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Abstract

A search for yH production is performed with data from the CMS experiment at
the LHC corresponding to an integrated luminosity of 138fb~! at a proton-proton
center-of-mass collision energy of 13TeV. The analysis focuses on the topology of
a boosted Higgs boson recoiling against a high-energy photon. The final states of
H — bb and H — 4/ are analyzed. This study examines effective HZy and Hyvy
anomalous couplings within the context of an effective field theory. In this approach,
the production cross section is constrained to be 0,13 < 16.4fb at 95% confidence
level (CL). Simultaneous constraints on four anomalous couplings involving HZy
and Hy~ are provided. Additionally, the production rate for H — 4/ is examined
to assess potential enhancements in the Yukawa couplings between light quarks and
the Higgs boson. Assuming the standard model values for the Yukawa couplings
of the bottom and top quarks, the following simultaneous constraints are obtained:
Kk, = (0.0£15) x 10%, k4 = (0.0£7.1) x 10%, x, = 0133, and k. = 0.0%37. This rules
out the hypothesis that up- or down-type quarks in the first or second generation
have the same Yukawa couplings as those in the third generation, with a CL greater
than 95%.
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1 Introduction

The observation of a Higgs boson (H) with a mass of 125GeV by the ATLAS and CMS Col-
laborations [1-3] is consistent with the expectations from the standard model (SM) of particle
physics [4-10]. Constraints on H boson spin-parity properties and anomalous couplings to
electroweak gauge bosons V = v, Z, W (HVV couplings) have been set by the CMS [11-21] and
ATLAS [22-30] experiments. The quantum numbers are found to be consistent with | PC — ot+,
but small anomalous HVV couplings are still allowed. Such couplings are a subject of effective
field theory (EFT) framework [31].

The HVV coupling measurements at the LHC have been performed using vector boson fusion
(VBF), ZH, and WH production, and H — VV decays [11-30, 32]. However, the production
of yH with an energetic photon recoiling against the H boson, similar to ZH production as
shown in Fig. 1 (left), has not been directly studied at the LHC. A recent search for WW<
production [33] was interpreted as a search for yH, where a relatively soft photon is produced
as a radiative correction to quark-antiquark annihilation qq — H, as shown in Fig. 1 (right).
Searches for heavy resonances decaying into a photon and a hadronically decaying H boson
have been performed at the LHC [34-36]. Although the final state topology in these searches
is similar to the processes of interest here, a direct interpretation in the EFT framework is not
possible because the vH final state is modelled by the decay of a heavy spin-1 resonance.

The SM cross section of the associated photon and H boson production, ¢, is expected to be
less than 5fb at the LHC [37] and is beyond the current experimental reach. However, new
anomalous interactions may enhance such production, as discussed in Refs. [38—40]. The main
production mechanisms are shown in Fig. 1 and the corresponding transverse momentum (pr)
spectra of the associated photons are shown in Fig. 2 [40-43]. The latter are important for
assessing the feasibility of detecting such final states.

The primary production mechanism targeted in this analysis is generated by the effective HZ~y
and H~yv vertices, as shown in Fig. 1 (left). The hard p spectrum resulting from anomalous
Hvvy or HZ+ interactions makes it possible to distinguish such final states. These interactions
could be generated by heavy particles in the loops leading to both CP-even and CP-odd EFT
operators, with Wilson coefficients Copryr Camr EW, and 527 when expressed in the mass-eigenstate
basis [31]. Each of these operators can be represented as a combination of three operators in the
weak-eigenstate basis [31]. Overall, there are six operators to consider in the weak-eigenstate
basis, with the Wilson coefficients C#W, C?8, C¥WB, C¢W C#B, and C?WB. Because of the smaller
number of operators, the mass-eigenstate basis is chosen for this result, which can then be
translated into the weak-eigenstate basis. In this case, the photon pt distribution peaks above
50 GeV and extends up to several hundred GeV, as shown in Fig. 2 [40].
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Figure 1: Examples of Feynman diagrams describing vH production at the LHC via a loop-
generated Hyvy or HZ~ interaction (left), with the dot representing an effective point-like cou-
pling, and through H boson production in qq annihilation with photon radiation (right). The
diagrams highlight the couplings of interest.




The qqH~y point interaction, shown in Fig. 3 (left), with the linear combination of Wilson co-
efficients C3% and C3", equivalent to one coefficient ¢qy in the mass eigenstate notation, can
generate yH production in qq annihilation with a photon p spectrum even harder than that
produced by anomalous HV< couplings, as shown in Fig. 2 [41-43]. The point interaction
appears in the Feynman rules of SMEFT [44]. However, the same beyond-the-SM (BSM) op-
erators also contribute to the qq~ interaction, shown in Fig. 3 (right), and qqZ interaction in
the Feynman rules [44]. These operators are expected to be much better constrained by the
more abundant processes without the presence of the H boson, such as Drell-Yan. Although a
fully optimized analysis of the Drell-Yan process to target various Wilson coefficients has not
yet been performed at the LHC, current theoretical interpretations of published pp — ¢v and
pp — ¢/ results at the LHC indicate that the current constraints on the C3% and Ca" Wilson
coefficients from Drell-Yan are significantly stronger than those from processes involving the
H boson [45]. For these reasons, we do not consider this production diagram in this analysis.
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Figure 2: The spectrum of the photon transverse momentum in vH production, as generated
by the leading-order diagrams shown in Figs. 1 and 3. The four distributions correspond to
production resulting from couplings Kqr Coy (¢zy), €4y (C,,), and Cqr:

The Yukawa couplings of quarks y, are incorporated into the effective Lagrangian that de-
scribes their interaction with the H boson as

L(Hqq) = —quqlqu, 1

where Eq and i, denote the Dirac spinors for a quark g, which canbe u, d, s, ¢, b, or t. In

the SM, ng = mq/v, with v = 246 GeV being the vacuum expectation value of the Higgs
field. The quark Yukawa couplings may also be expressed in two alternative forms. First, we
define Kq = YqU / Mgy, which is useful because KC?M = 1. Hence, Kq may also be interpreted as
the modifier for the coupling strength of the quark q to the H boson. Second, we define k¥, =

Yyqu/my [46], which is particularly useful for comparing the hierarchy of the Yukawa couplings

of light quarks, with respect to ko™ = 1 for the down-type quarks or k™ = m,/m, for the

up-type quarks. In these calculations, the quark masses are evaluated at the scale y = 125GeV,
which are used to relate K, = K1y /my,.

The emission of the H boson and a photon from a quark in the qq annihilation, depicted in
Fig. 1 (right), is the dominant vH production channel in the SM [37]. However, this produc-
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Figure 3: Feynman diagrams describing the qq annihilation with production of yH through a
point-like EFT operator (left) and with photon production (right).

