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Constraining anomalous Higgs boson couplings to virtual photons
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We present a study of Higgs boson production in vector boson fusion and in association with a vector
boson and its decay to two vector bosons, with a focus on the treatment of virtual loops and virtual photons.
Our analysis is performed with the JHU generator framework. Comparisons are made to several other
frameworks, and the results are expressed in terms of an effective field theory. New features of this study
include a proposal on how to handle singularities involving Higgs boson decays to light fermions via
photons, calculation of the partial Higgs boson width in the presence of anomalous couplings to photons, a
comparison of the next-to-leading-order electroweak corrections to effects from effective couplings, and
phenomenological observations regarding the special role of intermediate photons in analysis of LHC data
in the effective field theory framework. Some of these features are illustrated with projections for
experimental measurements with the full LHC and HL-LHC datasets.
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I. INTRODUCTION

The large amount of data analyzed by the ATLAS and
CMS experiments on the Large Hadron Collider (LHC) is
consistent with the predictions of the standard model (SM)
of particle physics. Among the measurements performed,
the discovery and characterization of the Higgs (H) boson
have been crucial in completing the SM [1-3]. Yet, open
questions remain, such as the low value of the H boson’s
mass, its Yukawa coupling hierarchy, the source of CP
violation required for matter abundance, and the connection
of the SM to other cosmological observations.

Studies of electroweak production (VBF and VH) and
decay (H — VV) of the H boson probe HVV interactions
over a large range of momentum transfer, which can expose
possible new particles that couple through loops. Such
electroweak processes lead to rich information in kinematic
distributions of the H boson decay products and associated
particles. Analysis of such distributions can shed light on
the nature of the HV'V interactions and has been discussed
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extensively [4-45]. Such studies can be naturally per-
formed within the effective field theory (EFT) framework,
with examples of application to LHC data documented in
Refs. [3,46-60].

In our earlier studies using the JHU generator framework
[19,23,28,38,45,61], we relied on dedicated Monte Carlo
simulation, and demonstrated optimal discrimination,
reweighting techniques, and analysis of a bosonic reso-
nance with the most general anomalous couplings. We
build upon this framework of the JHU generator and
MELA analysis package with the goal of demonstrating
its application to the H boson’s interactions in electroweak
processes with massless vector bosons, such as in HZy,
Hyy, and Hgg vertices. Such couplings are generated in
the SM through loops of SM particles. They also lead to
divergence of fixed-order calculations for virtual y* states
when the four-momentum squared qi* approaches zero. In
the perturbative expansion, such terms are poorly defined at
low values of g*. Some prior discussion of this effect can be
found in Refs. [40-44,62].

We review the parametrization of anomalous H boson
couplings in Sec. II and discuss applications of the JHU
generator framework to EFT studies in Sec. III. In Sec. IV,
the partial H boson width and production cross sections
are calculated in the presence of anomalous couplings to
massless vector bosons. In Sec. V, the treatment of the next-
to-leading-order (NLO) electroweak (EW) effects is dis-
cussed. In Sec. VI, we make a proposal on how to handle
singularities involving intermediate photons in the H boson
decays. In Sec. VII, several phenomenological observations
are made in application to LHC data.

Published by the American Physical Society
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II. PARAMETRIZATION OF ANOMALOUS
INTERACTIONS

We start with the HV'V scattering amplitude of a spin-
zero boson H and two vector bosons V'V with polarization
vectors and momenta ¢, ¢4, and &, ¢5. The amplitude is
parametrized by

1 KVVq2+KVVC]2
A(HV\V,) = {M%,l<g‘fv+1 e

v (AYV)?
V(g +a2)*  2q1- 9
e
1

_29¥V(€1'QZ)(€2‘QI)_Zngeslezq,qz}, (1)

where v is the vacuum expectation value, under the
conventions &y;,3 = +1 and (¢#) = (E, ). This amplitude
represents the three possible tensor structures of the H
|

2 2

boson’s interaction with two vector bosons, with expansion
of the terms up to ¢?. By symmetry we have k72 = 4%, but
we do not enforce 'V = kW for W* bosons. Note that
K = Kl = k88 = k8 = k77 = 0, while k57/(A7)? may
contribute. The coupling x}"/(A")* allows for scenarios
which violate the gauge symmetries of the SM.

