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The study of the associated production of vector bosons and jets constitutes an excellent en-
vironment to check numerous Quantum Chromodynamics predictions and help to improve the
understanding of the proton structure. Total and differential cross sections of vector bosons pro-
duced in association with heavy quarks and jets have been studied in proton-proton collisions
using CMS data. Differential distributions as function of a broad range of kinematic observables
are measured and compared with several theoretical predictions.
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1. Introduction

In this paper, recent results are presented on vector boson and heavy flavor (HF) production
obtained using proton-proton (pp) collision data collected by the CMS Experiment [1] at the Large
Hadron Collider (LHC).

2. Measurement of associated production of a W boson and a charm (c¢) quark at
the center-of-mass energy (1/s) = 13 TeV

The differential and integrated cross section measurements of W and ¢ quark production are
performed using data collected by the CMS Experiment in 2016 corresponding to an integrated
luminosity (L) of 35.7 fb~! [2]. The associated production of W bosons and ¢ quarks in pp
collisions at the LHC probes the strange (s) quark content of the proton directly through the leading
order (LO) processes g +s —» W" +cand g + s > W~ + ¢. Only a few percent of the total
cross section is contributed by the processes g + d — W* + ¢ and g + d » W~ + c. Therefore,
measurements of associated W + ¢ production in pp collisions provide useful information about the
s quark distribution of the proton. The parton distribution functions (PDFs) are used to describe the
structure of the proton, and PDFs are determined by comparing theoretical predictions obtained at a
particular order in perturbative quantum chromodynamics (pQCD) to experimental measurements.
The precision of the PDFs, which affects the accuracy of the theoretical predictions for cross sections
at the LHC, is determined by using the uncertainties of the experimental measurements, and by the
limitations of the available theoretical calculations.

In this measurement, W bosons are identified by their decay into a muon (u) and a neutrino.
The presence of a neutrino in an event is assured by imposing a requirement on the transverse
mass (mr), which is defined as the combination of muon transverse momentum (p#) and missing

o
transverse momentum (pp™5%):

mr = \/zpl,;p—?[‘mlss(l - COS(¢/1 - ¢I?rmiss))'

The dominant background originates from processes like u +d — W* + g* > W* +ccord +u —
W~ + g* - W~ + cC, with ¢ quarks produced in gluon splitting. In the W + ¢ signal events, the
charges of the W boson and the ¢ quark have opposite signs (OS). In gluon splitting, an additional
¢ quark is produced with the same charge as the W boson (SS).

The ¢ quarks are tagged by a full reconstruction of the charmed hadrons in the process c
— D*(2010)* — D°(1896) + o, = KT +n* + a3 . The signal is extracted from the Am
distribution, i.e. m(Knm) — m(Kr), in which resolution effects from the D° reconstruction cancel,
leading to a narrow D* signal. A cross section is measured in the fiducial region defined by p¥ >
26 GeV, In#| < 2.4, my > 50 GeV, and p}. > 5 GeV. An event is selected as a W + ¢ signal if it
contains a W + D*(2010)* and the background contributions from gluon splitting are removed by
subtracting the SS events from the OS events. The contributions from other background sources,
such as tt and single top quark production, are negligible. The inclusive cross section and cross
section ratio are o-(W + ¢) = 1026 + 31 (stat)"79 (syst) pb and c(W* + )/ (W™ + ¢) = 0.968 +

0.055 (stalt)ig'géfg (syst), respectively. The measurements are compared to the next-to-leading order
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(NLO) predictions calculated using the ABMP16nlo [3], ATLASepWZ16nnlo [4], CT14nlo [5],
MMHT14nlo [6], NNPDF3.0nlo [7], and NNPDF3.1nlo [8] PDF sets. Good agreement is observed
between the measured W + ¢ cross section and NLO calculations except for the prediction using
the ATLASepWZ16nnlo PDF set as shown in Figure 1 (left). For the cross section ratio o(W* +
¢)/o(W™ + c), all theoretical predictions are in good agreement with the measured value.

