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Ratios of cross sections, o(Z + ¢ jets)/o(Z + jets), o(Z + b jets)/o(Z + jets), and o(Z + ¢ jets)/
o(Z + b jets) in the associated production of a Z boson with at least one charm or bottom quark jet are
measured in proton-proton collisions at v/s = 13 TeV. The data sample, collected by the CMS experiment
at the CERN LHC, corresponds to an integrated luminosity of 35.9 fb~!, with a fiducial volume of
pr > 30 GeV and || <2.4 for the jets, where pr and 5 represent transverse momentum and
pseudorapidity, respectively. The Z boson candidates come from leptonic decays into electrons or
muons with pp > 25 GeV and || < 2.4, and the dilepton mass satisfies 71 < m; < 111 GeV. The
measured values are o(Z + ¢ jets)/o(Z + jets) = 0.102 4+ 0.002 £ 0.009, o(Z + b jets)/o(Z + jets) =
0.0633 £ 0.0004 + 0.0015, and o(Z + ¢ jets)/o(Z + b jets) = 1.62 +0.03 + 0.15. Results on the in-
clusive and differential cross section ratios as functions of jet and Z boson transverse momentum are
compared with predictions from leading and next-to-leading order perturbative quantum chromodynamics
calculations. These are the first measurements of the cross section ratios at 13 TeV.
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I. INTRODUCTION

Studies of Z boson production in association with
heavy-flavor (HF) jets from the hadronization of heavy (c
or b) quarks provide important tests of perturbative
quantum chromodynamics (pQCD) calculations. A good
description of these processes is also important since they
form a major background for a variety of physics processes
including Higgs boson production in association with a Z
boson, ZH (H — cc or H — bl_)), and searches for new
physics signatures in final states with leptons and HF jets.
Two different approaches are currently available for cal-
culating the Z + HF jets production: the five-flavor scheme
(5FS) [1] and the four-flavor scheme (4FS) [2]. Both
approaches yield consistent results within theoretical uncer-
tainties [3].

Several Z 4 HFjets measurements have been per-
formed by the CDF and DO Collaborations at the
FNAL Tevatron [4-6] and by the ATLAS, CMS, and
LHCDb Collaborations at the CERN LHC [7-10]. The DO
Collaboration reported on the first o(Z + c jets)/
6(Z + b jets) cross section ratio measurement [5] and
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observed a significantly higher value compared to next-to-
leading order (NLO) pQCD calculations. A measurement
of the 6(Z + ¢ jets)/o(Z + b jets) cross section ratio in
8 TeV proton-proton (pp) collisions at the LHC has been
recently reported by the CMS Collaboration [11] and is in
agreement with predictions from leading order (LO) and
NLO calculations obtained with the MadGraph [12] and
MadGraph5_aMC@NLO [13] programs, respectively.

The current paper reports on simultaneous measurements
of the ¢ and b quark jet contents in a sample containing a Z
boson (in the following, Z is used as a shorthand for Z/y*)
produced in association with at least one jet. These
measurements provide the first results for proton-proton
collisions at 1/s = 13 TeV. The experimental precision is
improved with respect to previous LHC results because of
the increased size of the data sample and advanced heavy-
flavor tagging techniques. The Z bosons are identified
through reconstructed dielectrons or dimuons, where the
individual leptons are subject to requirements on transverse
momentum (pr > 25 GeV) and pseudorapidity (|n| < 2.4).
The dilepton invariant mass must be within a Z boson
window of 71-111 GeV, and jets are required to have pt >
30 GeV and || < 24.

The following cross section ratios are measured:
o(Z + c jets)/o(Z + jets), o(Z + b jets)/o(Z + jets), and
6(Z + c jets)/o(Z + b jets). These cross section ratios are
measured inclusively and differentially as functions of the
transverse momentum of the jet and the Z boson, and are
unfolded to the particle level taking into account detector
effects. The measurements of the cross section ratios
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benefit from cancellations of several systematic uncertain-
ties related to the jet, lepton, and luminosity measurements.
A number of theory-related uncertainties are reduced
as well, including those linked to the details of parton
showering and hadronization. Therefore, by measuring
cross section ratios one can more precisely compare data
with theoretical calculations.

The paper is organized as follows. The CMS experiment
and data together with simulated samples used in the
analysis are described in Secs. II and IIl. Details of
the measurements are described in Secs. IV, V, and VI,
while Secs. VII and VIII present the systematic uncertain-
ties and the measurement results, respectively, followed by
a summary in Sec. IX.

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, covering a pseudorapidity
region of || < 2.5, alead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap
sections. Forward calorimeters, made of steel and quartz
fibers, extend the pseudorapidity coverage provided by the
barrel and endcap detectors to || < 5. Muons are detected
in gas-ionization chambers embedded in the steel flux-
return yoke outside the solenoid and covering || < 2.4.

Events of interest are selected using a two-tiered trigger
system [14]. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
within a time interval of less than 4 us. The second level,
known as the high-level trigger, consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the
event rate to around 1 kHz before data storage.

A more detailed description of the CMS detector,
together with a definition of the coordinate system used
and the relevant kinematic variables, can be found
in Ref. [15].

