for Z + > 2 b-jets, Z + 1 b-jet, Z+ > 1 c-jet and

7 The first four bins include events with one jet in the 85-77% efficiency
range and the other in one of the four bins as ordered above; bins 5-7
include those with one jet in the 77-70% range and the other in one of
the three ranges with efficiency below 77%; bins 8 and 9 correspond to

(b)

tainty of the data is shown as error bars and the total uncertainty of the
prediction as a hatched band (MC theory uncertainties are not included)

Z + light jets events, while all non-Z+- jets backgrounds are
again combined in a single template.

For all the fits, the normalisation of each Z+jets template
is left unconstrained, while non-Z+ jets backgrounds are
fixed to their MC estimate (and to the data-driven estimate
for the ¢7 background). For each measured observable, the
fits result in a set of scale factors for each Z+jets compo-
nent, which are the ratios of their post-fit and pre-fit yields in
each bin. Figure 2 shows two examples of flavour-sensitive
distributions after the fit in 1-tag and 2-tag regions.

In order to perform the background subtraction from data,
the initial MC-based templates of the Z+jets background
components, i.e. only Z +light jets and Z + c-jets for
Z+ > 1 b-jet measurement, same and Z + 1 b-jet for
Z+ > 2 b-jets measurement, or only Z + light jets and
Z +b-jetsfor Z + > 1 c-jet measurement, are modified using
the scale factors in each bin of the flavour fit. Normalisation
scale factors obtained for the signal are not applied to the
data. In cases where binning for the flavour fit is coarser than
for the cross-section measurements, the same scale factor is
applied to all bins belonging to the merged one used for the
flavour fit. The effect of detector-level systematic uncertain-
ties due to the object selection efficiencies and calibrations,
discussed in Sect. 8, are assessed by repeating the fits with
the templates varied according to each of the uncertainties.
The fit is also repeated for each of the uncertainties affect-

one jet in the 70-60% range and the other in the same or < 60% range;
finally, in bin 10 both jets are in the < 60% efficiency range.
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Fig. 2 Flavour-sensitive distributions for a the 1-tag region fit in the
interval [43, 60] GeV of p% , and b the 2-tag region fit in the interval
[30, 220] GeV of mpp. The main panel compares data and post-fit dis-
tribution. The bottom panels show the ratio of the pre-fit and post-fit

ing the ¢7 background and theory uncertainties of Z+jets and
other simulated processes. An additional systematic uncer-
tainty affecting the Z+jets background shape is derived by
taking the difference between the post-fit Z+jets background
evaluated using MGAMC+PY8 FxFX and SHERPA simulated
samples.

5.3 Estimation of multijet background contribution

Background contributions from multijet events is studied
separately in the electron and muon channels using a data-
driven technique. Control regions enriched with such events
are defined to derive the expected shapes of this background.
These control region definitions are similar to those of the sig-
nal regions in Table 4 and only lepton selection requirements
are different. In the muon channel, the multijet-enriched con-
trol region is characterized by removing the muon isolation
criteria and requiring both muon candidates to have the same
charge. In the electron channel, the identification and impact
parameter cuts for electrons are removed, isolation require-
ment is inverted, and electrons are required to have the same
charge.

In both lepton channels, contributions from non-multijet
sources in the control regions are estimated from simulation
and subtracted from the data, with the remaining distribu-
tions used as shape templates. A simultaneous fit of the m
distribution to data in the signal and multijet control region
is performed within the 40 GeV < myp < 160 GeV window,
in the 1-tag and 2-tag regions separately. The normalisation
of the Z+jets processes and of the multijet background tem-
plates is left unconstrained in the fit, while the normalisation
of the other processes is fixed.
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distributions to data when using MGAMC+PY8 FXFX and SHERPA for
Z+ jets simulated samples. The total uncertainty of the MGAMC+PY8
FXFX post-fit distribution is shown as a hatched band

Systematic uncertainties in the multijet contribution are
assessed by excluding the Z boson peak from the fit, per-
forming the fit in the regions without requiring the jets to
satisfy flavour tagging selection (with subsequent extrapola-
tion to the signal regions using normalisation factors equal
to the fraction of events in the multijet control region that
satisfy the 1-tag and 2-tag requirements) and by allowing the
processes other than Z+jets to be varied independently in
the fit. All these fit variations still yield multijet background
estimates consistent with zero. This background is therefore
neglected in the analysis.

6 Kinematic distributions

After requiring the event selection described in Sect. 4, the
measured and expected distributions are compared at the
detector level. Pre-fit distributions are used for the signal sam-
ples. The Z+jets background components are scaled using
the respective normalization factors derived from the flavour
fit.

Figure 3 shows the distributions of events in the 1-tag sig-
nal region as a function of leading tagged jet pr (a) and of
leading tagged jet xr (b), when considering Z + > 1 b-jet
and Z + > 1 c-jet as signal, respectively. The distribution of
the events in the 2-tag signal region is presented as a func-
tion of mpy, (c), when considering Z + > 2 b-jets as signal.
In each distribution, the Z+jets processes are modelled with
MGAMC+PY8 FxFX, and SHERPA 2.2.11 is presented in
comparison. The uncertainty bands include the uncertain-
ties on the statistics of the simulated sample, on the event-
selection (omitting the common luminosity uncertainty) and
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Fig. 3 Distribution of events passing the event selection as a function
of a leading tagged jet pr for Z+ > 1 b-jet as signal and b leading
tagged jet xp for Z + > 1 c-jet as signal in the 1-tag region and ¢ invari-
ant mass of the leading and sub-leading tagged jets for Z + > 2 b-jets as
signal in the 2-tag region. The lower panels display the ratio of the pre-

on the background, as described in Sect. 8. Theory uncer-
tainties on the generators are not included. The agreement
between the data and the sum of the estimated signal and
backgrounds is generally within 10% for the measurements
in the 1-tag region and within 20% for the Z 4+ > 2 b-jets
measurement (where the signal purity is higher).

