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1 Introduction

The discovery of the Higgs boson (H) by the ATLAS and CMS experiments at the LHC [1-3]
has opened a new era for particle physics, where the characterization of the new boson is of
crucial importance. Studies of the H test the standard model (SM) and probe for new physics.
Thus far, the properties of the H are found to be consistent with the SM [4-10]. In particular,
nonzero spin assignments of the H have been excluded [11, 12], and its spin-parity quantum
numbers are consistent with J’¢ = 0** [1-3, 11, 13-21]. However, the limited precision of
current studies allows small anomalous couplings of the H to two electroweak gauge bosons.
Possible CP-violating effects in H couplings to fermions (Hff) have been constrained by the
CMS and ATLAS Collaborations in ttH production [21-23], where CP-odd couplings may ap-
pear at tree level, and are not suppressed by loop effects. In the SM, the coupling of the H to
gluons (Hgg) is mediated via loops, where the top quark dominates. Any observed CP vio-
lation in the Hgg interaction would indicate either a CP-odd Htt coupling or a new effective
interaction requiring new particles. Thus, a study of the Hgg coupling provides complemen-
tary information on the nature of the H and serves as an indirect search for new phenomena.
Both CMS and ATLAS Collaborations have previously searched for CP-violation in the Hgg
coupling [20, 21], but the current constraints are quite weak; slightly below the 1c level.

In this note, we report on a search for anomalous effects, including possible signs of CP viola-
tion, in the tensor structure of the H interactions with electroweak bosons (HVV) and gluons
(Hgg) in the production of the H. We follow the formalism used in previous CMS studies of
anomalous couplings in Run 1 and Run 2, described in Refs. [11, 14-19, 21, 22]. The two dom-
inant production channels employed in this study are electroweak vector boson fusion, VBF,
and gluon fusion, ggH. Compared to our previous study in the H — 77 final state [19], we
have improved the sensitivity to anomalous effects with multivariate tools, optimization of the
final state categorization, and an increased data sample. The analysis utilizes a matrix element
likelihood approach (MELA) [13, 24-27] and a neural network [28] to optimize the measure-
ment of anomalous couplings using production and decay kinematic information. Compared
to our similar study in the H — 4/ final state [21], where ¢ denotes an electron or muon and
both production and decay information is used, the inclusion of the H — 77 final state leads
to a substantial improvement in constraints on anomalous couplings due to a larger sample of
VBF and ggH events reconstructed in association with two jets. The results obtained from the
two decay channels are further combined to form the most stringent constraint on anomalous
couplings. The combined ggH results are further combined with the ttH analysis using the
H — 9y and H — 4/ decays [22] under the assumption of top quark dominance in gluon
fusion to produce the most stringent limits on the Htt anomalous couplings.

The note is organized as follows. The phenomenology of anomalous HVV and Hff couplings
is discussed in Section 2. The kinematics of the processes studied and the observables uti-
lized in this study to search for anomalous contributions are described in Section 3. The data
used in this study, the Monte Carlo (MC) simulation, as well as event reconstruction methods
are described in Section 4. The event selection and categorization is documented in Section 5.
Methods to estimate backgrounds are given in Section 6 and the sources of systematic uncer-
tainty are listed in Section 7. The analyses of the Hgg and HVV interactions using H — 77
decays are presented in Sections 8 and 9, respectively. The combination of the H — 7T results
with the H — 4¢ and H — 7y decay channels is detailed in Section 10. Section 11 summarizes
the results.



2 Phenomenology of anomalous couplings and cross sections

In this study we follow the formalism used in the measurement of H couplings in earlier CMS
analyses [11, 14-19, 21, 22]. The theoretical approach is described in Refs. [24-27, 29-37].

Anomalous interactions of a spin-0 H with two spin-1 gauge bosons VV, suchas WW, ZZ, Z+,
77, and gg, are parameterized by a scattering amplitude that includes three tensor structures
with expansion of coefficients up to (4%/A?)

A(HVV \a% KYW%*”‘XVW% 2 % _x VV (1) ex(2)uv | VV (1) Z(2)uv 1
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where g, €y;, and my; are the four-momentum, polarization vector, and pole mass of the gauge
boson, indexed by i = 1,2. The gauge boson’s field strength tensor and dual field strength
tensor are f()1H = eh,q! — €Y.q" and f}ﬁ? = %eyw fP. The coupling coefficients a)V, which
multiply the three tensor structures, and «"/(AYV)?, which multiply the next term in the 4
expansion for the first tensor structure, are to be determined from data, where A is the scale of
beyond the SM (BSM) physics. The convention €y;,3 = +1 defines the relative sign of the CP-
odd and CP-even couplings. The sign in front of the gauge fields in the covariant derivative
defines the sign of the photon field and sets the sign convention of the Zv couplings. Both
conventions rely on the tools adopted in this analysis and are discussed in Section 4.1.

In Eq. (1), the only nonzero SM contributions at tree level are a‘le and alzz, which are assumed

to be equal under custodial symmetry. All other ZZ and WW couplings are considered anoma-
lous contributions, which are either due to BSM physics or small contributions arising in the

SM from loop effects that cannot be detected with the current precision. Among the anomalous
Zry

contributions, considerations of symmetry and gauge invariance require 47" = a]” = a}® =0,
7z 7z z .
KT =K, KI” = Kg T =0, K;‘;g = K%g = 0, and K17 = 0 [38]. Therefore, in total there are

13 independent parameters that describe the H coupling to the electroweak gauge bosons and
two that describe the coupling to gluons. The ay"¥ couplings are CP-odd, and their presence
together with any other CP-even couplings would result in CP violation in a given process.

. o . o z zZ
Our earlier measurements [11] indicated substantially stronger limits ona] "*” and a; """ cou-

plings from H — Zv and H — 7y decays with on-shell photons than from measurements with
virtual photons, so we do not pursue measurements of these parameters in this note, and they
are set to zero when measuring other anomalous couplings.

As the event kinematics of the H production in WW fusion and in ZZ fusion are very similar,

it is essentially impossible to distinguish between a;NW and aizz in the VBF production. It is
therefore possible to use different conventions to set the relative size of the HWW and HZZ

couplings. The results can be reinterpreted for any chosen relationship between the azNW and
a’ couplings [18].

1

In our measurements we adopt two approaches to set the relationship between the a}NW

and al.ZZ couplings. In the first approach (Approach 1) they are analyzed together assuming
a}NW = uizz and KZ.ZZ / (A%Z )2 = KZWW / (A}NW)Z. In the second approach (Approach 2) we reinter-

pret the results for the CP-violating coupling a3 following the procedure described in Ref. [18].
In this reinterpretation we apply additional considerations of custodial and SU(2) x U(1) sym-

metries in the relationships of anomalous couplings [38, 39]. With ag%m and a;%m fixed to
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W Y4

zero we are left with a simple relationship between a;N and a3~

WW 2 77
a; = cos” Oy az”. (2)

It is convenient to measure the effective cross section ratios f,; rather than the anomalous cou-
plings a; themselves, as most uncertainties cancel in the ratio. Moreover, the effective fractions
are conveniently bounded between —1 and 1, independent of the coupling convention. The
effective fractional cross sections f,; are defined as follows [21],

fo3 = 25/ sgn
5=
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where 0; is the cross section for the process corresponding to a; = 1 with all other couplings set

to zero. The choice of the sign for the x; and KZZ7 terms follows the convention introduced in the
prior results [11, 17, 18, 21]. The othe sign conventions follow the JHUGEN 7.0.2 event genera-
tor as discussed in Section 4.1 and Ref. [40]. For consistency with previous CMS measurements
in the H — 4/ final state [11, 21], the o; coefficients are defined for the gg — H — VV — 2e2u
process. The numerical values are given in Table 1 as calculated using the JHUGEN 7.0.2 event
generator [24-27]. It is assumed that the couplings in Eq. (1) are constant and real, and therefore
this formulation is equivalent to an effective Lagrangian formalism.

Table 1: The cross sections for the anomalous contributions used to define the fractional cross
sections. All cross sections are given relative to the SM value (¢7). In the case of the x; and
K?y couplings, the numerical values A; = A27 100 GeV are considered so as to keep all

coefficients of similar order of magnitude.

Fraction 0;/0

fis 0153
fo 0361
fa 0682
Z
L 1746

The Hgg coupling is a purely loop-induced process, which in the SM is generated by the top
quark, with a smaller contribution from the bottom quark. This interaction is CP-even in the
SM. However, a contribution of the CP-odd interaction in the H coupling to fermions is not
ruled out, and the search for such a CP-violating interaction can be performed in ttH produc-
tion and H — 77 decay. Under the assumption that other BSM particles do not contribute
to the gluon fusion loop, a CP structure measurement in the ggH process is equivalent to the
measurement of CP structure in Yukawa interactions, which can be parameterized with the
amplitude

myg _ ~
A(HEE) = == (¢ + 1Ke75) Y5 - 4)



The effective fractional cross section for Hff couplings is defined as [22]

~ 2 ~
= e () ®

An equivalent effective mixing angle aff is also used to describe the CP-odd contribution to
the H Yukawa couplings and is defined as

a1 = tan 1 (Kf> , 6)

where | fgft| = sin? «Hff. Therefore, with just two contributions to the gluon fusion loop (CP-
even and CP-odd fermion couplings), the two parameters are equivalent. However, with con-
sideration of multiple contributions, as discussed in the case of electroweak HVV couplings
above, multiple fractional contributions have to be defined and a single angle is not sufficient.
The gluon fusion loop can be generated by unknown heavy BSM particles, in addition to the
SM fermions, and the effective coupling results in the CP-even a5® and CP-odd a§® couplings,
defined in Eq. (1). In the effective field theory (EFT) approach [39], they correspond to two EFT
couplings in the Higgs basis:

