arXiv:2104.12152v1 [hep-ex] 25 Apr 2021

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

g CERN-EP-2021-054
S @ 2021/04/27

\
|
CMS-HIG-19-009

Constraints on anomalous Higgs boson couplings to vector
bosons and fermions in its production and decay using the
four-lepton final state

The CMS Collaboration’]

Abstract

Studies of CP violation and anomalous couplings of the Higgs boson to vector bosons
and fermions are presented. The data were acquired by the CMS experiment at the
LHC and correspond to an integrated luminosity of 137 fb™! at a proton-proton col-
lision energy of 13 TeV. The kinematic effects in the Higgs boson’s four-lepton decay
H — 4/ and its production in association with two jets, a vector boson, or top quarks
are analyzed, using a full detector simulation and matrix element techniques to iden-
tify the production mechanisms and to increase sensitivity to the Higgs boson tensor
structure of the interactions. A simultaneous measurement is performed of up to five
Higgs boson couplings to electroweak vector bosons (HVV), two couplings to gluons
(Hgg), and two couplings to top quarks (Htt). The CP measurement in the Htt inter-
action is combined with the recent measurement in the H — 7y channel. The results
are presented in the framework of anomalous couplings and are also interpreted in
the framework of effective field theory, including the first study of CP properties of
the Htt and effective Hgg couplings from a simultaneous analysis of the gluon fusion
and top-associated processes. The results are consistent with the standard model of
particle physics.
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1 Introduction

The discovery by the ATLAS and CMS Collaborations of a Higgs boson (H) with a mass of
~125 GeV [1-3] has confirmed the predictions of the standard model (SM) of particle physics [4-
10]. The CMS [11418] and ATLAS [19-25] experiments have set constraints on the spin-parity
properties of the H boson and anomalous HVV couplings, where V stands for W, Z, and <y elec-
troweak (EW) gauge bosons, finding its quantum numbers to be consistent with | PC — 0t+ but
leaving room for small anomalous HVV couplings. In theories beyond the SM (BSM), H boson
interactions may generate several of them, which lead to new tensor structures of interactions,
both CP-even and CP-odd. The new anomalous tensor structures of the H boson interactions
may also appear through loop corrections in SM processes, but the size of their contributions is
beyond the current experimental sensitivity. The CP-odd anomalous couplings between the H
boson and either the top quark or new BSM particles, fermions or bosons, contributing to the
gluon fusion loop may generate CP violation in Hgg interactions. Possible CP violation effects
in couplings to fermions, Hff, had not been experimentally probed until recently, when the first



constraints were reported by CMS [26] and ATLAS [27] in ttH production using the H — 7y
channel.

In this paper, we study the tensor structure of the HVV, Hgg (where g stands for gluon), and
Htt (where t stands for top quark) interactions, and we search for several anomalous effects,
including CP violation, using the four-lepton final state H — VV — 4/, where { = p or e.
The H boson production processes considered in this paper include gluon fusion (ggH), vec-
tor boson fusion (VBF), associated production with a weak vector boson (VH, either ZH or
WH), with a top quark pair (ttH), with a single top quark (tH), and with a bottom quark pair
(bbH). The Feynman diagrams for these processes are shown in Figs. and discussed in
detail in Section [2| Kinematic effects in the H boson’s decay and its production in association
with two jets generated in either the VBF or ggH processes, with a vector boson, or with top
quarks are analyzed. Production and decay processes of the H boson are sensitive to certain
anomalous contributions, or equivalently higher-dimensional operators in the effective field
theory (EFT) [28], which modify the kinematic distributions of the H boson’s decay products
and of the particles produced in association with the H boson. Prior measurements of EW
processes limit the allowed values of certain EFT operators, and the preferred EFT basis used
in this paper is chosen to minimize the number of independent operators and their correla-
tions. This allows us to reduce the number of operators to be measured. The results are also
translated and reported in different, frequently used EFT bases. The effects of EFT modifica-
tions in backgrounds are found to be negligible because of the high purity of the signal peak
in the four-lepton invariant mass distribution and further constraints on the backgrounds from
sidebands.

Each production process of the H boson is identified using its kinematic features, and events are
assigned to corresponding categories. Two categorization schemes are employed in this anal-
ysis, one targeting Htt and Hgg and the other targeting HVV anomalous couplings. Within
each category, the matrix element likelihood approach (MELA) [29-33] is employed to con-
struct observables that are optimal for the measurement of the chosen anomalous couplings, or
EFT operators, including CP-sensitive observables to search for CP-violating operators. In our
approach, fully simulated Monte Carlo (MC) signal samples that include anomalous couplings
allow the incorporation of detector effects into the likelihood analysis, and observables explore
all kinematic features of the events, including those sensitive to CP violation and to simultane-
ous anomalous effects in the production and decay of the H boson. These features distinguish
our analysis from the recent measurements by the ATLAS Collaboration in the same H — 4/
decay channel [34,35], in which case the measurements are derived from the differential distri-
butions based on either the simplified template cross sections (STXS) [28] or unfolded fiducial
measurements.

We follow the formalism used in the study of anomalous couplings in the earlier analyses of
CMS data in Refs. [11H18] 26]. We focus on the measurements where the H boson is produced
on-shell; the extension to the off-shell region is considered in Ref. [17], where joint constraints
on the H boson width I'; and its anomalous couplings are obtained using a partial data set.
Some of the theoretical foundations relevant to the present analysis can be found in Refs. [28-
33,36H66]. The results are presented in a model-independent way, which allows interpretation
in the scattering amplitude or effective Lagrangian approach, for example in the frameworks
of the standard model effective field theory (SMEFT) [67H70] or pseudo observables (PO) [28].

Compared to our previous results on anomalous HVV couplings [16,[17], which used a subset
of the data presented here, several substantial improvements have been introduced. First, as
a result of the increased number of H — 4/ events, the expected 95% confidence level (CL)
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Figure 1: Leading-order Feynman diagrams for the gluon fusion production mode (left) and
H — VV decay (right).

constraints on HVV couplings are now dominated by the tight limits from the analysis of kine-
matic distributions of particles produced in association with the H boson in the VBF and VH
processes. Second, an improved fit implementation allows for the simultaneous measurement
of up to five independent HVV, two Hgg, and two Htt couplings using the single decay chan-
nel H — 4{. The couplings are parameterized with the signal strength and the fractional
cross section contributions of the anomalous couplings. A direct constraint on CP violation in
the Hgg coupling is obtained for the first time by employing CP-sensitive observables. The
CP violation measurement in the Htt coupling closely follows our recent measurement in the
H — 97 channel [26], and the results are combined. We also perform the first study of CP
properties in the Htt and effective Hgg couplings from a simultaneous analysis of the gluon
fusion and top-associated processes. For all anomalous couplings, we interpret our results via
the SMEFT framework in terms of HVV, Hgg, and Htt operators.

The rest of this paper is organized as follows. The phenomenology of anomalous HVV, Hgg,
and Hff couplings and considerations in the EFT framework are discussed in Section 2| The
data and MC simulation, event reconstruction and selection are discussed in Section 3l The
kinematic variables associated with the H boson’s production and decay and its MELA analysis
are introduced in Section 4, The implementation of the maximum likelihood fit is shown in
Section[5] The results are presented and discussed in Section[6} We conclude in Section [/}

2 Parameterization of H boson production and decay processes

The goal of this study is to search for CP violation and, more generally, anomalous couplings of
the H boson, in its interactions with fermions and vector bosons in the production and decay
processes. These potential sources of CP violation and anomalous tensor structures of inter-
actions may arise from BSM effects, including those considered in the EFT formulation. The
dominant processes sensitive to such interactions are shown in Figs. [28].

The main decay process considered in this paperis H — VV — 4/, with the HVV vertex shown
in Fig.[1} right. The dominant H boson production mechanism is gluon fusion ggH, shown in
Fig.[1} left. The dominant contribution to the gluon fusion loop comes from the top quark, with
smaller contributions from the bottom quark and lighter quarks. However, contribution of new
BSM states to the loop and variation of CP properties of the H boson couplings to SM quarks
are also possible and are considered in this paper. The HVV vertex also appears in the vector
boson fusion VBF and associated production with a weak vector boson ZH or WH, shown in
Fig. |2, which are the next dominant production mechanisms of the H boson.

The production of an H boson in association with a top quark pair ttH is shown in Fig.
left. This is the main channel that allows to study the CP property in the H boson coupling



to fermions. We also combine our results with the recent ttH measurements in the H — 7y
channel [26]. The production of an H boson in association with a single top quark tH is shown
in Fig.[d This production receives contributions from both HVV and Htt couplings, but its ex-
pected cross section is smaller than that of ttH. Both HVV and Htt couplings also contribute to
the gg — ZH production mode, shown in Fig. |5l However, this gluon fusion production mode
of ZH is expected to contribute only about 5% of the VH process cross section shown in Fig.
the dependence on anomalous HVV couplings is suppressed in this process [33], and for these
reasons this production mode is neglected in this analysis. Finally, we also consider the bbH
production mode shown in Fig. 3| right. However, this process does not provide kinematic fea-
tures that could distinguish the CP structure of interactions [32] or the experimental signatures
that would allow its isolation from the other more dominant production mechanisms.

Figure 2: Leading-order Feynman diagrams for the VBF (left) and VH (right) production
modes.

Figure 3: Examples of leading-order Feynman diagrams for the ttH (left) and bbH (right)
production modes.

Figure 4: Examples of leading-order Feynman diagrams for the tH production mode.

2.1 Parameterization of production and decay amplitudes

Anomalous effects in the H boson couplings to fermions, such as in the ttH and bbH pro-
duction and partially in the tH and gg — ZH production, can be parameterized with the
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Figure 5: Leading-order Feynman diagrams for the gg — ZH production mode.

amplitude
mg— -
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defined for each fermion type f, where ¢, and ; are the fermions’ Dirac spinors, «; and & are the
corresponding coupling strengths, m1; is the fermion mass, and v is the SM Higgs field vacuum
expectation value. In the SM, the coupling strengths are x; = 1 and % = 0. The presence of
both CP-even x; and CP-odd & couplings will lead to CP violation. In an experimental analysis
of the bbH process it is not possible to resolve the x,, and &, couplings [32], but it is possible to
resolve the k, and &, couplings in the ttH and tH processes, which we explore in this paper.

Anomalous effects in EW H boson production (VBF, ZH, and WH), ggH production, H —
VV decay, and partially in the tH and gg — ZH production, are described by the HV,V,
couplings. The scattering amplitude describing the interaction between a spin-zero H boson
and two spin-one gauge bosons V,V,, such as ZZ, Zv, vy, WW, or gg, is written as

\a% VA% \a%
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where fir = el g v gl 71) — Yeupef D7, and ey;, qy;, and my; are the polarization

vector, four-momentum, and pole mass of a gauge boson i = 1 or 2. The constants A; and

A are the scales of BSM physics necessary to keep the Klyv couplings unitless, and aYV, agv,

a;/V, KYV, K;/V, and «) ' are real numbers that modify the corresponding amplitude terms.

Equation (2)) describes couplings to both EW bosons and gluons, so HV,V, can stand for HVV
or Hgg.

In Eq. , the only nonzero tree-level contributions in the SM are afz # 0 and a‘lNW # 0. In the
SM, afz = a‘le = 2. The rest of the ZZ and WW couplings are considered to be anomalous
contributions, which are either small contributions arising in the SM because of loop effects
or new BSM contributions. Among the anomalous contributions, considerations of symmetry

. . . zZz _ ZZ WW _ WW Zy _ vy _ .88 _ 7Y __
and gauge invariance r;qulre K\ll\] =157,k =1k ,and ay’ = a]m = af® =« =
k)7 = k%% = k5% = k77 = k3 = 0 [33]. Therefore, there are a total of 13 independent

parameters describing couplings of the H boson to EW gauge bosons and two parameters
describing couplings to gluons. The presence of any of the CP-odd couplings a;/V together
with any of the other couplings, which are all CP-even, will lead to CP violation in a given
process.



Since in our analysis it is not possible to disentangle the top quark, bottom quark, and any
other heavy BSM particle contributions to the gluon fusion loop from kinematic features of the
event, we parameterize the Hgg coupling with only two parameters: CP-even a3® and CP-
odd agg, which absorb all SM and BSM loop contributions. However, when the gluon fusion
process is analyzed jointly with the ttH and tH processes, it may be possible to disentangle the
top quark contributions in the loop from the relative rates of the processes, and we allow these
contributions to be separated.

2.2 Symmetry considerations and SMEFT formulation

The formulation in Egs. (1) and (2) is presented in the approach of anomalous amplitude de-
composition. However, it is fully equivalent to the Lagrangian parameterization with dimension-
4 operators, such as the aYV term in Eq. , and dimension-6 operators, such as the other terms
in Eq. (2), using the mass eigenstate basis [28]. The dimension-8 and higher-dimension contri-
butions are neglected. We apply additional symmetry considerations discussed below, which
reduce the number of independent parameters to be measured. The chosen basis coincides
with the Higgs basis [28] under SU(2) x U(1) symmetry. The choice of the EFT operator basis is
motivated by the natural parameterization in terms of observable states and, as a consequence,
allows more transparent construction of the data analysis and presentation of the results. How-
ever, we also present results in the Warsaw basis [28], using tools in Refs. [33} [71] to perform
the translation. Our approach with SU(2) xU(1) symmetry is equivalent to the SMEFT formu-
lation [2§].