Figure 4: Feynman diagrams describing the H boson production at LHC through direct qq
annihilation (left) and gluon fusion production (right).

tion mechanism would result in a photon with very low pr, of less than 1 GeV on average, as
determined from a dedicated simulation shown in Fig. 2 [41-43]. Differentiating this produc-
tion mechanism from others, such as gluon fusion (ggH), becomes exceedingly challenging
because of the presence of soft photons, whether genuine or spurious, throughout the rest of
the proton-proton (pp) collision event. Nevertheless, an increased Yukawa coupling of light
quarks could change the production rate associated with this mechanism.

This motivated an approach to constrain the Yukawa coupling of light quarks by imposing
constraints on the vH production rate [47]. However, the presence of an associated photon in
this context does not effectively aid such an analysis due to the soft py spectrum. This photon
merely represents a radiative correction to the direct qq annihilation illustrated in Fig. 4 (left).
Therefore, we investigate the inclusive production of the H boson to explore the potential en-
hancement of the Hqq coupling. This enhancement would also change the rate of the gluon
fusion process depicted in Fig. 4 (right), necessitating its consideration in this analysis as well.
The concept for this analysis was initially introduced in Refs. [48, 49] and has been revisited
more recently in Ref. [50].

Other strategies have been proposed to constrain the Yukawa couplings of bottom and charm
quarks. Measurements of transverse momentum distributions in H boson production [51] have
been used to derive experimental constraints, as outlined in Refs. [52-54]. Radiative decays of
the H boson to mesons could also be used to constrain the quark couplings [55]. Constraints
on the Hcc coupling have been directly derived from searches for H boson decays into charm
quarks [56, 57]. However, there are currently no stringent constraints on the couplings involv-
ing the s, d, and u quarks.

This paper is organized as follows. Section 2 provides a discussion of the CMS experiment and
event reconstruction. Section 3 describes the modeling of signal and background processes.
The selection of both H — 4¢ and bb events is presented in Section 4. Background estimation
is discussed in Section 5, while the systematic uncertainties in the experimental measurement
of cross sections are outlined in Section 6. This is followed by a description of the two analyses
in Sections 7 and 8, with a summary of both analyses provided in Section 9.



For the analysis described in Section 7, we follow the formalism and simulation tools from
Ref. [40] and set upper limits on the vyH production cross section, along with simultaneous
constraints on four anomalous HZy and Hvyy couplings in the mass-eigenstate EFT basis. The
analysis is based on the signature of an H boson boosted in the direction transverse to the beam
and recoiling against a high-energy photon. Two final states in the decay of the H boson are
considered: H — bb, with a branching fraction of B,j; = 0.577, and H — 4/, with B, =
0.000128, both evaluated at my = 125.38 GeV [31], where ¢ refers to either an electron or a
muon. The boosted topology of the H boson gives preference to the former channel because of
its much larger B, but both channels are analyzed for completeness.

For the analysis in Section 8, we investigate the rate of H boson production for potential en-
hancements of the Yukawa couplings between light quarks and the H boson. This includes
examining modifications to both direct quark-antiquark annihilation and gluon fusion loop
processes. The enhanced Hqq couplings would lead to an increased width of the H boson
and reduced rate of the on-shell process despite the increase of the amplitudes for the quark-
antiquark annihilation and gluon fusion loop processes. The absence of significant changes
in the SM rate imposes restrictions on the Yukawa couplings of light quarks. Some assump-
tions are required for this analysis. For instance, we assume that the Yukawa couplings for
the bottom and top quarks take their SM values, and that the HVV coupling strength does not
exceed its SM value. This analysis is conducted in the four-lepton decay channel because of
its high purity, which enables inclusive reconstruction regardless of the H boson’s production
mechanism and kinematic properties.

Tabulated results are provided in the HEPData record for this analysis [58].

2 The CMS detector and event 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, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [59, 60].

The data from the CMS experiment at the LHC were recorded between 2016 and 2018, corre-
sponding to an integrated luminosity of 138 fb~! at a proton-proton center-of-mass collision
energy of 13 TeV. Events of interest were selected using a two-tier 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 [61]. 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 [62, 63].

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 Section 9.4.1 of Ref. [64].

A particle-flow algorithm [65] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS



detector. The energy of photons is obtained from the ECAL measurement. The energy of elec-
trons is determined from a combination of the electron momentum at the primary interaction
vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with originating from the elec-
tron track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL 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 ECAL and HCAL energies.

Jets are clustered from particle-flow candidates using the anti-kt algorithm [66, 67] with a dis-
tance parameter of either 0.4 (AK4 jets) or 0.8 (AKS jets). The jet momentum is defined as the
vector sum of all particle momenta in a jet and is found from simulation to be, on average,
within 5-10% of the true momentum over the entire p; spectrum and detector acceptance [68].

3 Signal and background simulation

Simulated samples of signal and background events are produced using various Monte Carlo
(MC) event generators, with the CMS detector response modeled by GEANT4 [69]. The effects
of pileup are modeled assuming a total inelastic pp cross section of 69.2 mb [70]. All simulated
event samples are weighted to match the distribution of the expected pileup profile of the data.
The parton distribution functions (PDFs) used in this paper belong to the NNPDF 3.0 or 3.1
sets [71]. All MC samples are interfaced with PYTHIA 8.230 [72] for parton showering. The
H — bb decay is also simulated with PYTHIA.

The JHUGEN 7.5.2 [73-77] MC program is used to simulate the yH production at leading order
(LO) in quantum chromodynamics (QCD) and electroweak interactions. The same program is
used to simulate the H — 4/ decay in all MC samples involving this final state. The MELA [73—
77] package, which contains a library of matrix elements from JHUGEN for the H boson signal
and MCFM 7.0.1 [78] for the 4¢ background, is used for MC sample reweighting, and for optimal
discriminant calculations. The yH samples are generated for various values of Copeys Cqryr ’cvw, and
C.,, and are reweighted to any hypothesis of interest. The production of the H boson through
gluon fusion, VBF, in association with a Z or W boson, or with a tt pair is simulated using
POWHEG V2 [79-83] at next-to-leading order (NLO) in QCD. Production in association with a
bb pair or single top quark is simulated only at LO in QCD via JHUGEN. All SM cross sections
of the H boson production processes are matched to the recommendation in Ref. [31]. There
are no final-state photons in any of the SM processes for H boson production simulated at
the matrix-element level. Therefore, the reconstructed photons in the SM simulation originate
either from genuine photons produced during parton showering and hadronization, or from
other SM particles that satisfy the photon selection criteria.