Cop = b a8®
88 2mag 2
! @)
Cop = — a88.
88 27'[0(5 3

Therefore, there are at least four contributions to consider (k;, K, ¢gg, Cgg), Where in the SM we
have (i, Ky, ¢gq, Cgg) = (1,0, 0, 0). The dependence of the ggH cross section and H branching
fractions on these parameters is given in Ref. [40]. Under the assumptions that the only SM
particles contributing to the loop are the top and bottom quarks and (x,, x,) = (1, 0), the ggH
cross section relative to the SM expectation is found to be

Magr =1.1068x7 4 0.0082 — 0.1150k, + 2.5717&; + 1.0298(1271°¢4q)* + 2.3170(87°Cy )

T ®)
+2.1357(127t°cg )iy — 0.1109(1271%¢y,, ) 4 4.8821(87°C ) K-

Within the framework of our analysis, however, it is hard to distinguish between the x; and a%g
contributions, or between x; and a%g. There are small differences in the py distributions of the
H, and one can also observe effects in the off-shell H production [38]. However, the former is
too small to have a noticeable effect in this analysis, and the latter is not relevant in our on-shell
topology. Therefore, we absorb the SM fermion loop contribution, dominated by the heavy
top quark, into the overall a5® and 5% couplings. The only remaining effective fractional cross
section for the Hgg interaction is defined as [21]

g3gH _ \ﬂ§g|2 sgn ﬁ ‘ )
a |a§8|2+ |a§8|2 a%%

Under the assumption that only the top and bottom quarks contribute to gluon fusion with
K, = kp and k; = K}, the following relationship [38] holds:

-1

Htt 1
for| = [1+238 fggH‘—l . (10)
a3
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In this note, we present a search for anomalous Hgg couplings in the gluon fusion production
and anomalous HWW, HZZ, and HZ~ (HVV) couplings in VBF H (VBF) and associative H
production with a W or a Z boson (VH production). In addition, the Hgg measurement is inter-
preted in terms of constraints on Hff couplings under the assumption of top quark dominance
in gluon fusion. We measure a given anomalous coupling while setting the values of all other
anomalous coupling parameters to zero with the exception of measuring the CP-sensitive pa-
rameters. As CP violation in electroweak VBF and VH production modifies the same kinematic
distributions as those in the gluon fusion process, we leave both of the CP-sensitive parameters

fa3and fng unconstrained. CP violation in the decay of the H to a pair of tau leptons does not
affect the measurements of the production process, and thus we assume SM kinematics for the
H decays.

3 Kinematics in production and discriminants

When combined with the momentum transfers of the vector bosons, the five angles illustrated
in Fig. 1 provide complete kinematic information for production and decay of the H. There are

Figure 1: Illustrations of H production in vector boson fusion qq’ — qq'H (left) and q@’ —
V* — VH (right). The decay H — 77 is shown without illustrating the further decay chain.
Angles and invariant masses fully characterize the orientation of the production and two-body
decay chain and are defined in the suitable rest frames [24, 26].

four possible and practical ways to access CP-violating effects (or more generally anomalous
HVYV or Hff couplings) using the reconstructed H — 7T events: i) correlation of two quark
jets and leptons in VBF and VH production; ii) correlation of two jets in QCD production of
the H (gluon fusion); iii) correlation of quark jets in ttH or tH production; and iv) correlation
of decay products of two T leptons. Because exotic non-zero spin assignments of the H have
been excluded [11-19, 41-46], we focus on the analysis of couplings of a spin-zero H. There are
no spin correlations between the production and decay through a spin-zero object. Therefore,
all four of the above processes can be studied independently and they target different param-
eters that are independent, even though all of them may be related to anomalous effects. This
analysis focuses on searching for anomalous effects in the topologies described as the first and
second items above. We refer to those as the anomalous HVV and Hgg couplings, respectively.



3.1 Correlation of two quark jets and leptons in VBF and VH production

Kinematic distributions of associated particles in VBF and VH production are sensitive to the
quantum numbers and anomalous couplings of the H. A set of observables could be defined
in production, such as Q%% = {GYBF, 6¥BF, g*VBF @VBE (IDYBF, q%VBF, q%’VBF } for the VBF pro-

cess or ()3ss0¢ — {9¥H,QE/H,O*VH,QJVH,QDYH,q%VH,q%’VH} for the VH process (see Fig. 1 and

Ref. [26]). It is a challenging task to perform an optimal analysis in a multidimensional space
of observables. The MELA method introduced earlier [2, 24-27] is designed to reduce the
number of observables to the minimum, while retaining all essential information. Two types of
discriminants are defined for the production process. One type of discriminant separates the
process with anomalous couplings (denoted as generic BSM here):

Pou(@)
Pom(Q) + Prsm (€2)

Dpsm = p (11)

where this discriminant is called Dy_, Dy, Dpy, or Di?, depending on the targeted anoma-
lous coupling. The second type of discriminant isolates the interference contribution:

I )
Psp(Q) + Ppsp ()

, (12)

int

where this discriminant is called DYEF in the CP-odd amplitude analysis. In the above, P is the
probability for the process (either SM or anomalous signal), and PR .o\, is the interference
part of the probability distribution for the process with the mixture of the SM and anoma-
lous contributions. Probabilities are normalized for the matrix elements to give the same cross
sections in the relevant phase space of each process. Such normalization leads to a balanced
distribution of events in the range between 0 and 1, or between -1 and 1, for the Dggy; and D,
discriminants respectively.

The two other observables in Egs. (11) and (12) rely only on signal matrix elements and are well-
defined. One can apply the Neyman-Pearson lemma to prove that, in the absence of detector
smearing, they become the minimal and complete set of optimal observables [26, 27] for the
measurement of the f,; parameters defined in Section 2.

In application to the CP measurement with the f,3 parameter, the two optimal observables are
called Dy_ and DYEF, because J¥ = 0~ is the BSM hypothesis in this case, and the interfer-
ence discriminant is an unambiguously CP-sensitive observable. A distinct forward-backward
asymmetry in the DYEF distribution (forward defined as DYE" > 0 and backward as DYEF < 0)
appears only in the presence of CP violation. These observables could be defined for both VBF
and VH processes. However, since the analysis selection is optimized for the VBF process,
the probabilities in the discriminant calculation are defined for the VBF process: Py (Q) and

Prsm ().
3.2 Correlation of two jets in the production of H via gluon fusion

Kinematic distributions of associated particles in gluon fusion production are also sensitive to
the quantum numbers and anomalous Hgg couplings. The set of observables in this topology is
identical to the VBF process 03°°¢ = {GiggH, 9§gH, g*sgH gt CD%gH, qf’ggH, q%’ggH} (see Fig. 1
and Ref. [26]).

Similar to the VBF and VH study, we form optimal D§§H and DE%H observables that are sen-
sitive to CP violation. However, unlike in the VBF production study, the sensitivity to CP
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violation using MELA observables in ggH production is comparable to the signed azimuthal
difference between two leading jets A¢;; [47]. Thus, in this study we cross check the results
obtained using the MELA discriminants with a simplified approach that does not rely on mul-
tivariate techniques and utilizes A¢;; as the CP-sensitive observable. We will refer to these
approaches as the "MELA method” and ”A¢;; method” respectively.

4 CMS detector

The main feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
that provides a magnetic field of 3.8 T. Within the volume of the solenoid, there are a silicon
pixel and strip tracker detectors, as well as a lead tungstate crystal electromagnetic calorime-
ter (ECAL) and a brass and scintillator hadron calorimeter (HCAL). Both ECAL and HCAL
detectors are composed of a barrel and two endcap sections. Forward calorimeters extend the
coverage in pseudorapidity, . The CMS muon system is comprised of gas-ionization chambers
embedded in the steel flux-return yoke outside the CMS solenoid.

The CMS data acquisition system employs a two-tiered trigger system [48] to select events of
interest. The first level (L1), composed of custom hardware processors, utilizes information
from muon detectors and both calorimeters to select collision events at a rate of about 100 kHz
with a latency below 4 us. The second level (L2) also known as the high-level trigger, further
reduces the event acceptance rate to about 1kHz before data storage by using a full event
reconstruction software, optimized for fast processing, running on a computing farm.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [49].

4.1 Data and simulation samples

The data samples used in this analysis correspond to integrated luminosities of 36.3fb™! col-
lected in the 2016, 41.5fb~! collected in the 2017, and 59.7fb~! collected in the 2018, for a
total of 138 fb~! collected during Run 2 of the LHC at a pp center-of-mass collision energy of
13 TeV [50-52].

MC simulation is used to model signal and background processes in proton-proton (pp) inter-
actions at the LHC and their reconstruction in the CMS detector. All MC samples are interfaced
to the PYTHIA [53] generator for parton showering, using version 8.212 for 2016 and 8.230 for
2017 and 2018 data periods. The PYTHIA parameters affecting the description of the underlying
event are set to the CUETP8M1 tune [54] for 2016 simulations, and the CP5 tune [55] for 2017
and 2018 simulations. We use NNPDF 3.0 [56] (for 2016 simulation) or 3.1 [57] (for 2017 and
2018) parton distribution functions (PDFs).

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 distri-
bution in data. All the MC samples are further processed through a dedicated CMS detector
simulation based on the GEANT4 program [58].