The present measurement probes the s quark distribution directly in the kinematic range of
<x> = 0.007 at the scale of m%v where x is the Bjorken scaling variable. To illustrate the impact of
this measurement in the determination of the s quark distribution in the proton, the data is used in
a QCD analysis at NLO together with inclusive deep inelastic scattering (DIS) measurements [9]
and earlier results from CMS on W + ¢ production at /s = 7 TeV [10] and available CMS
measurements of the lepton charge asymmetry in W boson production at v/s = 7 TeV [11] and
at \/s = 8 TeV [12]. The procedure for the determination of the PDFs follows the approach used
in the earlier CMS analyses [11]-[12]. The s quark distribution is determined by fitting the free
parameters. For all measured data, the predicted and measured cross sections together with their
corresponding uncertainties are used to build a global y?, minimized to determine the initial PDF
parameters [13]-[14]. Also, a partial )(2 divided by the number of measurements (data points),
is provided. The global and partial 2 values show a general agreement among all the data sets.

The s quark distribution s(x, Q?) and the strangeness suppression factor rg(X, ,u]%) =(s+s)/(u+ 8)

2
W

obtained in neutrino scattering experiments [15]-[18]. The s quark distribution is shown in Figure 1
(middle). Despite differences in the data used in the individual global PDF fits, the rg distributions
in ABMP16nlo, NNPDF3.1nlo, CT14nlo, and MMHT14nlo are in a good agreement among each
other and disagree with the ATLASepWZ16nnlo result [4]. The ABMP16nlo PDF includes the
most recent data on ¢ quark production in charged-current neutrino-nucleon DIS collected by the

are determined at the factorization scale (,uj%) of 1.9 GeV? and m2, and agree with earlier results

NOMAD and CHORUS experiments in order to improve the constraints on the s quark distribution
and to perform a detailed study of the isospin asymmetry of the light quarks in the proton sea. In
Figure 1 (right), the r is shown in comparison with the ATLASepWZ16nnlo and the ABMP16nlo.
Whereas the CMS result for r5(x) is close to the ABMP16nlo PDF, it shows a significant difference
with regard to the ATLASepWZ16nnlo PDF for x > 1073, The significant excess of the s quark
content in the proton reported by ATLAS is not observed in the present analysis.

3. Measurement of the Z + HF jets cross section at the /s of 13 TeV

The differential and integrated cross section measurements of Z(— II) + > 1 ¢ jet [19], where
Il = e*e” or u~u* and cross section ratios of the Z + b jet and Z + ¢ jet w.r.t Z + jet (R(b/j),
R(c/j)), and Z + c jet w.r.t Z + b jet (R(c/b)) [20] are performed using the data collected in 2016
corresponding to L of 35.9 fb~!. The differential and integrated cross section measurements of Z +
> 1bjet,Z+ > 2 b jets, and cross section ratio of the Z + > 2 b jets w.r.t Z + > 1 b jet are performed
using data collected during 2016-2018 corresponding to L of 137 fb~! [21].

The b jets or c jets are those jets that are initiated by b or ¢ quarks with a characteristic lifetime
of ~ 1.5 (1.1) ps of the b (c) hadron. The b (c) hadron travels ~1 cm at energy ~ 10-100 GeV in the
laboratory frame before decaying to several particles and forming a new vertex called the secondary
vertex. The invariant mass and impact parameter of the tracks associated with this secondary vertex
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Figure 1: Inclusive fiducial cross section o-(W + ¢) at 13 TeV (left). The s quark distribution as a function of
X at the ujzf of 1.9 GeV?. The results of the current analysis are presented with the fit uncertainties estimated
by the Hessian method (hatched band) and using MC replicas (shaded band) (middle). The ry as a function
of x at the ,u} of m%v of the current analysis (hatched band) are compared to ABMP16nlo (dark shaded band)
and ATLASepWZ16nnlo (light shaded band) PDFs (right) [2].

are the input variables to the b-tagging/c-tagging Deep Combined Secondary Vertices algorithm
DeepCSV [22]. This algorithm discriminates between signal and background. Inthe Z + > 1 c jets
and Z + HF jets cross section ratio analyses, the secondary vertex mass (Mgy ) is used to correct
simulation by applying the corresponding scale factors for the Z + c jet, Z + b jet, and Z + light
jet components. These scale factors are obtained by fitting Mgy templates from simulation to the
observed data. Figure 2 (left) shows the distribution of Mgy after applying the scale factor and
there is good agreement between the data and the simulation.

