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Abstract

The most precise measurement to date of the W boson hadronic decay branching frac-

tion ratio Ry = B(W — ¢q)/B(W — qq ) is presented. The measurement is based
on a sample of proton-proton collision data from the CERN LHC collected by the CMS
experiment at a center-of-mass energy of 13 TeV in 2016-2018 with an integrated lu-
minosity of 138 fb . The large cross section of top quark-antiquark production at the
LHC offers a sizable high-purity sample of W bosons suitable for this measurement.
Events with one charged lepton (electron or muon) and at least four jets, two tagged
as bottom quark jets, are analyzed. Charm jets are tagged using the presence of a
muon inside the jet. The result, RZ:N = 0.489 £ 0.020, is consistent with the standard
model prediction and is twice as precise as the current world-average value.
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1 Introduction

In this Letter, we present a measurement of the rate of charm (c) quark production in W bo-
son decays relative to the rate of W hadronic decays to various quark flavors, RY =B (W —
cq)/B(W — qq ). Here W — cq stands for both W — ¢q (withg =d, 5, orb)and W~ — &q
(with q =d, s, or b). The W — qq hadronic decays include W — uq and W — c¢q contribu-
tions.

This measurement tests the universality of the weak interaction in the quark sector, a funda-
mental property of the standard model (SM) that assumes the sum of the couplings of any
up-type quark to all down-type quarks is the same for all generations. This property is en-
coded in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] through the unitarity condi-
tion };|V;; 2 = 1, separately for each generation i.

The Ry’ ratio can be expressed as a function of the CKM matrix elements through the relation
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Assuming the unitarity of the CKM matrix, RY is expected to be equal to 1/2. Therefore, a
measurement of RY is a direct test of this assumption. Furthermore, a value of |V | can be

determined from Eq. (1) using the RY measurement and the world-average values of the other
CKM matrix elements [3].

Previous measurements of R’ were performed by the LEP2 experiments [4, 5] analyzinge e~ —
WTW™ events. The current world-average value [3] derived from these measurements is

RY =049 40.04, corresponding to an uncertainty of 8%.

This Letter describes a measurement of Ry’ that is twice as precise as that value. The analysis
is based on proton-proton (pp) collision data from the CERN LHC at a center-of-mass energy
Vs = 13 TeV, collected by the CMS experiment in the period 2016-2018. The large cross section
at the LHC for the production of top quark-antiquark pairs (tt), each decaying into a W boson
and a bottom (b) quark, offers a sizable high-purity sample of W bosons suitable for a high-
precision study of their decays. Jets are tagged as originating from the hadronization of c
quarks by the presence of a muon, which comes from the semileptonic decay of a ¢ hadron,
inside the jet. The efficiency of this muon-based c-tagging method, employed in previous CMS
publications [6-9], can be precisely calibrated using data, enabling a precision measurement of

RY.

2 The CMS detector and object reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (1) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, along with a definition
of the coordinate system used and the relevant kinematic variables, is reported in Ref. [10].



Events of interest are selected using a two-tiered trigger system. 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 fixed latency of about 4 ys [11]. 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 [12].

A global particle-flow (PF) algorithm [13] reconstructs and identifies each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector. Photons are identified as ECAL energy clusters not linked to the extrapolation of
any charged-particle trajectory. Electrons are identified as a charged-particle track with many
ECAL energy clusters, corresponding to the extrapolation of this track to the ECAL and pos-
sible bremsstrahlung photons emitted along the path through the tracker material. Muons are
identified as tracks in the central tracker consistent with either a track or several hits in the
muon system, and associated with calorimeter deposits compatible with the muon hypothesis.
Charged hadrons are identified as charged-particle tracks identified neither as electrons nor
as muons. Finally, neutral hadrons are identified as HCAL energy clusters not linked to any
charged-hadron trajectory, or as a combined ECAL and HCAL energy excess relative to the
expected charged-hadron energy deposit.