Following the formalism discussed in the previous section, the samples with the SM and anoma-
lous H couplings in VBF and VH production are generated with the JHUGEN [24-27] program
at leading-order (LO) in perturbative chromodynamics (QCD). All the simulated scenarios are
reweighted to model any other set of H couplings using the MELA [24-27] package that con-
tains a library of matrix elements from JHUGEN for the signal. The VBF and VH JHUGEN SM
simulations, after parton showering modeling, are explicitly compared with the NLO QCD SM



simulations produced by POWHEG 2.0 [59-64] and no significant differences are found in kine-
matic observables. Therefore, the JHUGEN simulation is used to describe kinematics of the
VBF and VH processes with anomalous coupling effects in VBF and VH processes, with the
expected yields scaled to match the SM theoretical predictions [39] for inclusive cross sections
and POWHEG 2.0 prediction of event yields in the categorization of events based on associated
particles.

Anomalous ggH events are produced with up to two jets at NLO QCD accuracy using MAD-
GRAPH5_.aMC@NLO 2.6.0 [65-67] and are also studied with JHUGEN at LO. The pr and jet mul-
tiplicity distributions are then reweighted to match the POWHEG NNLOPS predictions [68, 69].
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 2.6.0.
This choice corresponds to the convention €j;,3 = +1 [38]. The sign convention of the photon
field in JHUGEN is opposite to that in MADGRAPH5_aMC@NLO, which leads to the opposite
sign of the HZ~ couplings. This sign convention depends on the sign in front of the gauge
fields in the covariant derivative and this analysis follows D, = d,, — iﬁwaiw}ﬂ +i5-B, used
in JHUGEN [40].

The PYTHIA event generator is used to model the H decay to T leptons and the decays of the
T leptons. Both scalar and pseudoscalar H — 77 decays and their interference have been
modeled to confirm that the observables used in the analysis are not sensitive to anomalous H
decays. Thus, the default samples are generated with the SM H — T7 decay process.

The MADGRAPH5_aMC@NLO [65] generator is used to produce W + jets and Z — ee/up +
jets samples at LO accuracy with the MLM jet matching and merging [70]. The MAD-
GRAPH5_.aMC@NLO generator is also used for diboson production simulated at NLO with the
FxFx jet matching and merging [66], whereas POWHEG version 2.0 is used for tt [71] and single
top quark (t-channel) production [72], and POWHEG version 1.0 is used for single top quark
production associated with a W boson [73].

5 Event selection

The reconstruction of observed and simulated events relies on the particle-flow (PF) algo-
rithm [74], which combines the information from the CMS subdetectors to identify and re-
construct particles emerging from pp collisions. Combinations of these PF candidates are used
to reconstruct higher-level objects such as jets, T candidates, or missing transverse momentum,
pmiss. The reconstructed vertex with the largest value of summed physics object p3 is taken to
be the primary pp interaction vertex, where py is the transverse momentum. The physics ob-
jects are the objects constructed by a jet finding algorithm [75, 76] applied to all charged tracks
associated with the vertex and the corresponding associated missing transverse momentum.

Electrons are identified with a multivariate discriminant combining several quantities describ-
ing the track quality, the shape of the energy deposits in the ECAL, and the compatibility of the
measurements from the tracker and the ECAL [77]. Muons are identified with requirements on
the quality of the track reconstruction and on the number of measurements in the tracker and
the muon systems [78]. A relative isolation variable, I, is defined as the total energy deposited
in a cone of size of R < 0.3 (R < 0.4) centered on the electron (muon) direction divided by the
pr of the lepton. The expected contribution to the energy sum from pileup interactions is esti-
mated and subtracted from the total. To reject non-prompt or misidentified leptons, we require
that I* < 0.15.
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Jets are reconstructed with an anti-kt clustering algorithm [79], as implemented in the FASTJET
package [76]. The algorithm is based on the clustering of neutral and charged PF candidates
within a distance parameter of 0.4. Charged PF candidates not associated with the primary
vertex of the interaction are not considered when building jets. An offset correction is applied
to jet energies to take into account the contribution from additional pp interactions within the
same or nearby bunch crossings. In this analysis, jets are required to have pr > 30GeV and
absolute pseudorapidity |7| < 4.7, and to be separated from the selected leptons by a distance
parameter AR = V/(An)? + (A¢d)? of at least 0.5, where ¢ is the azimuthal angle in radians.
Data collected in the ECAL endcaps were affected by large amounts of noise during the 2017
run, which led to disagreements between simulation and data. To mitigate this effect, jets used
in the analysis of the 2017 data are discarded if they have py < 50GeV and 2.65 < |¢| < 3.139.
Hadronic jets that contain b quarks (“b jets”) are identified using a deep neural network, called
the DeepCSV algorithm [80].

Hadronically decaying 7 leptons, denoted as T, are reconstructed with the hadron-plus-strips
algorithm [81, 82], which is seeded with anti-kt jets with pp > 14GeV. This algorithm re-
constructs T, candidates based on the number of tracks and the number of ECAL strips with
energy deposits within the associated 7-¢ plane and reconstructs one-prong, one-prong+7(s),
and three-prong decay modes. For this analysis, a deep neural network (DNN) discriminator
is used to identify hadronic decays of tau leptons [83]. The input variables to the DNN include
variables related to the T, isolation, T, lifetime, and other detector-related variables. These
variables serve as input to a DNN, which provides an output discriminant. The threshold on
the output discriminant depends on the 7, pr and provides a 7, ID and reconstruction effi-
ciency of about 60%. Two other DNNs are used to reject electrons and muons misidentified as
T}, candidates using dedicated criteria based on the consistency between the measurements in
the tracker, the calorimeters, and the muon detectors.

The missing transverse momentum p'** is defined as the negative vector sum of the transverse

momenta of all PF candidates [84].

The invariant mass of the 77 system m . is a key variable for separating H candidate events
from the background in this analysis. The m . is reconstructed using the FASTMTT algorithm,
which is similar to the SVFIT algorithm [85] used in previous CMS publications except that
it uses a simplified mass likelihood function to reduce the computation time. This algorithm
makes use of the P and its uncertainty with the four-vectors of both reconstructed t lep-
ton candidates to calculate a more accurate estimate of the mass of the parent boson and the
full four-momenta of the H decay products needed to calculate MELA kinematic observables
discussed in Sec. 3.

5.1 Event categorization

Selected events are classified according to four decay channels, ey, et},, uty, and 7,,7,,. The
resulting event samples are made mutually exclusive by discarding events that have additional
loosely identified and isolated electrons or muons.

The largest irreducible source of background is Drell-Yan production of Z — 77, while the
dominant background sources with jets misidentified as leptons are QCD multijet and W + jets.
Other contributing background sources are tt, single top, Z — ee, Z — uu, and diboson
production.

The two tau leptons assigned to the H decay are required to have opposite charges. The trigger
requirements, geometrical acceptances, and transverse momentum criteria are summarized in
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Table 2. The py thresholds in the lepton selections are optimized to increase the sensitivity to the
H — 77 signal, while also satisfying the trigger requirements. The pseudorapidity selections
are driven by reconstruction and trigger requirements.

Table 2: Kinematic selection requirements for the four di-t decay channels. The trigger require-
ment is defined by a combination of trigger candidates with pr over a given threshold, indi-
cated inside parentheses in GeV. The pseudorapidity thresholds come from trigger and object
reconstruction constraints. The py thresholds for the lepton selection are driven by the trigger
requirements, except for the 7, candidate in the p 7, and et} channels, and the sub-leading
lepton in the ey channel, where they have been optimized to increase the analysis sensitivity.

Channel Trigger Year Minimal lepton selection
requirement pr (GeV) n Isolation

T Th 7,(35) & 1,(35) 2016 pr > 40 ly™n| <2.1 DNN 1, ID
7,,(40) & T4,(40) 2017, 2018

utTy, 1(22) 2016 pi > pl8T 1 1GeV |yt <21 IF <0.15
1(19) &1, (21) 2016 pr" > 30 Ip™| <23 DNN T, ID
1(24) 2017, 2018
1(20) & T,(27)  2017,2018

ety e(25) 2016 ps > pr88T £ 1GeV e <21 I° <015
e(27) 2017 p > 30 ln™| < 2.3 DNN 1, ID
e(32) 2018
e(24) & 1,,(30)  2017,2018

eu e(12) & u(23) allyears  py > 15, pf > 24 n¢| <24 I°<0.15
e(23) & u(8) allyears  pi > 15, p7 > 24 In#| <24 1" <0.15

In the /7, channels, the large W + jets background is reduced by requiring the transverse mass,
mr, to be less than 50 GeV. The transverse mass is defined as follows,

my = V2pkp[1 — cos(Ag)), (13)

where p% is the transverse momentum of the electron or muon and A¢ is the azimuthal angle
between the lepton direction and the g direction.

In the ey and /1), channels, events with b jets are vetoed to reduce the background from tt
production. In the ey channel, this background is further mitigated by requiring p, = pg‘iss —
0.85 p‘é’is > —35GeV, where préniss is the component of pi** along the bisector of the transverse
momenta of the two leptons and p‘g.’is is the sum of the components of the lepton transverse
momenta along the same direction [86].

Event categories are designed to increase the sensitivity to the signal by isolating regions with
large signal-to-background ratios, and to provide sensitivity to the Hgg and HVV parameters.
They follow closely the selection in Ref. [87]:

e (-jet category: This category targets H events produced via gluon fusion. Events
containing no jets with p > 30 GeV are selected.

e VBF category: This category targets H events produced via the VBF process. Events
are selected with at least two jets with pr > 30GeV. In the ey and /1), channels the
invariant mass of the two leading jets m;; is required be larger than 300 GeV. In the
T}, T}, channel we require the separation between the two leading jets in pseudora-
pidity |Ar;;| to be greater than 2.5, and the transverse component of the vector sum
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of the IS and the Py of the visible decay products of the tau leptons, defined as
=TT

Pr . to have a magnitude (p;") greater than 100 GeV.

e Boosted category: This category contains all the events that do not enter one of the
previous categories, namely events with one jet and events with several jets that fail
the requirements of the VBF category. It targets events with a H produced in gluon
fusion and recoiling against an initial state radiation jet.