The background in the bb channel mostly consists of nonresonant QCD multijet production
with a real or misidentified photon, as well as resonant Z +  production. The bb channel
also makes use of a control event category that vetoes the presence of high-energy photons
for which the QCD multijet, W + jets, and Z + jets processes are the significant contributions.
The W 4 v and Z + -y processes are modeled at NLO, while the rest are modeled at LO. All
processes are generated using MADGRAPH5_.aMC@NLO v2.4.2 [43].

The vector boson samples include boson decays to all flavors of quarks as well as up to three
(four) extra partons at the matrix element level for W +jets (Z + jets) and up to one extra parton
for V 4y samples. Jets from the matrix element calculation and the parton shower description



are matched using the MLM prescription [84] for V + jets samples and FXFX matching [85] for
V + v samples. Correction factors are applied to the V + jets samples to match the generator-
level pt distributions with those predicted by the highest available order in the perturbative
expansion. The QCD NLO corrections are derived using MADGRAPH5_aMC@NLO, simulating
W and Z boson production with up to two additional partons and FXFX matching to the parton
shower. The electroweak NLO corrections are taken from theoretical calculations in Ref. [86].
Electroweak NLO corrections, taken from Ref. [87], are also applied to the Z + - sample.

In the 4¢ channel, the main background, qq — ZZ/Zv* — 4/, is estimated from simulation
with POWHEG at NLO in QCD. A fully differential cross section has been computed at next-to-
next-to leading order (NNLO) in QCD [88], but it is not yet available in a parton-level event
generator. Therefore the NNLO/NLO QCD correction is applied as a function of my,. The
gg — ZZ/Zvy* — 4L background and electroweak background production of 4¢ are generated
with the JHUGEN package, which relies on the MCFM matrix elements [89-91]. In order to
include higher-order corrections, the K factors calculated for the H boson signal [31] are applied
to these two background processes.

4 Event selection

Two mutually exclusive selection requirements are used in the H — 4¢ and bb channels. They
are described in Sections 4.1 and 4.2, respectively. In both channels, two categories of events
are selected. In one case, an H boson candidate is selected to be associated with a high-energy
photon, and the category is called 7-tagged. The other selected events are assigned to the
Untagged category.

4.1 Event selection in the four-lepton channel

The selection of 4¢ events (H boson candidates) and associated photons closely follows the
methods used in the earlier analyses [16, 17, 92, 93]. The main triggers select either a pair of
electrons or muons, or an electron and a muon. The minimal py of the leading electron (muon)
is 23 (17) GeV, while that of the subleading lepton is 12 (8) GeV. To maximize the signal accep-
tance, triggers requiring three leptons with lower pr thresholds and no isolation requirement
are also used, as are isolated single-electron and single-muon triggers with thresholds of 27
and 22 GeV in 2016, or 35 and 27 GeV in 2017 and 2018, respectively. The overall trigger ef-
ficiency for simulated signal events that pass the full selection chain of this analysis is larger
than 99%. The trigger efficiency is measured in data using a sample of 4/ events collected by
the single-lepton triggers and is found to be consistent with the expectation from simulation.

Electrons (muons) are reconstructed within the geometrical acceptance defined by a require-
ment on the pseudorapidity |77| < 2.5 (2.4) for pr > 7 (5) GeV with an algorithm that combines
information from the ECAL (muon system) and the tracker. A dedicated algorithm is used
to collect the final-state radiation off leptons [92]. The significance of the impact parameter
(SIP) is defined as SIP = IP/ojp where IP is the lepton impact parameter in three dimensions,
computed with respect to the chosen primary vertex position, and oyp is the associated uncer-
tainty. The requirement for a primary lepton is then |SIP| < 4. To discriminate between leptons
from prompt Z boson decays and those arising from hadron decays within jets, an isolation
requirement for leptons is imposed [92] in the analysis of the data.

The y-tagged category requires the presence of a photon passing loose cut-based identification
requirements [94] and pp > 150 GeV. All 4¢ events that pass the selection requirements but do
not include a photon that passes the requirements for the y-tagged category enter the Untagged
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Figure 5: Distributions of events for the Dy, observable in the y-tagged (left) and Untagged
(right) categories of the H — 4¢ candidate events. Observed events (black markers) and ex-
pected background estimates (solid histograms) from MC simulation (ZZ/Z~*) or control sam-
ples in data (Z + X) are shown. The yH signal contribution, stacked on top of background, is
shown with an open histogram for an assumed cross section of 0,y By, = 1{b for either the
¢, (solid) and c,., (dashed) coupling hypothesis.

category. We consider three mutually exclusive channels: H — 4e, 4y, and 2e2u. At least two
leptons are required to have pr > 10GeV, and at least one is required to have py > 20GeV.
All four pairs of oppositely charged leptons that can be built with the four leptons are required
to satisfy m,+,- > 4GeV regardless of lepton flavor. The Z boson candidates are required to
satisfy the condition 12 < m,;,~ < 120 GeV, where the invariant mass of at least one of the
Z boson candidates must be larger than 40 GeV. The region between 105 and 140 GeV in the
four-lepton invariant mass 1y, is considered in this analysis.

Each event in the H — 4¢ channel is characterized by an optimal discriminant to separate
signal from background. The discriminant is based on the H boson decay without using infor-
mation related to the production mechanism, defined as

Psig (Q)
Psig (Q) + Pbkg (Q)/

Dy (2) = 2)

where P, is the probability for the event to be consistent with the SM signal and P, is
the probability for the same event to be consistent with the dominant qq — ZZ/Z~y* — 4¢
background. The probabilities P are calculated from the matrix elements provided by the MELA
package using kinematic information () and are normalized to give the same integrated cross
sections in the relevant phase space of each process. Each matrix element probability is also
multiplied by an empirical m,, parameterization, which includes resolution effects in the m,,
distribution. The distributions of the Dy, discriminant in the two categories of events are
shown in Fig. 5.

4.2 Event selection in the bb channel

In the bb channel, the y-tagged category aims to capture signal YH events, while the Untagged
category targets events with a boosted Z — bb and a recoiling jet. The triggers in the -
tagged category require events to have a photon with pr > 175(200) GeV in 2016 (2017, 2018).



The threshold is much lower than the py requirement placed in the offline selection described
below. This makes the trigger selection almost fully efficient for the events that pass the offline
selection.