An effective HV'V interaction may be generated by loops
of fermions, in which case the couplings «, and K, describe
the H boson interactions as

A(Hff) = _%V_/f(’cf"f'i’?ﬂ’s)lllfv (2)

where y; and y, are the Dirac spinors and m is the

fermion mass. For the SM fermions, (x, &) = (1,0).
The equivalent Lagrangian for H boson interactions with

gauge bosons (in the mass eigenstate parametrization) reads

h M e M2 ~ .
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in accordance with Eq. (IL.2.20) in Ref. [39], where ¢?> =
4ra and g7 = 4na, are the squared electromagnetic and
strong coupling constants, respectively, and s,, = /1 — 2,
is the sine of the weak mixing angle. The covariant
derivative used to derive this expression is D, =0, —
i55- o'W, — i55- B, [39,63]. We note that the convention

€013 = +1 defines the relative sign of the CP-odd ¢; and
CP-even c; couplings [45], while the relative sign in front
|
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|
of the W,", and B, terms in the covariant derivative defines
the sign of the Zy couplings relative to the ZZ and yy. The
latter could be viewed as the sign of s, if a different
convention is adopted.l

The generality of our amplitude parametrization allows
us to uniquely represent each EFT coefficient in Eq. (3) by
an anomalous coupling in Eq. (1).

202 L 7ZZ 2.2
 M7sy, K 5 _2swcw e
o2 (AIZZ)Z’ 2z 2
22 WW 2
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'In the actual parametrization of the JHUGen framework discussed in Sec. III and Refs. [19,23,28,38,45,61], the D, = 8y —

e

i5%- o'W, +1i5% B, convention was adopted for historical reasons. A transformation g;” — —g;” or k;”

- - l.Zy of the input parameters

in this framework would lead to the convention D, = 0, — if_ai W,ﬂ —i5— B, which is needed for consistent application of the

formalism discussed in this paper.
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Note that not every anomalous coupling in Eq. (1) has a
corresponding term in the EFT Lagrangian of Eq. (3). For
example, the term 3" /(A})") is not gauge invariant and is
not present in Eq. (3). Similarly, /" = «}" due to charge
symmetry.

So far we have discussed the H boson interactions
without considering additional symmetries. The SU(3) x
SU(2) x U(1) symmetry of the standard model effective
field theory (SMEFT) [64—67] is a motivated framework
which allows relating EFT operators. Not all of the EFT
coefficients are independent when limiting the discussion
to dimension-six interactions with this symmetry. The
linear relations for the dependent coefficients can be found
in Ref. [39] and they translate into relations amongst our
anomalous couplings as follows:

AMy,

gV = 7 4 T (5)
BV = A+ Shg 25y (6)
WY = B+ R 4 2l (D)
wWW z7Z o _ ZZ
Kv]vw 5 (ch = 5%) = — 77 + 2532 29%
(AY™) (AT?) Mz
s QZY
Z_W 2 _ 2 L’ 8
+ c. (e = sw) M% (8)
K?’ (2= 2) = 25, Kkf? +g£7—ggz
e VY T
%'
PR 4 o)
z

The Lagrangian for H boson interactions with gauge
bosons can be written in the Warsaw basis [68] which
preserves the SU(3) x SU(2) x U(1) symmetry of SMEFT.
The relationship between operators in the Warsaw basis and
the mass-eigenstate basis is discussed in Sec. III.

III. THE JHU GENERATOR FRAMEWORK
AND THE EFT BASES

The JHU generator framework (JHUGen) includes a
Monte Carlo generator and matrix element techniques
for optimal analysis of the data. It is built upon the earlier
developed framework of the JHU generator and MELA
analysis package [19,23,28,38,45,61] and extensively uses
matrix elements provided by McEM [69-73]. The SM
processes in MCFM are extended to add the most general
scalar and gauge couplings and possible additional states.
This framework includes many options for production and
decay of the H boson, which include the gluon fusion,
vector boson fusion, and associated production with a

vector boson (VH) in both on-shell H and off-shell H*
production [45]. In the off-shell case, interference with
background processes or a second resonance is included.
The processes with direct sensitivity to fermion Hff
couplings, such as ffH, bbH, tqH, tWH, or H - %77,
are discussed in Refs. [38,61].