6 Background estimation

In this section we describe the background processes to the H — 77 signal and methods to
estimate their contributions. The major background is from Drell-Yan production where the Z
boson decays to a pair of tau leptons, followed by backgrounds from jets misidentified as tau
lepton candidates. Whenever possible we rely on data to estimate background contributions.
The data, signal, and background predictions in the VBF category, which is most sensitive to
anomalous effects in production are illustrated in Fig. 2.

CMS Preliminary 138 b7 (13 TeV) CMS Preliminary 138 th? (13 TeV)
c T T T T T T T T T T T T T c L B S B S B S
00 4500F VBF category ~ —— Obsenvation E o F VBF category =~ —+— Observation i
- E T T 4T 48T +ep = ggH SM Hl_ggs(125}x50 E P [ T.T +UT +eT tepy — ggH SM Hl_ggs(lZS)XSO 7
) LA E —— VBF SM Higgs(125)x50 = 10° hh "h Th —— VBF SM Higgs(125)x50
S s [ w1 bkg. ] ) F [JTtbkg. E
= asoob [ jet—t, mis-10 = > [ Jjet—1, mis-ID
L E I ft+jets ] w B I tt+jets N
3000E- [ Others E 10°F [ Others E
L Stat. uncertainty ] F Stat. uncertainty
2500F = " 1
F 10°E 3
2000 3 F E
1500] — . 12E |
1000 -
500 3 10F =
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Figure 2: Di-tau lepton candidate mass distribution (left) and pr spectrum of the selected H
candidates (right) in the VBF category. All events selected in the ey, ety,, 7y, and 7,7}, final
states are included. Only statistical uncertainties are shown.

6.1 Backgrounds due to 77 events

The Drell-Yan Z/y* — 7T process is the dominant background to the H — 77 signal as both
processes share the same final state and have very similar kinematic properties. Additionally,
several other process such as tt can produce a 77 final state. Given the dominance of these
backgrounds in data, we rely on an embedding method [88] to simulate them: i) in a dedicated
control region, Z/y* — up candidate events are selected from data; ii) calorimeter deposits
and tracks produced by the pair of muons in the event are removed; iii) the muons in the
event are replaced with simulated tau leptons with identical four-vectors; and iv) the PYTHIA
generator is used to model the decay of the T leptons in the same way as a typical Z/y* — 1T
decay. The embedding process is performed separately for each decay channel and results in
greatly improved statistical accuracy compared to that of a typical MC simulation. Using data
to describe effects such as pileup and detector noise results in a much more reliable description
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of pTiss and jet related variables, which in turn reduces systematic uncertainties arising from,

for example, jet energy corrections.

6.2 Background due to jet misidentification

One of the major backgrounds to the H — 77 signal in the et;, uty, and 74,7}, channels
originates from events where a jet is misidentified as a hadronically decaying tau lepton 7,,. We
refer to such backgrounds as jet — T}, processes. The background processes include multijet
(QCD) production, W+jets, tt, and diboson processes. As the jet— T, misidentification rates
are typically ~ 0.1-1%, the use of MC simulation to model this background is undesirable due
to the statistical limitation and systematic uncertainty associated with the correct modeling of
the detector response to jets identified as tau leptons. Thus, we rely on data to model this
background, using the so-called “fake factor” method [89].

To estimate the jet — T}, contamination in the signal region we select T, candidates that fulfill
all event selection criteria with the exception of containing 7}, candidates that fail the nominal
identification requirements but pass a looser requirement on the DNN. This selection is referred
to in the following as “relaxed”. In the 7}, T}, channel either or both 7, may originate from a
jet — T}, but the dominant process is multijet QCD, which results in two jet — 7}, candidates.
In this case we require only that the leading 7, fail the nominal identification. These selected
events are then scaled on an event-by-event basis by the fake factors, which are ratios between
the nominal and relaxed 7}, identification rates.

The fake factors are determined separately for each channel, and for each of the dominant pro-
cesses contributing to the jet — 7}, background. For the 7}, 7}, channel, the jet — T}, background
originates almost entirely from QCD multijet events, and therefore fake factors are derived only
for this process. For the ey, and u T, channels, separate fake factors are derived for QCD mul-
tijet, W+jets, and tt processes. The QCD and W+jet fake factors are measured in dedicated
control regions enriched with the events from the given process. The QCD control region is de-
fined by inverting the opposite-sign charge requirement on the di-t candidate pair. The W+jet
control region is defined by selecting events with my > 70 GeV. Obtaining a tt control region
with high purity is not possible, and the fake factors are therefore measured in simulation for
this sub-dominant process. We parameterize the fake factors as a function of the tau lepton pr.
As events in this study are categorized primarily by the number of jets in the event, the fake
factors are measured in jet multiplicity bins: no jets, one jet, and two or more jets.

The fake factors for each of the individual processes are then weighted into an overall fake
factor to account for their contributions in the signal region. For the et} and y 7}, channels, the
fake factors measured for the W+jets process are weighted to also account for all other sub-
dominant jet — T, processes (all processes except multijet QCD, W+jets, and tt). For the 7,7y,
channel, the multijet QCD fake-factors account also for all other sub-dominant processes where
the leading T, is a misidentified jet. The events in which the sub-leading T, is a misidentified
jet and the leading 7, candidate is a genuine T lepton are modeled via simulation; these events
constitute only a small fraction (O(2%)) of the total misidentified jet background in this channel.

Finally, the fake factors are further corrected to accommodate residual differences observed
when applying the measured fake-factors to events in control regions. Such corrections are
needed to account for: differences in the jet — 7}, misidentification rates in control and signal
regions arising from, for example, slight differences in the jet flavor compositions; the choices
of functional forms for parameterizing the p; dependence; the finite binning of the parameter-
izing variables; and the omission of dependencies on kinematic or topological variables.
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In the ey channel, one of the minor backgrounds stems from the multijet QCD process, where
at least one jet is misidentified as an electron or a muon candidate. The majority of these events
involve bb production, with electron and muon candidates produced in semi-leptonic decays
of heavy-flavor quarks. This background is estimated from a sideband region using events with
an electron and a muon with same-sign (SS) electric charges. Scale factors are then applied to
extrapolate from this sideband region to the signal region. These so-called OS/SS scale factors
are derived from a control region where the muons pass a relaxed isolation requirement but fail
the signal region isolation criteria. The dependence of the OS/SS factors on the AR between the
two leptons and jet multiplicity in the event is taken into account. A correction is also applied
to account for any bias introduced by the inversion of the isolation requirement on the muon
candidate. Finally, we subtract contributions from known SM processes using embedded and
MC simulation samples.

6.3 Other backgrounds processes

The remaining backgrounds include Drell-Yan processes, where the Z boson decays to a pair of
electrons or muons and one or more of the final state leptons is misidentified as the tau lepton,
as well as tt, single top quark and multiboson production with fewer than two genuine T
leptons and additional electrons or muons that are misidentified as leptonically or hadronically
decaying tau leptons. These backgrounds are small and we rely on MC simulation to estimate
their contribution to the signal region. To avoid double-counting of backgrounds arising from
jet misidentification, we remove the events with the generator-level quark or gluon matched to
the reconstructed tau lepton candidate in the final state. Similarly, Drell-Yan MC events as well
as any other MC simulation events with two genuine 7 leptons are discarded to avoid overlap
with the embedded samples.

6.4 Corrections to simulated data

To improve the agreement between the signal and background processes modeled with simu-
lations and the data, the following corrections are applied to the simulated events (including
TT-embedded events for corrections pertaining to the simulated tau leptons):

e The pileup distribution in simulation is reweighted in order to match the pileup in
data.

e Muon and electron channels are corrected to account for their trigger efficiencies,
reconstruction, identification, and isolation requirements. The channels containing
Ty, are corrected for their trigger efficiencies, reconstruction, and identification re-
quirements. Corrections are also applied to events including e — 7}, and  — T,
candidates to account for differences in the misidentification probabilities.

e For the ey and /1, channels, corrections are applied to account for differences in the
number of events passing the b jet veto as a result of variations in the probabilities
for jets to be tagged as b jets.

e The 7, energy scales are corrected per decay mode to match the energy scale in
data. Separate corrections are derived for T}, candidates that originate from genuine
hadronically decaying tau leptons and those that originate from electron and muon
misidentifications. The electron energy scale is adjusted in data and simulation us-
ing the Z mass peak, and the resolution of the simulated electrons is also adjusted to
match the data.

e Jet energy scale corrections are applied to both data and simulated events, and the
energy resolution of simulated jets is adjusted to match the resolution in data. For
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the Drell-Yan, W+jets, and H events estimated from simulation, recoil corrections
are applied to the p7'** based on the vector difference of the measured p7'** and the
total transverse momentum of the neutrinos from the Z, W, or H decay products.

e The Z mass and pr distributions are reweighted to better match the distributions in
data. These corrections are derived by comparing simulated Z — uu events to the
equivalent events selected in data. The size of the corrections are typically less than
20%. For tt events, the top pr spectra are also reweighted to match the py spectra in
data. The procedure used to derive these corrections is described in Ref. [90]. The
size of the corrections are less than 20%.

7 Systematic uncertainties

A variety of systematic uncertainties are taken into account in the analysis. The uncertainty
model consists of normalization uncertainties that only scale the yield of a distribution while
leaving its shape unchanged, and shape uncertainties that also alter the shapes of the distri-
butions. The leading systematic uncertainty sources result from the jet energy scales and res-
olutions, and the limited statistics of the simulated events. All systematic uncertainties are
implemented in the form of nuisance parameters in the likelihood, which can be further con-
strained by the fit to the data. The uncertainties considered in this analysis are summarized in
Table 3 and detailed below.