The parameterization in Eq. (2) is the most general one, and we apply SU(2) xU(1) symmetry
in the relationships of anomalous couplings as follows [28)133]]:

AmW

a"V = aft 3)
My
WW 77 z
a, = = c%va2 + s%va;” + 28 Cotly 4)
WW 7z z
a; = = c%va3 + s&,u;,w + 25, Cy 13 LS (5)
KWW KZZ a'y'y aZZ s aZ'y
1 2 2 1 20 — iy w2 24\ %
—(¢5, —s2) = 4255 = ——— £ 1D W (et gL )4 6
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where ¢, = cosfOy, s, = sin by, my and m, are the W and Z boson masses, and Amy, is a
w Wr °w w \ Z Y

shift in the W mass. Since myy is measured to high precision [72], we set Amy, = 0, leading to

a%z = a‘le. The latter relationship also appears under custodial symmetry [73]. Therefore, the

set of 13 + 2 independent parameters describing the HVV + Hgg couplings can be reduced to
8 4 2 with the above symmetry relationships.

In our measurements, we further reduce the number of independent parameters in the fol-
lowing way. We assume that the four loop-induced couplings a;g and aig are constrained to
yield the SM rates of the direct decays H — <y and Z+y. Therefore, in our analysis of EW pro-
duction and H — 4¢ decay, we set these four couplings to zero because their allowed values
are expected to have negligible effect in our coupling measurements. These four anomalous
couplings have been tested in our earlier analysis of the H — VV — 4/ process with Run 1
data [13] and the obtained constraints were significantly looser than those from the direct de-
cays with on-shell photons.
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We adopt two approaches to set the relationship between the HZZ and HWW couplings. The
HWW couplings do not contribute to the H — 4/ decay, but they do contribute to the EW pro-
duction. In this paper, the relationship between the HZZ and HWW couplings is mostly rele-
vant for VBF production with ZZ and WW fusion. There are no kinematic differences between

these two processes and it is impossible to disentangle the HZZ and HWW couplings from

these data. We used Approach 1 in our previous publications [16H18], where we set a}NW = aiZZ.

Approach 2 corresponds to the SMEFT formulation with SU(2) xU(1) symmetry.

In Approach 1, we set the ZZ and WW couplings to be equal, a}/vw = al-ZZ. Formally, this could
be considered as the relationship in Eqgs. in the limiting case c,, = 1. As a result, we are
left with four anomalous couplings to be measured, in addition to the SM-like couplings a;:
ay, as, k1/(A1)?, and KZZ7/ (A?)Z, where we drop the ZZ superscript from the couplings. We
adopt this approach both for its simplicity and to be able to relate the four anomalous couplings
constrained with the H — 4/ decay to the equivalent four couplings in the PO approach. This
requires an independent measurement of the K?Y term, which would otherwise be eliminated
by the relationship in Eq. (7). Therefore, this approach is slightly less restrictive than the SMEFT
formulation adopted in Approach 2 discussed below.

In Approach 2, we adopt the full set of SU(2)xU(1) symmetry relationships in Egs. with
s2, = 0.23119 [72]. The number of independent HVV parameters is further reduced from five to
four: a, a,, a;, and x; /(A;)?. There is a linear one-to-one relationship between the amplitude
couplings in Eq. (2) and the EFT couplings in the Higgs basis in the notation of Refs. [28] 33]:

oc, ==~ —1, (8)

©)

Y a,, (10)

Cpp = — a3, 11
el (11)
Ignoring small loop-induced corrections, the above four parameters are expected to be zero in

the SM. Since we set agg and afg to zero, the four corresponding parameters in the EFT Higgs

basis Copys Czpr Copeps and G, are also zero.

In the case of Hgg couplings, the two EFT parameters are defined following the notation of
Refs. [28,133] as:

1
_ 88
‘g8 2mxsa2 ’ 12)
1
5 _ 88
Ces _Zﬂasa3 ’ 13

where in the SM, ¢, = 0 and ¢y, = 0, and the SM process is generated by the quark loop
not accounted for in the a5® coupling. Finally, in the case of the Hff couplings, the x; and &%

parameters in Eq. (1) can be treated as EFT parameters [28], where in the SM, x; = 1 and & = 0.



2.3 Parameterization of cross sections

We use the narrow-width approximation and parameterize differential cross section of the on-
shell H boson production process j and decay to a final state f following Refs. [28,33] as:

(Zz’l 0‘1(1])‘11‘511) (Zmn 0‘%%%)

I'y ’
where g; are the real couplings describing the Hff, Hgg, or HVV interactions and include gener-
ically the x; in Egs. (1) and @) The coefficients a}lk ) are in general functions of kinematic ob-
servables for the differential cross section distributions and are modeled with simulation. The
total width I'y depends on the couplings a4; and potentially on the partial decay width to unob-
served or invisible final states, a dependence that must be taken into account when interpreting
cross section measurements in terms of couplings.

c(j—-H— f) « (14)

When we perform the amplitude analysis of the data, in the likelihood based on Eq. (14), we
keep all cross-terms in the expansion of powers of AN with N = 0,2,4, 6,8, where formall
each dimension-6 operator, or anomalous 4; coupling, receives the A~2 contribution in Eq.
even if not explicitly shown, while the SM tree-level coupling carries no such contribution.
While this may create inconsistency in the EFT approach with the AN terms kept or neglected
from the higher-dimension contributions, this allows us to keep the likelihood positive definite,
which is an important consideration in the experimental analysis of the data discussed in Sec-
tion[5| Because interference contributions may become negative, dropping certain terms in the
expansion may lead to negative probability. The importance of N = 4, 6,8 contributions may
be considered as testing whether the current precision is sufficient to treat our results within
the EFT approach, and we leave this test to the interpretation of the results. However, regard-
less of EFT validity, our results are presented in a fully self-consistent formulation of amplitude
decomposition, which can either be translated to the EFT interpretation or treated as a test of
consistency of the data with the SM, including the search for new sources of CP violation.

2.4 Parameterization of the signal strength and cross section fractions

We present the primary results in terms of cross sections, or equivalently, signal strengths p; =
o/ U]-SM, and the fractional contributions f,; of the couplings a; to cross sections (}_,,,, ®,,,2,,4,,)
of a given decay process. The ratios of couplings entering Eq. can be expressed through
fai, and the common factors, such as the total width I'y and the SM-like coupling squared,
are absorbed into the signal strength. This formulation with y; and f,; allows presentation of
experimental results in the most direct way, with a minimal and complete set of parameters
describing the given processes. This approach has several convenient features. The cross sec-
tions and their ratios are invariant with respect to the coupling convention, such as the scaling
in Egs. (8H13). The cross section fractions f,; reflect kinematic features in either production or
decay in a direct way. They are conveniently bound between —1 and +1, and most systematic
uncertainties cancel in the ratio.

The cross section fraction for Hff couplings is defined as
Hf &> (&
= =< 1
P T+ 52 78" (Kf> 1)
Similarly, the cross section fraction for Hgg couplings is defined as

882 88
ggH |a3° . a3
= ——sien| =5 | . 16
a3 \a%gP + \aggP & a%g (16)
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Both definitions incorporate the relative sign of the possible BSM CP-odd and SM-like CP-even
couplings. They are based on the observation that the cross sections of the H — gg process are

equal for a%g = 1and a%g = 1, as are the cross sections of the H — ff process for x; = 1 and

¢ = 1 in the limit of m; < my. We note that agSgH is defined following the convention that
& and a5® absorb both point-like interactions and quark contributions to the loop. Following

Ref. [33]], the agSg measurement can also be interpreted in terms of fCP under the assumption
that only the top and bottom quarks contribute to gluon fusion with x, = x, and &, = &:

-1
1
o = (1 +2.38 [Ifgng - 1]) = sin? 411", (17)

where the signs of fCP and 25" are equal, and ! is an effective parameter sometimes used to

describe the CP-odd contribution to the H boson Yukawa couplings. A more detailed analysis
of the gluon fusion loop could be performed without the assumption that only the top and
bottom quarks contribute.

The cross section fractions in the HVV couplings of the H boson to EW gauge bosons require
more parameters. Since in both of our approaches the HWW couplings are expressed through
other alyv couplings following Eqgs. , and because we prefer that our definitions not depend
on parton distribution functions (PDFs) and other effects that involve measurement uncertain-
ties, we use the H — ZZ / Z+* / v*v* — 2e2u decay process to define the cross section

fractions as
VV 2 (2e2u) Vv
vV i”i |‘Xii . a;
faiw = | VV|2(X(2e2y) S1gh ! (18)
. i

. a

where the txfl.z °2) coefficients are introduced in Eq. . The numerical values of these coef-

ficients are given in Table I where they are normalized with respect to the zxﬁezy ) coefficient,

(2e2p)

corresponding to the cross section calculated for a; = 1. The «;; are the cross sections for

aYV = 1, which are different in the two approaches of the coupling relationship as a result

of Eq. (7) adopted in Approach 2. The cross section fractions in Eq. can be converted to
coupling ratios as

’ 2e2y
. VV VV
’ 262#) sign (fm. fa]. ) (19)

The measured values of j; and f,; should be sufficient to adopt them in the fits for EFT param-
eters jointly with the data from other H boson, top quark, and EW measurements. They allow
constraints on the «; and a; couplings in Eqgs. (I) and (2). However, it is required to perform
a simultaneous measurement of all production and decay channels of the H boson, includ-
ing unobserved and invisible channels, as they contribute to the total width in Eq. (14). In this
paper, we present only a limited interpretation of our data in terms of couplings by making cer-
tain assumptions about their relationship. We leave more extensive interpretation to a future
combination with other channels.
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Table 1: List of anomalous HVV couplings alyv considered, the corresponding measured cross
section fractions f;fv defined in Eq. , and the translation coefficients a;; /211 in this definition
with the relationship aiZZ = a;NW (Approach 1), and with the SMEFT relationship according to
Egs. (Approach 2). In the case of the x; and Kf 7 couplings, the numerical values A; =

A127 = 100 GeV are adopted in this calculation to make the coefficients have the same order of
magnitude.

Coupling Fraction Approach1l Approach 2
VvV

a; Jai i/ aqq Qi /0
a3 fis 0.153 0.153
a, for 0.361 6.376
) Far 0.682 5.241

K5 o 1.746 —

3 The CMS detector, data sets, and event reconstruction

The H — 4/ decay candidates are produced in proton-proton (pp) collisions at the LHC and
are collected and reconstructed in the CMS detector [74]. The data sample used in this analysis
corresponds to integrated luminosities of 35.9 fb~! collected in 2016, 41.5 b~ collected in 2017,
and 59.7 fb~! collected in 2018, for a total of 137 fb~* collected during Run 2 at a pp center-of-
mass energy of 13 TeV.

The CMS detector comprises a silicon pixel and strip tracker, a lead tungstate crystal electro-
magnetic calorimeter (ECAL), and a brass/scintillator hadron calorimeter, each composed of a
barrel and two endcap sections, all within a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Extensive forward calorimetry complements the coverage
provided by the barrel and endcap detectors. Outside the solenoid are the gas-ionization de-
tectors for muon measurements, which are embedded in the steel flux-return yoke. A detailed
description of the CMS detector can be found in Ref. [74].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 KHz within a fixed latency of about 4 us [75]. 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 [76].

3.1 Event reconstruction and selection

The selection of 4¢ events and associated particles closely follows the methods used in the
analyses of the Run 1 [12,[13] and Run 2 [16} 17, [77, [78] data sets. The main triggers for the
Run 2 analysis select either a pair of electrons or muons, or an electron and a muon, passing
loose identification and isolation requirements. The transverse momentum (pr) for the leading
electron or muon is required to be larger than 23 or 17 GeV, while that of the subleading lepton
is required to be larger than 12 or 8 GeV, respectively. To maximize the signal acceptance,
triggers requiring three leptons with lower pt thresholds and no isolation requirement are also
used, as well as 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 efficiency
for simulated signal events that pass the full selection chain of this analysis is larger than 99%.
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Event reconstruction is based on the particle-flow algorithm [79], which exploits information
from all the CMS subdetectors to identify and reconstruct individual particles in the event.
The particle-flow candidates are classified as charged or neutral hadrons, photons, electrons,
or muons, and they are then used to build higher-level objects, such as jets, and to calculate
the lepton isolation quantities. Electrons or muons are reconstructed within the geometrical
acceptance defined by a requirement on the pseudorapidity || < 2.5 or 2.4 and py > 7 or
5GeV, with an algorithm that combines information from the tracker and the ECAL or muon
system, respectively. Muons are selected from a list of reconstructed muon track candidates by
applying minimal requirements on the track in both the muon system and inner tracker system,
and taking into account compatibility with small energy deposits in the calorimeters.

To discriminate between leptons from prompt particle decays and those arising from hadron
decays within jets, an isolation variable is calculated for electrons and muons [78]. An isolation
requirement is imposed on the muons. Electrons are identified using a multivariate discrimi-
nant which includes observables sensitive to the presence of bremsstrahlung along the electron
trajectory, the geometrical and momentum-energy matching between the electron trajectory
and the associated cluster in the ECAL, the shape of the electromagnetic shower in the ECAL,
and variables that discriminate against electrons originating from photon conversions. This
discriminant also includes the isolation to suppress electrons originating from EW decays of
hadrons within jets [78]. A dedicated algorithm is used to collect the final-state radiation of
leptons [77].

The jets are clustered using the anti-kt jet finding algorithm [80, [81]] with a distance parameter
of 0.4. The jet momentum is determined as the vector sum of all particle momenta in the jet.
Jets must satisfy pr > 30GeV and || < 4.7 and must be separated from all selected lepton
candidates and any selected final-state radiation photons with a requirement on the distance
parameter AR(¢/7,jet) > 0.4, where (AR)?> = (An)? + (A¢)>. Jets are b-tagged using the
DeepCSV algorithm [82], which combines information about impact parameter significance,
the secondary vertex, and jet kinematics.

The reconstructed vertex with the largest value of summed physics-object p is taken to be the
primary pp interaction vertex. The physics objects are the jets, clustered using the jet finding
algorithm [80, 81] with the tracks assigned to candidate vertices as inputs, and the associated
missing transverse momentum, taken as the negative vector pr sum of those jets. In order
to suppress muons from in-flight decays of hadrons and electrons from photon conversions,
leptons are rejected if the ratio of their impact parameter in three dimensions, computed with
respect to the primary vertex position, to their uncertainty is greater than four.