The JHUGen framework was adopted in Run-I analyses
using LHC data [2,3,46-50,52,74-77] and employed in
recent Run-II measurements of the HVV anomalous
couplings from the first joint analysis of on-shell produc-
tion and decay [53,58], from the first joint analysis of on-
shell and off-shell H boson production [57], for the first
measurement of the CP structure of the Yukawa interaction
between the H boson and the top quark [78], in the search
for a second resonance in interference with the continuum
background [79,80], and in EFT approach to the HVV,
Hgg, and Hff interactions [60].

A. EFT basis considerations

The framework is based on the amplitude parametriza-
tion in Egs. (1) and (2). In order to simplify translation
between different coupling conventions and operator bases,
including the Higgs and Warsaw bases, within the JHU
generator framework, we provide the JHUGenLexicon pro-
gram, which includes an interface to the generator and
matrix element library and can also be used for standalone
or other applications [45]. The relationship of the amplitude
parametrization to the mass eigenstate basis of the EFT
formulations in Eq. (3) is performed through the simple
linear relationship in Eq. (4). The functionality of this
program is similar to ROSETTA [81], but it is limited in scope
to application to the H boson interactions and provides
additional options to introduce certain symmetries or
constraints, as illustrated below.

We count five CP-even and three CP-odd independent
electroweak HV'V operators, as well as one CP-even and
one CP-odd Hgg operators in the mass-eigenstate basis in
Sec. II. The same number of independent H boson
operators exists in the Warsaw basis. The relationship
between the six CP-even operators is quoted explicitly
in Eq. (14) of Ref. [81]. This relationship is direct, with the
exception of the 6v parameter defined in the Warsaw basis
in Eq. (15) of Ref. [81]. One could remove an extra
parameter from transformation with constraints from pre-
cision electroweak data. For example, we can set AMy, = 0
in Eq. (5), because My, is measured precisely. This allows
us to express ov through the other HVV operators in the
Warsaw basis. The JHUGenLexicon program provides such an
option and the following studies in this paper will be
presented with such a constraint.

With the above symmetries and constraints, including
AMy, = 0, the translation between the Warsaw basis and
the independent amplitude coefficients is
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where A is the scale of new physics, which we set to
A =1TeV as a convention, and §¢%% is the correction
to the SM value of g% =2. According to Eq. (5),
597"V = 6g7%, and the other dependent amplitude coeffi-
cients can be derived from Egs. (6)—(9).

A numerical example of the relationship between the
Cpx = 1 contribution of a single operator in the Warsaw
basis and the couplings in the mass-eigenstate amplitude in
Eq. (1) is shown in Table I, which corresponds to the
reverse of Eq. (10).

B. Application to the VBF, VH, and H — V'V processes

One of the new features in this paper, compared to the
earlier work, is the study of the g5, g%, ¢i', and g
anomalous couplings in electroweak production of the H

TABLE 1.

boson. Their effect in the H — 4¢ process was studied with
LHC data [48] and with phenomenological tools [25,35]. In
the following we reexamine the H — 4¢ decay and inves-
tigate the VBF and VH processes. In the case of VH
production, we consider three final states Z(— ff)H
v*(= ff)H, and yH, and both gg or gg production
channels, as all are affected by the HVV couplings of
our interest. While the gluon fusion process formally
appears at higher order in QCD, the large gluon-parton
luminosity at the LHC makes this channel interesting to
examine.