The integrated luminosities of the 2016, 2017, and 2018 data-taking periods are individually
known with uncertainties in the 1.2-2.5% range [50-52], while the total Run 2 (2016-2018) in-
tegrated luminosity has an uncertainty of 1.6%, the improvement in precision reflecting the
(uncorrelated) time evolution of some systematic effects.

The uncertainties in the muon (electron) reconstruction, identification, and isolation amount
to 1% (2%). The electron and muon triggers contribute an additional 2% uncertainty in the
yield of simulated processes. The uncertainty in the electron energy scale depends on pr and 7
and is typically less than 1%. The muon energy scale uncertainty varies between 0.4 and 2.7%
depending on 7.

The T, reconstruction and identification efficiency is measured in three p bins (30-35, 35-40,
40+ GeV) or four T}, decay mode bins and is statistically dominated. The uncertainty is taken
to be uncorrelated for the individual measurements and ranges between 2-3%. In addition, a
yield uncertainty of 3% is taken into account for real 7}, candidates due to the discrimination
against electrons and muons. An additional uncertainty is applied for the T}, reconstruction in
the embedded samples to account for differences in the charged hadrons and 71° reconstruction
efficiencies. The uncertainty on the 7, trigger efficiencies depends on the pr and decay mode
of the 7}, candidates, and is therefore treated as a shape uncertainty. For electrons and muons
misidentified as 7}, candidates, an uncertainty derived in bins of pr, 77, and decay mode of the
misidentified 7, candidate is applied and amounts to between 9-40% and 10-70%, respectively.
The uncertainty in the 7}, energy scale ranges between 0.2-1.1% depending on the decay mode.
For electrons and muons misidentified as 7}, candidates, the uncertainty in the energy scale
amounts to 1% for muons and between 1-6.5% for electrons.

During the 2016 and 2017 data taking, a gradual shift in the timing of the inputs of the ECAL
L1 trigger in the forward endcap region (2.5 < || < 3.0) led to a specific inefficiency. It affects
predominantly events with high pr electrons and jets. For events containing an electron (jet)
with py larger than ~ 50 GeV (~ 100 GeV), in the region of 2.5 < || < 3.0 the efficiency loss
is 10-20%, depending on pr, 1, and the data taking period. Additional correction factors are
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Table 3: Sources of systematic uncertainties.

Uncertainty Magnitude

T, ID pr/decay-mode dependent (2-3%)
Ty, separation from e / 3%

e — 1, ID 1 dependent (9—40%)

u— 1, ID 1 dependent (10-70)%

e ID 2%

u 1D 1%

b jet veto 0-10%

Luminosity 1.6%

Trigger 2% for e/, pr/decay-mode dep. for 7}, (O(10%))
tt cross section 4.2%

Diboson cross section 5%

Single top cross section 5%

Drell-Yan cross section 2%

L1 trigger timing (2016 and 2017) Event-dependent (0.2-15%)
BH — t71) 2.1%

T}, energy scale

e — T}, energy scale

} — T} energy scale

Electron energy scale

Muon energy scale

Jet energy scale

Jet energy resolution

piss unclustered energy scale
pT"*® recoil corrections

Jet — T}, mis-ID

QCD multijet in the ey channel
Embedded yield

tt in embedded

Signal theoretical uncertainty
Top pt reweighting

DY pr-mass reweighting

Decay-mode dependent (0.2-1.2%)
Decay-mode dependent (1-7%)
1%
pr/1 dependent (< 1.25%)

n dependent 0.4-2.7%
pr/1 dependent (~ 0.5-14%)
1 dependent (2-95%)
Event-dependent (~ 0-20%)
0.3-5.8%
Event-dependent (O(10%))
Event-dependent (O(20%))
4%

10%
Event-dependent (up to ~ 25%)
pt dependent (0-21%)
pr/mass dependent (0-11%)
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applied to the simulation to account for this inefficiency. This results in a small decrease in the
estimated signal and background yields, for example, the inclusive SM VBF yields are reduced
by about 2-3%. The uncertainty on these correction factors ranges between 0.2 and 15%.

Uncertainties in the jet energy scale come from different sources and with partial correlations.
These sources typically affect different regions of the detector and their magnitude depends on
the jet kinematics. Uncertainties in the jet energy resolution are also taken into account. These
uncertainties create migrations between categories defined on the basis of the jet multiplicity
or mj;, and affect the shapes of the Acp]-j and MELA discriminants. For all MC samples without
recoil corrections applied, the uncertainties in the jet energy scale and resolution are propagated
to the p'ss.

For simulated events that have recoil corrections, the uncertainties in the resolution and re-
sponse of the pIss are derived as part of the estimate of the recoil corrections. Other pro-
cesses suffer from uncertainties in the energy measurement for the energy depositions in the
calorimeter, not associated with jets and photon candidates, so-called unclustered energy scale
uncertainties. The magnitudes of these uncertainties depend on the pt, 17, and types of the
unclustered PF candidates.

The yield uncertainty related to discarding events with a b-tagged jet varies up to 10% for
background with heavy-flavor jets. The uncertainty in the mis-tagging rate of gluon and light-
flavor jets is less than 1%.

For background with jet — 7}, misidentifications, the uncertainties on the measured fake fac-
tors are propagated to the background predictions as shape uncertainties. This includes sta-
tistical uncertainties on the fitted functions as well as systematic uncertainties coming from
residual differences observed in control regions. Similarly, for the multijet QCD estimation in
the ey channel uncertainties in the OS/SS extrapolation factors are taken into account.

Uncertainties related to the embedding method are taken into account in addition to those
pertaining to the simulated T decay products described previously. Embedded samples include
all events with two T candidates, essentially Drell-Yan events, but also contain small fractions
of diboson and tt events. A shape uncertainty is applied to take into account the contamination
from these non Drell-Yan events, which amounts to 10% of the tt and diboson contribution to
embedded samples, as estimated from simulation. Data events with muons are selected with
a muon trigger before embedding the simulated T leptons. The uncertainty in this trigger
requirement amounts to 4%.

Uncertainties in the tt + jets, Drell-Yan, diboson, and single top quark production cross sections
amount to 4.2, 2.0, 5.0, and 5.0%, respectively. This includes uncertainties due to missing higher
order corrections, the PDF, and the running coupling ag. For the tt + jets cross section the
uncertainty on the top quark mass is also included. The top py and Drell-Yan pr and mass
spectra are reweighted. For the top samples the size of the correction is taken as the uncertainty,
while for the Drell-Yan the correction is varied by 10%.

The theoretical uncertainty in the branching fraction of the H to 7 leptons includes a 1.7% un-
certainty due to missing higher order corrections, a 1% parametric uncertainty on the quark
masses, and a 0.62% parametric uncertainty on ag. The inclusive uncertainty related to the
PDFs amounts to 3.2, 2.1, 1.8, and 1.3%, respectively, for the ggF, VBE, WH, and ZH production
modes [39]. Acceptance uncertainties for the ggH signal due to renormalization and factoriza-
tion scale variations are applied following the uncertainty schemes proposed in Ref.[39]. Ac-
ceptance uncertainties for the VBF signal due to renormalization and factorization scale varia-
tions are applied as yield uncertainties. The sizes of the uncertainties are typically smaller than
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5%.

Uncertainties arising from the limited statistics of the simulated events, or data control regions,
are taken into account. They are considered for all bins of the distributions used to extract the
results.

8 Analysis of ggH production

In this section we first review the analysis methods employed to extract the Hgg anomalous
coupling parameters. In Section 8.1 we describe the MEL A method from which we obtain our
most stringent limits on the anomalous coupling parameters. The A¢;; method, which is used
to cross check the results obtained by the MELA method, is briefly described in Section 8.2.
The results obtained are then presented in Section 8.3.

8.1 The MELA method

The multivariate analysis of the Hgg vertex relies on a combination of simple neural networks
and MELA discriminants. The former provide optimal separation of the dominant back-
grounds for a given channel from the H production, while the latter offer powerful handles
to distinguish different signal hypotheses.

A feed-forward network containing two hidden layers is used in each channel. As dominant
backgrounds vary by channel, the observables used in the neural network training change
and therefore the architecture of the network is modified for each channel. The number of
nodes per layer is kept to a minimum to reduce the complexity of the neural network without
compromising its performance. As sensitivity to the Hgg anomalous coupling is maximal for
events with kinematics similar to those of VBF production, we use VBF signal events as the
signal process for all neural networks. This provides the added benefit that the same network
can be used in the analysis of both ggH and VBF production processes.

The simplest neural network is employed in the et} and y T}, channels where the background is
dominated by the Z — 77 production. Thus, a simple binary classifier is trained to distinguish
VBEF production from the Z — T7 process. We use all seven MELA input variables, m., mg,
and p;' as input features for the network.

Multiclass neural networks are utilized in the 7}, 7}, and ey channels due to the presence of
two dominant backgrounds in each channel. In the 7,7}, channel, a network is trained to sort
events in three classes: events that are likely to be from the Z — 77 production, VBF Higgs
production, and background events from processes with jets misidentified as 7, candidates,
using the same features as the /1, network. For the ey channel, the network is trained to
classify events into three classes: Z — 77, VBEF, and tt. The ey channel utilizes the same
features as the {1}, network, but also includes the jet multiplicity and p,.

For the binary classifiers we use the neural network output scores as discriminating variables,
whereas for the multiclass networks we use the output scores for the VBF signal classes. We
will refer to these discriminants collectively as Dyy.