We consider three mutually exclusive lepton flavor channels: H — VV — 4e, 4y, and 2e2u.
At least two leptons are required to have pr > 10GeV, and at least one is required to have
pr > 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, to further suppress
events with leptons originating from hadron decays in jet fragmentation or from the decay of
low-mass resonances. The V candidates are formed with pairs of leptons of the same flavor and
opposite charge that pass the requirement 12 < my+,- < 120GeV, where m, is the invariant
mass of the V candidate that is closest to the nominal Z boson mass and m, is the mass of
the other one. A value of m; > 40GeV is required. The reconstructed four-lepton invariant
mass, 11, distribution in the region between 70 and 170 GeV is shown in Fig. [} The m,, region
between 105 and 140 GeV is considered in this analysis, which is wide enough to use sidebands
for constraining the background normalization in the later fitting procedure [78].
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Figure 6: Four-lepton invariant mass distribution of observed events (data points) and expec-
tation from MC simulation or background estimates (histograms) in the region between 70
and 170 GeV [78]. The peaks from the Z and H — 4/ decays are visible near 91 and 125 GeV,
respectively.

3.2 Event categorization

In order to perform a dedicated study of a particular kinematic topology, events are further split
into several mutually exclusive categories based on the presence of other particles produced
in association with the H boson candidate [78]. Two independent categorization, Schemes 1
and 2, discussed below, are followed in this study. Scheme 1 targets Htt and Hgg anomalous
couplings, while Scheme 2 targets HVV anomalous couplings.

We use the values of kinematic discriminants and other selection requirements to perform the
categorization. The definition of these discriminants can be found in Refs. [16}, 17,77, 78] and is
further discussed in Section[d They are calculated using the MELA approach while employing
the matrix elements at leading order (LO) in quantum chromodynamics (QCD). These discrim-
inants use full kinematic information from the H boson and from associated jet production and

are labeled to indicate a specific topology (1jet, 2jet) and production mechanism (VBF, WH,

DVBE pVBF DZH

ZH), which is discriminated against the dominant gluon fusion process: tiet + Dajet » Dajet

and DX;Q:I The D, discriminants are calculated using both SM and anomalous coupling hy-

potheses, leading to a set Déjet, all of which are tested in order to maintain high efficiency of
VBF and VH categorization in the presence of anomalous couplings. The discriminants defined
for the two-jet topology are illustrated in Fig.[7, where the expected distributions are based on
the MC signal simulation discussed in Section [3.3|and the background estimate in Section
To enhance the signal to background ratio in this illustration in Fig. |7} a selection of Dy, > 0.7
is applied. This observable uses information from the lepton kinematic distributions and does

not use information from associated jets, as also discussed in Section [4}

In categorization Scheme 1, the Htt and Hgg anomalous couplings are targeted. The categories
and selection criteria are identical to the first step of the categorization scheme in Ref. [78] and
are optimized to measure the rates of H boson production modes. Because anomalous Htt and
Hgg couplings have only a small effect on the fractions of ttH and ggH events in each category,
the optimization based on SM kinematic distributions used for the study in Ref. [78] remains
optimal here. The sequential selection criteria in Scheme 1 are as follows:

— The VBF-2jet category requires exactly four leptons. In addition, there must be either
two or three jets of which at most one is b-tagged, or at least four jets and no b-tagged
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Figure 7: The distributions of observed events (data points) and expectation (histograms) for

max (DZEtF ’i> (middle) and max (Dg;gl’l, Dzzjg’l) (right), where maximum is evaluated over the
the SM and the four anomalous coupling hypotheses i, described in the legend (left). Only
events with at least two reconstructed jets are shown, and the requirement Dy,, > 0.7 is ap-
plied in order to enhance the signal contribution over the background, where Dy, is calculated
using decay information only. The expectation is shown for the total distribution, including
background and all production mechanisms of the H boson, and for the VBF (middle) and VH
(right) signals, which are enhanced in the region above 0.5, indicated with the vertical dashed

line.

jets. Finally, D35 > 0.5 is required.

— The VH-hadronic category requires exactly four leptons. In addition, there must be
either two or three jets, or at least four jets and no b-tagged jets. Finally, Dze}t[ =
max (D;/]v.elt_l, Dég) > 0.5 is required.

— The VH-leptonic category requires no more than three jets and no b-tagged jets in
the event, and exactly one additional lepton or one additional pair of opposite-sign
same-flavor leptons. This category also includes events with no jets and at least one
additional lepton.

— The ttH-hadronic category requires at least four jets, if one is a b-tagged jet, and no
additional leptons.

— The ttH-leptonic category requires at least one additional lepton in the event.
— The VBF-ljet category requires exactly four leptons, exactly one jet and D}gEtF > 0.7.

— The Untagged category consists of the remaining events.

The number of events expected from signal simulation and background estimation are shown
along with the observed number of events for each Scheme 1 category in Table

In categorization Scheme 2, which targets anomalous HVV couplings, the categorization se-
quence is modified in three ways in order to be more sensitive to the HVV couplings. First,
the D;;; discriminants calculated using the SM hypothesis for VBF or VH are less sensitive
to anomalous VBF or VH production, so the selection for the VBF-2jet and VH-hadronic cat-
egories is modified to be more efficient for BSM hypotheses. Second, the ttH categories are
dropped and these events are merged into the Untagged category; ttH forms a small back-
ground to VBF and VH. Third, a Boosted category is added. This category, adapted from the
second (and finer) categorization scheme in Ref. [78], is designed for events where not all as-
sociated particles are fully reconstructed, so that the full kinematic information cannot be used
to measure anomalous couplings. After these modifications, Scheme 2 contains six categories,
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Table 2: The numbers of events expected in the SM for different H signal (sig) and background
(bkg) contributions and the observed number of events in each category defined in Scheme
1 targeting Hff and Hgg anomalous couplings. The ttH signal expectation is quoted for the
SM and anomalous coupling (x, = 0, &, = 1.6) scenario, both generated with the same cross
section.

Untagoed VBF- VBE- VH- VH- ttH- ttH-
&8 ljet ~ 2jet leptonic hadronic leptonic hadronic
ggH sig 18298 1550 6.70 0.35 4.68 0.02 0.18
VBF sig 7.23 328 723 0.05 0.28 0.01 0.05
WH sig 2.68 022 022 1.07 1.17 0.03 0.03
ZH sig 2.20 014 0.15 0.26 0.78 0.02 0.05
bbH sig 1.90 0.13  0.08 0.03 0.07 0.00 0.01
ttH sig 0.43 0.00  0.08 0.14 0.15 0.68 0.86
(%, = 1.6) (0.45) (0.00) (0.12)  (0.15) (0.15) (0.87) (1.18)
tH sig 0.14 0.01 0.10 0.04 0.03 0.04 0.03
Signal 19789 1931 1457  2.00 7.40 0.80 1.23
qq — 4¢bkg  210.50 693  1.92 2.23 1.87 0.08 0.04
gg — 40 bkg 19.79 153  0.56 0.38 0.24 0.01 0.01
EW bkg 3.43 018  1.37 0.26 0.57 0.24 1.07
Z + Xbkg 77 .94 246  4.88 1.20 3.29 0.21 1.07
Total 509.55 3041 23.30 6.05 13.38 1.33 3.41
Observed 539 27 20 10 12 0 2

with sequential selection criteria as follows:

— The VBF-2jet category requires exactly four leptons. In addition, there must be either

two or three jets of which at most one is b-tagged, or at least four jets and no b-tagged

VBF,i
DZjet

jets. Finally, max (
hypotheses (i) for the VBF production is required. See Fig.[7](middle) for illustration.

) > 0.5 using either the SM or any of the four BSM signal

— The VH-hadronic category requires exactly four leptons. In addition, there must be

either two or three jets, or at least four jets and no b-tagged jets.
WH,i ZH,i
2jet /7 2jet

Finally, max (D
hypotheses (i) for the VH production is required. See Fig. E] (right) for illustration.

) > 0.5 using either the SM or any of the four BSM signal

— The VH-leptonic category requires no more than three jets and no b-tagged jets in
the event, and exactly one additional lepton or one additional pair of opposite-sign
same-flavor leptons. This category also includes events with no jets and at least one
additional lepton.

— The VBF-ljet category requires exactly four leptons, exactly one jet and DXEE > 0.7.
— The Boosted category requires exactly four leptons, three or fewer jets, or at least four
jets and no b-tagged jets, and the transverse momentum of the four-lepton system

pi’ > 120GeV.

— The Untagged category consists of the remaining events.

The number of events expected from signal simulation and background estimation are shown
along with the observed number of events for each Scheme 2 category in Table
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Table 3: The numbers of events expected in the SM for different H signal (sig) and back-
ground (bkg) contributions and the observed number of events in each category defined in
Scheme 2 targeting HVV anomalous couplings. The EW (VBF, WH, and ZH) signal expecta-
tion is quoted for the SM and four anomalous coupling (a5/a,/%,/ K2Z,Y) scenarios f,; = 1, all
generated with the same total EW production cross section.

VBE- VBEF- VH- VH-
Untagged Boosted ljet 2jet leptonic hadronic
ggH sig 171.46 6.48 15.15 10.44 0.35 5.9
VBF sig 5.06 1.18 2.64 8.60 0.06 0.54
(az/ay/ (0.29/0.29/  (0.69/0.54/ (0.12/0.09/ (6.10/4.95/ (0.03/0.02/  (0.28/0.21/
1 /Kf“’) 0.05/0.09) 0.52/0.48) 0.03/0.05) 1.91/1.83) 0.01/0.01) 0.07/0.07)
WH sig 2.18 0.43 0.29 0.22 1.11 1.20
(az/ay/ (1.93/3.15/  (3.81/3.20/ (0.83/0.92/ (1.20/1.05/ (2.75/2.86/  (3.43/3.33/
o /Kf”) 0.72/0.00) 6.28/0.00)  0.22/0.00)  2.04/0.00)  3.47/0.00) 2.93/0.00)
ZH sig 1.87 0.34 0.16 0.16 0.26 0.79
(a3/ay/ (0.99/1.89/  (1.87/1.66/ (0.30/0.35/ (0.56/0.51/ (0.42/0.48/ (1.42/1.53/
K /K2 0.68/1.17)  4.14/1234) 0.12/027) 1.30/3.88) 0.65/1.82)  1.84/4.69)
bbH sig 1.84 0.04 0.13 0.09 0.03 0.09
ttH sig 1.65 0.04 0.00 0.32 0.13 0.19
tH sig 0.13 0.02 0.01 0.12 0.04 0.05
Signal 184.1 8.5 18.4 19.8 1.9 8.8
(a3/ay/ (178.2/180.3/ (12.9/12.0/ (16.5/16.7/ (18.7/17.4/ (3.7/3.9/ (11.4/11.4/
K /K2 176.4/176.2)  17.5/19.4) 15.7/156) 16.1/16.6)  4.6/2.3) 11.1/11.0)
qq — 40 bkg 206.05 1.89 6.78 2.78 221 2.30
gg — 4 bkg 19.05 0.38 1.52 0.76 0.37 0.31
EW bkg 3.50 0.66 0.20 1.98 0.23 0.85
Z + X bkg 69.87 3.73 2.46 9.70 1.20 4.10
Total 481.3 15.1 29.3 349 59 16.24
(az/ay/ (475.4/477.5/ (19.5/18.6/ (27.4/27.6/ (33.8/324/ (7.7/79/ (18.83/18.78/
Kl/;cf“’) 473.6/473.4)  24.1/26.0) 26.6/265) 31.1/31.6) 8.6/6.3) 18.54/18.47)
Observed 512 18 27 30 10 13

The events in each category in either Scheme 1 or 2 are further characterized with several ob-
servables using the kinematic features of the H boson decay and associated particles, as dis-
cussed in Section 4l

3.3 Monte Carlo simulation

Monte Carlo simulation is used to model signal processes, which involve the H boson, and
background processes in pp interactions at the LHC and their reconstruction in the CMS de-
tector. All MC samples are interfaced with PYTHIA 8 [83] to simulate parton showering and
multi-parton interactions, using version 8.230 for all years with the CUETP8M1 tune [84] for
the simulation of the 2016 data-taking period, and the CP5 tune [85] for the simulation of the
2017 and 2018 data taking periods. The NNPDF 3.0 parton distribution functions are used [86]].
Simulated events include the contribution from additional pp interactions within the same or
adjacent bunch crossings (pileup) and are weighted to reproduce the observed pileup distribu-
tion in data. The MC samples are further processed through a dedicated simulation of the CMS
detector based on GEANT4 [87].

The JHUGEN 7.3.0 [29H33] MC program is used to simulate all anomalous couplings in the
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H boson production and H — ZZ / Zv* / v*y* — 4( decay as discussed in Section 2} The
MELA [29-33] package contains a library of matrix elements from JHUGEN for the signal and
MCFM 7.0.1 [88] for the background; these matrix elements are used to apply weights to events
in any MC sample to model any other set of anomalous or SM couplings.

The SM production of the H boson through VBF, in association with a W or Z boson, or with a tt
pair is simulated using both JHUGEN at LO in QCD and POWHEG 2 [89-93] at next-to-leading
order (NLO) in QCD. Production in association with a bb pair or single top quark is simulated
at LO in QCD via JHUGEN. In the VBF, VH, and ttH production modes, the JHUGEN and
POWHEG simulations are explicitly compared after parton showering in the SM case, and no
significant differences are found in kinematic observables. Therefore, the JHUGEN simulation
is adopted to describe kinematic distributions in the VBF, VH, ttH, tH, and bbH production
modes with anomalous couplings, with the expected yields scaled to match the SM theoreti-
cal predictions [28] for inclusive cross sections and POWHEG simulation for categorization of
events based on associated particles in the SM. There are no observable anomalous effects in
kinematic distributions of the bbH process [32], but we keep this process in modeling its event
contribution. The considered VH process does not include gg — ZH production, which is ex-
pected to contribute about 5% of the VH cross section and is therefore neglected in this analysis.
This process has been studied with JHUGEN, including anomalous HVV and Hff couplings,
and it was found that the dependence on anomalous HVV couplings is suppressed [33].