In this study, we only examine the operators affecting the
H boson interactions in Table I and study their effect on the
HVYV couplings. Other operators, such as HZff contact
terms for example, are included in the JHUGen framework,
but they are not the primary interest in this study because
their existence would become evident in resonance
searches and in electroweak measurements, without the
need for H boson production. Moreover, such contact terms

are equivalent to the combination of the x%% and x5
couplings if flavor universality is assumed [45]. Not only
HVYV interactions may be affected by the above operators
in the processes under study. For example, the Cgyp
operator also affects the Zff couplings. However, these
Zff couplings should be well constrained in electroweak
measurements. For this reason, should one of the consid-
ered operators affect the Zf f interactions, we assume some
other operators not affecting the direct H boson interactions
must also contribute to bring the Zf f couplings to the SM
values.

Numerical results of the relative contributions of oper-
ators to the H—>VV —4¢, VBFE, qgorgg—>V(—>¢"¢")H
and yH processes are shown in Appendix A. The general
observations from Tables IV-VI is that the relative impor-
tance of the gfy, &, gfy, and ¢} couplings changes
between the processes. Taking the example of the Cyyp
operator, these couplings lead to an overwhelming con-
tribution in the H — 4¢ process. However, their contribu-
tion in the VBF and VH processes is not significant
and is especially tiny in the case of the VH process.

The values of the couplings in the mass-eigenstate amplitude in Eq. (1) corresponding to the Cyy = 1 contribution of a

single operator in the Warsaw basis with A = 1 TeV. The relationship corresponds to the reverse of Eq. (10). When quoting the Kf” and

k%% = k5% values, we set A = A?? =100 GeV in Eq. (1).

59122 _ 59¥VW K%Z ggz ggr g;éy gfz g4Zr gir Kgr KYVW gng ngw
Cuyn 0.1213 0 0 0 0 0 0 0 0 0 0 0
Cup 0.2679 —0.0831 0 0 0 0 0 0 —-0.1320 -0.1560 0 0
Chw 0 0 —0.0929 —0.0513 -0.0283 0 0 0 0 0 —-0.1212 0
Cuws 0.1529 -0.0613 —0.0513 0.0323 0.0513 0 0 0 0.1763  0.0360 0 0
Cysp 0 0 —0.0283 0.0513 —0.0929 0 0 0 0 0 0 0
Cuw 0 0 0 0 0 —-0.0929 —0.0513 —0.0283 0 0 0 -0.1212
Cuwa 0 0 0 0 0 -0.0513 0.0323  0.0513 0 0 0 0
Cus 0 0 0 0 0 —-0.0283 0.0513 -0.0929 0 0 0 0
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These features will affect our ability to use different
processes to constrain anomalous couplings with photons.
We note that the VH process with V — £%£~ includes both
ZH and y*H production mechanisms, where y* leads to
low-g* contributions in the m,, invariant mass, which can
be observed in kinematic distributions.

The gg — ZH process has been shown to have no
contributions of the two anomalous HV'V tensor structures
appearing in Eq. (1) in the triangular loop diagram [45].
Therefore, only the SM-like tensor structure with the g,
and %% couplings contributes to this diagram, as shown
in Table VII. The off-shell photon does not couple to
the triangular fermion loop either [45], and, therefore, the

K? coupling does not contribute. The box diagram is
sensitive to the fermion couplings of the H boson, which
we do not vary in this study of anomalous HVV
interactions. As the result, the gg — ZH process features
a rather limited set of EFT operators and we will not study
this process in more detail in this paper, leaving further
details to Ref. [45].

The yH production process has been largely neglected in
analysis of LHC data. However, this process was used
in the search for the H boson with anomalous couplings in
ete™ production prior to the H boson discovery [82] and
proposed in application to CP-even EFT operator con-
straints at the LHC [83,84]. From Table VIII, it is evident
that only the ¢57, ¢4/, g7, and ¢} couplings contribute, and
this channel does not receive tree-level SM contributions.
Because the photon is on shell, it does not receive
contributions from K? either. This process is generated
by the dimension-six operators squared in the EFT expan-
sion in combination with the EW loops generated by the
SM particles. As an approximation to the SM production

. . . Zy.SM
cross section, we use the calculation with the 927 and

ggy‘SM values calculated in Sec. V. These pointlike cou-
plings reproduce the SM decay width of the processes H —
Zy and yy, respectively. Due to the off-shell V = Z/y* in
the process qqg — V — yH, these pointlike couplings are
not expected to reproduce the full EW loop calculation in
the SM, but they are expected to provide a good estimate,
which we use as agf,[ in Table VIII. The yH process may
be of particular interest in isolating the CP-odd couplings
g5 and g7 in combination with CP-even couplings g5
and ¢/, which is complementary to the H — Zy and yy
decays.