Three MELA discriminants are used in the Hgg analysis, each providing separation between
different signal hypotheses. In order to separate ggH production from VBF production, D%EtF
as defined in Eq. 14 is used. The discriminant D§§H, defined in Eq. 15, is used to separate
ggH produced with the SM couplings from ggH produced with a pure pseudoscalar coupling.

Lastly, Dé%H, defined in Eq. 16, provides sensitivity to the interference term in the coupling.
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Table 4: List of observables used in the MELA method.
Category Observable  Goal

0-jet Mer Separate H signal from backgrounds

Boosted  p1', m.. Separate H signal from backgrounds

VBF Dan Separate VBF-like H signal from backgrounds

VBF D%EE Separate ggH from VBF H production

VBF DgﬁH (Dy_)  Separate BSM from SM ggH (HVV)

VBF Dg%H (D\C/EF Sensitive to the interference between the CP-even and CP-odd

contributions to the Hgg (HVV) coupling

ggH ggH
DV.BF — 7DSM + 7)0* (14)
2jet peet | pssH | pVBF
sm T P02 T Fom
pggH
pEsl — M (15)
- ggH ggH
pggH
H —0—
'Dé% _ SM—-0 (]6)

- pget et

The results of the analysis are extracted with a global maximum likelihood fit based on signal-
sensitive observables. We summarize the observables utilized in the analysis of the ggH pro-
duction in Table 4. As the same set of observables is used in the HVV study, except for the

superscripts of anomalous-coupling specific MELA discriminators, we define them in Table 4
as well.

We use four observables in total to construct our fitted distributions in the VBF category: D(%%H,
DE%H, Dyn, and D%EtF . The selected events are binned in multidimensional histograms (tem-
plates) of these observables. The binning of these templates has been optimized to ensure
sufficient statistical populations of all bins, to retain kinematic information, and for memory

usage and speed of computer calculations.

The inclusion of the DE%H observable is intended to bring sensitivity to the sign of the inter-
ference between the CP-even and CP-odd contributions, which would manifest as an asym-

metry between the number of events detected with positive and negative values of DE%H. We
therefore include two bins in this discriminant, DE%H < 0and DE%H > 0. It should be noted

that Dg%H is symmetric about Dé%H = 0 in the absence of CP-violation, and this symmetry
is enforced for the background and CP-conserving signal templates to reduce the influence of
statistical fluctuations. For the remaining three observables we allocate more bins to those that
have a stronger influence on the expected sensitivity. For the /7, channels, we use 10, 8, and

4 equally sized bins for D§§H, Dy, and DXEtF , respectively. For the ey channel, which is the
least sensitive channel in this analysis, we respectively use 3, 2, and 4 bins for these observ-
ables. In all cases we additionally check for bins where the total statistical uncertainty on the
background prediction is in excess of 50%, and merge such bins with their neighbors to prevent
cases where bins have very low statistical populations. For the 7, 7}, channel, it was not possi-

ble to define a suitable set of equally spaced bins that fulfilled the optimization criteria without
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unduly compromising the sensitivity to ag3gH. Therefore, we employ variable bin widths for

the D?EH, Dnns and D;;E’f observables; selecting bin boundaries that optimize the expected
sensitivity while minimizing the total number of bins in the templates.

We use two observables to construct our templates in the Boosted category, m., and pg',
and one observable in the O-jet category, m... There are no dedicated observables sensitive
to anomalous couplings in these channels, as the events either have fewer than the two jets
needed to construct the observables, or do not display significant separation between different
signal scenarios to justify their inclusion. These categories are included in the fit nonetheless
to constrain backgrounds and to provide sensitivity to the inclusive ggH cross section. The
chosen binning in these categories is thus similar to what was employed in previous CMS mea-
surements [87].

Example distributions of the observables in the most sensitive 7}, 7}, and u 7}, channels are given
in Fig. 3.

8.2 The A¢;; method

The Acpjj method is based on the strategy proposed in Ref. [47]. The signed azimuthal sepa-
ration between the two leading jets A¢;; provides sensitivity to the CP properties of the Hgg
vertex. The sign of A¢;; is defined by ordering the jets in #:

Api; = ¢(j1) — ¢(j2), withn(j1) < 7(j2), (17)

which ensures that the observable is sensitive to the interference between the CP-even and CP-
odd contributions [29, 30, 91]. The VBF-like ggH events are targeted as they have been shown
to be most sensitive to the Hgg anomalous couplings [47].

The event selection and categorization follows closely those described in Section 5.1. The only
notable differences are in the definitions of the VBF signal categories, which are therefore de-
scribed below.

The VBF category definition described in Section 5.1 is adopted for the ey and /1, channels.
For the 14,7}, channel, the VBF category selections defined previously for the /7, channels are
utilized. The selected VBF-like events are then further subdivided into four categories based on
m;; and pr to enhance the separation between different CP scenarios and to provide additional
differentiation between the signal and backgrounds. The four categories are defined as follows:

e Loose-mj; category: this category selects events with m;; < 500GeV and pr <

150 GeV.

e Loose-mj; boosted category: this category selects events with m
pr’ > 150GeV.

e Tight-m;; category: this category selects events with m;; > 500GeV and pr <
150 GeV.

e Tight-m;; boosted category: this category selects events with m;; > 500GeV and
pr’ > 150 GeV.

i < 500GeV and

We summarize the observables utilized in Table 5. In this case we use 2D templates in the VBF
categories to extract the results. These templates are constructed using the A¢;; and m . ob-
servables. We use 12 bins for A¢;;, equally spaced between -3.2 and 3.2. Variable bin widths
are used for the m . observable, where the bin boundaries are selected to capture the peaking
structures of the signal distributions close to m . ~ 125GeV. The initial choice of the m .
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Figure 3: Examples of data and signal and background predictions for MELA and neural net-
work discriminants in the 7, 7,, and ut; channels. Events passing the selections outlined in
Section 5 and allocated to the VBF category are included. Only statistical uncertainties are
shown. The expectation in the ratio plane is the sum of the estimated backgrounds and the SM

H signal. For the D(%%H discriminant the distribution expected for a pseudoscalar H is over-

laid to be compared to the SM signal. Similarly, for the Df’:%H discriminant the distribution
for a CP-violating scenario with maximum-mixing between CP-even and CP-odd couplings

(labeled "MM” in the legend) is shown.

Events / Bin

Obs. / Exp.

Events / Bin

Obs. / Exp.

CMS Preliminary

138 fb™ (13 TeV)

2500

2000

1500

1000

500

—@— Observation
—— ggH SM Higgs(125)x50
—— VBF SM Higgs(125)x50
[ Tt bkg.
[ Jjet-t, mis-ID
[_] Others

Uncertainty

VBF Category

Ty

| S A ]
osF T o RO
0 0.2 0.4 0.6 0.8 DVBFl
2jet

C 138 tb™ (13 TeV)

MS Preliminary

10000

8000

6000

4000

2000

T T T
—@— Observation
—— ggH SM Higgs(125)x50
—— VBF SM Higgs(125)x50
[ Tt bkg.
[ Jjet-t, mis-ID
[ Others

Uncertainty

VBF Category
Mt

-]

|

i —_—

1 P 90 FR—
0 o O 0O gre9g? aE =%
O]

0

0.2 0.4 0.6 0.8 1

DNN



8. Analysis of ggH production 21

Table 5: List of observables used in the A¢;; method.
Category Observable Goal

O-jet Myr Separate H signal from backgrounds
Boosted  pr', ., Separate H signal from backgrounds
VBF Moy Separate H signal from backgrounds
VBEF Acp]-j Differentiate between CP-even, CP-odd, and mixed CP scenarios

bin boundaries is the same for all channels and categories but we apply an additional merg-
ing of neighboring bins in cases where the statistical fluctuations in the signal or background
templates are excessive.

8.3 Results of the ggH analysis

The results are extracted by performing a binned maximum likelihood fit to the data combin-
ing all categories for the different channels and data taking years. The likelihood function is
defined as a product of conditional probabilities over all bins i:

‘C(data‘.ugng quH/f/e) = HPOisson(ni’Si(Vgng quHlfle) + bi(9>) ’ P(é\e)z (18)
i

where 1; is the observed number of data events in each bin. The signal and background ex-
pectations are given by s; and b; respectively, which are functions of 6, that represents the full
set of nuisance parameters corresponding to the systematic uncertainties, and the parameters
that quify the H signal processes: plgen, MqqH and‘ ]? The parameters .1y and HqqH are
the H signal strength modifiers that respectively modify the ggH and VBF+VH cross sections
with respect to the SM values. The f term represents the set of anomalous coupling parameters
that modify the distributions of the ggH and/or VBF+VH signals. In the case of Hgg anoma-
lous coupling measurements f = ( ag3gH, f.3)- Finally, the p(8|6) term represents the full set of
probability density functions (pdfs) of the uncertainties on the nominal values of the nuisance
parameters 0. The systematic uncertainties that affect only the normalizations of the signal and
background processes are assigned log-normal pdfs, whereas the shape altering systematics
are assigned Gaussian pdfs.

The negative log-likelihood is defined as

E(data’}lggH/ ‘uqu/ f/ 9)
ﬁ(data’ﬁgng ﬁqu/ Jf/ é)

—2AInL = —2Aln (19)

with flgep, flgqn, f, and @ as the best-fit values of the signal modifiers and nuisance param-
eters. The 68% and 95% confidence intervals are identified when —2AIn £ = 1.00, and 3.84
respectively.