The total numbers of selected events in data and in pre-
dictions are presented in Table 5, separately for Z + > 1 b-
jet, Z+ > 1 c-jet and Z+ > 2 b-jets measurements,

dictions for signal plus background to data using either MGAMC+PY8
FXFX or SHERPA 2.2.11 as the signal simulation. The statistical uncer-
tainty of the data is shown as error bars and the total uncertainty of the
prediction as a hatched band (MC theory uncertainties are not included)

together with the prediction of signal and background pro-
cess, expressed as a fraction of the total number of predicted
events.

7 Correction to particle level

The signal event yields are determined by subtracting the esti-
mated background contributions from the data. The resulting
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Table 5 The expected size of the signal and backgrounds, expressed
as a fraction of the total number of predicted events for 1-tag and 2-tag
signal regions, when considering (a) Z 4+ > 1 b-jet, (b) Z + > 2 b-jets
or (¢) Z+ > 1 c-jet as signal. The signal and Z+ jets background
predictions are from the MGAMC+PY8 FXFX generator, with the Z+
jets background estimate obtained after applying the normalization scale
factors obtained from the flavour fit. The total numbers of predicted and
observed events are also shown. The uncertainty in the total predicted
number of events is statistical only

(a)
1-tag region
Signal Z + > 1 b-jet

Z+b,Z+bb 34%
Backgrounds

Z+c 29%

Z+1 35%

Top 2%

Others 1%

Total predicted 4,294,900 £ 2100
Data 4,145,168
(b)

2-tag region

Signal Z + > 2 b-jets

Z +bb 46%
Backgrounds

Z+b 11%
Z+c 23%
Z+1 7%

Top 12%
Others 2%
Total predicted 325,300 4 600
Data 309,199
©

1-tag region
Signal Z + > 1 c-jet

Z+c 28%
Backgrounds

Z+b,Z+bb 33%

Z+1 37%

Top 2%

Others 1%

Total predicted 3,994,400 + 2000
Data 4,145,168

distributions are corrected for detector-level effects, to the
fiducial phase space at particle level, as defined in Table 6.
Particle-level objects are selected with requirements close
to the reconstruction level selection described in Sect. 4 to
limit the dependence of the measurement on theoretical pre-
dictions. In this definition, the lepton kinematic variables are
computed using final-state leptons from the Z boson decay.

@ Springer

Table 6 Fiducial regions of the Z + > 1 b-jet, Z+ > 2 b-jets and
Z + > 1 c-jet measurements at particle level. The assignment of a b-jet

or a c-jet is explained in Sect. 4

Object Selection

Acceptance cuts

Lepton

b-jet

c-jet

pt > 27GeV, |n| < 2.5

2 same flavour and opposite charge,
76 GeV < myy < 106 GeV

pT > 20GeV, |y| < 2.5,
AR(b-jet, £) > 0.4

pt > 20 GeV, |y| < 2.5,
AR(c-jet, £) > 0.4

Event Selection

Acceptance cuts

Z+ > 1 b-jet
Z 4 > 2 b-jets

Z+ > 1c-jet

Z + > 1 b-jet and a b-jet is the leading
heavy-flavour jet

Z + > 2 b-jets and a b-jet is the leading
heavy-flavour jets

Z 4+ > 1 c-jet and a c-jet is the leading
heavy-flavour jet

Rapidity regions

Acceptance cuts

Central rapidity
Forward rapidity

Z boson rapidity |y(Z)| < 1.2
Z boson rapidity |y(Z)| > 1.2

Radiated photons within a cone of AR = 0.1 around the
direction of a final-state lepton are added to the lepton, and the
sum is referred to as the ‘dressed’ lepton. Particle-level jets
are identified by applying the anti-k; algorithm with R = 0.4
to all final-state particles with a lifetime longer than 30 ps,
excluding the dressed Z boson decay products. Particle-level
jets are classified as b-jets or c-jets following the same logic
as described for reconstructed jets in Sect. 4. The correction
to particle-level accounts for selection efficiencies, resolution
effects and differences between the fiducial and the detector-
level phase spaces.

Differential distributions are corrected to the particle level
by using an iterative Bayesian unfolding [92] with two itera-
tions. Simulated signal events, passing the selection defined
in Sect. 4, are used to generate a response matrix for each
distribution. The matrix is filled with the events that pass both
the detector-level and particle-level selections and accounts
for bin-to-bin migration effects between the detector-level
and particle-level distributions. Figure 4 shows two exam-
ples of these response matrices. In the first iteration of the
Bayesian unfolding, the particle-level prediction is used as
the initial prior. From the second iteration, the prior is given
by the unfolded distribution of the previous iteration and the
unfolding matrix is derived on the basis of the Bayes’ the-
orem, from the response matrix and the prior. The use of
more than two iterations has not been found to change sig-
nificantly the final results, but it would have increased the
statistical uncertainty.

The pre-fit distributions of the MGAMC+PY8 FXFX sig-
nal samples are used to perform the unfolding procedure. The
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Fig. 4 Response matrix of a leading b-jet pt for Z+ > 1b-jet events
and b my, for Z+ > 2b-jets events. The matrix is created from the
MGAMC+PY8 FXFX sample and used for the nominal unfolding of

background-subtracted data are corrected for the expected
fraction of events that pass the detector-level selection, but
not the particle-level one (unmatched events), before enter-
ing the iterative unfolding. To obtain the cross-sections, the
unfolded event yields are divided by the integrated luminos-
ity of the data sample and by the bin width in each bin of
each differential distribution. The differential cross-section
measurement of a given observable in the i-th bin is given
by:

1 bsD
o; = Q_LZUijijj >
J

where L is the integrated luminosity, ¢; is the reconstruction
efficiency in the i-th bin, th.’SD is the number of background-
subtracted data events in the reconstructed j-th bin, f; is the
factor that corrects for unmatched events in the j-th bin, and
Ui; is the element (7, j) of the unfolding matrix calculated
after two iterations, using the updated prior from the first
iteration and the response matrix. The efficiency is defined
as a fraction of simulated events in i-th particle-level bin that
pass the detector-level selection, and the f; is a fraction of
simulated events reconstructed in j-th bin that also pass the
fiducial particle-level selection.