C. Kinematic distributions with EFT effects

The kinematic effects in the H — VV, VBF, and VH
processes can typically be described with five angular
observables and two invariant masses, or q% of the two
vector bosons, as illustrated in Fig. 1 [19,28,45]. The
distributions of two of these angles, ¢* and @, are random

FIG. 1. Three kinematic topologies of the H boson production
and decay [45]: vector boson fusion ¢,¢2 = ¢11921(V1V, —
H - V3V4), VH prOduCtiOn q11912 — Vl i d Vz(H - V3V4),
and four-fermion decay V3V, - H —» V|V, — 4f.

for a spin-zero H boson, but are less trivial for a higher-spin
resonance or nonresonant production. In the following, we
disentangle the relative contributions of the ZZ, WW, Zy,
and yy intermediate vector-boson states to simulation with a
given operator in the Warsaw basis. Such a decomposition
reveals interesting kinematic effects and also allows us to
validate the tools used for simulation of EFT effects and
match their conventions.

We use the JHUGen program to generate several models
which allow us to visualize the relative contributions of the
mass eigenstates of the vector bosons. We also model the
inclusive kinematic distributions with the SMEFTsim pro-
gram [85] using MadGraph5 simulation [86]. Once the sign
conventions are matched, as discussed in Sec. II, we find
good agreement. A similar comparison with SM couplings
using the PROPHECY4F [87] and HAWK [88] generators is
shown in Sec. V. Throughout this paper and unless
otherwise noted, the calculations are performed at leading
order (LO) in QCD and EW, with the MS-mass for the top
quark m, = 162.7 GeV, the on-shell mass for the bottom
quark  m, =4.18 GeV, QCD scale u=Mp/2,
a, = 0.1188, a = 1/128, 52 = 0.23119, G = 1.16639 x
1073 GeV~2 [89], and the NNPDF 3.0 parton distribution
functions [90].

In the H—- 4/ and VH processes, we require
myr, > 1 GeV. In the VBF process, we apply the selection

requirements m;; > 300 GeV, pf'>1GeV, || <5,

Anj; > 1, AR;; > 0.3, \/q% > 15 GeV. In the H — 4¢
decay, we model the Cywp = 1 contribution to the SM, as
shown in Fig. 2 with cross section decomposition presented
in Table IV. In VBF or VH, we model the Cyyp = 10 or
Cyp = 100 contribution to the SM, as shown in Fig. 3 or
Fig. 4, with the cross section decomposition presented in

096027-5
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FIG. 2. Distribution of the larger (left) and smaller (middle) dilepton invariant mass in the H — 4¢/4u (top) and H — 2¢2p (bottom)
decay. Also shown are the cos 0, , (top right) and ® (bottom right) distributions in the H — 2e2u decay. Distributions are generated with
JHUGen for Cpwp = 1, with the three contributions due to the HZZ (red), HZy (green), and Hyy (blue) couplings shown separately. The
JHUGen distributions are shown without (solid) and with (points) corrections to the Zf f couplings, indicated with 5g%//. The comparison

to SMEFTsim modeling (dashed) is also shown.

Table V or Table VI. The size of anomalous contributions is
chosen to be large compared to SM for visibility of their
contributions.

In the H — 47 process, the larger and the smaller
invariant masses of the dilepton pairs m; and m, are the
two observables representing ¢? and ¢3. In Fig. 2, there are
clear peaks towards m, — 0 in the case of couplings with
photons, HZy and Hyy, a feature to which we will return in
Secs. IV, V, and VI In the case of Hyy, this extends to
my; — 0 as well. Modeling such contributions becomes
essential, and we will discuss extensions of such modeling
to my, <1 GeV later. Moreover, in analysis of experi-
mental data, detector effects change significantly for either
y* or Z intermediate states, and dedicated simulation of
such effects with the full detector modeling becomes
important. In Fig. 2, the m; and m, distributions are shown
separately in the H — 4e/4u and H — 2¢2u decays. The
interference of two diagrams with permutation of identical
leptons in the case of H — 4e/4u leads to suppression
of the peaks at m; — 0 and m, — 0 in the case of Hyy. This

feature becomes important in analysis of the Hyy
couplings.