The offline selection in the y-tagged category requires that the leading pr photon satisfies
pr > 300GeV, || < 2.4, and the cut-based identification criteria at the tight working point [94].
A Higgs boson candidate is defined as the AKS8 jet with the highest pr that also satisfies
AR (jet, leading photon) > 0.8, where AR(1,2) = V(i1 — 11,)2 + (¢; — ¢,)? is the distance
between two objects in the pseudorapidity—azimuthal-angle plane. The H boson candidate is
required to have pp > 300 GeV and || < 2.4. The analysis uses a mass decorrelated regression
algorithm based on the PARTICLENET [95] graph convolutional neural network architecture
to predict the jet mass Mpye; [96-98]. The H boson candidates are required to have the re-
gressed mass Mpy,; > 60 GeV. A veto is placed on the presence of leptons, making the selected
set of events orthogonal to that in the 4/ channel. To veto an event, a muon is required to
have pp > 20GeV, || < 2.4, and must pass the loose identification and isolation criteria [99].
Similarly, a veto electron is required to have pp > 20GeV, || < 2.4, and must pass the cut-
based ID at the veto working point [94]. Finally, a veto is placed on any b-tagged AK4 jet
with pr > 30GeV and AR(jet, H candidate) > 0.8 in order to suppress the background arising
from tt production. The AK4 jets are identified as originating from b quarks using the DeepJet
algorithm [100].

The Untagged category uses multiple triggers, based on energetic jet activity in the event, for
the online selection. One trigger sets a requirement on the scalar py sum (Hry) of all AK4 jets.
The Ht requirement is set to >800, >900, or >1050 GeV. A second trigger requires a presence
of an AKS jet with mass >30GeV and pr > 360, 400, or 420 GeV. The third trigger condition is
the presence of an AKS jet with py > 450 or 500 GeV. The final trigger requires Hyr > 650, 700,
or 800 GeV together with an AKS8 jet having a mass >50GeV. The listed differing thresholds
depend on the data-taking conditions with lower values typically being used in 2016. The
combined logical OR of all the triggers is used.

In the offline selection of the Untagged category, a Z boson candidate is defined as the AKS8
jet with the highest pr. It is required to satisfy pp > 450 GeV, Mpne: > 60GeV, and |17] < 2.4.
Conditions of pr > 200 GeV and || < 2.4 are also applied on the subleading (recoil) AK8 jet in
order to further suppress the QCD multijet background. The Untagged category uses the same
vetoes as the y-tagged category. In addition, it places a veto on the presence of a photon with
pr > 300 GeV, making it orthogonal to the y-tagged category.

The trigger efficiency of the Untagged event category is measured in data where online selec-
tion requires an isolated muon with pr > 24 GeV (27 GeV in 2017) or a muon with pt > 50 GeV
without any isolation requirements. The above offline selection is applied to these events in
order to measure the trigger efficiency by counting the number of events satisfying the trigger
selection. The trigger efficiency is expressed as a function of the Z boson pt. It ranges from
around 65% at 450 GeV and becomes fully efficient at 600 GeV. Simulated events are weighted
by this efficiency as a function of the Z boson pr and Mpy;-

The PARTICLENET architecture is also employed to discriminate the decays of a boosted mas-
sive particle X, which could be an H or a Z boson, to a pair of b quarks against a background
of other jets, using the properties of the jet constituents as features. The multiclassifier PARTI-
CLENET algorithm [95] outputs several variables, each in the range 0-1, and each of which can
be interpreted as the probability of a jet having originated from a certain decay, such as from a
massive resonance X — bb (P(X — bb)) or from a light-flavored quark or a gluon (P(QCD)).
In this analysis, the PARTICLENET score is defined as P(X — bb)/(P(X — bb) + P(QCD)).
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Figure 6: The Mpy, distributions for the number of observed events (black markers) compared
with the backgrounds estimated in the fit to the data (filled histograms) in the bb channel. Fail
(left), medium (middle) and tight (right) regions of the y-tagged (lower) and Untagged (upper)
categories are shown. The signal contribution, stacked on top of background, is shown with an
open histogram for an assumed cross section of ¢, iy B,z = 10£b.
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The PARTICLENET scores of the H and Z jets are used to classify events into mutually exclusive
regions using high- and medium-purity working points [101]. If the candidate jet passes the
high-purity working point, the event is sorted into the “tight” (T) region. If the candidate jet
passes the medium-purity working point and fails the high-purity working point, the event is
sorted into the “medium” (M) region. All other events are sorted into the “fail” (F) region.

To increase the channel sensitivity, the y-tagged category is further split into two regions based
on the photon pt, 300400 GeV and >400GeV. This gives six regions in total in the y-tagged
category and three regions in the Untagged category. The distributions of the Mpy, observable,
after fitting the background model to the data, are shown in Fig. 6 with the two pr regions of
the y-tagged category combined. The background prediction mostly agrees with the data. The
largest discrepancy is seen in the M region of the y-tagged category where a deficit of events
under the Z peak is observed. However, a goodness-of-fit test [102] confirmed the agreement
between the data and the estimated background with the p-value [103] greater than 0.05.
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5 Background estimation

5.1 Background estimation in the four-lepton channel

The dominant background to the H — 4/ signal comes from ZZ/Z«y* — 4/ production in
either qq, gg, or electroweak processes. This background is estimated using the MC simulation
discussed in Section 3. In addition, the my, selection region between 105 and 140 GeV is wide
enough to retain sideband regions for further constraints based on the data.

An additional background to the H boson signal, Z + X in the following, comes from pro-
cesses in which decays of heavy-flavor hadrons, decays of light mesons within jets, or charged
hadrons overlapping with 71° decays are misidentified as leptons. The main process contribut-
ing to these backgrounds is Z + jets, while subdominant processes in order of importance are
tt +jets, Zy + jets, WZ + jets, and WW +jets. The Z + X background is estimated from control
regions in data. The control regions are defined as events that contain a lepton pair satisfying
all the requirements of a Z candidate and two additional opposite-sign leptons where the two
additional leptons satisfy identification requirements looser than those used in the analysis.
These four leptons are then required to pass the H candidate selection. The yield in the sig-
nal region is obtained by weighting the control region events by the lepton misidentification
probability, f,, defined as the fraction of nonsignal leptons that are identified by the analysis
selection criteria. A detailed description of the method can be found in Ref. [92].

5.2 Background estimation in the bb channel

The bb channel is used to search for a narrow signal in the H boson candidate Mpy; distribu-
tion in the T and M regions of the y-tagged category. The mass distributions in the -tagged
category are split into two pt regions (300400 GeV and >400 GeV). Mass distributions of the
nonresonant background are estimated using a pass-to-fail ratio method, described in the fol-
lowing paragraphs. The other relevant background processes in the -y-tagged category, Z + 7y
and W + v are estimated from simulation. The simulated Z + <y distributions are corrected by
fitting the Z boson candidate Mpy,; distributions to the data in the Untagged category. The
nonresonant background is also estimated with the pass-to-fail ratio method in the Untagged
category. The Z + jets and W + jets are estimated from simulation. Simulated distributions of
the SM H — bb process are also included in the Untagged category, but they have no signifi-
cant impact on the results because of much lower yields compared to other processes.