The measurement of R(pt(Z)), as defined in Table 6,
is performed as follows: At reconstruction level, the back-
ground subtraction is performed separately for events pass-
ing the central and forward rapidity selection, as defined
in Table 4. Resulting distributions of Z boson prt are
then unfolded simultaneously in the full fiducial phase
space, to obtain the corresponding particle-level distribu-
tions, accounting for migrations between the rapidity regions

10°°

| L ool
10?2 2x102 10°

20 30
Hadron level m,, [GeV]
(b)

the data. The sum of the entries in each column is normalised to the
reconstruction efficiency in corresponding bin

via the unfolding matrix (in addition to migrations between
the Z boson pt bins). Finally, the unfolded distribution for
the forward region is divided by the one for the central region.
In this way all systematic uncertainties are treated coherently
between the rapidity regions, allowing a significant cancel-
lation of the correlated ones.

The measurement of the inclusive fiducial cross-section
for Z+ > 1 b-jet, Z+ > 2 b-jets and Z + > 1 c-jet pro-
cesses is obtained by applying a particle-level correction to
the number of events in data passing the selection in Sec-
tion 4, after background subtraction8. The correction, which
is applied as a divisor of the background-subtracted data, is
derived from the ratio of the total number of reconstructed
events in the detector-level phase space to the number of
particle-level events in the fiducial phase space. Integration
of the unfolded differential cross-sections yield consistent
results, but the described procedure is adopted as the one
independent of the choice of binning for the flavour fit and
the unfolding.

Since the electron and muon decay channels are com-
bined to increase the precision of the signal fits to data, the
corrections and response matrices are made using electron
and muon signal samples to obtain combined particle-level
yields. To validate this procedure, the analysis is performed
for each of the two lepton channels separately. The results
obtained from the individual channels are compatible within
1o for the inclusive fiducial cross-section of Z 4+ > 1 b-
jet and Z+ > 1 c-jet production and within 20 for the
Z + > 2 b-jets cross-section. This comparison uses only

8 For the purpose of flavour fit and data-driven 77 background evalua-
tion procedure, all events are treated as belonging to a single bin.
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the sum in quadrature of the statistical and uncorrelated sys-
tematic uncertainties. The differential cross-section measure-
ments in the two channels also agree over the full range of
each distribution.

8 Uncertainties in the cross-section measurement

Uncertainties in the Z+ > 1 b-jet, Z+ > 2 b-jets and
Z + > 1 c-jet cross-section measurements arise from sys-
tematic effects related to detector-level selection, background
determination and unfolding method and from the statisti-
cal uncertainty of the analysed data sample. Uncertainties
are considered correlated, when appropriate, between lep-
ton channels, signal and background processes and over the
observables.

8.1 Detector-level systematic uncertainties

Detector-level systematic uncertainties are defined to be the
uncertainties in the selection of the physics objects entering
the measurement and in the luminosity. They are derived for
each observable by propagating shifts from each systematic
source through both the unfolding inputs (response matrices,
reconstruction efficiency and the unmatched events correc-
tion) and the subtracted background into the unfolded data,
after the flavour fit.

Systematic uncertainties on the leptons are related to the
trigger, reconstruction, identification and isolation criteria
adopted in the selection of electrons and muons [82,84]. Vari-
ations in the electron energy scale and resolution are taken
into account, as are those related to the muon momentum
scale, the inner-detector and muon spectrometer resolution,
and the sagitta-bias corrections. These uncertainties are spe-
cific for each leptonic final state and therefore uncorrelated
between the two lepton channels. The contribution of the lep-
ton uncertainties is less than 1% of the final measurements.

The uncertainties associated to the reconstructed jets take
into account corrections to the energy scale (JES) and resolu-
tion (JER) [88]. They are estimated by scaling and smearing
the jet four-momentum in the simulation by the associated
uncertainties in the calibration procedure. The JVT selec-
tion efficiency is also considered. Jet systematic uncertain-
ties are among the largest uncertainties in the measured cross-
sections, with an average contribution of 5% which increases
in specific regions of phase space (i.e. high mpp).

The systematic uncertainty on ETmiSS accounts for the
energy scale and resolution of the soft hadronic activity
reconstructed in the event [93] and contribute to less than
1%.

The flavour tagging uncertainties are derived from the
calibration of the DLI1r tagger using data control samples
enriched in b [94], ¢ [95], or light-jets [96], up to a jet pt of
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several hundreds GeV. Any difference in the flavour-tagging
performance measured in data events and MC samples is
used to correct the flavour-tagging efficiency in the MC as a
function of the jet flavour, the different b-tagging discrimi-
nant output thresholds, and of the jet pt. In the case of b-jets,
correction factors are close to unity and their uncertainties,
described by a set of 45 independent parameters, are as low
as 1% for jet pt of about 60 GeV, but reach 7% for jet pr
of about 20 GeV and up to 3% at 400 GeV. In the case of c-
jets, correction factors range from about 1 to about 1.3, their
uncertainties are described by a set of 20 independent param-
eters, and are about 3—4% in the bulk of the phase space, but
reach up to 15% for low jet pr and for the largest values
of the b-tagging discriminant output. In the case of light-
flavour jets, correction factors for light-jets range from about
1 to about 1.3, with uncertainties described by a set of 20
independent parameters and ranging from 10% to 20%. The
uncertainties in the flavour-tagging calibration are extrapo-
lated to high pr on the basis of MC simulations.