Gluon fusion production is simulated with the POWHEG 2 event generator at NLO in QCD. The
kinematic features of events produced in gluon fusion with two associated jets are also mod-
ified by anomalous Hgg couplings. These effects are studied using MADGRAPH5_aMC@NLO
2.6.0 [63,94] and JHUGEN. Simulation with the MINLO [95] program at NLO in QCD is used
for evaluation of systematic uncertainties related to the modeling of two associated jets.

In all of the above cases, the subsequent decay H — ZZ / Zv* / v*y* — 4/ is modeled with
JHUGEN. All signal processes have been generated under the assumption that the H boson
mass is my; = 125 GeV. This value has been used in calculations in Sections [2|and |3 However,
in the analysis of the data discussed in Sections {4f and @ the my = 125.38 GeV value from
Ref. [96] is used. The my,, parameterization, the cross sections and the branching fractions of
all processes [28]] are adjusted according to my = 125.38 GeV, but the effect on other kinematic
distributions of the H boson decay products and associated particles is neglected owing to the
small difference between the two myy values.

3.4 Background modeling

The main background in this analysis, qq@ — ZZ/Zvy*/v*y* — 4/, is estimated from NLO
simulation with POWHEG. A fully differential cross section has been computed at next-to-
next-to-leading order (NNLO) in QCD [97] and the NNLO/NLO QCD correction is applied
as a function of my,. The gg — ZZ/Z~*/vy*y* — 4¢ background process is simulated with
MCFM 7.0.1 [88)] [98-100] at LO in QCD. The cross section of this background process is cor-
rected with an NNLO K factor as a function of m,, [101H103], assuming that the signal and
background processes have the same correction for higher orders in QCD. The EW background
includes the vector boson scattering and VZZ processes, generated within the JHUGEN frame-
work by adopting the MCFM matrix elements for the background processes. The EW back-
ground also incorporates other VVV, ttVV, and ttV processes, which are generated with MAD-
GRAPH5_aMC@NLO.

Other background contributions are estimated using control samples in reconstructed data
without relying on simulation. Different sources of leptons such as leptons originating from
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decays of heavy flavor quarks or light mesons may produce additional background to the H
boson signal. We denote this background collectively as the Z + X background and employ
a data-driven method for its estimation. The same method has been used in the analyses of
Run 1 [12, [13] and Run 2 [16} [17, 77, 78] data sets. The lepton misidentification rates are first
derived using Z + 1/ control regions with relaxed selection requirements on the third lepton,
and the extracted rates are then applied in Z + 2/ control regions, where the two additional
leptons with relaxed selection requirements have the same lepton flavor of equal or opposite
charge [78]].

4 Kinematic effects in production and decay of the H boson

Kinematic distributions of particles produced in the H boson decay or in association with the
H boson production are sensitive to the quantum numbers and anomalous couplings of the H
boson. Four main production topologies are studied: ggH, VBF, ZH or WH, and ttH or tH, as
illustrated in Fig.

In the H — VV — 4/ decay, shown in Fig. [8 lower right, eight observables fully characterize
the kinematic distributions of the decay products and the orientation of the decay frame with
respect to the production axis Qdec — {64,6,,®,0%, Dy, my,my, my,} [29]. Sets of observables
QP4 for the ggH, VBF, VH, and ttH production processes are defined in a similar way [31]
32], as shown in Fig. [8l As a result, 13 or more kinematic observables can be defined for the
associated production process, with subsequent H boson decay to a four-fermion final state.
The MELA approach is designed to reduce the number of observables to a minimum, while
retaining all essential information.

4.1 Kinematic discriminants

Full kinematic information from each event, using either the H — VV — 4/ decay or associ-
ated particles in its production, is extracted using discriminants from matrix element calcula-
tions using the MELA package. The discriminants use a complete set of mass and angular input
observables Q) [29, 131], 32]] to describe kinematic distributions at LO in QCD. Full reconstruc-
tion of the four-lepton decay chain and associated particles is employed in the matrix element
calculation, following the selection chain discussed in Section[3] Events with partial reconstruc-
tion of associated particles are retained in the analysis by using other kinematic observables,
such as the transverse momentum of the reconstructed H boson. In the case of the ttH topol-
ogy, where full reconstruction of the full decay chain of the top quarks is a challenging task, an
approximation to the matrix element approach is achieved with machine learning [33].

Two types of discriminants are defined for either the production process, the decay process, or
the full production + decay process. These discriminants are

Dy (Q) = Pag () , (20)
Psig (Q) + Palt (Q)
Dint 7Dint (Q) (21)

(Q) = ,
2\ /Pg (Q) Porc ()

where the probability density P of a certain process is calculated using the full kinematic de-
scription characterized by ) for the processes denoted as “sig” for a signal model and “alt” for
an alternative model, which could be an alternative H boson production mechanism (used to
categorize events), background (to isolate signal), or an alternative H boson coupling model
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Figure 8: Four topologies of the H boson production and decay: gluon or EW vector boson
fusion qq — V;V,(qq) = H(qq) — (VV)(qq) (upper left); associated production qq — V —
VH — (ff) (VV) (upper right); H boson production in association with the top quarks ttH or
tH (lower left); and four-lepton decay H — VV — 4/ where the incoming gluons gg indicate
the collision axis (lower right), and which proceeds either with or without associated particles.
The incoming partons are shown in brown and the intermediate or final-state particles are
shown in red and green. The angles characterizing kinematic distributions are shown in blue
and are defined in the respective rest frames [29,[31}132]]. The subsequent top quark decay is not
shown. See Ref. [32] for details.
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Table 4: The list of kinematic observables used for category selection and fitting in catego-
rization Schemes 1 and 2. Only the main features involving the kinematic discriminants in
the category selection are listed, while complete details are given in Section 3 The Untagged
category includes the events not selected in the other categories.

Category Selection Observables X for fitting
Scheme 1

VBF-ljet Diet > 07 Dig

VBF-2jet D%V}.gf > 0.5 Dy, DYEF, DS, DES
VH-hadronic Dy > 0.5 Disg

2jet

VH-leptonic  see Section Dyyg
ttH-hadronic see Section Dyygr D(t)t_H
ttH-leptonic  see Section Dyig, DSEH
Untagged none of the above Dy,
Scheme 2
Boosted p%é B? 120 GeV Doig, pﬁ
VBF-ljet Dljet > 0.7 Dy, P1
: VBF EW yVBF+d VBF+d VBF-+d Zv,VBE+dec yVBF yVBF
VBF'Z]et DZ]et > 0.5 Dbkg/ D0h+ eC, DOi eC, DAl eC, DAl , Dlnt , DCP
. VH EW ~VH+dec .NVH+dec ,qVH+dec .~Zv,VH+dec .qVH .HVH
VH-hadronic Dzjet > 0.5 Dbkg, Do i D, /Dy ,Dixq s Dint »Dep
VH-leptonic  see Section Dyyg, p¥
Untagged none of the above Dbkg, Dgﬁi, Dglﬁc, Df\ef, Dlz\ly’dec, Dgﬁc, Dgf}

(to measure coupling parameters). The “int” label refers to the interference between the two
model contributions. The probability densities P are calculated from the matrix elements pro-
vided by the MELA package and are normalized to give the same integrated cross section for
both processes in the relevant phase space. This normalization leads to a balanced distribution
of events in the range between 0 and 1 for the D, discriminants, or between —1 and 1 for
D;nt- In the special case where the D, is calculated between CP-even and CP-odd models, it
is denoted as Dcp. The Dp observable is CP-odd, and a forward-backward asymmetry in its
distribution would indicate CP violation. This motivates the index “CP”.

When events are split into the VBF-1/2jet and VH-hadronic categories, a set of discriminants
D1 /yjet 1s constructed, following Eq. , where Py, corresponds to the signal probability den-
sity for the VBF (WH or ZH) production hypothesis in the VBF-tagged (VH-tagged) category,
and P,; corresponds to that of H boson production in association with two jets via gluon fu-
sion. When more than two jets pass the selection criteria, the two jets with the highest py are
chosen for the matrix element calculations. Thereby, the Dy /. discriminants separate the tar-
get production mode of each category from gluon fusion production, in all cases using only

the kinematic properties of the H boson and two associated jets. The application of the Dy /e

DVBF

discriminants is described in Section where we introduce four types of discriminants et 7

D;?:f 4 Dzzjg’i, and D;/]V.elt{’i, with the SM and the four anomalous coupling hypotheses i consid-

ered in the signal model.

Several arrays of observables ¥ are defined in each category of events, uniquely targeting kine-
matic features of each category, and are listed in Table 4 One observable, Dy, is common
to most production categories in both Schemes 1 and 2. This observable is calculated using
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Figure 9: Distribution of the Dy, (left) and Dg_H (right), discriminants in the sum of the ttH-
leptonic and ttH-hadronic categories in Scheme 1. The latter distribution is shown with the
requirement Dy, > 0.2 in order to enhance the signal over the background contribution.

Eq. and is designed to separate signal from the dominant background production of four
leptons. The P,;; probability density is calculated for the dominant qq — 4/ background
process. The signal and background probability densities include both the matrix element
probability based on the four-lepton kinematic properties from MELA and the empirical m,,
probability density parameterization extracted from the simulation of detector effects. In the
VBE-2jet and VH-hadronic categories in Scheme 2, the observable DEL’; is a modified version of
Dyyg which includes the jet information. In this case, P, and P still include the my, proba-
bility parameterization and four-lepton kinematic information, but they also include kinematic
information for the two associated jets. The P, probability density represents the EW and
QCD background processes 4¢ + 2jets, while Pg;, represents the EW H production processes

summed together, VBF, WH, and ZH. The D, or DtE)lYg calculation employs the SM hypothesis
for the signal, while BSM kinematic information is incorporated in the observables discussed
next.

4.2 Observables targeting anomalous Htt and Hgg couplings

In Scheme 1, targeting anomalous Htt and Hgg couplings, seven event categories are used. In
the Untagged, VBF-ljet, VH-leptonic, and VH-hadronic categories, only one observable D,
is used. These categories do not provide additional information for separating CP-even and
CP-odd contributions in the Htt and Hgg couplings, but are included in the fit in order to
constrain the rates of the processes. The probability density parameterization of Dy, in these
categories is not sensitive to the CP structure of either Hff or HVV interactions.

There is rich kinematic information in ttH production because of the sequential decay of the
top quarks, as discussed further in Ref. [32]. While it is possible to construct observables, as
defined in Egs. and (21), with matrix element techniques [32], we adopt a machine learning
approach to account for partial reconstruction and possible permutations of the jets. A boosted
decision tree (BDT) classifier is trained to separate CP-even, corresponding to the x; coupling,
and CP-odd, corresponding to the &, coupling, contributions independently in the ttH-leptonic
and ttH-hadronic categories. The discriminant D&H is obtained with this approach as the best
approximation to Eq. (20), provided the full kinematic information is made available in the

calculation [32]. This technique still ensures that the maximal information is retained in the
discriminant and is based on the same matrix element used in simulation.

We achieve the full kinematic information in the Dg_H calculation by including the following
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Figure 10: Distribution of the D, (left), Dg_gH (middle), and DE%H (right) discriminants in the

VBE-2jet category in Scheme 1. The latter two distributions are shown with the requirement
Dyyg > 0.2 in order to enhance the signal over the background contribution.

observables in the training: the four-momenta of the reconstructed H boson and of the six jets
with the largest pt, as well as the b-tagging scores of the six jets for resolving their permutation.
In addition, in the ttH-leptonic category, the lepton multiplicity and the four-momentum of the
highest-pr lepton not originating from the H boson decay are used as input to the BDT clas-

sifier. It is not possible to construct the Dglfl discriminant, corresponding to Eq. , without
tagging the flavors of the jets, including distinguishing quarks from antiquarks [32]. Alterna-
tively, in the leptonic decay of both top quarks one could use the charges of the leptons, but the
efficiency of such a method is very low. Therefore, in the two ttH categories, two observables
are used: ¥ = {Dyg, Dét_H }. The distributions of these two discriminants are shown in Fig.@

The analysis of gluon fusion production with associated jets is performed in the VBF-2jet cate-
gory. There are two discriminants that are sensitive to CP-even terms, corresponding to the a5®
coupling, and to CP-odd terms, corresponding to the agg coupling, Dg_gH and DE%H, following
Egs. and (21), respectively. The matrix element for the gluon fusion H boson production
in association with two jets includes three possible initial states: quark-quark, quark-gluon,
and gluon-gluon. Only the quark-quark initial state is used to calculate these discriminants,
because this configuration corresponds to the gluon scattering topology sensitive to CP prop-
erties of the Hgg coupling [32], by analogy with the weak vector boson scattering process. The
jets in the other configurations, quark-gluon and gluon-gluon, are more likely to be initiated
from gluon radiation or splitting and are less likely to carry information about the CP prop-
erties. For similar reasons, we include the D;;Ef discriminant as one of the observables. This
discriminant allows us to isolate the VBF-like topology of the events, which is more character-

istic of the quark-quark-initiated process.