III. DATA AND SIMULATED SAMPLES

The cross section ratio measurements are based on
proton-proton (pp) collision data at /s = 13 TeV col-
lected with the CMS detector in 2016 and corresponding to
an integrated luminosity of 35.9 fb~! [16]. Recorded events
have an average 23 additional pp interactions per bunch
crossing (pileup) together with the hard process.

Various Monte Carlo (MC) event generators are used to
simulate the Z + jets signal and background processes. The
full detector simulation is based on the GEANT4 package
[17]. The simulation includes the pileup effects from the
same or nearby bunch crossings by overlapping the hard

process of interest with the pileup events. The simulated
events are reconstructed with the same algorithms as used
for the data.

The Z + jets events are generated by MadGraph5_aMC@NLO
v2.2.2 [13] (using S5FS; denoted as MG5_aMC in the following)
at NLO in pQCD with up to two additional partons at the
matrix element level, generated for each parton multiplicity
and then merged. The MG5_aMC matrix element generator is
interfaced with PYTHIA v8.212 [18], which simulates the
parton shower and hadronization processes, through the
FxFx merging scheme [19] at a matching scale of 19 GeV.
The predicted numbers of events from Z -+ jets production
are estimated using a cross section at next-to-next-to-leading
order (NNLO) accuracy obtained from FEWZ v3.1 [20].

The background events originate from top quark and
diboson processes. Top quark-antiquark (¢7) production,
which forms the dominant background, is generated at
NLO by POWHEG v2.0 [21-24] and normalized to a cross
section calculated by using TOP++ v2.0 [25] at NNLO
accuracy including soft-gluon resummation. The diboson
(WW, WZ, ZZ) backgrounds are generated by PYTHIA
while POWHEG and NLO MG5_aMC are used to simulate the
single top quark processes (s-channel, #-channel, and tW).
The POWHEG generator is also interfaced with PYTHIA for
parton showering and hadronization. The diboson and
single top quark predictions are normalized to NNLO
[26,27] cross sections.

The NNPDF 3.0 NLO and LO parton distribution
functions (PDF) [28] are used for the NLO and LO
calculations, respectively. PYTHIA uses the NNPDF 2.3
LO PDF set and the CUETP8M1 [29] or CUETP8M2T4
[30] (¢ sample) for the underlying event tune.

IV. OBJECT RECONSTRUCTION AND
EVENT SELECTION

The particle-flow (PF) algorithm [31] reconstructs and
identifies each individual particle in an event, with an
optimized combination of information from the various
elements of the CMS detector. The neutral particle energy
deposits are determined in the calorimeters, whereas
charged tracks are measured in the central tracking and
muon systems.

The candidate vertex with the largest value of summed
physics-object p3 is taken to be the primary pp interaction
vertex. The physics objects are the jets, clustered using the
jet finding algorithm [32,33] with the tracks assigned to
candidate vertices as inputs, and leptons. More details are
given in Ref. [34].

Electrons are reconstructed using momentum measure-
ments in the tracker combined with the energy deposits in
the ECAL [35]. The identification requirements are based
on the ECAL shower shape, matching between the electron
track and the energy clusters in the ECAL, and observables
characterizing the bremsstrahlung along the electron tra-
jectory. Electrons are required to originate from the primary
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vertex. The electron momentum is estimated by combining
the energy measurement in the ECAL with the momentum
measurement in the tracker. The momentum resolution for
electrons with pr ~ 45 GeV from Z — e™e™ decays ranges
from 1.7 to 4.5%. The resolution tends to be better in the
barrel region than in the endcaps, and it also depends on the
bremsstrahlung energy emitted by the electron as it
traverses the material in front of the ECAL. The dielectron
mass resolution for Z — e" e~ decays when both electrons
are in the ECAL barrel is 1.9%, and is 2.9% when both
electrons are in the endcaps [35].

Muon candidates are built by combining signals from the
tracker and the muon subsystems. The identification criteria
are based on the number of measurements in the detectors,
the fit quality of the track, and requirements on its
association with the primary vertex. Matching muons to
tracks measured in the tracker results in a relative transverse
momentum resolution, for muons with pr up to 100 GeV,
of 1% in the barrel and 3% in the endcaps [36].

To reduce the misidentification rate, electrons and muons
are required to be isolated. Activity near an electron (muon)
is quantified as the sum of transverse momenta of PF
candidates within the isolation cone radius of AR =

v (An)? + (Ag)? = 0.3 (0.4) around the electron (muon)

track, where ¢ is the azimuthal angle. After compensating
for the energy contribution from pileup in the isolation
cone, the resultant sum is required to be less than 25% of
the lepton transverse momentum. The lepton isolation,
along with other requirements to select Z + jets events,
strongly suppresses background events with misidentified
dileptons such as W + jets and QCD multijets.

Based on the PF candidates, jets are reconstructed using
the anti-kt algorithm with a distance parameter of 0.4. Jet
momentum is determined as the vector sum of all particle
momenta in the jet; based on simulation this is, on average,
within 5 to 10% of the true jet momentum over the entire py
spectrum and detector acceptance. Pileup interactions can
result in more tracks and calorimetric energy depositions,
increasing the apparent jet momentum. To mitigate this
effect, tracks originating from pileup vertices are discarded
and an offset correction is applied to account for remaining
contributions [37,38]. Jet energy corrections are derived
from simulation studies so that the average measured
response of jets becomes identical to that of particle-level
jets. In situ measurements of the momentum balance in
dijet, photon + jet, Z + jet, and multijet events are used to
determine any residual differences between the jet energy
scale (JES) in data and in simulation, and appropriate
corrections are applied [39]. The jet energy resolution
(JER) typically amounts to 16% at 30 GeV and 8% at
100 GeV. Additional selection criteria are applied to
remove jets potentially dominated by instrumental effects
or reconstruction failures [40].