The flavour tagging systematic is the second largest uncer-
tainty in Z 4+ > 1 b-jet and Z + > 2 b-jets inclusive cross-
sections, with average contributions of respectively 3.6% and
5.7%, and it becomes the largest uncertainty inthe Z + > 1 ¢-
jet measurement with an average contribution of 10.3% to the
final precision.

The uncertainty of the imperfect modelling of the pile-up
effects is assessed by varying the average number of pile-up
interactions. It contributes to less than 1% to the cross-section
measurements. The uncertainty in the combined 2015-2018
integrated luminosity is 0.83% [33], obtained using the
LUCID-2 detector for the primary luminosity measurements
[30].

8.2 Background systematic uncertainties

The uncertainty from each background source is determined
by applying shifts to the subtracted background contributions
and to the nominal unfolding inputs.

The uncertainty related to the determination of the Z+jets
background ranges from 0.6 to 1.6% in the measured inclu-
sive cross-sections. It is determined as an envelope of two
separate but related variations. The first accounts for the
differences between the post-fit Z+jets backgrounds eval-
uated using MGAMC+PY8 FXFX or SHERPA 2.2.11, as
described in Sect. 5.2. The second source accounts for the
MGAMC+PY8 FXFX theoretical uncertainties, which are
determined by varying independently the QCD renormali-
sation (ug) and factorisation (u r) scales by a factor 0.5 and
2 with an additional constraint of 0.5 < ur/ur < 2. For
each of these scale variations the flavour fit is repeated and an
envelope of the post-fit result is used for the error estimate.
Effects due to PDF and «; uncertainties have a negligible
impact and are not propagated to the final measurements.
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The systematic uncertainty in the data-driven ¢7 back-
ground accounts for the extrapolation from the e* T control
region to the signal region, as explained in Sect. 5.1. The con-
tribution of this uncertainty is less than 1% in the inclusive
cross-sections.

The uncertainty in the other backgrounds is given by the
sum in quadrature of the uncertainties in the MC-modelled
diboson, single-top, ZH and Z — tt backgrounds. Diboson
uncertainty is determined by varying independently the QCD
scales wgr and pr by a factor 0.5 and 2 with an additional
constraint of 0.5 < ur/mr < 2 and by taking the envelope
of the predicted variations as error estimate. For the smaller
single-top, ZH and Z — tt contaminations, overall nor-
malization uncertainties covering QCD scale, PDF and o
variations, are considered. The contribution to the measured
cross-sections is negligible.

8.3 Unfolding systematic uncertainties

The uncertainties in the unfolding procedure originate from
the statistical uncertainty of MGAMC+PY8 FXFX used as
nominal MC in the unfolding, the intrinsic bias introduced
by the unfolding method and the modelling and theoretical
uncertainties of the MGAMC+PY8 FXFX signal samples.

The uncertainty due to the limited statistics of MGAMC+PY8

FXFx samples is propagated using 100 MC pseudo-
experiments: the unfolding inputs are fluctuated indepen-
dently according to Gaussian distributions and the RMS of
the results is taken as error estimate.

The dependence of the Bayesian unfolding regularisation
procedure on the choice of the initial prior is determined by
reweighting the generator-level distribution of each observ-
able in the MGAMC+PY8 FXFX samples to provide a bet-
ter description of the data at detector level. The modified

Table 7 Relative systematic uncertainties in the measured production
cross-sections of Z 4+ > 1 b-jet, Z + > 2 b-jets and Z 4+ > 1 ¢ events.
The “Jet” term includes the JES, JER and JVT uncertainties. The “Lep-

MGAMC+PY8 FXFX samples are then used to emulate data
and are unfolded with the nominal matrix.

The signal modelling uncertainty accounts for the mis-
modelling of the migrations, the reconstruction efficiency
and the unmatched events corrections. It is evaluated by
comparing unfolded results when using different MC gen-
erators. First, for each measured observable, SHERPA 2.2.11
signal sample is reweighted to match the MGAMC+PYS8
FXFX particle-level distribution of that observable and used
to unfold its distribution in data. The reweighting is per-
formed to avoid double-counting with the estimate of the
effect of the initial prior choice described above. Second,
theoretical uncertainties related to modelling the signal in
MGAMC+PY8 FXFX are evaluated by the same variations
of QCD scales as described above and taking an envelope of
the unfolded results using the varied matrices.

The contributions to the unfolding uncertainty are summed
in quadrature and represent one of the dominant uncertain-
ties for the Z+4 > 1 b-jet, Z+ > 2 b-jetsand Z + > 1 c-
jetinclusive cross-sections with contributions of respectively
3.3%, 5.8% and 5.0%.

Table 7 summarizes the systematic uncertainties in the
measured inclusive fiducial cross-sections forthe Z + > 1 b-
jet, Z + > 2 b-jets and Z + > 1 c-jet production. Figures 5—
6 show, as examples, the breakdown of the systematic uncer-
tainties in the cross-section as a function of Z boson pr for
events with at least one b-jet, my;, for events with at least two
b-jets, leading c-jet pr for events with at least one c-jet, and
in the ratio of the cross-sections as functions of Z boson pr
in forward and central Z boson rapidity regions.