The energy of photons is obtained from the ECAL measurement. The energy of electrons is
obtained from a combination of the electron momentum at the primary vertex (PV) derived
using the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all
bremsstrahlung photons spatially compatible with originating from the electron track. The en-
ergy resolution of reconstructed photons ranges from 1% in the barrel section of the ECAL to
approximately 3% in the endcaps [14]. For electrons with transverse momentum (pt) around
45GeV from Z — ee decays, the py resolution varies between 1.6% and 5%, with generally
better performance in the barrel region than in the endcaps [14]. The energy of muons is ob-
tained from the curvature of the corresponding track. Matching muons to tracks measured in
the silicon tracker results in a pr resolution of 1% in the barrel and 3% in the endcaps for muons
with pp up to 100 GeV [15]. The energy of charged hadrons is determined from a combination
of their momentum measured in the tracker and the matching calorimeter energy deposits,
corrected for the response function of the calorimeters to hadronic showers. Finally, the energy
of neutral hadrons is obtained from the corresponding corrected calorimeter energies. The PV
is taken to be the vertex corresponding to the hardest scattering in the event, as described in
Section 9.4.1 of Ref. [16].

Hadronic jets are clustered from the PF objects using the infrared- and collinear-safe anti-kt
algorithm [17, 18] with a distance parameter of 0.4. The jet momentum is determined as the
vector sum of all particle momenta in the jet, and is found from simulation to be, on aver-
age, within 5-10% of the true momentum over the entire transverse momentum spectrum and
detector acceptance. Additional pp interactions within the same or nearby bunch crossings
(pileup) can contribute additional tracks and calorimetric energy deposits, increasing the ap-
parent jet momentum. To mitigate this effect, charged particles identified as originating from
pileup vertices are discarded, and an offset correction is applied to account for remaining con-
tributions from neutral hadrons [19]. Jet energy corrections are derived from simulation to
bring the measured response of jets to that of particle level jets on average. In situ measure-
ments of the momentum balance in dijet, photon + jet, Z + jet, and multijet events are used
to correct for any residual differences in the jet energy scale (JES) between data and simula-
tion [20]. The jet energy resolution (JER) typically amounts to 15-20% at 30 GeV and 10% at
100 GeV. A spreading procedure is applied to match the JER in simulation to that in data [20].



Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures.

The missing transverse momentum vector pi"** is computed as the negative vector sum of the

pr of all the PF objects from the PV, including unclustered energy from the PF objects not asso-
ciated with any reconstructed lepton, photon, or jet [21]. Its magnitude is denoted as p™**, and
it is a measure of the transverse momentum of particles leaving the detector undetected. The
pmiss js modified to correct the energy scale of the reconstructed jets in the event. Anomalous
high—p%liSS events can be due to a variety of reconstruction failures, detector malfunctions, or
noncollision backgrounds. Such events are rejected by event filters that are designed to iden-
tify more than 85-90% of the spurious high-pMi events with a mistagging rate of less than

0.1% [21].

The trigger, reconstruction, and selection efficiencies are corrected in simulation to match those
observed in the data. Lepton efficiencies (€,) are evaluated using data samples of dilepton
events in the Z boson mass peak region with the tag-and-probe method [22], and correction
factors €2 /eMC binned in pf and 7 of the leptons, are implemented.

3 Data and simulated event samples

This measurement is performed using a data sample of pp collisions at /s = 13 TeV collected
by the CMS experiment during the 2016 (36.3 fb~!), 2017 (41.5fb '), and 2018 (59.8 fb™') data-
taking periods with a total integrated luminosity of approximately 138 fb~".

The signal process, referred to as semileptonic tt, occurs in events where one of the W bosons
produced in the decay of the tt pair, decays leptonically, whereas the second W boson decays
hadronically into two jets. The high transverse momentum lepton (electron or muon) is used
for the online selection of signal events, and the identification of a c jet enables the measurement
of RY. The presence of two additional b jets from the decay of the tt pair efficiently suppresses
the background from events where a vector boson (W, Z/v*) is produced in association with
jets (collectively denoted as V +jets). Other background processes are tt events where the two
W bosons decay leptonically (referred to as dileptonic tt) and single top quark production. The
background of diboson (WW, WZ, and ZZ, collectively denoted as VV) events is negligible.