The pass-to-fail ratio method is based on the ratio of Mpy,; distributions between PARTI-
CLENET passing (P = M or T) and failing regions. This gives two pass-to-fail ratios (Rpg) per

. 0
category. The Ryi/p(Mpner P1), Rr/r(Mpney Pr) in the y-tagged category and Ry, p(Mpet),
R?/F(MPNet) in the Untagged category.

The nonresonant background, e.g., in the M region, is defined through the relation:

nM,nonres. (1) = nF,nonres. (Z) RM/F(A/IPNetI pT)/ (3)

where 7;(r) nonres. () is the number of nonresonant events in the i-th bin in the M (F) region. The
F region is overwhelmingly dominated by nonresonant events, S0 71 ;,onres. (i) can be directly es-
timated from data by subtracting the relatively small simulated yields of other processes. The
Ryy/r is modeled as a polynomial in Mpy,; and pr. In the y-tagged category, a polynomial of
order 1 corresponds to a linear combination of M& . p% terms where a + b < n. Furthermore,
since there are only two py regions, a condition b < 2 is imposed. In the Untagged category,
a simple one-dimensional polynomial in Mpy; is used to model the corresponding ratio. The
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polynomial parameters are determined along with other likelihood parameters, while simulta-
neously fitting the model to the data across all regions. The above also applies to the estimate
of nonresonant background in the T region.

A Fisher’s F-test [104] on the unblinded fit to the data is used to determine the minimum poly-
nomial order necessary and sufficient for the model. Starting from polynomials of order zero
(constant Rp /), terms are added until no significant improvement is observed. The addition of
terms is done independently for all four Rpg. The F-test shows that the first-order polynomial
is preferred for each of the Rp /g.

The prominent Z boson peak in the Untagged category is used to measure the PARTICLENET
efficiency data-to-simulation scale factors. The two scale factors (T and M) are free parameters
in the joint fit of -tagged and Untagged categories. They allow the migration of events from
the T and M regions to the F region (and vice-versa), controlling the heights of the Z boson
peak in both event categories. The scale factors are also applied to the signal yH process.

6 Systematic uncertainties

The measurement of the signal strength in this analysis is mainly affected by statistical uncer-
tainties. Both experimental and theoretical systematic uncertainties that affect the shapes and
the yields of the signals and backgrounds are incorporated in the likelihood as nuisance pa-
rameters [102]. The dominant theoretical uncertainties come from the QCD renormalization
and factorization scales involved in the cross section computation. The uncertainties in the
electroweak corrections on the cross sections, PDFs, and showering are also included.

Experimental uncertainties common to both the 4¢ and bb channels include uncertainties in
the photon identification efficiency, as well as photon energy scale and resolution. The normal-
ization of the signal and background processes derived from the MC simulation is affected by
the uncertainty in the integrated luminosity [105-107].

When the Z + X background is estimated for the four-lepton channel, the flavor composition
of QCD-evolved jets misidentified as leptons may be different in the Z + 1¢ and Z + 2/ control
regions, and together with the statistical uncertainty in the Z 4 2¢ region, this uncertainty ac-
counts for about a £30% variation in the Z + X background [93]. Uncertainties in the lepton
momentum resolution and reconstruction efficiencies are small compared to other uncertain-
ties.

In the bb channel, the dominant experimental uncertainty comes from the PARTICLENET tag-
ging efficiency, yielding an uncertainty in the yH signal normalization in the signal region of
about 15% [101]. Other notable experimental uncertainties are those associated with the jet
energy and mass corrections, and the trigger efficiency, affecting the signal yield by <1%.

Theoretical systematic uncertainties related to the analysis of light-quark Yukawa couplings
are discussed in Section 8, along with the theoretical model of the H boson production cross
section.

7 Results for yH cross section and HVV couplings

The cross section of the yH process, Oy, 1S constrained in the H — bb and 4¢ channels. In both
cases, a joint fit of the yH-tagged events and Untagged events is performed. The distribution
of the Mpy, Observable in the bb channel is shown in Fig. 6, and the distribution of the Dy,
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observable in the 4/ channel is shown in Fig. 5. The two sets of distributions are shown after a
joint fit to the data. No significant excess of yH events is visible in either channel.

The extended likelihood function is constructed using the probability densities describing the
signal and background events as functions of the Mpye and Dy, observables in the H — bb
and 4/ channels, respectively. Simulation or control samples in data estimation are used to
describe probability densities. The 0,y is parameterized as a function of the couplings c,,,, ¢..,
Cyqs and C;,, [40], where the total width T'y of the H boson is assumed to have the SM value. It
has been checked that I'y; does not change significantly with variation of ¢; within constraints
obtained in this analysis, nor do kinematic distributions in the H — 4/ decay, which can be
assumed to be dominated by the SM tree-level coupling.

Table 1: Observed and expected constraints on the yH cross section ¢, and on the ¢, ., ¢,,,

and ¢, couplings using the H — bb and 4/ channels combined. The third and fourth

Copr -
rows show constraints on cross section multiplied by the branching fraction using the H — bb
and H — 4/ channels only, respectively. The 68% (central value with uncertainties) and 95%

(upper limit or allowed intervals) CL intervals are shown.

Parameter Scenario Observed Expected
68% CL 95% CL 68% CL 95% CL

o, u (fb) Cpp =y =0 —7.5783 <118 0.07%3 <16.1

o,y (fb) float all —9.3t113 <164 0.0759 <215

0,1 Bpp (fb)  float all —5.4162 <9.5 0.0738 <124

0, By (fb)  float all 0.09703%  <0.52 0.007055 <038

Coy float all 0.00 £0.50 [—0.84,0.84] 0.00+0.63 [—0.90,0.90]
Copy fix others 0.00£046 [-0.77,0.77] 0.0040.58 [—0.83,0.83]
Cor float all 0.00+£0.18 [-0.30,0.30] 0.0040.22 [-0.32,0.32]
Cor fix others 0.00+£0.16 [-0.27,027] 0.004021 [-0.29,0.29]
Gy float all 0.00£0.50 [—0.84,0.84] 0.0040.63 [—0.90,0.90]
.y fix others 0.00£046 [-0.77,0.77] 0.0040.58 [—0.83,0.83]
N float all 0.00 £0.18 [-0.30,0.30] 0.00+0.22 [-0.32,0.32]
.y fix others 0.00+£0.16 [-0.27,027] 0.004021 [-0.29,0.29]

The likelihood £ is maximized with respect to the nuisance parameters, describing the system-
atic uncertainties, and the parameters of interest. There are four parameters of interest, which
can either be the four anomalous couplings Coyr Canr 'cv,w, and Ezw or the cross-section 01 and
three of the anomalous couplings, with the option to eliminate one of the couplings of choice.
Likelihood maximization is done using the Higgs COMBINE tool [102]. The allowed 68 and 95%
confidence level (CL) intervals are defined using the profile likelihood function, —2AL = 1.00
and 3.84, for which exact coverage is expected in the asymptotic limit [108]. The 95% CL upper
limits on 0, f; are determined with the requirement that cross sections must be positive. They
are calculated using the CL criterion [109, 110] with the modified profiled likelihood ratio [108]
as the test statistics.