The total systematic uncertainty in the inclusive cross-
sections is 5.6% in Z + > 1 b-jet events, 9.4% in Z + >
2 b-jets events and 13.2% in Z + > 1 c-jet events. In the
differential distributions it is less than 5% inthe Z + > 1 b-

ton” term includes the lepton trigger, efficiency, scale and resolution
uncertainties

Source of uncertainty Z(— £8) + > 1 b-jet

Z(— £f) + > 2 b-jets Z(— £l) + > 1 c-jet

[%] [%]

Flavour tagging 3.6 5.7 10.3
Jet 24 43 6.5
Lepton 0.3 0.3 0.4
Emiss 0.4 0.5 0.3
Z+jets background 0.6 1.5 1.6
Top background 0.1 0.3 < 0.1
Other backgrounds < 0.1 0.2 0.1
Pile-up 0.6 0.6 0.2
Unfolding 33 5.8 5.0
Luminosity 0.8 0.9 0.7
Total [%] 5.6 9.4 13.2
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a as a function of pr(Z) in events with at least one b-jet and b as a
function of my;, in events with at least two b-jets. The total uncertainty
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Fig. 6 Relative systematic uncertainties in a the fiducial cross-section
as a function of leading c-jet pr ( p-(l’- ) and b the ratio of the cross-
sections as functions of Z boson pr in forward and central Z boson

jet, except in some bins of pr(Z). In Z+ > 2 b-jets and
Z+ > 1 c-jet measurements it is at a level of 10%—15%,
except in some bins at the edges of the distributions.

The statistical uncertainty of the data is propagated
through the unfolding by using 1000 pseudo-experiments.
The flavour fit and the unfolding is repeated for each data

@ Springer

Eur. Phys. J. C (2024) 84:984
0.4 L T T T LI ‘ T LI
L ATLAS
0.35F Vs =13 TeV, 140 fb"
C Z(sll) + > 2 bjets
[ —— Flavour tagging Jets
0.3 [ —— Lepton —— Luminosity
L o--- ET™ Other backgrounds
[ oeeeee Pile-up tt background
0.25 ===+ Unfolding oo Z+jets background
[ = Total

Relative systematic uncertainty

I...l.:l....I....I....II....I....I....

20 30 10?

(b)

is shown with solid black line while the different components listed in
Table 7 are shown in different line styles and colours
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rapidity regions in events with at least one c-jet. The total uncertainty
is shown with solid black line while the different components listed in
Table 7 are shown in different line styles and colours

replica. The statistical uncertainty in the inclusive cross-
sections of Z + > 1 b-jet, Z + > 2 b-jetsand Z + > 1 c-jet
is 0.2%, 0.4% and 0.3% respectively.
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Fig. 7 Measured fiducial cross-section for a Z+ > 1 b-jet and b
Z + > 2 b-jets production. The data are compared with the predictions
from the 5FS multi-leg generators MGAMC+PY8 FXFX and SHERPA
2.2.11, with MGAMC+PY8 4FS (NLO), and with MGAMC+PY8 5FS
(NLO). The thin inner band corresponds to the statistical uncertainty of
the data, and the outer band to statistical and systematic uncertainties
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Fig. 8 Measured fiducial cross-section for Z + > 1 c-jet production.
The data are compared with the SES predictions from MGAMC+PY8
FXFX and SHERPA 2.2.11, with MGAMC+PY8 3FS (NLO), and with
MGAMC+PY8 4FS (NLO), and with various PDFs based on different
intrinsic charm models (see Sect. 3). The thin inner band corresponds
to the statistical uncertainty of the data, and the outer band to statisti-
cal and systematic uncertainties of the data, added in quadrature. The
error bars on the MGAMC+PY8 FXFX, and SHERPA 2.2.11 predic-
tions correspond to the statistical and theoretical uncertainties added in
quadrature

9 Results

The inclusive and differential cross-section measurements
for Z+ > 1 b-jet, Z+ > 2 b-jets and Z+ > 1 c-
jet are shown in Figs. 7, 8, 9, 10, 11, 12, 13 and 14.
The measurements are compared with standard SFS multi-
leg MGAMC+PY8 FXFX and SHERPA 2.2.11 predictions,
MGAMC+PY8 FXFX variations with several PDFs using
different intrinsic charm models, with NLO MGAMC+PY8
predictions of various flavour schemes and with fixed-order

o(Z + 2 2 b-jets) [pb]

(b)

of the data, added in quadrature. The error bars on the MGAMC+PY8
FxFX, SHERPA 2.2.11, and MGAMC+PY8 predictions correspond to
the statistical and theoretical uncertainties added in quadrature. The sum
in quadrature of statistical and PDF related uncertainties are shown as
inner bars

SFS NLO and NNLO predictions using the flavour-dressing
algorithm (see Sect. 3).

Theoretical uncertainties of the various samples, com-
puted as described in Sect. 3, are shown in the compari-
son with data. In this section, all predictions are normalised
to their own cross-section to allow an unbiased comparison
among different generators.

9.1 Inclusive fiducial cross-sections

The measured inclusive cross-sections in the fiducial phase
space for Z+ > 1 b-jet, Z+ > 2 b-jetsand Z+ > 1 c-
jet, shown in Figs. 7 and 8, are 10.49 £ 0.02(stat.) +
0.59(syst.) pb, 1.39 4+ 0.01(stat.) & 0.13(syst.) pb, and
20.9 £ 0.1(stat.) &= 2.8(syst.) pb, respectively.

The SFS simulations, in general, adequately predict the
inclusive cross-sections for both the Z+ > 1 b-jet and
Z + > 2 b-jets whereas the 4FS simulation shows an under-
estimate of about 20 for the Z 4+ > 1 b-jet inclusive cross-
section, while predicting the Z + > 2 b-jets cross-sections
accurately. Overall, these results are consistent with the ones
presented in the ATLAS measurement on a partial Run 2 data
set[14], based on previous generator versions. All SFS multi-
leg predictions considered here, as well as MGAMC+PY8
4FS (NLO), are in agreement with the measured Z + > 1 c-
jet cross-section. The MGAMC+PY8 3FS (NLO) predic-
tion drastically underestimates the measured cross-section
by about 50%, consistent with the lack of resummation of
ln(Qz/mg) in the collinear PDF evolution.