For this analysis, the selection for Z + jets events starts
with the trigger requirements based on two electron (muon)

objects identified by the trigger system that pass pr
thresholds of 23 and 13 GeV (17 and 8 GeV). The Z +
jets events are further selected by requiring two recon-
structed electrons or muons with pt > 25 GeV and within
|n| < 2.4. The pr requirement is chosen to obtain high
trigger efficiency for selecting the signal events. Events
containing two selected electrons (muons) are categorized
in the electron (muon) channel. The lepton candidates are
subject to requirements on their transverse impact param-
eter, |d,,| < 0.05 cm, and their longitudinal impact param-
eter, |d.| < 0.2 cm, both with respect to the primary vertex.
The Z boson candidate is reconstructed from a pair of
oppositely charged same-flavor leptons with invariant mass
between 71 and 111 GeV. An event must contain at least
one associated jet with pr > 30 GeV and || < 2.4.

Missing transverse momentum is used in this analysis to
reduce background contributions from 7 and single top
quark production processes. In contrast to the Z + jets,
these processes have a significant amount of missing
energy because of undetected neutrinos in top quark
decays. The missing transverse momentum vector, f)?i“,
is computed as the negative vector sum of the transverse
momenta of all PF candidates in an event [41] and is further
modified to account for corrections to the energy scale of
the reconstructed jets. Its magnitude, p™S, is required to be
less than 40 GeV, which results in a signal efficiency of
~80% with the f7 rejection factor of ~4.8.

A Z +jets sample with enriched ¢ and b quark jet
content is selected by applying an HF tagging requirement
to jets in the Z +jets sample described above. The
discrimination of HF jets from light-flavor quark and gluon
jets, referred to as light jets in the following, is achieved by
constructing a discriminator variable from tracks and
secondary vertex (SV) characteristics. Artificial neural
network algorithms are used to combine specific properties
of the HF quarks, long lifetime and substantial mass, to
build the discriminator. The algorithm used in the analysis,
the combined secondary vertex (Version 2), is described in
Ref. [42]. Some of the important input variables are the
number of secondary vertices and the number of tracks
associated with each of them, the mass and 2D decay
distance significance of the SV with the smallest decay
distance uncertainty, and the signed 3D impact parameter
significance of the tracks. Here the significance is defined
as the ratio between a measured quantity and its uncer-
tainty. Although the combined secondary vertex (Version 2)
is trained to distinguish b jets, it does occasionally tag a ¢
jet. Therefore, at a proper operating point, the algorithm can
retain a sufficient amount of ¢ jets while heavily sup-
pressing light jets. The analysis uses a “medium" operating
point, which corresponds to approximately 10 (60)%
tagging efficiencies for ¢ (b) quark jets and a misidenti-
fication probability of 1% for a light jet. The Z + HF jets
sample must contain at least one tagged jet. The tagging
efficiencies are determined using MC samples and
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TABLE 1.
uncertainties are statistical only.

Numbers of events that satisfy the Z + jets and Z 4 HF jets selection criteria in the electron and muon channels. The

Z + jets sample

Z + HF jets sample

Electron Muon Electron Muon
Z + c jets 171970 + 530 287090 £ 720 18870 + 170 32310 + 230
Z + b jets 95910 + 410 159 500 £ 560 60100 4+ 310 100630 £ 420
Z + light jets 1531900 £ 1600 2612100 £ 2200 6170 £+ 100 10810 4 140
tt 5850 £ 50 9440 + 60 3850 + 40 6180 + 50
Diboson 10040 + 60 16310 £ 80 780 £ 20 1320 £ 20
Single ¢ 580 £+ 10 950 £+ 10 303 +£7 500 £+ 10
Total, simulation 1816200 £ 1700 3085400 £ 2400 90070 £ 370 151740 £510
Data 1759 047 2959 629 79015 130775
Data/simulation 0.969 + 0.001 0.959 + 0.001 0.877 £+ 0.005 0.862 + 0.004

corrected for the difference between data and simulation.
The corresponding correction factors are derived from the
data versus simulation efficiency comparisons in dedicated
control samples containing 7 and multijet events [42].

In simulation, the classification of reconstructed Z + jets
events into Z + ¢ jets, Z + b jets, and Z + light jets cate-
gories is based on the flavors of reconstructed jets with
pr > 30 GeV and || < 2.4. They are classified as ¢ or b
jets if they are matched to MC generated ¢ or b hadrons
[42]. In the case where both ¢ and b hadrons are matched,
the jet is considered a b jet. Based on reconstructed jets
with defined flavors, events are classified as Z + b jets if
they contain at least one b jet. Of the remaining events,
those that contain at least one ¢ hadron are considered as
Z + c jets and those that contain neither ¢ nor b hadrons
are classified as Z + light jets.