As a result, in the VBF-2jet category in Scheme 1 the observables ¥ = {Dbkg, ng}: , Dg_gH, Dg%,H}

H

are used, as summarized in Table@ The distributions of the three observables Dbkgl D(g)_g ,and

DE%H in this category are shown in Fig.[10, while the DX&F observable is shown in Fig.ﬂ It has

been shown [33,44] that the azimuthal angle between the two jets carries information similar to

Dg_gH and DE%H, but the latter two are better in terms of performance and practical application
to parameterization in the fit discussed in Section 5|
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4.3 Observables targeting anomalous HVV couplings

In Scheme 2, targeting anomalous HVV couplings, six event categories are used. Two of these
categories, VBF-2jet and VH-hadronic, target full reconstruction of the associated jets in EW
production of the H boson. Therefore, the full matrix element calculation using both produc-
tion and decay information is employed, as discussed below and summarized in Table[d] Three
other categories, Boosted, VBF-1jet, and VH-leptonic, also target EW production, but without
full reconstruction of the associated particles. Therefore, in these categories matrix element
calculations are not employed, and instead the transverse momentum of the H boson candi-
date p4’ is used as the second observable. Anomalous couplings in EW production lead to a
harder p}’ spectrum. Finally, in the Untagged category, dominated by the ggH events without
two associated jets, matrix element calculations using H — VV — 4/ decay information are
employed.

Since we target four anomalous HVV couplings appearing in Eq. , namely a,, as, k1 /(A1)?,

and Kzz,y/ (Ale)z, optimal analysis of the H — VV — 4/ decay requires four discriminants
of the type given by Eq. and four discriminants of the type given by Eq. (21). In the Un-

tagged category, the former four discriminants are defined as Dgﬁi, Dgﬁc, Df\ef, and Dﬁ’d“,
respectively, where the index “dec” indicates that only the four-lepton decay information is
used. Among the latter four interference discriminants, it was found that the two discrimi-

nants corresponding to the x;/(A;)? and K? T/ (A%V)2 couplings are strongly correlated with
Djiﬁc and Dﬂ’dec, and therefore these two interference discriminants are not used. This obser-

vation follows from the fact that the a; and x; /(A)? or K? / (Afﬂy)2 couplings correspond to
the same tensor structure in Eq. (2) and differ only in the 43 dependence. The remaining two

interference discriminants, D¢ and DEY, corresponding to the a, and a5 alternative couplings,

respectively, are employed in the fit.

In the VBF-2jet and VH-hadronic categories, the system of six discriminants discussed above is
extended to include both production and decay information, because these categories allow full
reconstruction of associated particles. The same four types of discriminants of the Untagged

3 VBF+d VBF+d VBF-+d Z,VBF+dec .
category following Eq. lb are used, namely D, ++ ,Dy> fdec D Al +dec and D ‘Al in

the VBF-2jet category, and Dghi+dec, D(\Q{erec, DX{HdeC, and D/ZXE”VHMQC in the VH-hadronic
category. Here the index “VBF+dec” or “VH+dec” indicates that both production and decay
information is used, which means that the kinematic information from the associated jets and
the four leptons are utilized in the VBF or VH matrix element calculations. In the case of the
VH process, the matrix elements of the WH and ZH processes are summed. There are more
interference discriminants in cases where anomalous couplings appear both in production and

deca&However, using interference discriminants with production information only following
21

Eq. (21) is the better approach if one has to limit the number of discriminants. Therefore, DYbF
and DYBF are used in the VBF-2jet category, and Dl\:nH and D\C/II,{ are used in the VH-hadronic

category.

Distributions of events for the observables X in Scheme 2 are illustrated in Figs. Here
and in Figs.[9land [10]the expected distributions are based on signal MC simulation discussed in
Section [3.3]and the background estimate in Section[3.4} where cross sections of all processes, in-
cluding those with the BSM couplings, are set to the SM expectations. The full list of kinematic
observables employed in the fit in each category is summarized in the third column of Table
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Figure 11: Distributions of events in the observables used in categorization Scheme 2. The
first seven plots are in the Untagged category: The upper left plot shows Dyy,. The rest of

the distributions are shown with the requirement Dy, > 0.7 in order to enhance the signal

over the background contribution: Dgﬁc (upper middle), Dgﬁi (upper right), D}i\elc (middle left),

Dlzg’dec (middle middle), D&, and DEee. The last two plots are shown in the Boosted category:
Dyyg (lower middle) and p¥ with the requirement Dyyg > 0.7 and overflow events included
in the last bin (lower right). Observed data, background expectation, and five signal models
are shown in the plots, as indicated in the legend in Fig. [/ (left). In several cases, a sixth signal
model with a mixture of the SM and BSM couplings is shown and is indicated in the legend
explicitly.
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Figure 12: Distributions of events in the observables used in categorization Scheme 2. The
tirst seven plots are in the VBF-2jet category: The upper left plot shows Dbkg The rest of the

distributions are shown with the requirement DY ¢ > 0.2in order to enhance the signal over the

background contribution: Dy 4% (upper middle), DyPF 9 (upper right), D> 4 (middle

left), DZ%VBFJFdeC (middle middle), D‘CIEF, and DYBF. The last two plots are shown in the VBE-

int

Tjet category: Dy, (lower middle) and p¥ with the requirement Dz > 0.7 and overflow
events included in the last bin (lower right). Observed data, background expectation, and five
signal models are shown in the plots, as indicated in the legend in Fig.[7](left). In several cases,
a sixth signal model with a mixture of the SM and BSM couplings is shown and is indicated in
the legend explicitly.
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Figure 13: Distributions of events in the observables used in categorization Scheme 2. The first
seven plots are in the VH-hadronic category: The upper left plot shows Dbkg The rest of the

distributions are shown with the requirement DY

¢ > 0.2in order to enhance the signal over the
VH+dec
background contribution: D,

(upper middle); D(\)]hlfrdec (upper right); DVH+deC (middle
left); D57V (middle middle); DY}, and D). The last two plots are shown in the VH-

leptomc category: Dy, (lower middle) and p3 with the requirement Dy > 0.7 and overflow
events included in the last bin (lower right). Observed data, background expectation, and five
signal models are shown in the plots as indicated in the legend in Fig. [7](left). In several cases,
a sixth signal model with a mixture of the SM and BSM couplings is shown and is indicated in
the legend explicitly.
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5 Implementation of fitting and associated uncertainties

In the analysis of the Hff, Hgg, or HVV anomalous couplings, the events are split into a total
of 63 (in Scheme 1, targeting Hff and Hgg) or 54 (in Scheme 2, targeting HV'V) categories ac-
cording to the seven or six production categories, three lepton flavor combinations (4e, 4y, and
2e2p), and three data periods (2016, 2017, and 2018). Each event is characterized by its discrete
category k and set of input observables X, as discussed in detail in Section 4 and summarized
in Table @ The observed distributions of events across the discriminants ¥ are illustrated in
Figs. and are compared to the expected distributions in SM and BSM. However, quantita-
tive characterization of these distributions requires a careful analysis of the multidimensional
space of observables X and categories k, which is discussed below. Preparation of this analysis
was performed in a blind way, which means that observed distributions of events were not
examined until all details of the fit discussed below were finalized.

5.1 Likelihood parameterization

We perform an extended maximum likelihood fit [104] in which the probability density is nor-
malized to the total event yield in each category k as a sum over all signal processes j and
background processes i according to

,Pk(f) = Zl’ljp]?lcig (f; Ejk’f?j) + ZPSckg (J_C"' Ez'k) ’ (22)
j i

where ji; is the ratio of the observed cross section to the SM expectation, f]' is the set of uncon-
strained parameters describing kinematic distributions in a given process, defined in Egs.
, and ‘f]’k are the constrained nuisance parameters reflecting the uncertainties in the above
parameterization.

In the case of the gluon fusion process, ji; = jg,py and f] = ;%gH. The dependence on the CP-

sensitive parameter ;%gH appears only in the VBF-2jet category where correlation of the two

associated jets is explored. Therefore, in this category a dedicated simulation of the H boson
production with two associated jets with MADGRAPH5_aMC@NLO is used, and checked against
the JHUGEN and MINLO simulation. The interpretation of this process in terms of fermion
couplings appearing in the gluon fusion loop is discussed in Section In cases where the SM

fermions are assumed to dominate the gluon fusion loop, the j.yy and 128" parameters are

correlated to p ;1 and félptt in the ttH process through Eq. . A more general case, when both
SM fermions and heavy BSM particles contribute to the loop, is also considered. In all cases
the relationship between the Hff and Hgg couplings follows JHUGEN with the relative sign
of CP-odd and CP-even coefficients opposite to that assumed in MADGRAPH5_aMC@NLO, as
discussed in Ref. [33].

In the case of the ttH process, y; = py and ]?; = f é{ptt The tH production is expected to con-
tribute about 5% of the total ttH signal in this analysis, as shown in Table[2| and, therefore, the
exact treatment of this process is currently not important. This production mode depends on
both HVV and Hff couplings. The anticipated small yield may be somewhat larger if the ex-
pected destructive interference between the HVV and Hff couplings in the tH process becomes
constructive owing to a modification of these couplings. In this analysis, we also introduce a
possible CP-odd Yukawa coupling in the tH process. We fix the sign of the a; coupling to be
positive, and so the sign of the x; coupling allows us to float the relative sign of the HVV and
Hff contributions in this process. In Scheme 1, we parameterize the tH signal strength with the
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parameters iz, fgptt, and puy, defined below. There is a weak dependence of the D,_ distri-

butions on fgft in this channel, which we conservatively neglect. We also neglect anomalous
HVYV couplings in the tH parameterization because their effect is negligible with the current
constraints from analysis of the VBF and VH events. In Scheme 2, where we do not have a
dedicated category for the top quark coupling measurements, we neglect the dependence of
the tH process on the HVV couplings because this would have a negligible effect on the results
and unnecessarily complicate the fit parameterization.

For EW processes (VBF, ZH, WH), the common unconstrained parameters of interest are Hi=

py and f; = ( fazr fars fars f/ZJ ) in Approach 1 or f; = (fu3, fa2, fa1) in Approach 2, when using
categorization Scheme 2 for fitting HVV couplings. We simplify treatment of the EW processes
in categorization Scheme 1 when fitting for CP-violating Hgg or Htt couplings and allow only
the CP-violating f,; parameter in f; When all anomalous couplings are set to zero, the signal
strength yuy is equal to the ratio of the cross sections of all EW processes (VBF, ZH, WH) to the
SM expectation. In the case of f,; = 1, this ratio is corrected by the factor («;;/a;;) as quoted
in Table 1| for decay cross sections, and the inverse of this factor for the EW production cross
sections, due to the evolution of the cross sections with anomalous couplings.

It has been shown that there is no sensitivity to the anomalous couplings in the bbH pro-
cess [32] and it is parameterized with the signal strength y; = ;. Depending on the fit
implementation discussed in Section [p} this signal strength may be correlated with those in
other channels, such as . Or . The exact treatment of this process is expected to have
negligible effect on the results, because it cannot be distinguished kinematically from other
dominant processes and its relative contribution in each kinematic region is expected to be
negligibly small, as shown in Tables[2|and

The background processes i in Eq. include the qq — 44, gg — 4¢, and EW processes, all
of which are estimated with simulation, but receive additional constraints from sidebands in
data. The EW background includes vector boson scattering and VVV processes, which are the
background counterparts of the VBF and VH processes. We also include the ttVV and ttV
processes in this background contribution, which are important in the study of the ttH signal
process. Interference of the signal and background processes is negligible in the analysis of
the on-shell H boson production. The Z + X background contribution models Z+jets and other
related processes with lepton misidentification and is estimated from the control regions in the
data as discussed in Section[3.4] All signal j and background i processes contributing to Eq.
and their expected yields are shown in Tables [2|and

The signal and background probability distributions P;,ig and P};{kg appearing in Eq. are
binned multidimensional histograms (templates) of observables ¥ listed in Table 4 The bin-
ning of these templates has been optimized for memory and speed of computer calculations,
expected population of events across those bins, and retaining kinematic information. In par-
ticular, the large number of discriminants used in the Untagged, VBF-2jet, and VH-hadronic
categories in Scheme 2, requires careful optimization of the binning employed in analysis. In
these categories, two bins are used in the two interference discriminants and three bins are
used in the other five discriminants, which corresponds to a total of 972 bins in the seven-
dimensional (7D) distribution. However, the bins with a very low yield of expected events for
all contributions are merged, and the expected symmetry in the distribution of the Dp observ-
able is enforced. As a result, the total number of independent bins depends on the category, but
does not exceed 400 in any of the categories. Even though only a limited number of bins is used
in each dimension, the 7D distribution retains substantial kinematic information that is nearly
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optimal for all anomalous couplings targeted in this analysis. This has been validated against
a dedicated analysis targeting one anomalous coupling at a time with a much larger number
of bins in each dimension for a smaller number of discriminants, as employed in Refs. [16,[17].
This nearly optimal performance is realized in large respect due to the optimal population of
events across the range of discriminant values by construction of the MELA approach.

The P;,ig and P};(kg probabilities depend on the parameters Ejk and f] and are therefore interpo-
lated between various templates as a function of these parameters. The ¢ reflect systematic
uncertainties either in the normalization or shape of both signal and background templates and

an analytical linear interpolation is adopted. The f] parameters require nontrivial analytical in-
terpolation of the signal templates, which is discussed in more detail below.

5.2 Signal parameterization

In the signal production and decay processes, the same anomalous couplings could appear
either on both the production and decay sides simultaneously, as in the case of HVV couplings
in EW production and H — VV — 4/ decay, or only on one side (production or decay). This is
illustrated in Eq. , with (¥ txfl] )aial) appearing on the production side and (¥, tx,%zaman)
appearing on the decay side. We absorb the width I'y; in Eq. into the overall signal strength
and parameterize the kinematic dependence in the signal probability density on the ratio of
couplings through f; in the following way.

In the case of HVV anomalous couplings, we have either L = 5 couplings in Approach 1 or
L = 4 couplings in Approach 2, which we can parameterize with four or three components of
fj, defined above, and f,; = (1 — |fuo| — |fus| — |fa1l — ]ffﬂ) Let us denote these as f; with
I =1,2,3,4,5. For the ggH and ttH processes, when we consider anomalous couplings on
the production side, we have only two parameters f; = (1 — | f%gH\) and ngH, or (1—| fgptt\)
and fgft, and L = 2. When developing the expression in Eq. , one gets a polynomial
in the couplings a; « /|f;| sign(f;) following Eq. , which is either quartic (C = 4), in
the case of the EW processes, or quadratic (C = 2), when the couplings appear only on the
decay or production side. Parameterization of the anomalous coupling dependence of the Pj-s,jg
probability density in Eq. is different in these two cases.