9.2 Differential cross-sections for Z + > 1 b-jet

The differential cross-section measurements for the Z + >
1 b-jet process are shown in Figs. 9 and 10. They are com-
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Fig. 9 Measured fiducial cross-section for Z 4+ > 1 b-jet produc-
tion as a function of a pr(Z) and b leading b-jet pr. The data
are compared with the predictions from the SFS multi-leg generators
MGAMC+PY8 FxFX and SHERPA 2.2.11, with MGAMC+PY8 4FS
(NLO) and MGAMC+PY8 5FS (NLO), and with NLO and NNLO
fixed-order (F.O.) predictions [3]. The error bars correspond to the sta-
tistical uncertainty, and the hatched bands to the data statistical and

pared with the predictions from the 5FS multi-leg gen-
erators MGAMC+PY8 FXFX and SHERPA 2.2.11, with
MGAMC+PY8 4FS (NLO)and MGAMC+PY8 5FES (NLO),
and with NLO and NNLO fixed-order predictions [3].

As the fixed-order predictions are made at parton level
and, moreover, use a different jet flavour definition [2],
the unfolded cross-sections cannot be compared with them
directly. To allow for a proper comparison, two corrections
are applied to the predictions. The first one accounts for the
hadronisation and multi-parton-interaction (MPI) effects. It
is calculated as the ratio of the simulated distributions at
hadron level with MPI enabled to those at parton level with
MPI disabled, using a dedicated sample of Z+jets events gen-
erated with PYTHIA8.310 at LO accuracy. The jet flavour
definition in this case uses the flavour-dressing algorithm [2].
The second correction accounts for the effect of different jet
flavour classification algorithms. It is calculated as the ratio
of hadron-level distributions using the jet flavour definition
described in Sect. 7 to those made with the flavour-dressing
algorithm, using MGAMC+PY8 FXFX sample. This correc-
tion is also derived using the SHERPA 2.2.11 sample and
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systematic uncertainties added in quadrature. The shaded bands corre-
spond to the statistical and theoretical uncertainties of the predictions
added in quadrature. For the fixed-order predictions, the uncertainties in
the hadronisation and MPI and flavour definition algorithm corrections
are also added in quadrature to the total, while pure theory uncertainty
of the predictions are shown as the range between the horizontal lines

the difference with MGAMC+PY8 FXFX is treated as its
uncertainty. Both corrections are applied to the fixed-order
predictions as bin-by-bin multiplicative factors. Uncertain-
ties in these predictions shown on the plot correspond to the
sum of the intrinsic theory uncertainty of the predictions and
the total uncertainty of the corrections, while the former are
also shown separately.

The distributions of the transverse momentum of the Z
boson and of the b-jets probe pQCD over a wide range of
scales and provide important input to the background pre-
diction for other SM processes and searches beyond the SM.

The differential cross-section as a function of pt(Z) for
events with at least one b-jet is shown in Fig. 9a. In gen-
eral, the measured spectrum is harder than all predicted
spectra. Overall, the prediction from MGAMC+PY8 FxFX
demonstrates the best agreement with data, while the SHERPA
2.2.11 prediction still describes the data within larger theory
uncertainties. MGAMC+PY8 5FS (NLO) predicts a softer
p1(Z) spectrum resulting in an overestimate of the low-
pr range, while MGAMC+PY8 4FS (NLO) is below data
in the entire range. The NLO fixed-order computation pre-
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Fig. 10 Measured fiducial cross-section for Z + > 1 b-jet production
as a function of A Rz;,. The data are compared with the predictions from
the SFS multi-leg generators MGAMC+PY8 FXFX and SHERPA 2.2.11,
with MGAMC+PY8 4FS (NLO) and MGAMC+PY8 SFS (NLO), and
with NLO and NNLO fixed-order (F.O.) predictions [3]. The error bars
correspond to the statistical uncertainty, and the hatched bands to the
data statistical and systematic uncertainties added in quadrature. The
shaded bands correspond to the statistical and theoretical uncertain-
ties of the predictions added in quadrature. For the fixed-order predic-
tions, the uncertainties in the hadronisation and MPI and flavour def-
inition algorithm corrections are also added in quadrature to the total,
while pure theory uncertainty of the predictions are shown as the range
between the horizontal lines

dicts a noticeably softer spectrum than in data. This discrep-
ancy reduces with NNLO prediction, however, it still cannot
describe the entire spectrum.

Figure 9b shows the leading b-jet pr distribution. Both
MGAMC+PY8 FXFX and SHERPA 2.2.11 predictions agree
with data within their theory uncertainties. The MGAMC+PY8
5FS (NLO) prediction overestimates the data cross-section
in the low pr regime, while for higher pr values the data are
modelled well. Both NLO and NNLO fixed-order calcula-
tions describe well almost the entire spectrum, only slightly
underpredict the data at pt values above 500 GeV.

It is noticeable that the uncertainty of the NNLO predic-
tions is dominated by the that of the correction described
above, while their own uncertainty evaluated by varying the
QCD scales is small. This indicates the importance of using
IRC-safe jet flavour definitions in future precision measure-
ments of similar processes.

The distribution of ARy, is sensitive to the presence of
additional radiation in the event. It is shown in Fig. 10.
Both MGAMC+PY8 FXFx and SHERPA 2.2.11 predic-
tions describe data rather well, only overestimating data
in the ARz, ~ = region corresponding to the Z + b
back-to-back topology. The same trend is present in the
MGAMC+PY8 5FS (NLO) prediction, with the discrepancy
being even larger. The worst agreement with data is shown
by MGAMC+PY8 4FS (NLO), where topologies in the tail
of the distribution — i.e. collinear and at large ARy, —under-
shoot the data by more than 50%. Fixed-order calculations
suffer from divergences at ARz, ~ 7 and their uncertainties
are high in that region. The NLO calculation tends to under-
estimate the cross-section for ARZ;, between 1 and 2.5 and
above 4, but the description becomes almost perfect when
moving to NNLO.