Table I lists the number of events estimated in simulation
and found in data that satisfy the Z + jets and Z + HF jets
selection criteria for both the electron and muon channels.
The background, mostly from top quark and diboson
processes, is approximately 5% in the Z 4+ HF jets sample,
and the diboson background is dominated by the WZ
events.

V. CROSS SECTION RATIO MEASUREMENTS
A. Analysis strategy

The goal of the analysis is to precisely measure the
fraction of jets with heavy flavors in Z + jets events. For
this purpose, the SV invariant mass, Mgy, of the tagged jet
with highest pr in the Z + HF jets events is used. The SV is
reconstructed using an adaptive vertex reconstruction
algorithm [43] from selected tracks within a cone of AR <
0.3 around the jet axis. The distance between the track and
the jet axis measured at their point of closest approach must
be less than 0.2 cm. Details of track selections and SV
reconstructions can be found in Refs. [42,44]. The Mgy is
calculated using the momenta of charged-particle tracks
associated with the SV. The corresponding particles are
assumed to have the pion mass for the purpose of

calculating the SV mass. The Mgy distributions possess
specific features depending on the jet flavor, and can be
used as templates in a fit to the Mgy distribution in data to
extract the fractions of ¢ and b jets, as discussed in
Sec. V C.

The template fit is performed in the Z 4 jets sample
enriched with HF jets, i.e., in the Z 4+ HF jets sample, and
the observed number of Z + ¢ jets (N.) and Z + b jets
(Np) events are derived. They are corrected for the
efficiencies of tagging events, €g, and €tbag for N. and
Ny, respectively, to obtain the numbers of Z + ¢ jets and
Z + b jets events in the Z + jets sample. The cross section
ratios are then calculated as

R(c/j) 6(Z + c jets) N, (1)
C = = s
V= 0Z v jets) — Nigeig

R(b/j) = o(Z+Dbjets) N,
V= o(Z + jets) _Njetef’ag’

(2)

o(Z+cjets)  Neely
o(Z+Dbjets)  Npehy

R(c/b) = (3)

where Nj, is the number of selected Z + jets events
remaining after subtracting background contributions (7,
diboson, and single top) from data. These backgrounds are
estimated using simulation. In the above formulas, the
integrated luminosity as well as the efficiencies that are
related to lepton and pT® requirements in the Z + jets
event selection cancel.

For the differential measurements, the same procedure
described here is applied in each jet or Z boson pr interval.
Dedicated Mgy templates are derived for each interval to
take into account the dependence of the Mgy shape on jet
kinematic variables. Finally, the cross section ratios are
unfolded for various experimental effects, most notably the
detector resolution and efficiencies.
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Comparisons of ¢ jet (left) and b jet (right) Mgy distributions for data and simulation. A shape correction is applied to the data-

driven distribution in the right panel to account for the difference between the jets in 77 and Z + b jets processes.

B. Z + HF jets event tagging efficiency

The efficiencies of tagging Z + HF jets events, €{,, and
e{’ag, are calculated as the ratio between numbers of selected
Z + c jets and Z + b jets events, respectively, in the Z +
HF jets and the Z + jets samples. They are estimated using
simulations, which are corrected with data. In the jet pt
range between 30 and 200 GeV the efficiencies vary only
slightly and range from 8.3 to 11.3% for Z + ¢ jets and
from 459 to 60.7% for Z+ b jets events. The Z +
light jets mistagging rate increases from 0.3 to 1.0% in
the same pr range.

C. Estimation of the event yields

A binned maximum likelihood template fit, based on
My distributions of the leading pt HF-tagged jets, is used
to obtain the numbers of Z + ¢ jets and Z + b jets events in
the Z 4+ HF jets sample. The parameters of interest are the
scale factors, SF,. and SF,, that adjust the MC rates to fit the
data, while their uncertainties are treated as nuisance
parameters. The Mgy distributions of the simulated
Z 4+ c jets, Z+ b jets, and Z + light jets categories are
normalized to the integrated luminosity of the data sample
using an NNLO cross section for the total Z + jets rate. The
top quark and diboson backgrounds, which contribute
about 5% of the events in the Z + HFjets sample, are
estimated from simulation. The predicted yields of all these
processes are shown in Table 1.

For each Mgy bin a Poisson distribution is constructed
from the number of observed events, with its mean taken
from MC predictions of signal (Z + ¢ jets and Z + b jets)
and background (Z + light jets, top quark, and diboson)
yields. The likelihood is the product of the Poisson
distributions and Gaussian (or log-normal) distributions,

where the latter are used to constrain the nuisance param-
eters. The choice of Gaussian or log-normal constraints
depends on whether the corresponding systematic uncer-
tainty affects the shape or normalization of the templates,
respectively. To obtain a combined result, the electron and
muon channel data are fitted simultaneously using a
common set of scale factors. After the fit, the numbers
of Z+cjets and Z+ b jets events, N. and N,, are
obtained from the MC predictions scaled by the SF,. and
SF, factors.