This leads to the following general expression for the probability density of the EW processes
withC =4

i Zz 7 L si -z .
PR (%G ) o Pl (%) 1fi fu fu fyl SiEn(fifu fufy) - @3)

The following general expression applies to the probability density of the processes with C = 2

P (%G ) o jl_l Pt (%) V/Ifi ful sign(fi fu) - (24)

In both Egs. and , only the kinematic dependence on f] is expressed, while the overall
normalization can be absorbed into y; or accounted for as part of the cross section measure-
ment.

In the general case, there are (C + L —1)!/(C!(L — 1)!) terms in either Eq. or Eq. (24). This
leads to 70 terms in Eq. when we measure four anomalous HVV couplings in production
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and decay (L = 5, C = 4), 15 terms in Eq. when we measure four anomalous HVV cou-
plings in decay only (L = 5, C = 2), and three terms in Eq. when we measure Hgg or Htt
couplings in production only (L = 2, C = 2). When both HVV (in decay) and Hgg or Htt (in
production) couplings are measured at the same time in a given process, the number of terms
is multiplied (15 x 3 = 45), since the two probabilities factorize.

The P35, (0
from three to twelve samples generated with various f] values chosen to map different points of
phase-space well and reweighted with the MELA package to cover all possibilities with (C+ L —

) templates are extracted from simulation, discussed in Section typically using

1)!/(C!(L —1)!) combinations of couplings. In parameterizing the signal templates 77].%”["1 (np)’
it is important to ensure that the expected number of events in every bin of the probability
densities, defined in Egs. and , remains nonnegative at all possible values of f;, because

a negative yield would cause the likelihood function used for the final fit to become ill-defined.

To detect a negative event yield, we first minimize Eq. 23) or Eq. (24), which are polynomials
in \/]f], by finding where the gradient is zero. For Eq. , which is quadratic, this is a simple
problem in linear algebra. Equation is quartic, so its gradient is a system of cubic equa-
tions, which cannot be solved exactly for L > 1. We use the HOM4PS program [105-H107] to
numerically solve the system of equations. If we find the minimum to be negative, we adjust

the estimated P]?ig until the yield is always positive. This adjustment is made using the

k, Imnp
. . . sig
statistical uncertainty on ij/ Imn

the GUROBI program [109]. In all cases, it is found that only small modifications to the initial

» through a cutting planes algorithm [108] implemented using

estimates of P;¢ are needed.

jk, Imnp

The parameterization in Egs. and is written in the self-consistent full-amplitude ap-
proach. In the EFT interpretation of the amplitude fit, the series in powers of |f,;|!/? corre-
sponds to terms of different dimension, as discussed in Section[2.3] For example, in Eq. the
term with f% corresponds to the SM-like contribution with dimension-four operators, while

31/ 2| f.i|1/? corresponds to interference between the SM amplitude and the dimension-six con-
tributions in the EFT expansion. Assuming that f;; ~ 1 and all f,; are small, all other terms
could in principle be neglected as a test of EFT validity. In practice, however, neglecting those
terms can easily lead to a negative probability in certain points in the phase space of observ-
ables, which invalidates the maximum likelihood fit. This does not necessarily mean that the
EFT approach is not valid. This happens because the sizable interference terms can lead to a
negative partial sum in Eq. (23), especially in the optimized multidimensional space of observ-
ables that are sensitive to such interference effects. Therefore, in practice, the fits presented
in Section [ do not allow one to place constraints without the full series shown in Egs.

and (24).
5.3 Likelihood fit

The final constraints on parameters y; and f] are placed using the profile likelihood method
implemented in the ROOFIT toolkit [110] within the ROOT [111] framework. The extended
likelihood function is constructed using the probability densities in Eq. (22), with each event
characterized by the discrete category k and observables X. The likelihood £ is maximized with
respect to the nuisance parameters E}k describing the systematic uncertainties discussed below,
and y; and f] parameters of interest. The allowed 68 and 95% CL intervals are defined using

the profile likelihood function, —2AIn £ = 1.00 and 3.84, for which exact coverage is expected
in the asymptotic limit [112].
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The reinterpretation of the primary y; and f] results in terms of couplings is performed with the

help of Eq. to relate signal strength y; to couplings and Egs. to relate f] to coupling
ratios. In this way the couplings directly enter the parameterization in Eq. (22). However, with-
out further constraints on the H boson width, such a fit would not provide useful constraints
on the coupling size. Therefore, in the total width I'yy parameterization in Eq. (14), we assume
that there are no unobserved or undetected H boson decays. We express the width I'y as the

sum of partial decay widths of nine H boson decay modes dominant in the SM, H — bb being
the largest and H — u "y~ being the smallest. Each partial decay width is scaled as a function
of anomalous couplings following the parameterization in Ref. [33]].

5.4 Systematic uncertainties

Several systematic uncertainties are considered in the set of constrained parameters g jk- The
relative expected yields in different categories and the template shapes describing probability
distributions in Eq. are varied within either theoretical or experimental uncertainties. All
results reported at 68 and 95% CL are dominated by statistical uncertainties. All systematic
uncertainties are treated as correlated between different time periods, except for the jet-related
uncertainties, which originate from statistically independent sources, and luminosity uncer-
tainties, which are partially correlated [113-115]].

The theoretical uncertainties considered are PDF parameterization, factorization and renormal-
ization scales, the hadronization scale used in PYTHIA, and the underlying event variations.
The underlying event modeling uncertainty is determined by varying initial- and final-state
radiation scales between 0.25 and 4 times their nominal value. The effects of the modeling of
hadronization are determined by simulating additional events with the variation of the nom-
inal PYTHIA tune described in Section 3| Experimental uncertainties involve jet energy cali-
bration and b-quark-tagging efficiency uncertainties, which are only relevant when production
categories are considered, and lepton efficiency and momentum uncertainties, which are sim-
ilar for the different processes and categories. In the estimation of the Z + X background, 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 + 2/ region,
this uncertainty accounts for about a £30% variation in the Z + X background.

The normalization of the background processes derived from the MC simulation is affected by
a 1.8% uncertainty in the integrated luminosity. However, all results are found to be insensi-
tive to luminosity or theoretical constraints on the nonresonant ZZ/Zy* — 4/ background.
Even though the theoretical cross section is one of the constraints in the fit, the wide sideband
included in the range 105 < my, < 140GeV constrains this nearly flat background from the
data, with nearly identical results when the theoretical constraints are removed. The main
distinguishing feature of this background is the dominant contribution of the Zy* intermedi-
ate state, which allows effective separation of the already small background from signal using
kinematic information.

6 Results

The signal strength 1; and the set of parameters f] describing the tensor structure of interactions
are constrained in each production process and decay H — ZZ / Zy* / v*y* — 4{. In the

following, we describe the measurement of fangH in the ggH process, félptt in the ttH and tH
processes, and the combination of the two where the top quark contributes to the gluon fusion

loop. We then report measurements of ( fazr fazr fars f/%l7 > in the VBF and VH processes along
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Table 5: Constraints on the %gH and fgptt parameters with the best fit values and allowed
68% CL (quoted uncertainties) and 95% CL (within square brackets) intervals, limited to the

physical range of [—1,1]. The fé{Ptt constraints obtained in this work are combined with those in
the H — 7 channel [26]. The interpretation of the %gH result under the assumption of the top

quark dominance in the gluon fusion loop are presented in terms of the fé{lft parameter, where
either ggH or its combination with tH and ttH results are shown.

Parameter  Scenario Observed Expected
fE ggH (H —40) ~0.047 534 [~1,1] 0+1[-1,1]
tH & ttH (H — 4¢) +(0.881042) [—1,1] 0+1[-1,1]

tH & ttH (H — ) [26] 0.00 + 0.33 [-0.67, 0. 67] 0.00 4 0.49 [—0.82,0. 82]

Hit tH & ttH (H — 40 & ) 0.00 & 0.33 [-0.67, 0. 67] 0.00 = 0.48 [-0.81,0. 81]
fer ggH (H — 40) —0.0173% [-1,1] 0+1[-1,1]
ggH & tH & ttH (H — 4/) —0.56" 335 [-1,1] 0.00 £0.47 [-1,1]

] ]

ggH & tH & ttH (H — 40 & vy)  —0.047038 [—0.69, 0. 68] 0.000.30 [—0.70,0. 70

with the H — 44 decay in all production processes, following Approach 1 with the coupling

relationship aWW = ul . We also report measurements of (f,,, fu3, fa1) following Approach 2

within SMEFT discussed in Section 2| These results are interpreted in terms of constraints
on the Hff, Hgg, and HVV operators. While all operators could potentially be constrained
in a joint analysis of all H boson decay modes, in this paper we analyze only the H — 4/
decay mode, and perform a combination with the tH and ttH processes in the H — 7 decay
mode. Therefore, for the purpose of illustration, we make further assumptions on how certain
couplings, to which this analysis is not sensitive, are related. For example, we must make
certain assumptions about the relationship between the Hbb, Hec, HtT, and Hupu couplings
and other couplings. These assumptions are discussed in each of the applications presented
below.

6.1 Constraints on Hgg couplings

The measurement of anomalous couplings of the H boson to gluons is presented in Fig.
and Table 5| Since the direct couplings of the H boson to SM fermions in the gluon fusion
loop and to potentially new particles appearing in the loop can not be resolved using this

measurement alone, both effects are characterized with two parameters, fag3gH and pgepy. The
signal strength 1,1y, which is the ratio of the measured cross section of the gluon fusion process
to that expected in the SM, is profiled when the f;%gH results are reported. The measurement
of the f&° ™ is consistent with zero, as expected in the SM. This can be clearly seen from the

DE%H and Dg_gH distributions in Fig. (10 The measured value of pgopy = 0. 86701 is consistent
with that reported in Ref. [78] without the fit for the CP structure of interactions. The values of

Mg and %gH are uncorrelated. The signal strength of the VBF and VH processes jiy, and their
CP properties f,3 are also profiled when this measurement is performed. This measurement is
also performed simultaneously in a fit with the ttH process with the p;; and fgpﬂ parameters
unconstrained, as discussed below. The tH process is always included with the ttH process
with its signal strength expressed through the p 5y, v, and félptt parameters.

The parameters ;%gH and g, are equivalent to the measurement of the CP-even and CP-odd

couplings on the production side, while the HVV couplings on the decay side are constrained
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Figure 14: Constraints on the anomalous H boson couplings to gluons in the ggH process using
the H — 4/ decay. Left: Observed (solid) and expected (dashed) likelihood scans of the CP-

sensitive parameter ag3gH. The dashed horizontal lines show 68 and 95% CL. Right: Observed

confidence level intervals on the ¢;, and ¢g, couplings reinterpreted from the %gH and plgop
measurement with f,3 and uy profiled, and with x, = x;, = 1. The dashed and solid lines show
the 68 and 95% CL exclusion regions in two dimensions, respectively.

from the simultaneous measurement of the VBF and VH processes with f,; and uy profiled.
The c,, and ¢, couplings, introduced in Egs. and (13), Can‘be extracted from t‘he above
measurements. We follow the parameterization of the cross section and the total width from
Ref. [33], where ¢y, Cg, Ky, Ky, Ky, and &y, contribute. Since it is not possible to disentangle all
these couplings in a single process, we fix x;, = x, = 1 and &, = &, = 0 to the SM expectation
and leave Cog and Cogs which describe possible BSM contribution in the loop, unconstrained.
The small contribution of the H — 77 and Z< decays to the total width is assumed to be

SM-like.

The resulting constraints on ¢y, and ¢,, are shown in Fig. right. The general features of

88
these constraints are the following. The pure signal strength measurement .1y, available

even without the fit for f§3gH, provides a constraint in the form of a ring on a two-parameter
plane in Fig. right. £he measurement of fng resolves the areas within this ring. Since
the sensitivity of the f% measurement is currently just under 68% CL, this resolution is not

strong. The H boson width dependence on c,, and ¢, is relatively weak and does not alter
this logic considerably. The results are consistent with the SM expectation.

As mentioned earlier, it is not possible to resolve the loop contributions from the SM or BSM
particles in this measurement. Therefore, the deviations of the SM-like Yukawa couplings «;
and x;, from unit values are absorbed into the effective Cgg Measurement, and the CP-odd
Yukawa couplings &, and £, are absorbed into the effective ¢;, measurement, together with
possible contributions from BSM particles. However, re-interpretation of these results is possi-
ble in terms of the independent Yukawa couplings and effective point-like gluon couplings in
combination with the ttH and tH modes, as discussed below.

6.2 Constraints on Htt couplings

The measurement of anomalous couplings of the H boson to top quarks is presented in Fig.
and Table El First, the measurements of fgft from the ttH and tH processes only are reported.
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Figure 15: Constraints on the anomalous H boson couplings to top quarks in the ttH and
tH processes using the H — v [26] and H — 4/ decays. Left: Observed (solid) and ex-

pected (dashed) likelihood scans of fgptt in the ttH and tH processes in the H — 4/ (red), vy
(black), and combined (blue) channels, where the combination is done without relating the sig-

nal strengths in the two processes. The dashed horizontal lines show 68 and 95% CL. Right:

Observed confidence level intervals on the x, and &, couplings reinterpreted from the f?lft,

M, and py measurements in the combined fit of the H — 4¢ and <7y channels, with the signal
strengths in the two channels related through the couplings as discussed in text. The dashed
and solid lines show the 68 and 95% CL exclusion regions in two dimensions, respectively.