The fiducial phase space regions is defined as follows. The Z boson candidate is reconstructed
by requiring a pair of oppositely charged two electrons or two muons within the mass range of 71
and 111 GeV and || < 2.4. The Z boson candidate is required to be accompanied by at least one
inclusive or b jet or c jet selected with pr > 30 GeV and || < 2.4.

Due to detector resolution and the event selection inefficiency, there can be migrations between
bins of reconstructed distributions and it can alter the true distributions. Therefore, bin-by-bin
migrations are corrected by the response matrices, which describe the migration probability between
the particle- and reconstructed-level quantities of a given observable (for example Z or jet pr).

The total fiducial measured cross section of the Z + ¢ jet to be 405.4 + 5.6 (stat) + 24.3 (exp)
+ 3.7 (theo) pb. The differential cross sections for inclusive Z + ¢ jet production as a function of
¢ jet pr are shown in Figure 2 (middle). The measured integrated cross section ratio values are
R(c/j) = 0.102 + 0.002 (stat) + 0.009 (syst), R(b/j) = 0.0633 + 0.0004 (stat) + 0.0015 (syst), and
R(c/b) =1.62 + 0.03 (stat) = 0.15 (syst). The differential cross section ratios of R(c/b) as a function
of jet pr are shown in Figure 2 (right). The measured integrated cross sections for the Z + > 1
bjetand Z + > 2 b jets are 6.52 + 0.04 (stat) = 0.40 (exp) = 0.14 (th) pb and 0.65 + 0.03 (stat)
+ 0.07 (exp) = 0.02 (th) pb, respectively. The measured integrated cross section ratio of the Z +
>2bjetstoZ + > 1bjetis 0.100 = 0.005 (stat) + 0.007 (exp) + 0.003 (th) pb. The differential
cross section distributions for the Z + > 1 b jet, Z + > 2 b jets and cross section ratio of Z + > 2
b jets to Z + > 1 b jet as a function of leading b jet pr are shown in Figure 2 (left), (middle), and
(right), respectively. The predictions for Z + b and Z + c jet production can be derived in either a
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4-flavor number scheme (4FNS) or a 5-flavor number scheme (SFNS). In SENS, b quark density is
allowed in the initial state via a b quark PDFs of proton but not in 4FNS. The measured integrated
cross sections of the Z + c jet, R(c/j), R(b/j), Z + > 1 b jet, and Z + > 2 b jets are overestimated by
MGS5_aMC NLO 5ENS, except R(c/b). The Z + c jet, R(c/j), R(b/j), Z+ > 1 bjet,and Z + > 2 b jets
are well described by the MG5_aMC LO SFNS. The SHERPA NLO 5FN simulation overestimates
the measured integrated cross sections of the Z + ¢ jet, Z + > 1 b jet, and Z + > 2 b jets; however,
it provides a good description of the shapes of various kinematic observables. The R(c/j) and
R(c/b) are underestimated and R(b/j) is overestimated by the MCFM predictions at LO and NLO.
The measured value of the cross section ratio Z + > 2 b jets/Z + > 1 b jet is well described by
the MG5_aMC (LO) and SHERPA calculations but overestimated by MG5_aMC NLO prediction.
Since the predictions of inclusive Z + jets production at NLO order are in better agreement with
data than that at LO. This could be an indication that the PDFs overestimate the b/c quarks content
and can be useful to improve existing constraints on the b/c quarks content in the proton.
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Figure 2: Secondary vertex invariant mass distributions derived from fits using the inclusive Z + HF jets
data sample (left) [20]. Differential cross sections for inclusive Z + c jet production as a function of c jet pr
(middle) [19]. Measured, particle-level MG5_aMC, and parton-level MCFM cross section ratios R(c/b) as a
function of jet pr (right) [20].
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Figure 3: Differential cross section distribution for Z + > 1 b jet (left) and Z + > 2 b jets (middle) and cross
section ratio of Z + > 2 b jets to Z + > 1 b jet as a function of leading b jet pr [21].



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

Production of vector bosons in association with jets in CMS

4. Summary

The CMS experiments have a rich program of measurements related to heavy flavors and jets.
Here, we presented an overview of recent measurements which are sensitive to different theoretical
approaches and are used to probe the bottom, charm, and strange quark content of the proton.
Present measurements can be used as input to further optimization of the simulation parameters.
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