The Mgy template of ¢ jets in the Z + ¢ jets events is
obtained from simulation. The ¢ jet Mgy shape is validated
with a f7-enriched data sample where only one of the W
bosons decays to leptons. The other W boson decays
hadronically with a branching fraction of 33% for a charm
quark in the final state. The event selection requires a well-
identified and isolated muon having pr > 25 GeV and
In| < 2.4 together with at least four jets, each with pr >
30 GeV and |n| < 2.4. The ¢ and b jet identification is
performed with the following procedure. To reduce the
combinatorics the best pair (triplet) of jets is chosen by
minimizing the reconstructed and nominal mass of the W
boson (top quark). From this optimization, the ¢ and b jet
candidates from top quark and W boson decays are
identified. The event is kept if these candidates pass the
jet HF tagging requirement described in Sec. IV. In the
resulting sample of the c¢ jet candidates about half have
correct flavor assignment whereas the other half constitute
mostly b jets that are misidentified as ¢ jets. The ¢ jet Mgy
distribution in data is found by subtracting the backgrounds
containing b jets and light jets in the sample.

The ¢ jet Mgy template from simulation is compared
with that observed in the validation sample and agreement
is found within the statistical uncertainties as shown in
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Fig. 1 (left). The pronounced enhancement seen in the ¢ jets
Mgy distribution near 1.8 GeV is due to charm meson
decays.

The Mgy template for b jets is derived from a high-
purity data sample of 77 events decaying to final states of
ep+ > 2 jets with at least one b-tagged jet. Leptons must
pass similar requirements as those used in the selection of
Z + jets events except for a tighter isolation criterion
(other activity with less than 15% of the lepton transverse
momentum, instead of 25%) to strongly suppress multijet
and W + jets backgrounds. The Mgy shape depends on
the kinematic distributions of the corresponding jets,
therefore the b jet Mgy templates obtained with the 7
data are corrected to account for the difference between
the b jet pp spectra in ¢ and Z + b jets events. This
correction is derived from simulation by comparing the b
jet Mgy shapes in those two samples of events. It is
parametrized as a second-order polynomial function of
Mgy and varies between 3 and 20% across jet pr ranges.
A comparison between the simulated and data-driven b
jet Mgy distributions are presented in Fig. 1 (right). This
correction procedure is applied in both the inclusive and
differential measurements.

The Mgy modeling of light jets in simulation is
checked in the validation sample containing W -+ jets
events selected by requiring a well-identified and iso-
lated muon together with at least one jet. Discrimination
criteria of ¢ jet versus light jets are applied, resulting in a
sample with light jet purity of ~40%. The light jet Mgy
templates in data are derived from the validation sample
after subtracting nonlight jet components, which mainly
consist of the W +c jets events. Good agreement
between the data-driven template shape and the simu-
lation is observed.

The scale factors obtained from the combined fit in
the inclusive Z + HF jets data sample are SF, = 0.849 +
0.013 (stat) 4= 0.064 (syst) and SF,=0.87340.005 (stat)+
0.013(syst). Tables II and III list the scale factors estimated
in the jet and Z pt bins. Details on the evaluations
of systematic uncertainties in the scale factors are dis-
cussed in Section VII. The two channels pass a y* based
compatibility check except for the SF. fluctuation in
one jet pr bin of 50-110 GeV with a p-value of
~0.3%. The post-fit Mgy distributions are shown in
Fig. 2 for the measurements using the inclusive Z +
HF jets samples. Examples of the post-fit Mgy distribu-
tions in the muon channel for exclusive jet pr bins are
given in Appendix A, Fig. 6.

VI. UNFOLDING

The unfolding procedure corrects the measured cross
section ratios for effects related to the detector response and
the event reconstruction procedures, which can lead to
migrations between bins and therefore alter the true
distributions. The bin-by-bin migrations are corrected by

the response matrices, which quantify the migration prob-
ability between the measured and true values of a given
observable (jet or Z pr). These matrices are derived in
simulation by comparing the final-state objects (jets and
leptons) at the prereconstruction (“MC-particle”) and
reconstruction levels.

At the MC-particle level (denoted as “particle level”),
leptons are stable particles from Z boson decays, dressed
by adding the momenta of all photons within AR < 0.1
around the lepton directions. The particle-level jets are
formed from stable particles (cz > 1 cm), except neu-
trinos, and overlapping leptons from Z boson decays,
using the same anti-kp jet algorithm used for recon-
structed jets.

The Z boson mass and pt at the particle level are
calculated using the two leptons originating from this
boson. The fiducial volume is defined by the particle-
level leptons and jets with the same kinematic require-
ments (pr, 7, and dilepton invariant mass) used in the
measurement.

The response matrix is constructed using MC Z + jets
samples. The reconstructed jets and a pair of electrons
or muons are spatially matched to the corresponding
particle-level objects by requiring that they are within
AR < 0.2. In addition, the flavor of the reconstructed jets
and the matched particle-level jets must be the same.
Events that have reconstructed objects without matched
particle-level objects are included in the background
category and are subtracted from the sample. The accep-
tance and efficiency corrections account for other events
that have particle-level objects in the fiducial volume but
no matching reconstructed objects.

For the inclusive measurement, the acceptance correc-
tions are derived from simulation and defined as the ratios
between the number of selected events at the reconstruc-
tion level and the number of generated events within the
fiducial volume. These acceptance correction factors, which
depend on the jet flavor, are applied to the measured cross
section ratios.