9.3 Differential cross-sections for Z + > 2 b-jets

Events with a Z boson produced in association with two
b-jets constitute an important background for other SM and
beyond-SM processes, such as Higgs boson production in
association with a Z boson or potential new physics signa-
tures with similar final states. Furthermore, they probe the
mechanism of gluon splitting into b-quarks. The differential
cross-section measurements for Z + > 2 b-jets are shown
in Fig. 11. They are compared with predictions from the
SFS multi-leg generators MGAMC+PY8 FXFX and SHERPA
2.2.11 and with MGAMC+PY8 4FS (NLO). No fixed-order
calculations are provided for Z + > 2 b-jets observables
within the framework used in Ref. [3].

A measurement of the angular separation between the two
leading b-jets allows characterisation of the hard radiation at
large angles and the soft radiation for collinear emissions.
The distribution of the azimuthal angle between the two
leading b-jets, A¢pp, is chosen as an example of such an
observable and the corresponding differential cross-section
is shown in Fig. 11a. All predictions generally agree with
data within their theory uncertainties. Both MGAMC+PY8
FxFx and SHERPA 2.2.11 describe the data shape well, while
MGAMC+PY8 4FS (NLO) tends to underestimate small
and large A¢ypp, values corresponding to collinear and back-
to-back b-jets.

The invariant mass of the two leading b-jets is an important
observable in the measurement of associated Z H production
with the Higgs boson decaying into bb, and in searches for
physics beyond the SM in the same final state. The differen-
tial cross-section as a function of mpy, is shown in Fig. 11b. In
general, all calculations predict steeper growth below 80 GeV
and steeper decrease for higher values. MGAMC+PY8 4FS
(NLO) provides a good description of the data in the widest
range between 60 and 600 GeV, but still fails to describe them
for smaller and larger mp,. MGAMC+PY8 FXFX overesti-
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Fig. 11 Measured fiducial cross-section for Z + > 2 b-jets production
as a function of a A¢y, and b my,,. The data are compared with the pre-
dictions from the 5FS multi-leg generators MGAMC+PY8 FXFX and
SHERPA 2.2.11, and with MGAMC+PY8 4FS (NLO). The error bars

mates the data near the maximum of the distribution at 60—
100 GeV and underestimates them above 600 GeV. SHERPA
2.2.11 is in agreement with the data within its large uncer-
tainty up to 400 GeV and deviates from the data at higher
values.

9.4 Differential cross-sections for Z 4 > 1 c-jet

Differential cross-section measurements for the Z + > 1 c-
jet process constitute an important probe of pQCD and of
the charm PDF. The results are presented in Figs. 12, 13
and 14. The differential Z + c-jets cross-section measure-
ments are compared with the predictions from the SFS multi-
leg generators SHERPA 2.2.11 and MGAMC+PY8 FXFX,
with MGAMC+PY8 3FS (NLO) and MGAMC+PY8 4FS
(NLO), and with NLO and NNLO fixed-order predictions [3].
The latter are corrected for the effects related to the hadroni-
sation and MPI and to the different jet flavour classification
algorithms as described in Sect. 9.2. These comparisons are
shown in Figs. 12 and 13.

Besides, the measurements are compared to MGAMC+PY8
FXFX predictions with various PDFs, probing the IC models
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correspond to the statistical uncertainty, and the hatched bands to the
data statistical and systematic uncertainties added in quadrature. The
shaded bands correspond to the statistical and theoretical uncertainties
of the predictions added in quadrature

as listed in Sect. 3.3. Comparisons to those predictions are
shown in Fig. 14.

Differential cross-sections as function of pt of the Z
boson and the leading c-jet are shown in Fig. 12. Both
pr spectra are described well by MGAMC+PY8 FxFX and
SHERPA 2.2.11 in the soft part, while above 40-50 GeV
(80-100 GeV) for Z boson (c-jet) pr the data cross-section
is significantly underestimated by these predictions. A bet-
ter description of the data shape overall is provided by
MGAMC+PY8 4FS (NLO), however, it is generally near
or beyond the lower edge of the data uncertainty band. The
MGAMC+PY8 3FS (NLO) prediction is significantly below
the data as mentioned above when discussing the inclusive
cross-sections. This discrepancy is noticeably larger than that
between the MGAMC+PY8 4FS (NLO) prediction and the
Z + > 1 b-jet measurement, which can be attributed to the
different masses of b- and c-quarks, causing those logarith-
mic terms to be larger for the latter.

The NLO fixed-order calculation predicts softer spectra
of both Z boson and leading c-jet pr than that in data.
The discrepancy is the most noticeable for pt(Z) above 50—
100 GeV. Moving to NNLO precision improves the agree-
ment only slightly for pt(Z) and has no impact on p%c.
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Fig. 12 Measured fiducial cross-section for Z+ > 1 c-jet produc-
tion as a function of a pr(Z) and b leading c-jet pr. The data
are compared with the predictions from the 5FS multi-leg generators
MGAMC+PY8 FXFX and SHERPA 2.2.11, with MGAMC+PY8 3FS
(NLO) and MGAMC+PY8 4FS (NLO), and with NLO and NNLO
fixed-order (F.O.) predictions [3]. The error bars correspond to the sta-
tistical uncertainty, and the hatched bands to the data statistical and

Figure 13 shows the distribution of x ¢ of the leading c-jet.
MGAMC+PY8 FxFx and SHERPA 2.2.11 predict a steeper
slope of the xr spectrum compared to the data. At the same
time, the MGAMC+PY8 4FS (NLO) prediction and both
NLO and NNLO fixed-order calculations describe the data
shape well, while systematically underestimating the overall
normalization.