Figure 7 shows the one-dimensional likelihood scan on ¢, i using the combination of the the

H — bb and 4/ channels. Due to the much larger branching fraction of the H — bb channel,
the combined results are dominated by these decays. Table 1 shows a summary of the 68 and
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Figure 7: Constraints on ¢,y from the combination of the H — bb and 4/ channels. The results
are shown with only ¢, , and ¢, floating in the fit (blue) and with all four couplings allowed to
float (black). Observed (solid) and expected (dashed) likelihood scans are shown. The dashed
horizontal lines show the 68 and 95% CL intervals.

95% CL intervals on o, Ty

and ¢, couplings. The results for the H — 4/ and H — bb channels are presented separately
with the cross section multiplied by the respective branching fraction. This highlights that,
when the branching fraction is considered, the H — 4/ channel is not competitive with the
H — bb channel. Negative cross sections are allowed, as indicated by the central values and
68% uncertainty ranges, except when setting the 95% CL upper limits on ¢, . In Fig. 7, the
likelihood scan terminates for certain negative values of 0, 1. This represents the case where
some bins in the observables yield a negative number of events, so the total probability density

function becomes negative for this extreme case.

u. either with no constraints on the couplings or allowing only the c

Ty s Coy
between the CP-even (c% or c227) and CP-odd (5727 or EZ%Y) couplings, the likelihood scans pro-
jected on one dimension are indistinguishable, which is why only two graphs are displayed. We
present constraints on the squared values because they are directly related to the event yields
and most closely follow the Gaussian probability distributions. Table 1 shows a summary of
the 68 and 95% CL intervals on four couplings, either with no constraints on the couplings or
with certain couplings constrained to the null SM expectation.

Figure 8 shows the constraints on the squared couplings c and ¢;7. Due to symmetry

8 Analysis of the light-quark Yukawa couplings

The limits on yH production could be used to constrain the Yukawa couplings of light quarks,
as proposed in Ref. [47] and discussed in Section 1. However, the photon involved in this
process is considerably softer than the one in diagram Fig. 1 (left). This motivates a reoptimiza-
tion of the photon selection criteria introduced in Section 4.1. Upon testing, we find that the
expected constraints remain unchanged, regardless of the selection requirement on p;. This
effect is observed because a soft photon can easily be associated with an H boson produced via
gluon fusion, for instance. Therefore, the distinction between the Untagged and y-tagged cate-
gories is unnecessary. Instead, we must constrain light-quark Yukawa couplings by examining
changes in the H boson production rate, regardless of the production mode.

This leads us to perform an inclusive analysis of H — 4/ production, similar to the methods
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Figure 8: Constraints on the square of |c,., | (or |c,,|) and |c,, | (or |c,,|) from the combination

of the H — bb and 4/ channels. The other couplings are either fixed to the null SM expectation
(blue) or are left floating in the fit (red). Observed (solid) and expected (dashed) likelihood
scans are shown. The dashed horizontal lines show the 68 and 95% CL intervals.

proposed in Refs. [48, 49], but with a more detailed focus on both the reconstruction and com-
putational aspects. The four-lepton final state is especially suitable for this analysis because the
decay is largely unaffected by the H boson couplings to quarks at the relevant scale. Addition-
ally, the inclusive H — 4/ reconstruction maintains high signal purity and is almost entirely
independent of the production mechanism. Consequently, only the effects on production cou-
plings and total width I'y; of the H boson need to be taken into account. In this interpretation,
we combine the Untagged and <y-tagged categories into one, while keeping the 4¢ selection
criteria unchanged.

8.1 Dependence of the cross sections on the light-quark Yukawa couplings

The SM bbH process serves as a reference for H boson production driven by light quarks at
the tree level, qqH, where the rates are adjusted according to x,, kg, &, k., and x,. The rate
of the gluon fusion process is also expressed as a function of x,, while all other production
mechanisms of the H boson considered remain unchanged. The couplings «x;, and x; are well
constrained by the analysis of the on-shell H boson data [111, 112], including the H — bb de-
cay, and ttH and ggH production, and thus are fixed to x,, = x; = 1 in this analysis. However,
they are sometimes allowed to vary for studies and validation of the techniques presented in
Section 8.2.

The total width of the H boson is parameterized, as shown below:

SM 2 SM 2 SM SM BSM
IﬂH = Rgg (Ku,d,s,c,b) IﬂHﬁgg + Z Kq rHﬁqq + Z va’ FH%VV/ + ZFH%M + IﬂH s (4)
Vv’ /

q=u,d,s,c,

where the partial widths I’SHI\g 5 are calculated using the SM values for all couplings, while the
partial width for decays to BSM particles is generally unknown and is constrained only by
FESM > 0. In the partial width for the decay H — VV’,V or V' canbe W, Z, or +. Since this
decay is primarily governed by the tree-level couplings HZZ and HWW, the influence of light-
quark Yukawa couplings is highly suppressed and negligible compared to the direct H — qq
partial width with enhanced couplings. The coupling strength modifiers xy;y are introduced
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to account for potential BSM effects and will be elaborated on below. In the SM, their values
are kyy = 1. The partial width for the decay H — ¢/, where ¢ denotes leptons e, y, or 7, and
neutrinos are neglected, is independent of k. Thus, the dependence on « is present only in
the H — qq and H — gg processes.

The cross section of the on-shell H boson production at the LHC, pp — H — 4/, is inversely
proportional to the total width of the H boson and is parameterized as shown below:

I"SM 2

Ho4¢ K22 oS
UH—40 = 7) (Rgg( udscb) ggH +ZK(2] qlc;/[H +0

M oMLY iy o (5)
Ty (Ky,ds,cb o+ o Z vV VVH>

where the partial width for the decay H — ZZ — 4/, which is a subprocess of H — ZZ, is
scaled by the coupling strength modifier «,, introduced earlier, and all cross sections o> are
computed for the inclusive on-shell H boson production using the SM values for all couphngs
The production in association with top quarks (ttH, tH) and VH or VBF production (VVH)
are independent of ;. The latter arises for reasons similar to those discussed for the H — VA'A
decay, with some exceptions, such as the box diagram in the gg — ZH production. However,
this contribution is minor in the gg — ZH process and is negligible compared to the gg — H
process for any values of the quark Yukawa couplings. The VBF, ZH, and WH production
processes are scaled by either k%, or k3, with the interference between the two contributions
in the VBF process being negligible.