The measurement of ff3gH («Hf) is performed using two methods based on MELA and Adjj,
where the latter is used as a cross check of the former. An example of a pre-fit distribution for
the MELA method is given in Fig. 4 for one of the most sensitive signal categories. Fig. 5 shows
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the post-fit distribution in the VBF Tight-m;; boosted category in the 7}, 7}, channel, which is the
most sensitive category used to extract the results using the A¢;; method. The results of the
likelihood scans are shown in Fig. 6 (7) and listed in Table 6.
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Figure 4: The observed and predicted 2D distribution of (D§§H, Dnn) before the fit to data
in the most sensitive VBF category region with 0.3 < D%Ef < 0.7 in the 7}, T}, channel. The
DE%H > 0 bins are shown in the plots, and the D(gj%,H < 0 side has a symmetric distribution
except for small fluctuations in the observed data. Only the statistical uncertainties are included
in the uncertainty band.
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Figure 5: Observed and predicted 2D distributions after the fit to data in the VBF Tight-m;;
boosted category in the 7}, 7, channel. The uncertainty band accounts for all sources of system-
atic uncertainty on the signal and background predictions. The expectation in the ratio plane
is the sum of the estimated backgrounds and the best fit signal.

For the MELA method, the maximum value of the —2A1n £ is noticeably larger for the ob-
served scan compared to the expected. We used pseudo-experiments to estimate the proba-
bility of obtaining a maximum value of the —2A1In £ greater than or equal to the maximum
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Table 6: Allowed 68% CL (central values with uncertainties) and 95% CL (in square brackets)
intervals on anomalous ggH coupling parameters using the H — 77 decay. The use of ”-”
indicates cases where no exclusion at the 95% CL was found. As indicated in the Table, the
results are presented for the MELA method, as well as the A¢;; method for comparison. The
final results of this study are from the MELA method.

Parameter Method Observed Expected
68% CL  95% CL 68% CL  95% CL
B8t MELA  0.08702> [-0.09,0.90] 0.00 +0.36 -

ggH +0.59

3 A‘ij 0.07Z579 - 0.00 £0.39 -

aHift MELA  11%}%  [-11,63] 0426° -
Hff +320 o
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of f%gH obtained with the
MELA method (left) and the Adj; method used as a cross check (right).
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MELA method (left) and the Ag;; method used as a cross check (right).
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—2AIn £ of the observed scan. This probability was determined to be 33%. We thus conclude
that the observed results are compatible with the signal plus background model.

The use of the MELA method is shown to improve the expected uncertainty on f%gH (a1

by 13(7)%. This improvement owes partly to the use of neural networks that differentiate the
H signal from the backgrounds more effectively, and partly to the inclusion of matrix-element
discriminants that improve the separation between CP-even, CP-odd and mixed CP scenarios.
In the case of the ggH production, the SM process is generated by the quark loop represented
by the 5% term in Eq. 1. This makes it harder to distinguish the anomalous a3® contribution
from the SM, as both are generated by dimension-six operators and many of their kinematic
features are similar. Most of the sensitivity to CP-odd couplings is primarily in the azimuthal
correlation of two jets, which explains why the full multivariate MELA treatment of kinematic
information does not bring as much additional information as in the case of the VBF produc-
tion, described in the following section, where the SM process is generated by the tree-level
coupling g7V in Eq. 1, which is a dimension-four operator. This leads to kinematic differences
between the anomalous contributions and the SM in multiple observables and a much larger
gain from the full multivariate MELA treatment.

We also cross-checked the results neglecting CP-odd contributions to the VBF and VH pro-
cesses (f,3 fixed to zero). This was found to have only a minor effect on the best-fit value and
uncertainty of fag3gH («Mff). Therefore, we present results only for the more general case where
fa3 1s unconstrained.
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9 Analysis of VBF and VH production

As MELA-based observables offer superior sensitivity and discrimination among different
possible anomalous HVV couplings in the VBF and VH production compared to single kine-
matic observables, such as Aqb]-]-, the VBF study is conducted with MELA-based observables
only. As sensitivity to VH anomalous effects is small with Run 2 statistics, the analysis is opti-
mized for the VBF process.

Similar to the ggH analysis, we employ the same neural networks to separate VBF-like signal
and background processes, while MELA discriminants offer optimal separation between dif-
ferent signal hypotheses (see Table 4). We use D;g'jf , defined in Eq. 14, to separate SM ggH
production from the SM VBF production. Separate MELA discriminants, as defined in Eq. 20,
are constructed to optimally separate the SM hypothesis from the potential anomalous cou-

pling in the VBF production.

DVBF DVBE
Dy- = v o—=mr Dont = Sver
- VBE | DVBF VBE
Psyi + Pps Py + Paz -0
DVBF . DVBF (20)
Dp1 = —vprd— = o
P+ Paz 7)571\]/311: + P A?

As for the Hgg analysis, we also define a pure CP-odd MELA discriminant DYE" in Eq. 21, that
is sensitive to interference effects between the SM and pseudoscalar H hypotheses to directly
probe for CP-violation in the HVV vertex:

VBF 7Défl\E/BIF—PS
DYEF = (21)

CP = 5VBF |, DVBE"
Psm + Prps

The results of the VBF analysis are extracted with a global maximum likelihood fit based on
4D or 3D, 2D, and 1D distributions built in each of the VBE, Boosted, and 0O-jet categories, re-
spectively. The templates constructed for the Boosted and 0-jet categories are identical to those
described for the ggH analysis in Section 8.1, although we note that in this case, in contrast to
the former case, the chosen observables do provide some differentiation between anomalous
coupling scenarios.

Depending on the anomalous coupling parameter being measured, we use three or four ob-
servables in total to construct our distributions in the VBF category. In all cases we include

the Dy and DXEE observables. We additionally include D,_, Dy, D, and D/Z\'ly, when we

measure f;3, f,0, fa, and ffg , respectively; which we will collectively refer to as Dggy in the
following. The forth observable, which is included only for the measurement of the CP-odd
parameter f,3, is DYEF. The selected events are binned into templates constructed using these
observables.

The binning of the templates has been optimized following the criteria outlined in Section 8.1.
For the /7, and 1,7}, channels, we use 10, 8, and 4 equally sized bins for Dggy;, Py, and DXS}F ,
respectively. For the ey channel, we respectively use 3, 2, and 4 bins for these observables. In all
cases we additionally check for bins where the total statistical uncertainty on the background
prediction is in excess of 50%, and merge such bins with their neighbors. For the measurement
of the f,3 parameter we include two bins in the D‘C’BF discriminant, DXEF < 0and DXEF >0, to
bring sensitivity to the sign of the interference between the CP-even and CP-odd contributions.
The expected symmetry between these bins is enforced for the background and CP-conserving

signal templates to reduce the influence of statistical fluctuations.
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9.1 Results of the HVV analysis

The four f,; parameters describing anomalous HVV couplings, as defined in Egs. 1 and 3, are
tested against the data according to the likelihood function defined in Eq. 18, following the
same approach as that utilized in the analysis of the Hgg vertex.

An example of a pre-fit distribution in the most sensitive VBF category for the 7}, 7}, channel
is shown in Fig. 8. The results of the likelihood scans for Approaches 1 and 2 are shown in
Figs. 9 and 10, respectively, and listed in Table 7. In each fit, the values of the other anomalous
coupling parameters are set to zero, with the exception of the fit to the CP-odd parameter f,
which is extracted with f, %gH left unconstrained. The signal strength parameters ooy and pgopy
are also profiled for all measurements. The best fit values of these parameters are consistent
with unity.
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Figure 8: The observed and predicted 3D distribution of (D,_, Dyn, D%Ef ) before the fit to data

in the 7,7}, channel for the most sensitive VBF category. The DYEF > 0 bins are shown in the

plots, and the D¥EF < 0 side has a symmetric distribution except for small fluctuation in the
observations. Only the statistical uncertainties are included in the uncertainty band.

Table 7: Allowed 68% CL (central values with uncertainties) and 95% CL (in square brackets)
intervals on anomalous HVV coupling parameters using the H — 77 decay. Approaches 1

and 2 refer to the choice of the relationship between the aENW and aizz couplings, defined in
Section 2.
Approach  Parameter Observed/(1073) Expected/ (1073)
68% CL 95% CL 68% CL 95% CL
- 0261938 —0.01,1.30] 0.00+0.06 [—0.23,0.23
0.21
L1103 U[-1.8,—-0.1] [-34,32 0158 —14,1.
Approach1 1 U180 (3432 00%8 (1419
f,z\l —0.1277, [—0.34,0.01] 0.00";5 [—0.15,0.55]
7 25718 [—3.6,6.5] 0.0"13 [—3.2,3.4]

Approach 2 fu3 0.407033 [-0.01,1.90] 0.00+0.08 [-0.33,0.33]



9. Analysis of VBF and VH production 27

CMS Preliminary 138 fb™* (13 TeV) CMS Preliminary 138 fb* (13 TeV)

_I r T T T T ‘ T T T T ‘ T T T T ‘ T T T T ] _] r T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]

< 25 r Approach 1, 1t h < 25 r Approach 1, 1t =

< r —— Observed ] < r —— Observed ]

‘T‘ L e Expected 1 (I\I L e Expected —

20 u ] 20 N

15F . 15F 4

10F . 10F .

Sfeswer FA . Sfeswe A

: 68% CL : : 68% CL :

07\7\7\\7\7\7\77\ INC e T 07\7\7\\7\77 > T R
-0.002 -0.001 0 0.001 0.002 -0.01 -0.005 0 0.005 0.01

fa3 f612

CMS Preliminary 138 fb™* (13 TeV) CMS Preliminary 138 b (13 TeV)

1 T~ T T T T 17 ] 1 L L

< o5 K Approach 1, 1t h < 25 r Approach 1, 1t ]

< r —— Observed ] < r —— Observed ]

‘T‘ D N e Expected 1 (I\I L e Expected —

20 ] 20 N

151 z 151 g

10F . 10p -

Sposwar S SPoswar ™o S ]

: 68% CL : : 68% CL :

07\7\7\\7\7\7\7 S R 07\7\7\\7\7\77*~ S AT
-0.002 -0.001 0 0.001 0.002 -0.01 -0.005 0 0.005 0.01

f 2y

JAVE f/\l
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The presence of two minima in the observed likelihood scan for f,, (and to a lesser extent fflv )
is a result of the limited sensitivity to the sign of the interference between the 2, and a, (K?)
couplings, which is turn limits the sensitivity to the signs of the f, ( ff? ) parameters.