The signal strength p5;, which is the ratio of the measured cross section of the ttH process to

that expected in the SM, is profiled when the fg,tt results are reported. The measured value of
s = 0.177579 is consistent with that reported in Ref. [78] without the fit for the CP structure
of interactions. In both cases we observe downward fluctuations in the signal yield compared
to expectation, but these fluctuations are not statistically significant. There is no significant

linear correlation between p;; and félptt. The signal strength of the VBF and VH processes

v, ggH process igqpy, and their CP properties f,3 and ;%gH are also profiled when this mea-
surement is performed. This analysis of the ttH and tH processes is not sensitive to the sign

of fgpﬂ However, for later combination with the ggH measurement, presented above, under
the assumption of the top quark dominance in the gluon fusion loop, symmetric constraints on

Hit
fcp are reported.

The observed best fit fgft value gives preference to the CP-odd Yukawa coupling. This comes

from the negative value of the Dng discriminant for the one observed signal-like event in Fig.@
However, this result is statistically consistent with the pure CP-even Yukawa coupling expected
in the SM. With just about two signal ttH events and many fewer tH events expected to appear
in the fit in the H — 4/ channel under the assumption of the SM cross section, according to
Table @ the expected confidence sensitivity on the félptt constraints is low. Nonetheless, the
very high signal purity in the H — 4¢ channel makes every observed event candidate carry a
large statistical weight. The importance of including the CP measurements in the ttH and tH
production modes also becomes evident when combination with ggH is performed. There is a
significant gain in such a combination beyond a simple addition of independent measurements,
as discussed in Section [6.3]
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The CMS experiment recently reported the measurement of the fgft parameter in the ttH and
tH production processes with the decay H — 7y [26] (shown also in Table[5). In that measure-
ment, the signal strength ‘ug{ parameter is profiled, while the signal strengths in other pro-
duction processes are fixed to the SM expectation. However, there is a very weak correlation of

the measurement in the ttH and tH processes with parameters in the other production mech-
anisms. Therefore, we proceed with a combination of the fgft measurements in the H — 4/
and 7y channels, where we correlate their common systematic uncertainties, but not the signal
strengths of the processes. In particular, we do not relate the p ;1 and ‘u?H signal strengths
because they could be affected differently by the particles appearing in the loops responsible

for the H — 7 decay. The results of this combination are presented in Fig.[15/and Table[5} The

measured signal strength in the H — 4/ channel is py = 0.04f8:gg, uncorrelated with f?lft,

while p' = 1.23%777 and the correlation with fentis 4+0.20. The pure pseudoscalar hypoth-

esis of the H boson corresponding to féllft = 1 in the case of the CP-odd Yukawa interaction
is excluded at 3.2 standard deviations, while the expected exclusion is 2.7 standard deviations.
Below, we also present an interpretation of these results where the signal strengths in the two
H boson decay channels are related through the couplings.

In the above measurements, the félptt parameter has the same meaning in both the H — 4/ and
77y channels. In order to make an EFT coupling interpretation of the results, we have to make a
further assumption that no BSM particles contribute to the loop in the H — 7+ decay. Without
this or a similar assumption, the signal strength in the H — 7+ decay cannot be interpreted
without ambiguity. We further re-parameterize the cross section following Ref. [33] with the
couplings x; and &, and fix x;, = 1 and &, = 0. The bottom quark coupling makes a very small
contribution to the loop in the H — <y decay, but it makes a large contribution to the total
decay width, where we assume that there are no unobserved or undetected H boson decays.
In order to simplify the fit, we do not allow anomalous HVV couplings, and the measurement

of the signal strength iy, constrains the contribution of the a; coupling in the loop. The ;%gH
and p,,1y parameters are profiled in this fit.

The observed confidence level intervals on the x; and &, couplings from the combined fit of the
H — 44 and 7y channels are shown in Fig.[15| There is no linear correlation between the values
of x; and &;. és was the case for the (g, C,,) measurement in Fig. (14, the pure yield measure-
ment in the ttH process would constrain a ring in the two-dimensional plane. However, the
CP-sensitive measurement of félptt disfavors the values away from &, = 0. Moreover, the sign
ambiguity between the x, and —x, values cannot be resolved in the ttH channel alone. With the
inclusion of the tH process, the negative values of «, are disfavored because strong constructive
interference between the amplitudes induced by the HVV and Htt couplings would result in
enhanced tH yield, inconsistent with the data. Therefore, the sign of «; is defined in reference
to the tree-level HVV coupling a;. But, the sign ambiguity between the %, and —&, values can-
not be resolved in this fit, unless information from the other channels is incorporated, such as
information from the gluon fusion loop discussed below.

6.3 Constraints on Htt and Hgg couplings in combination

First, we consider the ggH process under the assumption of top quark dominance in the gluon
fusion loop. The measurement of anomalous couplings of the H boson to top quarks for this
case is presented in Fig. [16{and Table 5| Similar to the case of the H — <y loop discussed
above, the cross section of the ggH process, normalized to the SM expectation, is parameterized
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Figure 16: Constraints on the anomalous H boson couplings to top quarks in the ttH, tH, and
ggH processes combined, assuming top quark dominance in the gluon fusion loop, using the
H — 4/ and 77 decays. Observed (solid) and expected (dashed) likelihood scans of fé{Pﬂ are
shown in the ggH process with H — 4/ (black), ttH, tH, and ggH processes combined with
H — 4/ (red), and in the ttH, tH, and ggH processes with H — 4/ and the ttH and tH
processes with vy combined (blue). Combination is done by relating the signal strengths in the
three processes through the couplings in the loops in both production and decay, as discussed
in the text. The dashed horizontal lines show 68 and 95% CL exclusion.

following Ref. [33] to account for CP-odd Yukawa couplings as follows:

H
o(gst) _ 2 5562, (25)
Usm

where we set x; = x; = x, and &; = &, = &,. Equation sets the relationship between fgpﬂ
and f;%gH, reported in Fig.[14{and Table |5, according to Eq. .

Constraints on intt are also shown for the combination of the ttH, tH, and ggH processes with

H — 4/ in Fig. [16/and Table 5| The combination of the H — 4/ and 7y channels with ttH,
tH, and ggH processes proceeds in a similar manner and is also shown in Fig.|[16|and Table
In this case, we do not allow anomalous HVV couplings, and the measurement of the signal
strength py constrains the contribution of the a; coupling in the H — <y loop.

The gain in this combination of the ggH and tH & ttH processes is beyond the simple addition
of the two constraints. While in the ggH and ttH analyses the signal strengths of the two
processes are independent, they could be related under the assumption of top quark dominance
in the loop using Eq. (25). As discussed in Section 2} CP-odd coupling predicts rather different
cross sections in the two processes: o (% = 1)/0(x; = 1) is 2.38 in the gluon fusion process

dominated by the top quark loop and 0.391 in the ttH process. This means that the ratio differs

by a factor of 6.09 for fgft = 1 when compared to SM ( fgptt = 0). This correlation enhances

the sensitivity in the fé{lft measurement. For example, the combined sensitivity from tH and
ttH (with either H — 4/ alone or together with H — <), and ggH is significantly improved
compared to separate analyses, and the result is not just a simple addition of two independent
results, as shown in Fig. and Table 5 This effect also enhances correlation between fg}t and
0+0:30

the yield parameters. In the full combination, the measured signal strength is p;y = 0.70% 555

and the correlation with fgft is +0.96.
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Figure 17: Constraints on the anomalous H boson couplings Cogs 5gg, x;, and &, in the ttH, tH,
and ggH processes combined, using the H — 4¢ and -y decays. The constraints are shown for
the pairs of parameters: c,, and ¢, (upper), k, and &, (middle), x, and c,, (lower), and with the
other two parameters either profiled (left) or fixed to the SM expectation (right). The dashed
and solid lines show the 68 and 95% CL exclusion regions in two dimensions, respectively.
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Finally, we present the reinterpretation of the f; gt gpﬁ, and signal strength measurements in
terms of constraints on ¢y, Cgo, K, and ;. In thls f1t it is assumed that x, = k. = x, = 1 and

K, = k. = &, = 0 in the fermion coupling contribution to the loops and in the decay width
parameterization [33]. The gluon fusion loop is parameterized in terms of point-like couplings
Cgg and Cy,, and the top and bottom quark contributions. These point-like and top couplings
can be resolved in combination with the ttH and tH production processes. The H — v loop
is parameterized with the top and bottom quark and with the W contributions. One cannot
generally relate the point-like couplings in this loop and in the gluon fusion loop, and they
are assumed to be zero in H — <. The measurement of the signal strength yy, constrains
the contributions of the a; coupling, affecting the W contribution to the H — < loop and tH
process, and anomalous HVV couplings are not allowed. By convention, the 4, coupling is
constrained to be positive, which sets the relative sign of x,. It is assumed that there are no
unobserved or undetected H boson decays.

The constraints are shown in Fig. where the likelihood scans are plotted for the pairs of
parameters: (¢gq, Cgg), (¢, Ky), and (x,, Cog)s with the other two parameters either profiled or
fixed to the SM expectation. On the likelihood scan of (c, gg Cae) with the other parameters fixed,
the appearance is generally similar to the scan shown in Flg 4] This is because the addition of
the ttH and tH processes does not alter the results much w1th their couplings fixed to the SM.
However, with the other parameters affecting the gluon fusion loop left floating, the contours
are washed out, as one would expect with more degrees of freedom in a fit.

On the likelihood scan of (x;, &) with the other parameters profiled, one can observe the effects
similar to that in Fig. (15 This is because the ggH process does not bring additional constraints
due to uncertainties with the point-like interactions, but may introduce additional modifica-
tions to the fit parameters. However, with the point-like interactions Cog and Egg set to zero,
constraints on the x, and &, couplings appear tighter as a result of the combination of informa-
tion from the ttH, tH, and ggH processes. In both cases, the general features remain similar
to Fig. (15} such as pure yield measurements leading to constraints within a ring, CP-sensitive
measurements resolving areas within this ring, and the tH process leading to the exclusion of
negative values of ;. However, in this case, ambiguity between the positive and negative val-

ues of &, can be resolved with the inclusion of the ggH process, where the D(gj%H discriminant
carries information sensitive to the sign.

On the likelihood scan of (x,, ng) with the other parameters fixed, we observe a resolved four-
fold ambiguity of the best fit ranges. Within each range, there is a large correlation between
the two parameters. This happens because the point-like interaction c,, is equivalent to a
BSM heavy quark Q contribution to the loop. It is hard to distinguish between such a new
heavy quark and the heavy top quark. The two amplitudes add constructively, leading to
a large anticorrelation. The rate of the gluon fusion process would be roughly proportional
to (x; + KQ)2 with « ~ 1. Given that the ttH rate constrains x, ~ =£1, the ggH rate would
constrain (k;, kg) to four discrete sets of values around (+1,0), (+1, =2), (—=1,0), and (-1, +2).
The presence of the tH process shifts the preferred negative «, solutions away from —1 and
makes it less likely than the 41 value for the reasons discussed above. However, the local
minimum near kg ~ —2, corresponding to Cgg ™ —0.017, cannot be excluded, even though the
global minimum is at ¢;; = —0.001, close to the null SM expectation. In the case with the other
parameters profiled, the constraints on the (k, ¢;.) plane get washed out further, as expected
in a fit with more degrees of freedom. In this case, the CP-odd amplitudes can compensate for
some effects of the CP-even ones. However, some sensitivity is retained because CP-sensitive
measurements constrain the relative contribution of CP-odd amplitudes.
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Table 6: Summary of constraints on the anomalous HVV coupling parameters with the best fit
values and allowed 68 and 95% CL intervals. Three scenarios are shown for each parameter:
with three other anomalous HV'V couplings set to zero (first), with three other anomalous HVV
couplings left unconstrained (second), in Approach 1 with the relationship a!¥"V = a#Z in both
cases; and with two other anomalous HVV couplings left unconstrained (third), in Approach 2

within SMEFT with the symmetry relationship of couplings set in Egs. l . The fi? parameter

is not independent in the latter scenario.

Parameter Scenario Observed Expected
Approach 1 best fit  0.00004 0.00000
fa2 =fan1 =ff17 =0 68% CL  [—0.00007,0.00044] [—0.00081,0.00081]
95% CL  [—0.00055,0.00168] [—0.00412,0.00412]
Approach 1 best fit ~ —0.00805 0.00000
fu3 float f,5,fa1, ff? 68% CL  [—0.02656,0.00034] [—0.00086, 0.00086]
95% CL  [—0.07191,0.00990] [—0.00423, 0.00422]
Approach 2 best fit ~ 0.00005 0.0000
float f,5,fa1 68% CL  [—0.00010,0.00061] [—0.0012,0.0012]
95% CL  [—0.00072,0.00218] [—0.0057,0.0057]
Approach 1 best fit  0.00020 0.0000
fo3=fm =ff¥ =0 68% CL  [—0.00010,0.00109] [—0.0012,0.0014]
95% CL  [—0.00078,0.00368] [—0.0075, 0.0073]
Approach 1 best fit  —0.24679 0.0000
fa float fou,far foT 68% CL [U[O_él(?fgog 83(5)33;] [~0.0017,0.0014]
o [—0.66842, —0.08754]
95% CL U[—0.00091, 0.00309] [—0.0082, 0.0073]
Approach 2 best fit ~ —0.00002 0.0000
float f,3,fa1 68% CL [—0.00178,0.00103] [—0.0060, 0.0033]
95% CL  [—0.00694,0.00536] [—0.0206,0.0131]
Approach 1 best fit  0.00004 0.00000
foz=fa2 = f;’ =0 68% CL  [—0.00002,0.00022] [—0.00016, 0.00026]
95% CL  [—0.00014, 0.00060] [—0.00069, 0.00110]
Approach 1 best fit  0.18629 0.00000
far float fya, fua f2T 68% CL b[gggggf 8222}2]] [—0.00017, 0.00036]
95% CL  [—0.00523,0.35567] [—0.00076,0.00134]
Approach 2 best fit  0.00012 0.0000
float f,3,f.n 68% CL  [—0.00021,0.00141] [—0.0013, 0.0030]
95% CL  [—0.00184,0.00443] [—0.0056,0.0102]
Approach 1 best fit ~ —0.00001 0.0000
fa3 =fa2 =fa1 =0 68% CL  [—0.00099,0.00057] [—0.0026, 0.0020]
95% CL  [—0.00387,0.00301] [—0.0096, 0.0082]
2 Approach 1 best fit ~ —0.02884 0.0000
float f,5,fr,far 68% CL [U[O_89(§’(§’(§’68 88833;1]] [~0.0027,0.0026]
95% CL  [—0.29091,0.03034] [—0.0099, 0.0096]
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6.4 Constraints on HVV couplings

The measurement of anomalous couplings of the H boson to EW vector bosons in Approach 1
with the relationship a/""V = a#Z is presented in Fig. [18/and Table @ Figure |18 shows the ob-
served and expected likelihood scans in the simultaneous measurement of f,3, f,», fa1, and

f/ZJ , where the CP-sensitive parameter ag3gH and the signal strength parameters jy and pgop

are profiled, and where we relate y 1y and félptt to plgepr and ff3gH assuming top quark dom-
inance in the loop. The results are shown for each coupling separately, with the other three
anomalous couplings either set to zero or left unconstrained in the fit. Figure (19| shows the
same results presented as two-dimensional contours, where all couplings discussed above
are left unconstrained. In all cases, the likelihood scans are limited to the physical range of

z
\fasl + 1 faal + [far] + [ fal] < 1.