The Monte Carlo (MC) event generator POWHEG v2.0 [23-25] is used to simulate the production
of tt and single top quark (s-, t-, and tW channels) events at next-to-leading-order (NLO) accu-
racy in quantum chromodynamics (QCD). The renormalization and factorization scales are set
to the transverse mass my = V'm? + p of the top quark, where m, = 172.5GeV is used. Simu-
lated samples of V + jets are generated at NLO accuracy with the MADGRAPH5_aMC@NLO [26]
(version 2.6.3) matrix element generator. The diboson production process is modeled at leading
order with samples of events generated with PYTHIAS8 [27] (version 8.219). The parton distri-
bution functions (PDFs) NNPDF3.1 NNLO [28] are used. The output of the event generators
is combined with the parton shower (PS) and hadronization simulation of PYTHIAS8 using the
underlying event tune CP5 [29]. Pileup collisions are overlaid in each simulated event, and the
generated distribution of the number of events per bunch crossing is matched to that observed
in data. The detector response is simulated using GEANT4 [30].



4 Event selection

The event sample is collected with a trigger algorithm [12] that requires the presence of an elec-
tron (muon) candidate with a minimum pr of 27, 32, and 32 GeV (24, 27, and 24 GeV) during the
2016, 2017, and 2018 data-taking periods, respectively. Electrons and muons are selected using
tight identification criteria following the reconstruction algorithms discussed in Refs. [14, 15].
We select electrons (muons) with pf > 35 (30) GeV and |5‘| < 2.4. The isolation I’ of a lepton

is defined as the scalar p; sum of all PF particles within a distance AR = v/ (A7)? + (A¢)? < 0.3
(0.4) around the electron (muon). Electrons are identified using gradient-boosted decision
trees, where isolation is one of the included observables. The muon candidate is isolated if
I*/p% < 0.15. Events with an additional isolated lepton with p% > 20 GeV are rejected.

The transverse mass (1) of the lepton and pis is defined as

my = /2 ph PR [1— cos(gy — @),
2 miss

where ¢, and P pmiss are the azimuthal angles of the lepton and the pi"** vector, respectively.

Events with my < 20 GeV or pTiss < 20 GeV are discarded to suppress the contamination from
events composed uniquely of jets produced through the strong interaction.

In addition to the requirements above that are designed to select events with a W boson decay-
ing leptonically with an electron or a muon in the final state, we require the presence of at least

four jets with pj;t > 25GeV and |7®!| < 2.4. Jets with a low angular separation between the jet
axis and the selected isolated lepton, AR (jet, ¢) < 0.4, are not considered.

Two of the selected jets must be identified as originating from the hadronization of a b
quark. The b tagging algorithm employs a deep neural network multiclassification algorithm
(DEEPJET [31]) that considers the full information of all jet constituents, charged and neu-
tral particles, secondary vertices, and global event variables, simultaneously [32]. The chosen
working point of the algorithm corresponds to a misidentification rate of 1% for light-quark
and gluon jets (evaluated together and referred to as “light jets” in the following), and an iden-
tification efficiency of around 70% for bottom quark jets.

To further reduce the background and to improve the efficiency in the identification and clas-
sification of the four jets coming from the decay of the tt pair, we impose additional kinematic
constraints. We calculate the invariant mass of the prompt lepton and either of the two b-
tagged jets (my,) and discard events if m,, > 150 GeV for both b jet combinations. In addition,
we use the W boson and top quark mass constraints to perform a x? test evaluating the com-
patibility of three-jet combinations with the expectation from simulation for jets originating

from the decay of a top quark. The W boson invariant mass (mj‘jN) is determined from the two
highest pr jets, excluding the b jet candidates, and the top quark mass (m].tjb) is calculated using

. . . w
thtose two jets along with one of the b-tagged jets. The expected average values for m; and

M0 and its covariance matrix, are computed with the semileptonic tt simulation. An event is
discarded if the two possible three-jet combinations yield a p-value in the x? test smaller than
0.2. We also require that the b jet passing the x? test is different than the one fulfilling the m,,
requirement. According to the simulation, after applying these kinematic requirements, the
two b jets are correctly matched in 98% of cases, and the two jets from the W boson decay are
correctly assigned in 81%.

The data sample selected with the above criteria, referred to as ¢ + jets, consists of 916 680
events. According to the simulation, the data sample is composed of 45% semileptonic tt events
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with W — cq, 45% semileptonic tt with W — uq, 6% dileptonic tt, 3% single top quark, and
1% V + jets.

4.1 Identification of charm jets

The accurate identification of c jets from the decay of W bosons, the precise calibration of the
charm tagging efficiency, and the estimation of the associated systematic uncertainties are key
ingredients of the RY measurement. In a sizable fraction of the charm hadron decays (~=9% [3])
there is a muon in the final state. The presence of the muon inside the jet provides a high-
purity signature to identify c jets. Semileptonic c quark decays into electrons are not considered
because of the high background in identifying electrons inside jets. The muon-based charm
tagging method provides a clean selection of ¢ jets with a low misidentification rate for light
jets, which is precisely determined from data, as described below. This allows a precision
measurement of R’ with reduced systematic uncertainties.

Charm jets are tagged requiring a reconstructed muon among the constituents of either of the
two selected jets associated with the W boson candidate decaying hadronically. The muon
must satisfy the same tight reconstruction and identification quality criteria as those imposed
on the muons from the W boson decaying leptonically, except for isolation, which is inverted
requiring a minimum nonisolation of I* > 2.5GeV. The muon must be reconstructed in the
region |#| < 2.4, with 5 < pf < 25GeV, and p/ p];t < 0.5. The upper py requirement and
the p/ p]TEt condition significantly reduce the contamination from prompt muons overlapping
with or misreconstructed as jets. The lower pr threshold ensures a sufficiently high muon
reconstruction efficiency (70% at p} = 5GeV) since the muon must traverse the material in front
of the muon detector and penetrate deep enough into the muon system to be reconstructed and
satisfy the identification criteria. If more than one such muon is identified, the one with the
highest py is selected.

In the semileptonic tt charm signal events, the electric charges of the isolated lepton and the
muon from the ¢ hadron decay are opposite. We refer to these events as opposite-sign (OS)
events. We impose the OS condition as an additional selection requirement for the c-tagged
data sample.

In most of the backgrounds, the number of OS events is the same as the number of events for
which the charges of the isolated lepton and the muon in the jet are the same, which we refer
to as same-sign (SS) events. This applies to events c-tagged by the presence of a muon from the
decay of a pion or a kaon within a jet, or to events c-tagged by muons from b jets in tt events,
where the production of a bb pair from the tt decay ensures symmetric contributions from OS
and SS events. Additionally, heavy quark-antiquark pairs, generated, for example, by gluon
splitting in the PS and involving muons in their decay chain, also produce charge-symmetric
events. These charge-symmetric backgrounds can be estimated from the SS data sample lever-
aging the OS = SS background symmetry. For this reason, in the statistical analysis described
in Section 6, the expectation for OS events in data will be modeled by the sum of the OS — SS
subtracted simulation yields and the SS data events. This approach removes the need for the
simulation to estimate the charge-symmetric background contribution. The SS data and MC
yields differ by approximately 10%.

The selected data sample containing one c-tagged jet consists of 17973 OS and 4097 SS events.
Figure 1 shows relevant kinematic distributions of the muon inside the tagged c jets, illustrat-
ing the good agreement between data and simulation. In this figure, the normalization of the
semileptonic tt simulation, after applying the ¢ + jets selection criteria and before charm tag-



ging, has been scaled to match the data. The displayed distributions correspond to OS — SS
subtracted yields, both for the data and the simulations. The gray band in the predictions ac-
counts for the systematic uncertainties discussed in Section 5. The c-tagged jet sample has a
high purity of 97% in c jets. The only significant residual contribution after OS — SS subtraction
arises from dileptonic tt events, where a muon from the decay of one W boson overlaps with
a light jet. This contribution is inherently OS, since the muon inside the jet carries a charge
opposite to that of the isolated lepton from the decay of the other W boson.
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Figure 1: Kinematic distributions of the muon inside the c-tagged jets: transverse momentum
pf; (upper left), pseudorapidity #* (upper right), isolation I* (lower left), and p?/ p]Tet (lower
right). Histograms show OS — SS yields for both data and simulations. Events with a prompt
electron or muon are considered. The data are displayed as points with statistical error bars.
The gray band in the predictions represents the systematic uncertainties. The ratios of data
to the expected yields are given at the bottom of each panel, together with the statistical and
systematic uncertainties.

4.1.1 Calibration of muons inside charm jets

The modeling of the muon-based charm tagging relies on the accurate simulation of the pro-
duction of ¢ hadrons from the hadronization of ¢ quarks, and their leptonic and semileptonic
decays with a muon in the final state. The QCD PS, hadronization, and particle decay in the
simulated samples are performed by PYTHIA8. The charm fragmentation fractions (FFs), de-
fined as the probabilities for ¢ quarks to hadronize as particular ¢ hadrons, corresponding to
D*, D%/DY DF, and A hadrons, are reweighted in the MC samples to match the measured



values reported in Ref. [33]. These values, derived from a combination of e*te™, ep, and pp
collision data, are well suited to the charm production mechanism and kinematic regime rele-
vant to this study. In addition, the leptonic and semileptonic branching fractions (BFs) of the
¢ hadrons are adjusted to agree with more recent measurements [3]. The overall correction
reduces the rate of muons originating from c hadron decays in the simulation by 4.5%.

The reconstruction and identification efficiency of muons inside jets in the simulation is cali-
brated with data. The b jets in the ¢ + jets selected sample, identified with very high purity,
provide a suitable source of muons for calibration. These muons, originating from the semilep-
tonic decays of b hadrons or c hadrons produced in the hadronic decay of b hadrons, are kine-
matically similar to those found in c jets. The rate of muons in b jets depends on several factors:
the relative production rate of b hadrons from b quarks (i.e., the b-quark FFs), the muonic BFs
of b hadrons, the BFs of b hadrons decaying into ¢ hadrons, and the muonic BFs of the resulting
¢ hadrons. After applying the aforementioned corrections to the muonic BFs of ¢ hadrons, the
muon rate in b jets in the simulation aligns with experimental measurements [3], and no ad-
ditional corrections are required. A correction factor for the identification efficiency of muons
within jets is determined by comparing the rate of reconstructed muons inside b jets in data and
simulation, using the ¢ + jets selected sample as a starting point. The correction factor, which
ranges from 1.0 to 0.85, is independent of p/. but varies with muon isolation I* and pseudo-
rapidity |##|. The correction deviates from 1 as the muon becomes less isolated and also with
increasing |7*|. The dependence on I* ensures that the correction derived from muons in b
jets remains applicable to muons in ¢ jets, which typically have lower particle multiplicity. The
distributions shown in Fig. 1 are generated using calibrated muon efficiencies.

5 Systematic uncertainties

Several sources of systematic uncertainty affect the predicted event yields of the various signal

and background processes used to extract the RY measurement. For all the uncertainties, those
originating from the same source are considered fully correlated between channels, and those
arising from different sources are considered uncorrelated.

The high-pt prompt muons and electrons in the simulated samples have uncertainties asso-
ciated with the high-level trigger, reconstruction, and identification efficiencies (1-2%). These
uncertainties are uncorrelated across lepton flavors but correlated across data-taking years and
are parameterized as functions of the lepton pr and 7. The uncertainty associated with the
possible misidentification of the sign of the lepton electric charge is negligible.

JES and JER uncertainties are accounted for by varying the energy of reconstructed jets in simu-
lated events. These variations incorporate multiple uncertainty sources, which are categorized
by detector regions and data-taking years [20]. The JES variations are also propagated to the
prT“iss. The resulting uncertainties in the predicted yields are 4% (1%) for JES (JER). The b tag-
ging identification and mistagging efficiencies in the simulation are calibrated to match the
corresponding efficiencies in data [34]. Separate uncertainties in the tagging and mistagging
corrections are assigned resulting in an overall yield uncertainty from b tagging of 2.5%.

All MC samples are reweighted to match the pileup distribution in data, assuming a total in-
elastic cross section of 69.2 mb, with a 4.6% uncertainty [35]. The statistical uncertainty of the
charm-tagged SS data sample, which is used as the prediction for the mistag contamination of
the OS signal sample, is taken as the systematic uncertainty (1.6%) of this component. Addi-
tionally, the measured integrated luminosity values for the three data-taking years have uncer-
tainties between 1.2% and 2.5% [36-38], while the overall uncertainty for the combined data set



is 1.6%, affecting the predictions from the simulations.

In addition to the experimental sources, we consider theoretical uncertainties affecting the MC
simulations. All MC samples are normalized according to their respective SM cross section val-
ues, and uncertainties in the rates of each process are assigned using the precision of CMS cross
section measurements or theoretical calculations. A 5% uncertainty is assigned to tt produc-
tion [39]; 1%, 2%, and 4% to single top quark s-, t-, and tW-channel production [40, 41]; 2% to
V +jets [42]; and 6%, 5%, and 7% to diboson WW, ZZ, and WZ [43—45]. The uncertainty from
the choice of PDF is estimated from the Hessian NNPDF3.1 sets according to the procedure
described in Ref. [28]; the resulting uncertainty is negligible. For the PS simulation, uncertain-
ties are separately assessed for initial- and final-state radiation (ISR and FSR), by varying the
respective scales up and down by factors of two. The effect of the ISR uncertainty is negligible
but the FSR uncertainty changes the predicted yields of the samples with and without c tag-

ging by 6% and 4%, respectively, producing a significant impact on the RY uncertainty of 1.9%.
An additional uncertainty is included, which is estimated by reweighting the simulation to the
measured top quark py in Ref. [46]. The effect of this uncertainty is negligible.

The systematic effects discussed so far (except for the effect of the PS FSR uncertainty) have a

minimal impact on the uncertainty of the RY measurement since they affect the predictions for
the W — cq and W — uq contributions in approximately the same way. The dominant source

of uncertainty in R‘CN arises from systematic effects related to ¢ tagging, which influence the pre-
dicted yields of the c-tagged sample. The correction of the muon rate in the decay of ¢ hadrons
in the simulation, described in Section 4.1.1, introduces an uncertainty of 2.2% in the W — cq
rate, reflecting the precision of the charm FF and semileptonic decay BF measurements. The
scale factor correcting the reconstruction and identification efficiency of muons inside jets in
the simulation, determined by comparing the rate of muons in b jets in data and simulation,
as detailed in Section 4.1.1, brings in an uncertainty of 2.7%. This value mostly arises from
the uncertainty in the measurements of the b quark FFs to B+, BY/BO, Bg, and Ag hadrons,
the semileptonic decay BFs of these b hadrons, the decay BFs of b hadrons into D+, DY/DY,
D, and A hadrons, and the semileptonic decay BFs of these ¢ hadrons. It also includes un-
certainties related to the calculation of the correction, such as residual kinematic differences
between muons in b jets and c jets. The effect of modeling the charm quark fragmentation in
the simulation is evaluated by varying +£5% the pt of the muon in the c-tagged jets, resulting
in a systematic yield uncertainty of 0.4%. The variation considered for p}. corresponds to the
dispersion and uncertainty in the measurements at LEP of the average energy fraction of D
mesons in charm quark fragmentation [47—49].

The main systematic uncertainties affecting the RY measurement are summarized in Table 1.
Relative changes in the predicted event yields of the samples with and without charm tagging

are given together with the impact of each uncertainty source on the measured value of RY.
The total systematic uncertainty is 3.9%.

6 Results

For the extraction of the R!' BF ratio, the observed and predicted global event yields, split into
four exclusive categories, are used to make a fit with the CMS statistical analysis and combi-
nation tool, COMBINE [50]. The four event categories are constructed depending on the flavor
of the prompt lepton (electron or muon) and the charm tagging (tag or no tag) of one of the
jets associated with the W boson. The predicted input yields from the simulation are separated
between W — cq and W — uq contributions (from both semileptonic tt and single top quark



Table 1: Summary of the main systematic uncertainties affecting the RY measurement. The
quoted numbers are the percentage change in the predicted yields of the samples with no charm
and with a charm tag, and the last column reflects the impacts in percentage of the measured
RY value from each uncertainty source. The total systematic uncertainty, calculated from the
various sources of uncertainty and their correlations, is given in the last row.

No charm tag Charm tag Impact on RY

Source Uncertainty [%]

Charm tagging: muon identification — 2.7 2.6
Charm tagging: muon rate in simulation — 22 2.1
Parton shower final state radiation 4.0 6.0 1.9
Jet energy scale 4.0 4.0 0.6
SS data statistical uncertainty — 1.6 0.5
Charm fragmentation modeling — 0.4 0.3
Jet energy resolution 1.0 1.0 0.3
b tagging 2.5 2.5 0.2
MC background normalization 5.0 5.0 0.1
Integrated luminosity 1.6 1.6 0.1
Total 3.9

production with a hadronically decaying W boson) and are varied in an anticorrelated manner
in the fit. The fit also determines the global normalization of the combined W — cq +W — uq
contributions. The small background contributions from dileptonic tt and V + jets events are
taken from the simulation. The effects of systematic uncertainties and their correlations are
included by incorporating nuisance parameters into the fit model. As noted in Section 5, many
of the systematic effects influence the normalization of the W — uq and W — cq contributions

in the same way and therefore do not impact the uncertainty of the measured RY ratio.

The observed data yields entering the fit for the two categories with a charm tag are OS events.
The predicted yields are constructed using the OS — SS subtracted yields from the MC sim-
ulations and the observed SS data representing the remaining background contributions, as
described in Section 4.1. This procedure has the advantage that the prediction for the back-
ground contribution to W — cq relies only on the simulation for a small fraction of the events
(3%). The remaining backgrounds are accurately characterized by data, significantly reducing
the systematic uncertainty in their prediction. Table 2 lists the observed and predicted event
yields for the four categories used in the fit. The uncertainties are primarily driven by corre-

lated systematic effects, which cancel out in the determination of RZN.

The fit yields a value RZV = 0.489 £ 0.005 (stat) £ 0.019 (syst), with a total uncertainty of +0.020,
in good agreement with the prediction of the SM. The precision of the measurement, limited by
the systematic uncertainty in the charm tagging efficiency, is improved by more than a factor
of two compared with the world-average value, as shown in Fig. 2.

To illustrate the good description of the data by the simulation, we display in Figs. 3 and 4, for
the four event categories used in the fit, the post-fit distributions of the invariant mass of the
two jets associated with the W boson, and the invariant mass of the three jets associated with
the top quark. The counting fit slightly adjusts the normalization of the simulation predictions
while leaving the shapes of the distributions unchanged.
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Table 2: Observed and predicted event yields input to the fit for the four categories. Predictions
are separated by process. For the two categories with charm tag, the yields predicted by the
simulations correspond to OS — SS subtracted events, the SS contamination is estimated with
data, and the number of observed events in data corresponds to OS events. The relative un-
certainties shown in parenthesis for the predictions are based on the statistical uncertainties of
the MC samples and the systematic uncertainties and their correlations discussed in Section 5.
Correlated systematic effects dominate the uncertainties.

Prompt u Prompt e Prompt u Prompt e
Process no charm tag  no charm tag charm tag charm tag
tt, W = cq 245816 (7%) 151570 (7%) 8172 (9%) 4993 (9%)
tt, W = uq 257789 (7%) 159146 (7%) 150 (9%) 84 (9%)
Dileptonic tt 31343 (7%) 19219 (7%) 299 (8%) 188 (8%)
Single top, W — cq 5060 (7%) 3085 (7%) 133 (10%) 93 (10%)
Single top, W — uq 4772 (7%) 2948 (7%) 2 (50%) 2 (50%)
Single top, no W — qq 3620 (13%) 1884 (13%) 15 (20%) 9 (50%)
V +jets 5005 (12%) 3687 (12%) 43 (30%) 9 (50%)
Diboson 299 (12%) 142 (12%) 1 (50%) 1 (50%)
Total predictions OS — SS 8815 (9%) 5379 (9%)
Data SS 2551 (2%) 1546 (2%)
Total predictions 553705 (7%) 341681 (7%) 11366 (7%) 6925 (7%)
Data OS 553378 341232 11167 6806

Using Eq. (1) and the CMS measurement of the sum of squared elements in the first two rows
of the CKM matrix (1.984 £ 0.021, determined from the measured W boson leptonic decay
BFs [51]), the sum of squared elements in the second row of the CKM matrix can be derived.
The obtained value, > = 0.970 £ 0.041, provides a consistency test of the CKM matrix unitarity.
In addition, using the measured value of X and the world-average values of |V 4| = 0.221 £+
0.004 and |V, | = 0.0408 £ 0.0014 [3], a value of |V, | = 0.959 4 0.021 is obtained. This value
is less precise than the current world-average value, | V.| = 0.975 £ 0.006 [3], determined from
leptonic and semileptonic charm hadron decays, but it provides an independent measurement
from hadronic W boson decays.

7 Summary

The most precise measurement to date of the W boson hadronic decay branching fraction ratio
RY = B(W — ¢q)/B(W — qq ) is reported. The measurement is based on a data sample col-
lected by the CMS experiment at a center-of-mass energy of 13 TeV in 2016-2018 at the CERN
LHC with an integrated luminosity of 138 fb~'. The large cross section of top quark-antiquark
production at the LHC offers a sizable high-purity sample of W bosons suitable for this mea-
surement. Events with one prompt charged lepton (electron or muon) and at least four jets, two
of them tagged as bottom quark jets, are analyzed. Charm jets are tagged using the presence of
a muon inside the jet. This charm tagging method enables the selection of a sample of charm
jets with a low level of background that is precisely determined from data. The measured RY
value is 0.489 4 0.020, in good agreement with the standard model prediction. The relative pre-
cision of the measurement of 4%, limited by the systematic uncertainty in the charm tagging
efficiency, is improved by a factor of two compared with the current world-average value.

From the R}’ measurement, the sum of squared elements in the second row of the Cabibbo—
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Figure 2: Comparison of the measured value of RY with previous LEP2 measurements [4,
5], and the world-average value [3]. Horizontal bars represent the total uncertainty of the
measurements.

Kobayashi-Maskawa (CKM) matrix, 0.970 & 0.041, and the CKM matrix element |V | = 0.959 +
0.021 are derived. These results provide a consistency test of the CKM unitarity and a measure-
ment of |V, | from hadronic W boson decays.
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Figure 4: Invariant mass of the three jets associated with the top quark, for the four event cat-
egories entering the fit: prompt muon and no charm tag (upper left), prompt electron and no
charm tag (upper right), prompt muon and charm tag (lower left), prompt electron and charm
tag (lower right). The measured data correspond to OS events, whereas the predictions from
the simulations are OS — SS subtracted yields on top of the background prediction using the SS
data. The data are displayed as points with statistical error bars. The gray band in the predic-
tions represents the pre-fit systematic uncertainties. The ratios of data to the expected yields
are given at the bottom of each panel together with the statistical and systematic uncertainties.
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