Since Zff couplings have been constrained with pre-
cision EW data, we do not allow their change in these
studies and assume that modification of other operators, not
contributing to the H boson couplings, can compensate any
possible shift of the Zf f couplings due to Cpyy5. However,
in Fig. 2 we also show distributions with modification of
the Zf f couplings, indicated with 5¢%//. Corrections to the
multidimensional angular distributions are expected due
to nonzero values of the R; and A, parameters discussed
in Refs. [19,23,28]. These corrections are visible in the
projection on the ® observable in Fig. 2, but are very small
for any practical purpose with the typical values of Cpyyp in
the present studies. These corrections become sizable with
larger values of Cpyyp.

In the VBF process, we can calculate the
qY5" = \/—4qi, values using the momenta of the fully

reconstructed H boson and two jets and using the direction

096027-6
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(middle), and ®VBF (right) for the intermediate vector boson in the VBF process

generated with JHUGen for the Cp 5 = 10 with three contributions due to the HZZ (red), HWW (magenta), HZy (green), and Hyy (blue)
couplings shown separately. The comparison to SMEFTsim modeling (dashed) is also shown.

of incoming partons along the proton beams. In Fig. 3,
there is a clear preference of lower ¢)'5" values in the case
of couplings with photons. There is a strong correlation
between the ¢)'5" values and the transverse momentum pr
of the jets, which leads to different detector effects.
We note the asymmetric distribution of the ®VBF angle
in Fig. 3, which is most visible in the HZZ process but can
also be seen in the combined distribution. This happens due
to interference of the CP-even SM amplitude and CP-odd
Cyws = 10 contributions.

In the VH process, g7 and ¢3 represent the VH and the
V — ¢t¢~ invariant masses, respectively. There are par-
ticularly dramatic effects in the m,, distribution, shown in
Fig. 4, where the virtual photon y* results in the low-mass
enhancement, as opposed to the peak at m,. A dedicated
analysis of the small invariant masses in the y*H pro-
duction may be needed for effective EFT analysis of the
process.

Another approach to study anomalous H boson cou-
plings involving photons is analysis of the yH process,
which distinguishing feature is a high-momentum on-shell
photon associated with the H boson. In the LO topology,
where the yH system has no transverse boost, the trans-
verse momentum of either photon y or the H boson is a
dependent observable and the three primary measure-
ments are the rapidity y and the invariant mass m,y of the
m,y system, and the angle 6, formed by the outgoing
photon with respect to the direction of incoming quark in
the yH rest frame. This angle is also defined in Fig. 1,
where V, =y and which does not have a subsequent
decay. While it is not possible to distinguish the incoming
quark and antiquark on an event-by-event basis, on
average the boost direction of the yH provides the
preferred direction of the quark, and we use this to define
0,. However, determination of the cos@; sign becomes

important only in the special case of the forward-back-
ward asymmetry discussed below. The ability to deter-
mine the cos@; sign is a function of y and has been
discussed earlier [45,91].

In Fig. 5 the m,; and cos /" distributions are shown for
the gfy, ', g427, or ¢gi/ anomalous couplings, and for the
mixture of g5 and g5 contributions with a complex phase
of gfy. The m,y distributions differ somewhat between the
HZy and Hyy couplings, due to the difference between the
intermediate Z* and y*. The cos 0} distributions follow
the (1 + cos? @) expectation for all real couplings. This
expectation can be traced back to Eq. (A2) in Ref. [28],
where A, = 0, which must be averaged over ® and cos 6,.
The situation becomes similar to the angular distribution in
the H — Zy decay, described with the same angular para-
metrization, as shown in Fig. 15 of Ref. [28], and where
the forward-backward asymmetry may be generated with
the mixture of CP-odd and CP-even couplings and in the
presence of a complex phase.