There are several features visible on these plots. First, the results with all other couplings
constrained to zero exhibit narrow minima near f,; = 0 in both the expected and the observed
scans. This effect comes from utilizing production information. The anomalous coupling terms
in Eq. (2) are multiplied by a factor of ¢?, which is larger in VBF and VH production than in
H — 4/ decay. As a result, the cross section in VBF and VH production increases quickly with
fai- At the same time, the constraints above f,; ~ 0.02 are dominated by the decay information
from H — 4¢.

However, when all four anomalous couplings are allowed to float independently, the best fit
value is (fua, fun, fa1s i? ) = (—0.00805, —0.24679,0.18629, —0.02884). This global minimum
is driven by the decay information from H — 4/ and is only slightly preferred to the local
minimum at (0,0,0,0), with a difference in —21In (£) of 0.05 between the SM value and the
global minimum. The local minimum at (0,0, 0,0) is still evident in the four-dimensional dis-
tribution and its projections on each parameter, and is driven by the production information,
as discussed above for the fits with one parameter. Owing to what appears to be a statistical
fluctuation in the observed data when the —2In (£) minima obtained from the decay and from
the production kinematics differ, the observed constraints appear weaker than expected. How-
ever, the results are still statistically consistent with the SM and with the expected constraints in
the SM. Should the global minimum nonetheless persist away from (0,0,0,0) with more data,
it will be interesting to study consistency of the constraints from the VBF and VH production
and from the H — 4/ decay. The production and decay test different ranges of g7, as discussed
above. If the g7 growth is truncated in the VBF and VH production due to lower-energy BSM
effects, the decay information becomes more important.

6.5 Constraints on HVV couplings within SU(2) x U(1) symmetry

The above studies of the H boson couplings to EW vector bosons are repeated following Ap-

proach 2 within SMEFT with the symmetries in Egs. . In this case, the f/@ parameter is
not independent. Therefore, constraints on the three parameters f.3, f,», fa1, and the signal
strength are obtained in this scenario following the same approach as above. These constraints
are shown in Fig. and Table@ The measured signal strength is iy = 1.10703). The observed
correlation coefficients are shown in Table[/] Keeping only linear terms and dropping terms
with order greater than one for anomalous couplings does not allow us to make a reasonable
likelihood scan, since the probability density goes negative, as discussed in Section[2.3]

Since the relationship of the HWW and HZZ couplings does not affect the measurement of the
fa3 parameter in the H — 4/ decay, the constraints from the decay information in the wider
range of f,3 in Approach 2 are unaffected compared to Approach 1, when other couplings are
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Figure 18: Observed (solid) and expected (dashed) likelihood scans of f,3 (upper left), f,, (up-

per right), fA; (lower left), and ffg (lower right) in Approach 1 with the coupling relationship
a"W = gZZ._ The results are shown for each coupling fraction separately with the other three
anomalous coupling fractions either set to zero or left unconstrained in the fit. In all cases, the
signal strength parameters have been left unconstrained. The dashed horizontal lines show the
68 and 95% CL regions. For better visibility of all features, the x and y axes are presented with
variable scales. On the linear-scale x axis, a zoom is applied in the range —0.03 to 0.03. The y

axis is shown in linear or logarithmic scale for values of —21n £ below or above 11, respectively.
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Figure 19: Observed two-dimensional likelihood scans of the four coupling parameters f,
fu far, and f27 in Approach 1 with the coupling relationship aVW = aZZ. In each case,
the other two anomalous couplings along with the signal strength parameters have been left
unconstrained. The 68 and 95% CL regions are presented as contours with dashed and solid
black lines, respectively. The best fit values and the SM expectations are indicated by markers.
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Table 7: The observed correlation coefficients of the signal strength py and the f.3, f.n, fa1
parameters in Approach 2 within SMEFT with the symmetry relationship of couplings set in

Egs. GH7).

Parameter Observed correlation

Hv fa3 fa fa

1y 1 —0242 —0.060 —0.025
a3 1 —0.082 +0.008
fio 1 —0.763
fa 1

tixed to zero. However, with one less parameter to float, the constraints are modified some-
what when all other couplings are left unconstrained. The modified relationship between the
HWW and HZZ couplings also leads to some modification of constraints using production
information in the narrow range of f,3. On the other hand, the f,, and f,; parameters are mod-

ified substantially because the ffg information gets absorbed into these measurements through
symmetry relationships.

The measurement of the signal strength uy, and the f3, f.», fao1 parameters can be reinterpreted
in terms of the éc,, c,,, ¢,n, and &,, coupling strength parameters. Observed one- and two-
dimensional constraints from a simultaneous fit of SMEFT parameters are shown in Figs.
and The ¢ and ¢, couplings are left unconstrained. A summary of all constraints on
the Htt, Hgg, and HVV coupling parameters in the Higgs basis of SMEFT, including the cor-
relation coefficients, is shown in Table 8| The results in this table are taken from Sections [6.3
and as measured in the tH, ttH, ggH, and EW processes.

The above interpretation of HV'V results in terms of the éc,, c,,, c,, and ¢,, couplings can be
extended into an interpretation in terms of the couplings in the Warsaw SMEFT basis [28]. In
this basis, nine operators are considered: cym, cyp, CHw » CHWB, CHB, Cavw, Cawes Crps and d,,
where the latter is a linear combination of additional Warsaw basis operators [71]. However,
not all nine of these operators are independent. First of all, consideration of Eq. (3) leads to J,
expression as a linear combination of cyyp and cywg. Four constraints on the couplings a;%m

and ug%Zv lead to only one of the three operators cyyw , cywg, and cyyp being independent, and

only one of ¢y, ¢y, and cyyp being independent. Therefore, we obtain only four indepen-
dent constraints, the same number as in the Higgs basis. We note that the couplings of the
Z boson to fermions are fixed to those expected in the SM because those are well constrained
from prior measurements and this constraint is already included in our primary measurements.
Even though some of the above EFT operators may affect couplings of the Z boson, their effect
must be compensated by the other EFT operators not affecting the H boson couplings directly.
With the above constraints, we use the tools in Refs. [33} [71] to relate operators in the Higgs
and Warsaw bases. Since it is arbitrary which one of the three operators is considered to be
independent, we present results with all three choices in each case. The results can be found in
Table[9] where three other independent couplings are left unconstrained for each measurement.

7 Summary

In this paper, a comprehensive study of CP-violation, anomalous couplings, and the tensor
structure of H boson interactions with electroweak gauge bosons, gluons, and fermions, using
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Figure 20: Observed (solid) and expected (dashed) likelihood scans of f,; (upper left), f,, (up-
per right), and f; (lower) in Approach 2 within SMEFT with the symmetry relationship of
couplings set in Eqs. (3H7). The results are shown for each coupling separately with the other
anomalous coupling fractions either set to zero or left unconstrained in the fit. In all cases, the
signal strength parameters have been left unconstrained. The dashed horizontal lines show the
68 and 95% CL regions. For better visibility of all features, the x and y axes are presented with
variable scales. On the linear-scale x axis, a zoom is applied in the range —0.03 to 0.03. The y
axis is shown in linear or logarithmic scale for values of —2In £ below or above 11, respectively.
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Figure 21: Observed (solid) and expected (dashed) constraints from a simultaneous fit of the
SMEFT parameters dc, (upper left), c,, (upper right), c, (lower left), and ¢,, (lower right) with
the ¢, and g, couplings left unconstrained.
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Figure 22: Observed two-dimensional constraints from a simultaneous fit of the SMEFT pa-

rameters dc,, C,,, ¢,n, and ¢, with the ¢,, and ¢,, couplings left unconstrained.
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Table 8: Summary of constraints on the Htt, Hgg, and HVV coupling parameters in the Higgs
basis of SMEFT. The observed correlation coefficients are presented for the Htt & Hgg and
HVV couplings in the fit configurations discussed in text and shown in Figs. [17/and 22} respec-
tively.

Channels Coupling Observed Expected Observed correlation

Cog Cog Ky Ky
0.0022 0.0019

g _0'0012;0)'8%3 0.0000%’848%gg 1 —-0.050 -0.941 +0.029
tH &ttH &ggH Cog —0.00177 5130 0.00007 138 1 +0.046 —0.568
Ky 1.0570% 1.00705¢ 1 +0.168
&, —0.0179¢ 0.001072 1
5Cz Czz C0 Crz
oc, —0.0370:9 0007097 1 +0.241 —0.060 —0.009
VBF & VH & H — 4/ ¢y o.oﬁ%;éé o.ootg;ié 1 —0.884 +0.058
C,0) —0.02;8% 0.00;:812g 1 +0.020
Cyy =0.11755 0.00"y¢3 1

Table 9: Summary of constraints on the HVV coupling parameters in the Warsaw basis of
SMEFT. For each coupling constraint reported, three other independent operators are left un-
constrained, where only one of the three operators cyyw, cywg, and cyg is independent, and
only one of ¢y, cyywp, and ¢y is independent.

Channels Coupling Observed Expected

o 004E 00007

CHD —0.73%551 00040

CHW 001017 0.00%05

VBF &VH &H —4¢  Caws 001707 000705
CHB 0.00%h%e 0007003

caw  —023%% 0007y

cawp  —0.255% 00015

0.15 0.33

CHB —0.067535  0.00%g3;

all accessible production mechanisms and the H — 4/ decay mode, is presented. The results
are based on the 20162018 data from pp collisions recorded with the CMS detector during
Run 2 of the LHC, corresponding to an integrated luminosity of 137 fb™! at a center-of-mass
energy of 13 TeV. These results significantly surpass our results from Run 1 [13] in both preci-
sion and extent of coverage. The improvements result not only from a significantly increased
sample of H bosons, but also from a detailed analysis of kinematic distributions of the parti-
cles associated with the H boson production in addition to kinematic distributions in its decay.
These results also surpass our earlier studies of on-shell production of the H boson in this decay
channel with a partial Run 2 dataset [16, 17].

The parameterization of the H boson production and decay processes is based on a scatter-
ing amplitude or, equivalently, an effective field theory Lagrangian, with operators up to di-
mension six. Additional symmetries and prior measurements allow us to reduce the number
of independent parameters and make a connection to the standard model effective field the-
ory (SMEFT) formulation. Dedicated Monte Carlo programs and matrix-element re-weighting
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techniques provide modeling of all kinematic effects in the production and decay of the H bo-
son, with any variation of parameters of the scattering amplitude and with full simulation of
detector effects. Each production process of the H boson is identified using the kinematic fea-
tures of its associated particles. The matrix element likelihood approach (MELA) is employed
to construct observables that are optimal for the measurement of the targeted anomalous cou-
plings in each process, including CP-sensitive observables. A maximum likelihood fit allows a
simultaneous measurement of up to five HVV, two Hgg, and two Htt couplings.

For the first time, we present a complete dedicated study of CP properties in the H boson cou-
pling to gluons through a loop of heavy particles using the CP-sensitive observables, while
separating the electroweak and strong boson fusion processes. An interpretation of the loop
contribution is made both with and without an assumption of top quark dominance, which
allows a new heavy particle to contribute. In both cases, combination with the CP-sensitive
measurement of the Htt coupling in the ttH and tH processes allows either simultaneous or
separate measurements of the two effective point-like Hgg couplings and the two Htt cou-
plings, both CP-odd and CP-even. For the ttH and tH processes, results in the H — 4/ channel
are combined with those in the H — <y channel [26]. This is the first comprehensive study
of CP properties in the Hgg and Htt couplings from a simultaneous measurement of the ggH,
ttH, and tH processes.

Also for the first time, we present the measurement of CP properties and the tensor struc-
ture of the H boson’s interactions with two electroweak bosons with up to five parameters
measured simultaneously. The HVV coupling is analyzed in VBF and VH production and in
H — VV — 4/ decay. The measurements are performed with two approaches. In the first
approach, more lenient symmetry considerations are applied, which allow a less restrictive
interpretation of results. In the second approach, SU(2) xU(1) symmetry is invoked and the
formulation becomes equivalent to SMEFT. The operator basis is chosen to coincide with the
couplings of the mass eigenstates, which allows us to minimize the number of independent
parameters. A translation of the SMEFT results to the Warsaw basis is also presented for easier
comparison with other results.

In all cases, we first present results in terms of the total cross section of a process and the
fractional contribution of each anomalous coupling. These results are further re-interpreted
in terms of direct constraints on the couplings by applying certain assumptions about the H
boson total width. Each of the measurements presented here is limited by statistical precision
and is consistent with the expectations for the standard model Higgs boson.
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