To unfold the differential distributions, the TUNFOLD
package [45], which is based on a least-square fit, is
used. The unfolding procedure, which solves for a well-
conditioned unfolding problem in this case, is performed
without regularization to avoid potential biases toward
MC spectra. The data distributions of Z + c jets,
Z+ b jets, and Z+jets are unfolded simultaneously
to include the correlations between the denominator
and numerator when deriving the unfolded ratios. The
numbers of bins in the unfolded distributions are about
half of those used in data to maintain the stability of the
unfolding procedure. The combined response matrix
used in the simultaneous unfolding is constructed from
individual jet category matrices. The TUNFOLD package
provides unfolded distributions together with a covari-
ance matrix, which is used to estimate the uncertainties
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FIG. 2. Secondary vertex invariant mass distributions for the electron (left) and muon (right) channels derived from fits using the
inclusive Z 4 HF jets data sample. The post-fit uncertainty bands indicate the total uncertainties, added in quadrature, of the best-fit

values of signal and background process rates.

in the unfolded cross section ratios. The unfolding
procedure is checked with closure tests and bias studies
using MC samples. In the closure test, response matrices
are derived using one-half of the sample and the unfolding
is performed on the other half. Within statistical uncer-
tainties, the unfolded and MC truth distributions agree with
each other. In the bias studies, a pull distribution is
constructed by performing the unfolding on a set of
~100 MC sub-samples. The unfolding procedure con-
verges and shows no bias.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties include experimental
sources that affect the shape or normalization of templates
in the scale factor fits, and the heavy-flavor tagging
efficiencies. The unfolded results contain additional uncer-
tainties related to the unfolding procedure. The following
systematic uncertainties are considered in the analysis:

Jet energy scale and resolution correction: The recon-
structed jet energy is corrected using a factorized model to
compensate for the nonlinear and nonuniform response
in the calorimeters as detailed in Ref. [39]. Since the JER
is different in data and simulation, the jet energy in
simulation is spread to match the resolution observed in
data. Both the JES and JER corrections affect the shape of
Mgy distributions used in the scale factor fits. Therefore,
they contribute to the uncertainties in the Z + ¢ and
Z + b jets event yields.

Pileup weighting: The distribution of the number of
pileup events in simulation is weighted to match that in
data. The corresponding uncertainty is estimated by vary-
ing the total p p inelastic cross section by 4.6% based on the
measurement described in Ref. [46]. Since the shapes of
Mgy templates are affected by the pileup weighting,
this uncertainty source contributes to the Z + ¢ jets and
Z + b jets event yields as well.

Gluon splitting: Particles from a pair of collimated ¢ or b
quarks may end up in the same reconstructed jet, which can
affect the shape of Mgy template. To quantify the corre-
sponding uncertainties in the scale factor fit, the fraction of
MC events with gluon splitting is varied by 50%, which is
about three times the experimental uncertainty in the gluon
splitting rate measured at LEP [47,48]. The resulting
variations in MC Mgy shape is propagated to the scale
factor fit.

Background rates: The tt, single top quark, and diboson
backgrounds are estimated in simulation using NNLO and
NLO cross sections to normalize the event rates. The
uncertainties in the 77 and diboson background contribu-
tions are obtained by varying their production cross
sections by 5.5 and 3.2%, respectively. The uncertainty
in the single top backgrounds is ignored because these
backgrounds represent a very small fraction (< 1%) of the
total event sample.

Statistical uncertainties of Mgy templates: A systematic
uncertainty is associated to the limited number of events
in the MC samples used to define the template shapes.
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TABLE IV. Systematic uncertainties in the scale factor mea-
surements. The uncertainty ranges correspond to variations across
jet and Z pr bins.

SF. SF,
JES, JER 1.7-7.4% 0.3-2.1%
Template statistics 2.4-6.1% 0.6-2.7%
Gluon splitting 2.2-3.9% 0.5-2.0%
Pileup weighting 1.6-2.8% 0.3-1.0%
Background uncertainty 0.3-1.0% 0.4-1.2%
b jet Mgy correction 0.2-1.6% 0.2-0.8%
Total systematic uncertainty 4.8-12.5% 1.1-4.9%

To estimate the corresponding uncertainty, an ensemble
of the Mgy templates has been created where the bin
contents have been modified by additional statistical
fluctuations.

Correction of the b jet Mgy template: This systematic
uncertainty is related to the ad hoc shape correction
function used to derive the b jet Mgy template from control
samples in data. This correction, parametrized as a second
order polynomial, accounts for the difference in shape of
My distributions in 77 and Z + jets events. The uncertainty
of the shape correction is estimated by changing the
polynomial functional forms.

Heavy-flavor tagging efficiency: The HF tagging effi-
ciencies for ¢ and b jets are estimated in simulation and
corrected by the efficiency scale factors as described in
Sec. V B. The systematic uncertainties of the efficiency
scale factors of ¢ jets and b jets with 30 < pr < 100 GeV
and || < 2.4 are ~3.5% and ~1.4%, respectively [42].

Missing transverse momentum selection efficiency: This
uncertainty source accounts for possible differences in
the pP™ selection (pf*® <40 GeV) efficiencies for

TABLE V. The systematic uncertainties in the cross section
ratio measurements. The uncertainty ranges correspond to var-
iations across jet and Z pr bins.