The size of the forward-backward asymmetry is propor-
tional to the A, parameter defined in Ref. [28] for Zf f
couplings, which is 0.15 for the lepton couplings, but is as
large as 0.67 and 0.94 for the up- and down-type quarks.
Therefore, despite the sizable dilution in the measurement
of the cos, sign, the forward-backward asymmetry is
strongly pronounced in Fig. 5 and could be measured in
experiment once yH production is observed. The Ay
parameter is zero for the photon couplings yff, and such
an effect is not possible in the mixture of couplings
involving ¢5 and ¢}’. Since nontrivial forward-backward
asymmetry appears only in the special case of complex
couplings, we do not consider this asymmetry further in
this work, but we point out that such a study is, in principle,
possible.
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IV. PARAMETRIZATION OF CROSS SECTIONS

In this section we discuss the relationship between the
coupling constants and the cross section of a process
involving the H boson. In Ref. [45], we calculated the
scaling factors for the partial decay widths in the nine
dominant H boson decay modes as a function of anomalous
couplings a;, including the H — gg, yy, and Zy decays, by
resolving the loop contributions. However, we omitted
pointlike contributions such as g7, and giﬂ due to their
relatively lower importance in the VBE, VH, and H — 4f
processes. Such couplings could be generated by a heavy
quark Q with mass mg > My. We assume that its
couplings to the H boson are ko and Ky, the number of
colors N, the electric charge Q, and the weak isospin
projection 73 This special model allows us to derive the
pointlike interactions and relate those to the partial decay
widths. While derivation applies to this special case, the
final expression in terms of the g%, ¢, and g5, couplings
becomes generic and remains valid for any new physics in
the loop, generated by any combination of heavy fermions
or bosons. Therefore, the resulting expressions are appli-
cable to the general treatment of these loops in the EFT
approach.

First, we recall that in the narrow-width approximation
for on-shell H boson production and decay, the cross
section can be expressed as

(S dasad) (Safaran)
- (1)

tot

o(i>H-f) x

where the total width 'y = [ipown + Domer r€presenting
decays to known particles and other unknown final
states, either invisible or undetected in experiment. In
the following we will focus on decay to the known SM
particles which can be expressed as a sum of all partial
decay widths as

F
ooy = TS x <FSM FSM) ZFSMR L (12)

tot

where R/ is the scaling factor as function of the coupling
constants a;, and T} is the SM value of the partial decay
width in the final state f.

In the following, we rely on JHUGen framework imple-
mentation, discussed in Sec. III and Ref. [45], to derive the
loop contributions of the SM particles and the heavy quark
Q to the scaling factor Rgg, for both CP-even and CP-odd
couplings. The CP-even coupling contributions of the
quarks and W boson to R,, and Rz, are derived with
HDECAY [92]. The CP-odd contributions to R,, are calcu-
lated with the JHUGen framework in a manner analogous to

R,,. The CP-0dd contributions to Ry, are calculated using
CHDECAY [93].

The ratio of the decay width to the SM expectation in the
H — gg process [45] is found to be

Ry, = 1.1068x? + 0.0082«3 — 0.1150k k), + 2.5717&7
+ 0.0091&; — 0.1982%&, 4 1.0298(N,./3)%k5,
+2.1357(N./3)k gk, — 0.1109(N./3)k ok
+2.3170(N,/3)*kg + 4.8821(N./3)k ok,
—0.1880(N../3)k oKy (13)

The k¢ and kg couplings are connected to the ¢5* and g§*
pointlike interactions introduced in Eq. (1) through

ggg,Q = —aSNL.KQ/(]Sﬂ), gig’Q == _achk‘lQ/(lzﬂ) (14)

One can rewrite Eq. (13) in terms of the ¢5% and ¢3*
couplings in place of N.kg and N.Ko by substituting
Eq. (14). Even though Eq. (14) is derived in the special case
of a heavy quark, the resulting expression of R,, as a
function of ¢5% and g5 and other terms is valid for any
heavy particles in the loop that generate these pointlike
interactions.

The latter observation allows us to obtain the value of the
effective ