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1 Introduction

Over a decade has passed since the ATLAS and CMS Collaborations at the CERN LHC
discovered the Higgs (H) boson [1-3]. With more data and improved analysis techniques,
precise measurements of the properties of the H boson have become possible, along with its
rare decay channels. The couplings of the H boson to other standard model (SM) particles are
among its most important properties [4, 5]. The coupling strength modifiers, x, are introduced
to parameterize potential deviations from the SM predictions in the H boson interactions
with other particles. The couplings to bosons (Z, W, and y) are well determined, based on
precise measurements from the H — Z7Z — 4/, H - WW_ and H — yy decay channels [4, 5].
Among the Yukawa couplings, only those to third-generation fermions have been firmly
established. The coupling modifiers x;, and k; have been constrained through measurements
of the H — bb [6-8] and H — 1t [9, 10] processes, while k; has been constrained through
a global fit [4, 5]. The coupling to muons has been probed in the H — pu channel [11, 12],
reaching evidence at the level of 3 standard deviations [4].

The direct constraints on k. have been obtained through searches for H — cc decays.
These constraints have been derived in several production processes, including gluon fusion
(ggH) [13] and associated production with a vector boson (VH) [8, 14, 15]. With the advanced
analysis techniques and recent improvements in charm jet identification methods (charm
tagging) and calibrations [16, 17|, direct searches for H — cc decays have significantly
improved in sensitivity. The most recent CMS result sets an observed (expected) constraint
of |k.| < 5.5 (3.4) at 95% confidence level (CL) [15]. A recent ATLAS measurement further
improves the observed (expected) limit to |k.| < 4.2 (4.1) at 95% CL [8, 14]. In addition
to direct searches, k. can also be constrained indirectly through differential measurements
of the transverse momentum (pr) of the H boson across multiple decay channels [14, 18].
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Figure 1. Leading-order Feynman diagrams that contribute to the pp — cH process. The red dots
indicate vertices where the Higgs-charm coupling modifier k. is involved.

An alternative method to probe the Higgs-charm coupling is via H boson production in
association with charm quarks (cH) [19, 20]. This channel probes k. via radiation of a H
boson of a charm quark. Charm quarks appear abundant in the initial state together with
a gluon. Leading-order (LO) Feynman diagrams contributing to the pp — ¢H process are
shown in figure 1. Despite a small cross section of this channel, corresponding to ~0.2% of
the total H boson production rate, this channel offers the advantage for exploring simpler
event signatures compared to those involving ¢ jets from the H boson decay. Recently, the
CMS Collaboration reported on this production mechanism in the diphoton decay channel
using the proton-proton (pp) data set at /s = 13 TeV collected between 2016 and 2018 [21].
An observed (expected) limit |x.| < 38.1 (72.5) at 95% CL has been obtained. Additionally,
a search for the production of a H boson and one or more charm quarks was released by
the ATLAS Collaboration [22]. The ATLAS analysis did not measure the cH component
that is sensitive to k.. Hence, no constraint on |k.| was reported.

In this paper, a search for a H boson produced in association with a charm quark is
presented, where the H boson decays to two W bosons, one decaying to an electron-neutrino
pair and the other to a muon-neutrino pair. This final state is chosen to suppress background
from Z-+jets production, which has a significantly larger cross section and predominantly
affects the same-flavor dilepton final states (ee and pp). Tabulated results are provided in
the HEPData record for this analysis [23].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting 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, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (7) coverage provided
by the barrel and endcap detectors. Muons are reconstructed in gas-ionization detectors
embedded in the steel flux-return yoke outside the solenoid. More detailed descriptions of
the CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in refs. [24, 25].



Events of interest are selected using a two-tiered trigger system. The first level (L1),
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 4 us [26].
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 1kHz before data storage [27, 28]. During the 2016 and 2017
data-taking, a gradual shift in the timing of the inputs of the ECAL L1 trigger caused a
specific trigger inefficiency. Correction factors were computed from data and applied to the
simulated events, to mitigate this effect.

3 Data sets and simulated samples

The data sets used in the analysis were recorded by the CMS detector in the 2016, 2017,
and 2018 data-taking periods, corresponding to an integrated luminosity of 36.3, 41.5, and
59.8 fb_l, respectively [29-31]. The 2016 data set is split into two separate periods, due to
a substantial change in the tracker and muon system configurations in the middle of the
data-taking, with the corresponding integrated luminosities of 19.5 and 16.8 fbfl, respectively.
Events are selected by a combination of triggers requiring the presence of either one isolated
muon with pp > 24 (27) GeV for 2016 and 2018 (2017), or one isolated electron with p of
27, 35, and 32 GeV for 2016, 2017, and 2018, respectively, or the presence of both (ep), with
values of pp > 23 (12) GeV for the lepton with the highest (second-highest) pr.

Processes for H boson production in association with a ¢ or b quark, cH and bH, are
generated with MADGRAPHS aMC@NLO 2.6 [32, 33] at next-to-leading order (NLO). Other
H boson production processes, including ggH, vector boson fusion (VBF), VH, and ttH,
are simulated with POWHEG v2 [34-40]. In this analysis, the cH process refers to H boson
production in association with at least one charm jet originating from diagrams proportional
to the charm Yukawa coupling. Contributions from H boson production processes that yield
charm jets but are not proportional to the charm Yukawa coupling, such as the one shown in
figure 2, are treated as background. Dedicated studies have been performed to assess the
impact of heavy-quark masses in cH and bH processes. In the 4-flavor scheme (4FS) [41], the
calculations are performed with massless ¢ quarks, while in the 3-flavor scheme (3FS) massive
¢ quarks are assumed. A similar approach is applied to b quarks: in the 5-flavor scheme
(bF'S) massless b quarks are used, whereas in the 4FS their mass is taken into account. These
two schemes are designed to model heavy quarks in different kinematic regimes, considering
whether the mass of the quark plays a role of hard scattering scale in this process. The
massless quark assumption simplifies the calculations significantly compared to including
their masses, but this approach introduces divergences at low energies. To mitigate this
effect, dedicated events are generated in order to estimate the uncertainties arising from the
kinematic differences. This analysis assumes massless ¢ or b quarks, using the 4FS for cH
and the 5FS for bH. These calculations are combined with parton shower (PS) processes
using FxFx jet merging [42] at NLO. The cross sections are found to be o,y = 90fb and
opg = 660 fb. The backward evolution recovers the information of the initial state ¢ and b
quarks [41]. The same method was used in our previous cH(H — ~) search [21].
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Figure 2. Diagram illustrating H boson production in association with a charm quark in the absence
of charm Yukawa coupling. The crossed vertex represents the top quark loop.

All H boson production processes other than cH are considered as background in this
analysis and denoted as H-bkg. The final state kinematics of the processes in figures 1 and 2
are very similar. Therefore, a multivariate discriminator based on a combination of kinematic
variables is used to distinguish the processes represented by these diagrams, as discussed
in section 5. In addition, the modeling of H-bkg processes involving heavy-flavor jets poses
significant theoretical challenges. To account for these difficulties, a 50% uncertainty is
assigned based on calculations for the ggH+bb process [43].

Other background processes, such as top quark-antiquark (tt), single top quark, and
diboson (WW,WZ,ZZ) production are produced with POWHEG v2 at NLO. Production
of Z bosons in association with jets (Z+jets) is simulated by MADGRAPH5__aMC@NLO 2.6
at NLO. For the W boson production in association with jets (W-jets), a combination of
simulated events of LO and NLO from different generators (MADGRAPH5__aMC@NLO 2.6 and
SHERPA 2.2 [44]) are used to obtain sufficiently large samples. The contributions of W+jets
and Z+jets are denoted inclusively as V+jets in this paper.

Signal and background processes are simulated using various event generators. For all the
simulated events, PYTHIA 8.240 [45] simulates underlying event (UE), PS, and hadronization.
The simulations employ the NNPDF 3.1 [46] parton distribution functions at next-to-next-
to-leading order (NNLO), along with the CP5 underlying event tune [47]. The simulated
events include additional pp interactions within the same or nearby bunch crossings (pileup),
which are corrected to match the distribution observed in data. The CMS detector response
is modeled with GEANT4 [48].

4 Event reconstruction and selection

The primary vertex is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in ref. [49]. Charged hadrons
originating from other vertices (pileup vertices) are removed from the analysis.

A particle-flow (PF) algorithm [50] aims to reconstruct and identify each individual
particle in an event (PF candidate), with an optimized combination of information from
the various elements of the CMS detector.

Electrons are measured in |n| < 2.5 with a gap at 1.44 < |n| < 1.57. The energy of
electrons is determined from a combination of the track momentum at the main interaction



vertex, the corresponding ECAL cluster energy, and the energy sum of all bremsstrahlung
photons attached to the track. 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 pp ~ 45 GeV from Z — ee decays ranges from 1.6
to 5%. It is generally better in the barrel region than in the endcaps, and also depends on
the bremsstrahlung energy emitted by the electron as it traverses the material in front of
the ECAL [51, 52]. Muons are measured in |n| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. The
momentum of muons is obtained from the corresponding track curvature. Matching muons to
tracks measured in the silicon tracker results in a relative pr resolution, for muons with pr
up to 100 GeV, of 1% in the barrel and 3% in the endcaps. The pt resolution in the barrel
is better than 7% for muons with pp up to 1TeV [53]. The selected electrons and muons
are required to pass tight identification criteria, ensuring a low misidentification rate with
lepton efficiencies of approximately 70% [51, 53]. To suppress leptons originating from b and
¢ hadron decays, while retaining those from W boson decays, isolation from jet activity is
required within a cone of radius AR = V/(An)* 4+ (A¢®) = 0.3 (0.4) for electrons (muons) [53],
where ¢ is the azimuthal angle in radians. The isolation is defined as the scalar pp sum of
the PF candidates within the cone divided by the lepton pr.

Events are selected if they contain exactly one electron and one muon, with the leading
lepton (¢1) pp > 25GeV and subleading lepton (¢2) pp > 15GeV. A higher pt threshold
of 35 (30) GeV is applied to the leading electron (muon) if an event is triggered only by a
single-lepton trigger. Additionally, due to higher online p thresholds, electrons must have
pr > 38GeV in the 2017 data set.

For each event, hadronic jets are reconstructed by clustering PF candidates using the
infrared- and collinear-safe anti-kt algorithm [54, 55] with a distance parameter of 0.4. Jet
momentum is determined as the vectorial sum of all particle momenta in the jet, and is
found from simulation to be, on average, within 5 to 10% of the true momentum over the
whole pr spectrum and detector acceptance. Pileup can contribute additional tracks and
calorimetric energy deposits to the jet momentum. To mitigate this effect, charged particles
identified to be originating from pileup vertices are discarded and an offset correction is
applied to correct for remaining contributions [56]. Jet energy corrections are derived from
simulation to bring the measured response of jets to that of particle-level jets on average.
In situ measurements of the momentum balance in dijet, photon+jet, Z4+jet, and multijet
events are used to account for any residual differences in the jet energy scale between data
and simulation [57]. The jet energy resolution amounts typically to 15-20% at 30 GeV, 10%
at 100 GeV, and 5% at 1TeV [57]. Additional selection criteria are applied to each jet to
remove jets potentially dominated by anomalous contributions from various subdetector
components or reconstruction failures.

Jets originating from charm quarks, ¢ jets, are identified using the DEEPJET algorithm [16,
58, 59]. This is a deep neural network algorithm which utilizes several input features, including
secondary-vertex properties, track-based variables, and PF jet constituents. Discrimination
between c jets and light jets (jets originating from u, d, and s quarks or gluons) is achieved
via the probability ratio defined as CvsL = p(c)/[p(c) +p(udsg)], where the p(c) and p(udsg)



represent the classifier output for ¢ and light jets, respectively. Similarly, discrimination
between c jets and b jets is based on the probability ratio defined as CvsB = p(c)/[p(c)+p(b)].
These two discriminant ratios are the charm jet discriminants, which are used to select ¢
jet candidates with thresholds of CvsL > 0.12 and CvsB > 0.5. The threshold values are
optimized for this analysis and provide a charm jet tagging efficiency of 43% while the b
(light) jet mistag rate is 27% (5%). This allows discrimination between cH and bH processes.
The ¢ jet with the highest CvsL score is considered the leading ¢ jet candidate. Events
with at least one jet that passes the above charm jet selection criteria and that satisfies
pr > 20GeV, |n| < 2.4, and AR(¢,7) > 0.4 (with ¢ = e, ) are selected. The shapes of ¢ jet
discriminants in the simulated samples are corrected by flavor-dependent simulation-to-data
efficiency scale factors [17].

The missing transverse momentum (pp’ iss) is computed as the negative vector sum of
the transverse momenta of all the PF candidates in an event, and its magnitude is denoted
as PP [60]. The pI* is modified to account for corrections to the energy scale of the
reconstructed jets in the event. Only events passing p%liss > 20 GeV are selected. Anomalous
high-p'*° events can arise due to a variety of reconstruction failures, detector malfunctions,
or non-collision backgrounds. Such events are rejected by event filters that are designed
to identify greater than 85% of the spurious high-p'™™ events with a mistagging rate less
than 0.1% [60].

In this paper, only the WW — evuv + ¢ final state is considered. The WW — evev and
uvuv decay channels are not considered due to the large Z+jet background contribution.
Therefore, the presence of an electron and a muon with opposite charges and AR(e, ) > 0.4
is required. The invariant mass (the pr) of the dilepton pair must be greater than 12
(30) GeV to remove low mass resonances. Furthermore, the event selection criteria employ
the transverse mass defined as

m3 = [ 2pSPIpE1 — cos Ag(obj, 7)), (4.1)

where the p%bj represents the transverse momentum of an object (a lepton, or dilepton system),

and Ag is the difference in ¢ between the object and p™®. A requirement on the transverse
mass with the subleading lepton, mfFQ > 30 GeV, is applied to suppress backgrounds not
originating from W boson decays.

5 Analysis strategy

Events are categorized into two signal regions (SRs) and two control regions (CRs). The ¢ jet
multiplicity requirement, N.; =1 and N,; > 1, defines two SRs with different sensitivities.
In each SR, events must satisfy mffg > 60 GeV and my, < 72GeV to maximize the signal
efficiencies and to suppress the background contributions. Two CRs are defined, denoted
as high-my, and top. The high-m,, CR follows the SR selection criteria, except for the
dilepton invariant mass requirement, which is inverted to maintain a similar background
composition as in the SRs. The top CR, in addition to the inverted my, selection, requires at
least two c jet candidates and mfre < 60 GeV to enrich the contribution of tt events. Table 1
summarizes the definitions of the SRs and CRs. The dominant background process is tt,
which contributes approximately 90% to the total background.



Selection No;=1SR Ng;>18R High my CR Top CR

¢ jet multiplicity Nej =1 >1 >1 >2
Dilepton invariant mass (GeV) My <72 <72 >72 >72
Transverse mass for the subleading lepton (GeV) mépz >30 >30 >30 >30
Transverse mass for the dilepton (GeV) m >60 >60 >60 <60

Table 1. Definitions of the SRs and CRs. Two SRs are defined according to ¢ jet multiplicity in
selected events. Events with dilepton invariant mass above 72 GeV are considered as CRs. Events
with an inverted transverse masses requirement that have at least two c jets are considered in top CR
and the remaining events are tagged as high-m,, CR.

A boosted decision tree (BDT) is used to construct two binary classifiers for distinguishing
signal from background events. The BDT is trained inclusively across all signal regions.
Owing to the limited statistical precision in the N_; > 1 signal region, a dedicated training
targeting this category was studied but found not to yield a significant improvement in
sensitivity. The first classifier, Dy, is designed to disentangle the cH process from the main
background contributions (tt, single top quark, diboson, and V+jets). The second classifier,
Dy _pig, 18 trained to separate the cH signal from other H boson processes. Both BDTs use
the same variables for training, including the py, the angular separations of the leptons, pp >
and the c jet candidate, as well as the CvsL and CvsB values of the ¢ jet candidate. The
full list of input variables to the BDT training are summarized in table 2. The classifiers
are implemented using the XGBoOST [61] package with the gradient boosting method. The
training data set includes 20k events for the c¢H signal, 40k for H-bkg, and 100k for the
other background processes. These data sets are split equally between training and validation.
Events are weighted according to their corresponding cross sections, and a class-balancing
weight is applied to the signal to ensure balanced training. The BDT trainings are optimized
separately for each data-taking era to account for differences in detector conditions. The
performance of Dy, and Dy, is evaluated using the area under the ROC curve in each
data-taking era, which ranges from 93 to 98% for D, and from 73 to 78% for Dy py,. In
Dy, kinematic and angular variables such as AR(£/,c) and my, rank highest in importance,
whereas in Dy, the DEEPJET CvsL is among the most dominant inputs. The shapes of
the two BDT classifiers are shown in figure 3. The Dy, classifier effectively separates the
non-H-boson background contributions from the ¢H production, but it is not sufficient for
suppressing the H-bkg contributions. The dedicated BDT classifier, Dy._p,, improves the
H-bkg rejection by 12% compared to D, alone.

Furthermore, H-bkg events are classified into three categories based on the generator-level
flavor of the additional jet: H+c-bkg, H+b-bkg, and H+udsg-bkg, where the latter two
terms are combined and denoted as H-+notc-bkg. The generator-level flavor of the jet is
determined by ghost matching [62]. Due to the presence of ¢ jets in the H4c-bkg component,
its Dy distribution has a similar shape as the cH process as shown in figure 4 (left). However,
its Dypkg shape is different. The splitting of H-bkg into three components depending on the
flavor of the associated jets is used in the signal extraction described later.

Two BDT classifiers, Dy, and Dy g, are combined to construct the distributions used
for signal extraction. The k-means [63, 64] clustering algorithm is used to define the bin



Variable Description

pffrz Transverse momentum of dilepton system (ep)
pfrl Transverse momentum of leading lepton (sorted by p)
pfFQ Transverse momentum of subleading lepton (sorted by pr)
pr  Transverse momentum of ¢ jet candidate
MISS Missing transverse momentum
my, Mass of dilepton system (ep)
méT1 Transverse mass of leading lepton and Fis
mffg Transverse mass of subleading lepton and p _’mlss

AR(£¢,01) AR separation between dilepton system and leading lepton

AR(00,02)
AR, c)
Ap(ll + p s ,C)
Ao(l1, 5T™)
A(e2,55)
DEeEPJET CusL

DEEPJET CusB
nSVvV

AR separation between dilepton system and subleading lepton

AR separation between dilepton system and c jet

A¢ separation of dilepton+pi™ system and c jet

_.rmss

A¢ separation of leading lepton and p

—»IIllSS

A¢ separation of subleading lepton and p
Discriminant separating light and c jets
Discriminant separating b and c jets

Number of secondary vertices in the event

Table 2. Summary of input variables used in the BDT trainings.
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Figure 3. Area-normalized distributions of the two BDT classifiers: Dy, (left) and Dy _py, (right).
The H boson backgrounds (H-bkg) include ggH, VBF, VH, ttH, and bH production. The non-H-
boson backgrounds (tt, single top, diboson, and V-+jets) are collectively denoted as other background.
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Figure 4. Distributions of Dy, (left) and Dy, (right) for different H boson production processes.
The event counts correspond to the expected yields for 138 fb~!. The splitting of H-bkg into three
components is based on the flavor of the additional jet associated with the H boson. The yield of the
bH process is scaled by a factor of 10, and cH by a factor of 100.

boundaries of the 2D BDT distribution, in order to preserve the information of the 2D BDT
output while keeping the statistical uncertainties sufficiently small. The k-means clustering
algorithm partitions data into clusters with approximately equal variance by minimizing
the distance between each point and its cluster centroid. Each resulting cluster is collapsed
into a single bin, preserving its approximate location in the original 2D phase space. These
bins are then reordered into a one-dimensional (1D) distribution, sorted by ascending BDT
score according to their 2D position (Dy_pk, ascending first, Dy, ascending second). The
number of bins is optimized separately for each data-taking period and SR category to
.j = 1 category, 40 bins are used for the 2016 and 2017
data sets, and 50 bins for 2018 data set, due to its larger size. For the N.; > 1 category,

maximize sensitivity. For the N,

30 bins are used across all years.

The background contributions after event selection are estimated from both the CRs
and SRs in data and simulated events. The normalizations for single top quark, diboson,
and V+jets processes are obtained from simulated events, while the dominant background
(tt) is determined from data by a simultaneous fit in the SRs and CRs with unconstrained
normalization factors. These normalization factors are determined separately for each data-
taking period and c jet multiplicity category. The tt contribution in the N.; = 1 SR is
constrained by the normalization factor in the high-m,, CR, whereas its contribution in
Ng; > 1 SR is constrained from the top CR due to the different charm jet multiplicity. In
the fit, only the total event yield in the top CR is used, while the binned Dy . distribution
is used in the high-my, CR. In the SRs, the clustered 1D distributions from k-means binning
are used. The bH and H-+notc-bkg contributions are obtained from the simulation. Two
scenarios are considered for the treatment of the H+4c-bkg contribution. In the first scenario,
the H+c-bkg contribution is set to the simulation expectation, within its uncertainties. In



the second scenario, the H+4c-bkg contribution is extracted simultaneously with cH signal,
thus constrained from a fit to the data.

6 Statistical procedure and systematic uncertainties

The statistical interpretation is performed using the CMS statistical analysis tool Cowm-
BINE [65], which is based on the ROOFIT [66] and ROOSTATS [67] frameworks. Signal
extraction is performed by a binned maximum likelihood fit to data in all SRs and CRs,
using binned templates described in section 5.

Systematic uncertainties affecting the results are categorized into theoretical and experi-
mental. Furthermore, they are divided into two groups: uncertainties that only modify the
normalization of the processes, and shape uncertainties that change the form of the fitted
distributions. Some shape uncertainties, particularly in background templates, are poorly
modeled due to the finite sample size of simulated events. To mitigate this, the relative
deviations are smoothed using the LOWESS algorithm [68, 69], which preserves local structure.
Smoothing is applied only to adjacent bins with correlated fluctuations in the 2D phase space.

The theoretical uncertainties are described in the following. For ¢cH and bH processes,
the F'S uncertainty arises from differences in matrix-element calculations that treat the heavy
quark in the proton PDF as either massive or massless. For bH, the uncertainty is derived
from the difference between the 5FS and 4FS; for cH, it comes from the difference between
4FS and 3FS. These are treated as shape uncertainties and can reach up to 30%, making them
the dominant theoretical uncertainty in this analysis. A 50% normalization uncertainty is
assigned to the modeling of heavy-flavor contributions in other H boson production processes
(H-bkg), based on the theoretical uncertainty of the ggH+bb process [43]. Production
cross section uncertainties are treated as normalization uncertainties and are taken from
theoretical predictions. A 1% uncertainty is assigned to the single top quark production cross
section [70-72], 3% for V+jets processes [73-77], 4% for diboson production [78-85], and
1-3% for H boson production and decay [86], depending on the production processes. The
UE and PS uncertainties, stemming from generator tuning and modeling choices, are included
as shape uncertainties and typically amount to 3%. The PDF uncertainties are evaluated by
summing the 100 eigenvectors of the NNPDF set, contributing normalization uncertainties
between 1 and 3%, and up to 6% for the cH process. Renormalization and factorization scale
uncertainties, resulting from independent variations of these two scales by factors of 0.5 and
2, are included as shape uncertainties with a typical size of 1%. Lastly, tt pp mismodeling
is incorporated as a shape uncertainty, based on reweighting the top quark pp distribution
to match NNLO predictions [87-90], with effects particularly significant in signal-enriched
regions, reaching up to 3%. The theoretical uncertainties are considered fully correlated
across data-taking periods and have an overall impact of 66% (46%) on the 1POI (2POI) fit.

Experimental uncertainties are also assessed. Statistical uncertainties from limited
simulated sample sizes are accounted for using the Barlow—Beeston-lite method [91], assigning
one parameter per bin across all processes, with typical magnitudes between 5 and 10%.
Jet energy scale and resolution uncertainties, propagated to jets and p%liss, are included
as shape uncertainties and can reach up to 5%, with enhancements in signal-enriched
regions. Jet identification uncertainties are treated as shape variations, ranging between 1

,10,



and 2% depending on the data-taking year. Charm jet identification uncertainties, derived
from corrections to the ¢ jet discriminator distributions using control samples [17], are
included as shape uncertainties and range from 3 to 7%, with notable impact in signal-
enriched regions. The integrated luminosity uncertainty ranges from 1.2 to 2.5% across the
2016-2018 data-taking period [29-31], with an overall uncertainty of 1.6%, and is treated
as a normalization uncertainty. Lepton trigger and identification efficiencies, including
uncertainties from trigger, reconstruction, identification, and isolation corrections, are also
treated as normalization uncertainties and are in the range between 1 and 3%. A 1%
normalization uncertainty is assigned to account for L1 trigger inefficiency during 2016-2017.
Pileup correction uncertainties are evaluated by varying the total inelastic cross section by
4.6% [92], and are treated as shape uncertainties. The statistical uncertainties of simulated
events are treated as uncorrelated among all data-taking periods. Experimental uncertainties
from c jet identification, jet energy scale, jet energy resolution, and integrated luminosity
are treated as partially correlated between data-taking years, while all other uncertainties
are considered to be uncorrelated. The overall experimental uncertainties have a 46% (48%)
impact on the 1POI (2POI) fit.

7 Results

The results are evaluated in two scenarios. In the first scenario, the contribution from H-bkg
is fixed to its SM prediction. This corresponds to a one parameter of interest (1POI) fit,
with the cH signal strength modifier u.y which is defined as the ratio of measured yield to
the one predicted by the SM. In the second scenario, the normalization of the charm jet
associated H boson production, fif ¢ pkg, is allowed to vary in the fit, resulting in a two
parameter of interest (2POI) fit, with .y and pgi.pre as parameters of interest. The fit
is performed simultaneously in SRs and CRs using data collected between 2016 and 2018.
Figure 5 displays the observed and expected distributions of data and simulated events after
performing the fit in the 1POI scenario.

The observed (expected) upper limit on the cH signal strength at 95% CL is 1065 (506)
times the SM value in the 1POI fit. The difference between the observed and expected
limits is primarily driven by an upward fluctuation in the 2017 data in the N.; =1 category,
which leads to a slightly weaker observed limit. The sensitivity is dominated by the N, ; =1
category, which is approximately four times more sensitive than the N.; > 1 category. In
the 2POI fit, the corresponding upper limit is 1804 (1097) times the SM prediction. The
measured signal strength for the cH process in the 1POI fit is found to be p.g = 3901“3?8,
which is compatible with the SM within 1.5 standard deviations. The results from different
data-taking periods are summarized in figure 6. A strong correlation of —87% is observed
between H+c-bkg and cH productions in the 2POI fit, leading to a weaker constraint of
UeH = 2301%280, as shown in figure 7. Similar kinematic properties of bH and cH production
also result in a strong correlation of —89% in the fit.

The sensitivity of this analysis is primarily limited by statistical uncertainties in data,
with nonnegligible contributions from theoretical uncertainties, such as the FS choice of cH
production and heavy-flavor modeling in ggH production. The impact of each uncertainty
on the measurement of u.p is summarized in table 3.
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Figure 5. Observed and expected distributions of one-parameter-of-interest scenario after performing
the fit in signal and control regions. The upper left plot shows the distribution of events as a function
of log(S/B) in the N, ; = 1 signal region, while the upper right shows the N.; > 1 signal region,
where S and B are the signal and background yields, respectively. The lower left plot shows the
distribution of Dy, used in the high-m,, control region, while the normalization factor of the top
CR is shown in the lower right. Within each plot, the upper panel provides the number of events
from simulation and data in logarithmic scale, the middle panel displays the fractional contribution of
each background component to the total expected yield in each bin, and the lower panel provides
the ratio of data to simulated background events. The red lines represent background plus signal
with g = 390 divided by background. The hashed area shows the sum of systematic and statistical
uncertainties of background events, which is denoted as B uncertainty.
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Figure 6. Upper limits of u.z at 95% CL for each data-taking period, and the combination of the
periods. The light blue (red) bars show the 1 (2) standard deviation expected result of the 1POI
fit with fixing the H+c-bkg contribution to the SM prediction. The green (yellow) bars show the 1
(2) standard deviation expected result of the 2POI fit with floating H+c-bkg contribution. The blue
circles represent the median of the expected limit, while the black circles represent the observed limit.

The resulting upper limit on p.g is translated into a constraint on k., using the flat
direction assumption [20, 93]. Under this assumption, the modifier of all other H cou-
plings ky changes according to k., such as to keep the signal strengths of other H bo-
son processes at unity. The observed (expected) interval at 95% CL is constrained to
k| < 211 (95).

A combined analysis of the 1POI fit with the previous search in the diphoton decay
channel [21] is performed. Common experimental and theoretical uncertainties related to
H boson production cross sections are treated as correlated. The combination improves the
expected upper limit on p.g at 95% CL to 281, while the observed limit is 257, as shown
in figure 8. This leads to constraints on the observed (expected) value of |k.| < 47 (51)
at 95% CL.

Looking ahead to the High-Luminosity LHC, larger datasets will substantially reduce
statistical uncertainties. In parallel, advances in heavy-flavor jet identification, including
modern transformer-based algorithms [94], already show improvements in light and b jet
rejection of up to a factor of two. Continued progress in the theoretical modeling of heavy-
flavor production will also be essential to maximize sensitivity.
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Figure 7. Two-dimensional likelihood contour of p.y and pigyyc.pig- The color scale represents twice
the negative log likelihood difference with respect to the best fit point. The observed 95% CL (dashed)
and 68% CL (solid) contours are shown in black lines, and the best fit point as a black cross. The
SM expectation is marked by a red diamond. The kink in the contour arises from a local minimum
in the likelihood, driven by the shape uncertainty associated with the flavor scheme used in the cH
process modeling.

Uncertainty source 1POI 2POI
Theoretical
cH modeling 221 109
H-bkg 21.4  10.0
Other backgrounds 4.5 3.5
Experimental
MC statistical (bin by bin) 6.2 9.1
Pileup correction 4.3 1.2
Lepton efficiencies 4.6 3.2
Jet energy scale and resolution 6.0 7.7
Charm jet identification 5.9 4.1
tt normalization 5.6 2.0
Statistical uncertainty 60.0 77.1

Table 3. Relative impact (in percent) of individual uncertainty sources on the measurement of
e expressed as the change in the one standard deviation when each source is fixed. Statistical
uncertainties are derived by fixing all constrained nuisance parameters.
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Figure 8. Upper limits of u.z at 95% CL of the combined analysis with the previous result in the
diphoton channel [21] using the 1POI fit. The light blue (red) bars show the 1 (2) standard deviation
range of the expected results. The blue circles represent the median of the expected limit, while the
black circles represent the observed limit.

8 Summary

The first search for the associated production of a charm quark and a Higgs boson (cH)
with the Higgs boson decays to a pair of W bosons has been presented. Decays of the W
boson pair to evuv are considered. The search is based on the data collected from 2016
to 2018 with the CMS detector at the LHC, corresponding to an integrated luminosity of
138fb™'. The observed (expected) upper limit at 95% confidence level (CL) on the ratio of
the measured production cross section with respect to the value expected from the standard
model (SM) for ¢H production p.p is set at 1065 (506) times the SM prediction. This search
provides an alternative probe of the Yukawa coupling between the Higgs boson and charm
quark. When combined with the previous search for ¢H in the diphoton decay channel, the
limits are interpreted as observed (expected) constraints on the Yukawa coupling modifier of
the Higgs boson to the charm quark, yielding |s.| < 47 (51) at 95% CL.
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