R(c/j) R(b/j)  R(c/b)
Scale factor measurement 5.4-13.8% 1.4-4.4% 5.6-12.6%
HF tagging 3.8-4.6% 1.1-1.5% 4.9-6.1%
Statistical uncertainty 1.6-7.5% 0.6-3.0% 1.8-8.6%

Z +jets and Z + HFjets events. The effect comes from
contributions of semileptonic decays of HF hadrons in
Z + HFjets events, which results in large pis* values.
Therefore, the efficiencies tend to be lower for Z 4 HF jets
events by =1% at high jet and Z boson pt regions
compared to those of Z + jets events. An uncertainty
of 1.5% is included in the R(c/j) and R(b/j) differential
results for jet (Z boson) pt bins where pr > 60 (90) GeV.

PDF and pg, pp scale uncertainties: These uncertainty
sources affect the unfolding correction described in
Sec. VI, which is based on the Z + jets MC samples.
The unfolding is performed with different PDF replicas and
alternative choices of the renormalization and factorization
scales. The uncertainties are obtained from variations of the
unfolded results and they are less than 2.5%, 2.8%, and
2.9% in all jet and Z py bins for R(c/j), R(b/j), and
R(c/b), respectively.

Parton shower and hadronization model: The unfolding
procedure is based on response matrices constructed
from the Z -+ jets simulation sample described in
Sec. III. This sample uses PYTHIA to simulate the parton
shower and hadronization. An alternative model is provided
by the HERWIG++ generator [49]. The uncertainties in
parton shower and hadronization modeling are estimated
by comparing the unfolded results using response matrices
from those two models. They are less than 3% for all
differential cross section ratios.

Table IV summarizes the effects of systematic uncer-
tainty sources on the SF. and SF, shown in Tables II
and III. They are quantified as the differences in
quadrature between scale factor uncertainties obtained
in two fits: the nominal one where all parameters are
allowed to float, and an alternative fit where the nuisance
parameter corresponding to the uncertainty source of
interest is fixed. The uncertainties from the scale factors
and HF tagging efficiency together with the statistical
uncertainties of the cross section ratios are listed in
Table V.

In the unfolded differential results, the uncertainties of
the measurements described here are included in the data
covariance matrix, which is used to build a least squares
fit of the unfolding. An error covariance matrix for
the unfolded distributions is estimated. This includes the
uncertainties from the data, response matrix, and the
unfolding procedure.

TABLE VI. Cross section ratios measured in the electron and muon channels, along with the combined results. The first and second
uncertainty values correspond to the statistical and systematic contributions, respectively.

Electron Muon Combined
R(c/j) 0.098 + 0.002 £ 0.009 0.094 £ 0.002 £ 0.008 0.095 + 0.002 £ 0.008
R(b/j) 0.0546 £ 0.0005 £ 0.0010 0.0538 £ 0.0004 £ 0.0010 0.0541 £ 0.0003 £ 0.0011
R(c/b) 1.80 £ 0.05 £ 0.17 1.75 £0.04 £0.16 1.76 £ 0.03 = 0.16
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TABLE VII. Unfolded cross section ratios in the electron and muon channels, along with the combined results. The first and second
uncertainty values correspond to the statistical and systematic contributions, respectively.

Electron Muon Combined
R(c/j) 0.105 £ 0.003 £ 0.009 0.101 £ 0.002 £ 0.009 0.102 £ 0.002 £ 0.009
R(b/j) 0.0639 4+ 0.0006 4+ 0.0015 0.0629 + 0.0005 + 0.0014 0.0633 4+ 0.0004 4+ 0.0015
R(c/b) 1.65 £0.04 +0.15 1.61 £0.04 +0.15 1.62 £0.03 +0.15

VIII. RESULTS

The observed and corrected (for the acceptance and
efficiency) cross section ratios for the inclusive measure-
ments are summarized in Tables VI and VII, respectively.
The measured differential cross section ratios are presented
in the Appendix B, Tables IX and X.

The unfolded differential cross section ratios, R(c/j),
R(b/j), and R(c/b), versus the jet and Z boson pr are
shown in Figs. 3, 4, and 5, respectively. The results are
compared with predictions from the MG5_aMC and MCFM
programs [50-52], both at LO and NLO. The renorm-
alization and factorization scales in the matrix element
and the PDF uncertainties are included in these pre-
dictions. For the former, the scales are varied between
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FIG. 3.

0.5 and 2 times their nominal value such that the ug/up
ratio is kept between 0.5 and 2. This conventional
choice is implemented in the CMS-default settings for
generating samples to estimate the theoretical MG5_aMC
LO and NLO cross sections. The uncertainty due to the
scales is taken to be the envelope of these predictions.
In addition, for the MCFM calculation, the constraint on
the ugp/pp ratio is dropped, i.e., the scales are varied
independently. This more conservative choice is moti-
vated by the fact that the Z + HFjets cross sections
as functions of the renormalization and factorization
scales have opposite trends [1]. The MCFM error bands
in Figs. 3-5 correspond to this choice of scale variation.
The uncertainties due to the scales in the cross section
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Unfolded, particle-level MG5_amc, and parton-level MCFM R(c/j) cross section ratios versus jet (left) and Z boson (right)

transverse momentum. The vertical error bars for the data points are statistical while the hatched band represents the total uncertainties.
The predictions are slightly shifted along the x-axis for readability in the upper plots, and their total PDF and scale uncertainties are

shown as error bands in the ratio plots.
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FIG. 4. Unfolded, particle-level MG5_amc, and parton-level MCFM R(b/j) cross section ratio versus jet (left) and Z boson (right)
transverse momentum. The vertical error bars for the data points are statistical while the hatched band presents the total uncertainties.
The predictions are slightly shifted along the x-axis for readability in the upper plots, and their total PDF and scale uncertainties are

shown as error bands in the ratio plots.

ratios are obtained by adding uncertainties in the
numerator and denominator in quadrature, i.e., they
are assumed to be uncorrelated. The PDF uncertainty
is evaluated by changing the replicas of the PDF set.

The LO cross sections are computed using MG5_aMC
interfaced with PYTHIA through the kp-MLM matching
scheme [53,54]. The LO matrix element calculations
include processes with up to 4 outgoing partons. The
NNPDF 3.0 LO PDF set is used and the matching scale
together with the strong coupling constant ag at the Z
boson mass are set at 19 GeV and 0.130, respectively. The
multileg MG5_aMC generator interfaced with PYTHIA using
the FxFx matching scheme evaluates the cross section
ratios at NLO precision. The choice of parameters is
described in Sec. IIL.

The MCEM generator is used to perform calculations
of the cross sections and cross section ratios at the
parton level in the SFS. The Z 4 jets cross sections are
evaluated by a simple cone algorithm with a radius of
0.4 (i.e., partons are merged if the distances, AR,
between them are less than 0.4). The central values
for the cross sections are evaluated at puz and pp set to
the mass of the Z boson. In addition, the NLO MCFM
results are shown for two PDFs, NNPDF 3.0 and

MMHT14 [55], along with the MCFM LO cross section
ratios. The values of ag are taken from those PDPFs.
Table VIII shows the predicted inclusive cross section
ratios from MG5_aMC and MCFM.

A few comments are in order when comparing data with
various predictions. The MG5_amC predictions for the cross
section ratios are higher in most of the bins, although still
compatible with the data given the large uncertainties,
except for the R(c/j) versus jet pr, where the deviations are
more pronounced. The data are better described with
MG5_aMC at LO compared to MG5_aMC at NLO. These
observations are similar to those reported in previous
measurements at 8§ TeV [11,56]. The MCFM predictions
for R(c/j) and R(b/j) disagree with data at high jet and Z
pr, except for R(c/j) versus jet pr, where in general there
is good agreement with LO or NLO calculations, and for
both PDFs considered. For R(c/b), however, all theoretical
predictions are consistent with the measured ratios, except
for the MCFM prediction for the highest Z boson pr bin. The
difference between the parton- and particle-level jets may
affect the MCFM predictions, although the corresponding
effects are significantly reduced or vanish in the cross
section ratios. Alternatively, higher order pQCD calcula-
tions might be needed to describe the data.
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IX. SUMMARY

Ratios of cross sections, o(Z + c jets)/o(Z + jets),
o(Z + b jets)/o(Z + jets), and o(Z+cjets)/o(Z+Djets)
in the associated production of a Z boson with at least
one charm or bottom quark jet have been measured
in proton-proton collisions at /s =13 TeV using
35.9 fb~! of data collected by the CMS experiment at
the LHC. The fiducial volume of the measurement is
defined by pr > 30 GeV and |n| <24 for the jets,
where pr and # represent transverse momentum and
pseudorapidity, respectively. The Z bosons are selected

TABLE VIIIL.

within the mass range of 71 and 111 GeV requiring
leptons (electrons or muons) with pp > 25 GeV and
|n| <2.4. The measured values are o(Z+ cjets)/
6(Z +jets) = 0.102 + 0.002 + 0.009, o(Z + b jets)/
o(Z + jets) = 0.0633 + 0.0004 + 0.0015, and o(Z+
cjets)/o(Z+Dbjets)=1.62+£0.03+0.15. Results for
the inclusive and differential cross section ratios as
functions of jet and Z boson transverse momentum are
compared with predictions from leading and next-to-
leading order perturbative quantum chromodynamics
calculations. These are the first results of this kind
at 13 TeV.

Predicted cross section ratios from MG5_amMcC and MCFM at LO and NLO accuracy. The first and second sets of

uncertainties correspond to PDF and scale variations, respectively. The scale uncertainties for MCFM with ug /g ratio kept between 0.5

and 2 are in the parentheses.

MGS5_amc (NLO, FxFx) MCFM (NLO) MG5_amc (LO, MLM) MCFM (LO)
R(c/j) 0.111 £0.00379019 0.090 == 0.003X0019 (F3:998) 0.103 £ 0.00370028 0.087 + 0.003 3023
R(b/j) 0.067 = 0.002 = 0.006 0.068 == 00022007} (£0.006) 0.062 £ 0.00270012 0.071 =+ 0.002595;
R(c/b) 1.64 +0.057012 1.33 £ 0.041929 (319 1.67 + 0.06* 934 1.20 + 0.04*9%
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FIG. 6. Secondary vertex invariant mass distributions for jet py bins 30-35 GeV, 50-110 GeV, and 110-200 GeV in the muon channel
derived from fits using the corresponding jet pt binned Z + HF jets data samples. The postfit uncertainty bands indicate the total
uncertainties, added in quadrature, of the best-fit values of signal and background process rates.
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