Figure 14 presents comparisons of the measured cross-
section as a function of leading c-jet x and of R(p1(Z2)) for
events with at least one c-jet with various IC models. The x
distribution is more sensitive to the IC contribution. The large
amount of IC in the BHPS2 model noticeably improves the
agreement to data. However, for more realistic IC scenarios,
such as BHPS1 and the IC PDFs from the NNPDF and CT18
families, the improvement is still marginal, being noticeable
only in the last 1-2 bins. In the measurement of R(pt(Z))
the effect of IC is more significant compared to both exper-
imental and theory uncertainties, thanks to their significant
cancellation in this ratio. However, only the BHPS2 model
has a non-negligible effect on the agreement to data, making
it slightly better in some bins but worse in others compared to
the predictions with no-IC CT14NNLO PDF. Other IC PDFs

systematic uncertainties added in quadrature. The shaded bands corre-
spond to the statistical and theoretical uncertainties of the predictions
added in quadrature. For the fixed-order predictions, the uncertainties in
the hadronisation and MPI and flavour definition algorithm corrections
are also added in quadrature to the total, while pure theory uncertainty
of the predictions are shown as the range between the horizontal lines

from NNPDF and CT18 families do not make significant
difference in modelling these observables.

10 Conclusion

This paper presents a measurement of the production rate of
a Z boson in association with jets originating from b-quarks
and c-quarks (Z + b-jets and Z + c-jets) in proton—proton
collisions at /s = 13 TeV, using data corresponding to an
integrated luminosity of 140 fb~! collected by the ATLAS
experiment at the CERN LHC.

The cross-sections are measured using the electron and
muon decay modes of the Z boson in a fiducial phase space.
Inclusive cross-sections in a fiducial phase space are mea-
sured for events with at least one or at least two b-jets and
for events with at least one c-jet. Differential cross-sections
are measured as a function of pr of the leading b-jet, the
pt of the Z boson and the difference in angular separation
between the Z boson and the leading b-jet for events with at
least one b-jet. Measurements are also performed as a func-
tion of the pr of the leading c-jet, the pt of the Z boson,
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Fig. 13 Measured fiducial cross-section for Z + > 1 c-jet production
as a function of leading c-jet xr. The data are compared with the pre-
dictions from the SFS multi-leg generators MGAMC+PY8 FXFX and
SHERPA 2.2.11, with MGAMC+PY8 3FS (NLO) and MGAMC+PYS8
4FS (NLO), and with NLO and NNLO fixed-order (F.O.) predictions
[3]. The error bars correspond to the statistical uncertainty, and the
hatched bands to the data statistical and systematic uncertainties added
in quadrature. The shaded bands correspond to the statistical and the-
oretical uncertainties of the predictions added in quadrature. For the
fixed-order predictions, the uncertainties in the hadronisation and MPI
and flavour definition algorithm corrections are also added in quadra-
ture to the total, while pure theory uncertainty of the predictions are
shown as the range between the horizontal lines

and the Feynman-x variable xr for events with at least one
c-jet. A separate measurement is performed of the ratio of
Z + c-jets production cross-sections as a function of the pt
of the Z boson measured in two ranges of Z boson rapidity,
central and forward. Finally, the differential cross-sections
are measured as a function of the invariant mass of the two
leading b-jets and as a function of the azimuthal angle differ-
ence between the two leading b-jets for events with at least
two b-jets.

@ Springer

Measurements of the Z 4 c-jets production cross-section
are performed for the first time at the ATLAS experiment
while the Z + b-jets production measurements significantly
improve on the precision of the previous ATLAS results [14].
Both types of measurements significantly extend to wider
kinematic ranges compared to similar measurements per-
formed at /s = 13 TeV by other experiments [16,23].

The measurements are compared with predictions from
a variety of Monte Carlo generators. In general, the SFS
MGAMC+PY8 FxFX and SHERPA 2.2.11 predictions
describe the Z + b-jets data within the experimental and
theory uncertainties whereas the SFS SHERPA 2.2.11 predic-
tions show larger theory uncertainties than MGAMC+PY8
FxFX. The MGAMC+PY8 Z7ZBB 4FS (NLO) generator
systematically underestimates the Z + > 1 b-jet distribu-
tions and does not provide a good description of the angu-
lar separation between the Z boson and the leading b-jet,
but describes the Z + > 2 b-jets cross-sections. All gen-
erators underestimate the Z + c-jet cross-sections: the SFS
MGAMC+PY8 FXFxand SHERPA 2.2.11 predictions under-
estimate the data for medium ranges of Z boson and c-jet pr,
whereas the MGAMC+PY8 Zcc 3FS (NLO) predictions
systematically underestimate all kinematic Z + c-jet regions
by a large factor. The SFS NNLO Z + > 1 b-jet predic-
tions with flavour dressing show a similar performance as
the 5FS multi-leg MGAMC+PY8 FXFX and SHERPA gen-
erators but predict a softer b-jet pt spectrum than the data.
The SFS NNLO Z + c-jet predictions underestimate the data
cross-sections even more that their SFS multi-leg counter-
parts. MGAMC+PY8 FXFX versions with PDFs with dif-
ferent IC content were compared to Z + c-jet distributions
and for a given observable no significant difference in the
modelling between the various PDFs was found.

This measurement provides important input for the improve-
ment of theoretical predictions and Monte Carlo generators
of Z boson production in association with b-jets and c-jets,
allowing a better quantitative understanding of perturbative
QCD.
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Fig. 14 Measured fiducial cross-section for Z+ > 1 c-jet produc-
tion as a function of a leading c-jet xr and b R(p7(Z)). The data are
compared with the nominal MGAMC+PY8 FXFX predictions and with
those using the PDFs testing several IC models. The error bars corre-
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