Table 2: Central values of the input and derived parameters used in calculations involving
Egs. (4) and (5). The list of partons (p) comprises gluons (g) and five quark flavors (q). All
cross sections 0; are computed for the inclusive on-shell H boson production using the SM
values for all couplings, except for the specific coupling Kq that is explicitly mentioned.

SM ggH(K =0) ggH(K >1) Oqqn (kg>1)

P T/ T o (1) mo L m

g 8187 x107% 4.858 x 10 — — —

b 5.824x10"! 4.880x10! 1.595 1.422 x 1072 1.723 x 102
c 2891 x1072 7.735x1072 4254x10°2 2794 %103 5.506 x 102
s 2152x107% 1.854x1073 5.040 x107* 1518 x10~* 1.774 x 107!
d 5552x1077 1381 x10° 2087 x10° 1459 x10° 5.120x 10!
u 1183 x1077 4.155x107® 5.050x 1077 4.189 x 1077 7.234 x 107!

The rates of the gluon fusion process in Eq. (5) and of the decay to gluons in Eq. (4) are both
scaled by the same factor Ry,, which depends on the couplings of all quarks involved in the
Hgg loop. The calculation of Ry, (% 45 ,cp) is carried out using MCFM code within the JHUGEN
package, extending the computation in Ref. [40] to include light quarks. Since Ry, is used as a
calculated at next-to-NNLO in QCD [31], the ggH cross section
in Eq. (5) corresponds to the same order under the assumption that the K factor for matching
the LO ggH cross section is independent of the quark flavor.

scaling factor in front of (7 s

The partial decay width I'PM " qq in Eq. (4) is calculated using Ref. [113] for q = u,d, s, ¢, while

the H — bb value is obtained from Ref. [31]. The decay width of the H boson to two quarks
is well understood under the assumption that the quark masses are small compared to the H
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boson mass myy = 125GeV, which is a valid approximation for the light quarks considered in
this analysis. Calculations use the running mass of the light quarks at my [114]. A uniform
K factor is applied to match the H — cc partial decay width to the most accurate value in
Ref. [31].

The cross section of the qqH process as a function of the light-quark Yukawa coupling for each
flavor of q in Eq. (5) is calculated at NNLO in QCD with SusHi [115]. As such, this process
involves light quarks coupled to the H boson in either the initial or final states. Reference [116]
demonstrated that the calculation for bbH at NNLO in QCD is analogous to the calculation for
qqH production with light quarks. The main differences stem from the distinct quark Yukawa
couplings and variations in the flavor composition of the PDFs. The central values for the QCD
factorization and renormalization scales are set to my; /4 and myy, respectively, with systematic
variations by a factor of 2, leading to cross section uncertainties between 3 and 5%, depending
on the quark flavor. Similarly, PDF variations lead to uncertainties between 3 and 9%. For the
bbH and ccH processes, the cross sections from Ref. [31] are reproduced with good accuracy.
The typical K factor relative to the LO in the QCD calculation of the process qq — H is 1.2. The
effect of the interference between the qqH process and gluon fusion at higher orders in QCD
is found to be negligible compared to the individual contributions.

Table 2 illustrates the numerical values of the parameters used in calculations involving Egs. (4)
and (5), as well as their asymptotic behavior. The concept of this analysis can be grasped by
examining how the calculation in Eq. (5) varies with «, for a specific quark flavor q. Cross
sections for all processes that do not explicitly depend on «, will decrease as k increases above
1, due to the rise in 'y (Kq) in the denominator, as indicated by Eq. (4). The cross section for the
gluon fusion process will also decrease, but at a slower rate due to the interplay between the
quadratic dependence on k4 in both the total width and R,,. This cross section will ultimately

reach a plateau at x; > 1 when the K(Zl term becomes dominant in Ry, (xy). In contrast, the
cross section for the qqH process will increase with rising x, because the numerator in Eq. (5)
grows faster than the denominator. However, this increase will eventually level off, reaching
an asymptotic value at Kq > 1, where the terms proportional to Ké become dominant in both
the numerator and the denominator.

8.2 Results for light-quark Yukawa couplings

This analysis is feasible because the total cross section for the pp — H — 4/ process decreases
monotonically with increasing Ké, eventually becoming inconsistent with the data and thus
placing constraints on x,. Consequently, it is possible to simultaneously set constraints on the
couplings of all four quark flavors q = u,d, s, c, without compromising precision, provided
that the constraints are consistent with null measurements of these couplings. This occurs be-
cause, in the case of a null result for one coupling, introducing a non-zero value for another
coupling can only reduce the expected cross section, thereby tightening the constraint. Once
the precision of these measurements is sufficient to detect significant nonzero values, distin-
guishing between the couplings will become challenging.

FEISM

Incorporating BSM contributions, with in Eq. (4) and x, in Eq. (5), does not affect the up-

per limits, given the following two reasons. First, introducing a nonnegative I'®® will further

decrease the expected cross section, making its null value the most probable outcome when Ké
is enhanced. Second, enforcing the assumption x%, < 1 and 3,y < 1in Eq. (5) is theoretically
well-supported across various models [117]. This includes models with any number of Higgs

doublets, both with and without additional Higgs singlets, as well as certain types of composite
Higgs models.
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Since all four &y parameters must be taken into account in Eq. (4), we set xz, = «,, =1,
K77 = kww, and k5, < 1. With this assumption, it is apparent that allowing x, to be a free

parameter in Eq. (5) would resultin %, = 1being the most likely value when Kfl is increased. It

should be noted that technically the cross section o33! in Eq. (5) also depends on k. However,

this contribution is insufficient to counteract the reduction in other terms in Eq. (5) that results

from a decrease in K%Z.
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Figure 9: Constraints on «,, kg4, &, and k. are shown using the H — 4/ channel. In scenario
one (black), all couplings except the one being shown are fixed at their SM values. In scenario
two (blue), the Yukawa couplings for the three other light quarks are left unconstrained, and
BSM contributions are allowed: K%Z < 1and FEISM > 0. Both observed (solid) and expected
(dashed) constraints are presented. The crossings of dashed horizontal lines and the likelihood
curves indicate the 68 and 95% CL intervals.