The confidence level intervals on f,; at 95% and 68% are more stringent compared to those uti-
lizing the H decay information in the H — 4/ channel [21] because VBF and VH production
is sensitive to higher values of g7 appearing in Eq. (1). Therefore, the cross section of anoma-
lous contributions in VBF and VH production increases quickly with f,;. As the cross section
increases with respect to f,; at different rates for production and decay, relatively small values
of f,; correspond to a substantial anomalous contribution to the production cross section. This
leads to the plateau in the —21In £ distributions for larger values of f,; in Fig. 9. If we had used
the cross section ratios for VBF production in the f,; definition in Eq. (3), the appearance of the
plateau and the narrow exclusion range would change. The f,; constraints in Ref. [21] also uti-
lize the VBF and VH production information, but the number of reconstructed H — 4/ events
in these production modes is still low compared to this analysis.
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10 Combination of the results with other decay channels

The results of the anomalous coupling measurements presented in the previous sections can
be further improved by combining with other H production/decay channels. The precision of
the anomalous HVV and Hgg coupling measurements is improved by combining the H — 77
and H — 4/ decay channels, where we consider H production via VBF, VH, and ggH. We
additionally constrain the anomalous Htt couplings by combining the ggH — 77/4¢ and
ttH/tH — vy /4{ channels.

For all combinations, each H decay channel treats anomalous couplings in H production pro-
cesses in the likelihood in a consistent manner. As with the H — 77 channel-only fits, when
we fit for a given parameter the values of the other anomalous couplings are set to zero with

the exception of the fits to f,; and ag3gH, and the signal strength parameters are profiled in the
combined likelihood fit. The number of signal strength parameters in the combined fit can
be reduced by using a relationship between the production cross section ratios. For example,
there are in principle four signal strength parameters for the combination of the H — 77 and
H — 4/ channels (y;;H, yg;H, ‘ung, yggZH). However, one degree of freedom is removed be-
cause the ratio between the ggH and VBF+VH cross sections is the same in both channels,
y;H / y;;H = ,uéfH / ‘uégZH. Therefore, we can parameterize the combined fit with three signal
strength parameters jyqp1, Hgo1, and 17, where 17, stands for the relative strength of the H cou-
pling to the 7 leptons. For the combination with the ttH and tH results using the H — 4/ and
H — 7+ channels, the signal strengths pttzé and ‘u?{g are not related for the fgptt measurement
because they could differ by the loop involved in the H — 7y decay. In the EFT approach, the
fully-resolved loop parameterization following Ref. [40] is used to correlate them. All common
systematic uncertainties are treated as being correlated between the channels in the combined
likelihood fit.

The measurements of anomalous Hgg and HVV couplings using the MELA method are com-
bined with the results using the on-shell H — 4/ decay [21]. In the H — 4/ analysis, anomalous
HVYV couplings can affect both production (VBF+VH) and decay (H — VV — 4/{) processes.
Information from both processes is taken into account in the analysis.

The combined likelihood scans for the HVV anomalous coupling measurements are shown in
Figs. 11-12, and the allowed 68% CL and 95% CL intervals are listed in Table 8. The H — 77
channel results mainly constrain small values of f,; where the H production information is the
dominant factor, whereas the H — 4/ analysis provides major constraints at large values of f,;
based on the decay information.

The combined likelihood scans for the Hgg anomalous coupling measurements are shown in
Fig. 13, and the allowed 68% CL and 95% CL intervals are listed in Table 9. The H — 7T channel

is more sensitive to f;%gH than the H — 4/ channel is, but there is a significant improvement
from including both channels in the combination. Previous measurements by the CMS and
ATLAS Collaborations [20, 21] were only able to differentiate between the CP-even and CP-
odd scenarios with a significance slightly less than 1¢. With the current measurement, the pure
CP-odd scenario is excluded with a significance in excess of 2¢ for the first time.

Constraints on anomalous Htt couplings are obtained through the combination of the Hgg re-
sults with measurements of the ttH and tH processes in the H — 4/ [21] and H — v [22]
channels. We measure the fgptt parameter by relating f%gH and fgft as described in Eq. (10), un-
der the assumption of top quark dominance in the gluon fusion loop. The results are presented
in Fig. 13 and Table 9.
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Table 8: Allowed 68% CL (central values with uncertainties) and 95% CL (in square brackets)
intervals on anomalous HVV coupling parameters using the H — 77 and H — 4/ [21] decay
channels, using two approaches described in Section 2 that define the relationship between the

WW z7 .
a; and a;”~ couplings.
Approach  Parameter Observed/(1073) Expected/(1073)
68% CL 95% CL 68% CL 95% CL
fu3 0.20M0%  [-0.01,0.88] 0.00£0.05 [-0.21,0.21]
0.7+08 ~1.0,25 0.0192 ~1.1,12
Approach 1 Jao —38 " [ J ;%%1 [ ]
fa —0.0410%  [-0.22,0.16]  0.0070%  [-0.11,0.38]
z 0.7t1¢  [-27,41] 00719 [~2.6,2.5]
Approach 2 fu3 0.287037  [-0.01,1.28] 0.00+£0.08 [—0.30,0.30]
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Figure 11: Observed (solid) and expected (dashed) likelihood scans of f,3 (top left), f,, (top

right), fo; (bottom left), and ff;’ (bottom right) in Approach 1 (a;NW = aizz) obtained with the
combination of results using the H — 77 and H — 4/ [21] decay channels.

The combination of Hgg, ttH, and tH results can be reinterpreted in the EFT approach as
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Figure 12: Observed (solid) and expected (dashed) likelihood scans of f,; in Approach 2 (de-
fined in Section 2) obtained with the combination of results using the H — 77 and H — 4/ [21]
decay channels.

Table 9: Allowed 68% CL (central values with uncertainties) and 95% CL (in square brackets)
intervals on fggH, from the combination of the H — 77 and H — 4/ [21] decay channels, and
fglft, from the combination of the H — 77, H — 4/ [21], and H — 7y [22] decay channels.

Parameter Observed Expected
68%CL  95%CL 68% CL 95% CL
£ 0071932 [-0.15,0.89]  0.00 +0.26 -
font 00397 [-0.07,051] 0.00+0.12 [-0.49,0.49]
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Figure 13: Left: the observed (solid) and expected (dashed) likelihood scans of %gH and afff

obtained with the combination of results using the H — 77 and H — 4/ [21] decay channels.

Right: The observed (solid) and expected (dashed) likelihood scans of ngtt obtained with the

combination of results using the H — 7, H — 4/ [21], and H — 7y [22] decay channels.
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constraints on ¢ and ¢,,. The likelihood scans for ¢g, and ¢y, are performed with x, and &,
either profiled or fixed to SM expectation (x, = 1, K, = 0). The reinterpretation is presented
in Fig. 14 and Table 10. We note that in both c,, scans there is a second minimum away from
Cgg = 0 due to the negative interference between the Cq and «, contributions, as follows from

Eq. (8).

Table 10: Allowed 68% CL (central values with uncertainties) and 95% CL (in square brackets)
intervals on Cog and Egg using the H — 77, H — 44 [21], and H — 7 [22] decay channels.
Results are presented for two scenarios: x, and x, profiled in the fit, and x, and «, fixed to the
SM expectation.

g

Parameter Scenario 68% CL /(1072) 95% CL /(1072)

Ob d —0117920U[-1.85,-1.42] [-2.12,—1.35]U[-0.71,0.36

Cog Profiled setve e [ I Jul ]
Expected  0.00758 U[—1.91, —1.48] [—2.23,0.37]

_ Ob d 0.00*129 ~1.79,1.79

Cog Profiled serve ~1.29 [ ]
Expected 0.00 £ 1.15 [—1.78,1.78]

. Fieq Observed —0.0819% U[-1.65, —1.54] [—1.71,—1.54] U [-0.59,0.05]

1Xe \
88 Expected  0.0079% U[—1.73, —1.50] [—1.78,0.12]
0.28
7, Fived Observed  0.22"775 U[—0.50,0.00] [—0.74,0.75]

Expected 0.00 £+ 0.45 [—0.87,0.87]
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with «, and x; profiled (top) and fixed to SM expectation (bottom) using the H — 77, H —
4/ [21],and H — 7y [22] decay channels.
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11 Summary

A study is presented of anomalous interactions of the H boson with vector bosons, including
CP violation, using its associated production with two hadronic jets in gluon fusion, vector bo-
son fusion, and associated production with a vector boson, and a subsequent decay to a pair of

T leptons. Constraints have been set on the CP violating effects in ggH production in terms of

the effective cross section ratio f% = and mixing angle a''f using both azimuthal correlations of

the two leading hadronic jets in the events and matrix element techniques. Both methods yield
comparable expected sensitivities and result in the most stringent limits on CP violation in
ggH production followed by H — 77 decays to date. In the VBF and VH production analysis,
constraints on the CP-violating parameter f,; and on the CP-conserving parameters f,,, fa1,
and fi? have been set using matrix element techniques. Further constraints were obtained in
the combination of the H — 77, H — 4/, and H — -y final states. The combination improves
the limits on the anomalous coupling parameters typically by about 20-50%. The analysis ex-
cludes the pure CP-odd Hgg coupling scenario with a significance in excess of 2¢ for the first
time.
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