The fit to the data closely follows the approach outlined in Section 7. The extended likeli-
hood function is built using probability densities that characterize both signal and background
events as functions of the Dy, observable in the 4¢ channel. The D, parameterizations for

all q@H processes are modeled based on the bbH simulation, with the yields of all processes
rescaled according to Eq. (5). The fit is conducted in two scenarios. In the first scenario, x, for
a specific quark flavor q is left unconstrained, while all other coupling modifiers are fixed at

their SM values: kg, = 1 for q' # q,kzz = 1,and I'P™ = 0. In the second scenario, x, = x, = 1

is set, while the Yukawa couplings of all other quarks remain unconstrained, with x%, < 1
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Table 3: Observed and expected constraints on the «,, kg4, k,, and «. couplings are shown using
the H — 4¢ channel. In one scenario, all couplings except the one being shown are fixed at
their SM values. In the other scenario, the Yukawa couplings for the three other light quarks
are left unconstrained, and BSM contributions are allowed. The 68% (central value with error
bars) and 95% (bracketed range or upper limit) CL intervals are displayed.

Parameter Scenario Observed Expected

68% CL 95% CL 68% CL 95% CL
Ky floatall ~ (0.0+1.5) x 10° [-2.4,2.4] x 10> (0.0 +1.8) x 10° [-2.6,2.6] x 10°
Ky fix others (0.0+1.4) x 10° [-2.3,2.3] x 10° (0.0 +£1.6) x 10°> [-2.5,2.5] x 10°
K4 floatall ~ (0.0£7.1) x 10> [-1.0,1.0] x 10° (0.0 £7.4) x 10> [~1.0,1.0] x 10
Kq fix others (1.5%30) x 102 [-9.7,9.7] x 10> (0.0 £6.5) x 10> [-9.7,9.7] x 10?
Kq floatall  0%3 [—46,44] 1732 [—44,42]
Ks fix others 1173 [—44, 42] 1t§g [—41,40]
Ke floatall  0.07%7 [—4.0,3.4] 1.0733 [-3.8,3.2]
Ke fix others 1.47}7 [—4.0,3.5] 1.0%33 [—3.8,3.2]
IPM (MeV) floatall — 0.0M07 <1.6 0.0707 <14

Table 4: Observed and expected constraints on the &, ¥4, ¥, and k. defined as K = yqv/my,
following the same conventions as outlined in Table 3.

Parameter Scenario Observed Expected
68% CL 95% CL 68% CL 95% CL

[ floatall ~ 0.00 £0.66 [—1.06,1.05] 0.007575 [—1.13,1.13]
Ky fix others  0.0070%  [-1.00,1.00] 0.00+£0.70 [—1.06,1.06]
%q floatall ~ 0.00£0.67 [-0.97,0.97] 0.00+£0.70 [—0.98,0.97]
g fix others 0.147075  [-0.92,0.92] 0.0070%)  [-0.91,0.91]
[ floatall ~ 0.0070%  [-0.89,0.85] 0.02702;  [—0.85,0.81]
[ fix others 0217039  [-0.84,0.80] 0.02%02,  [-0.79,0.76]
[ floatall — —0.01702% [—0.88,0.76] 0.2210= [—0.83,0.72]
%, fix others 0.307077  [—0.88,0.76] 0.227030  [-0.83,0.72]

and FIB{SM > 0. Figure 9 illustrates the constraints on each Kqs and Table 3 presents the 68 and
95% CL intervals for Kq in both scenarios. The results are quite similar in both scenarios, as
previously discussed, but the results from the simultaneous fitting of all light-quark Yukawa
couplings are more general.

The results of the fit, represented by the k,; parameters, provide a means to compare the hi-
erarchy of Yukawa couplings of light quarks relative to the b and t quarks. These results are
presented in Table 4. They are based on the assumption that both third-generation quarks, b
and t, couple to the H boson with strengths consistent with the SM. Under this assumption,
the hypothesis that y, = y™, y. = y™, yq = ¥, or y, = yM, that is up-type (u or ¢) or
down-type (d or s) quarks in the first or second generation, have the same couplings as those
in the third generation (t or b, respectively), is excluded with a CL greater than 95%. It is not
surprising that the limits on ¥, for the four light quarks are of a similar magnitude to the SM
value for the b quark, as it is the Yukawa couplings that make a significant contribution to the
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H boson decay width.

When T'PM is allowed to vary in the fit, the resulting constraints are: TEPM = 0.0739 MeV with
an upper limit of 1.6 MeV at 95% CL. The constraints are expected to be I'®™ = 0.0107 MeV

(<1.4MeV). This constraint is possible due to the assumptions made about other couplings,
such as K%Z < 1. Bounds on FESM can be obtained from existing off-shell H boson data [20,
118, 119] without needing constraints on other couplings. However, these bounds, along with
those obtained from the combined analysis of H boson data at the LHC [111, 112] are valid only
under the assumption of small Yukawa couplings for the light quarks. This assumption is not

applicable to the results presented in this paper.

In all of the fits mentioned above, the third-generation quark couplings are held fixed at their
SM values, x;, = 1 and x, = 1. If these constraints are relaxed to Gaussian constraints with
11 and 17% uncertainties, respectively, representing recent constraints from combined CMS
data [112], the achieved bounds at 68% CL on k., &, kg, k,, and T?>M vary by no more than 47,
37, 33, 33, and 95%, respectively. Alternatively, one can constrain only the top quark coupling,
such as setting x, = 1, while allowing x;, to vary freely, and still obtain bounds on the light-
quark Yukawa couplings that are only somewhat less stringent than those shown in Table 3.
For instance, a fit where x;, and «. are allowed to vary would be analogous to the results pre-
sented in Eq. (12) and Fig. 27 (left) of Ref. [54] using the same H — 4/ data, where only minor
approximations were made compared to the methodology used in this paper.

9 Summary

A search for yH production is performed with the data from the CMS experiment at the LHC
corresponding to an integrated luminosity of 138 fb~! at a proton-proton center-of-mass colli-
sion energy of 13 TeV. The analysis focuses on the topology of a boosted Higgs boson recoiling
against a high-energy photon. The final states of H — bb and H — 4/ are analyzed. This
study examines effective HZ+ and H~ anomalous couplings within the context of an effec-
tive field theory. In this approach, the observed (expected) constraint on the vH production
cross section is 0,y < 16.4 (21.5) fb at 95% CL. Simultaneous constraints on four anomalous

v
couplings involving HZ+y and H+~yy are provided.

Additionally, the production rate for H — 4/ is examined to assess potential enhancements
in the Yukawa couplings between light quarks and the Higgs boson. This includes examining
modifications to both direct quark-antiquark annihilation and gluon fusion loop processes. As-
suming the standard model Yukawa couplings for the bottom and top quarks (x, = x; = 1),
along with the constraints on the HVV couplings (K%VW <1land K% - < 1), the following simul-
taneous constraints are obtained: x, = (0.0 £ 1.5) x 10%, k4 = (0.0 £7.1) x 102, x, = 0133, and

k. = 0.0737. The hypothesis that up- or down-type quarks in the first or second generation
have the same Yukawa couplings as those in the third generation is excluded with a CL greater
than 95%.
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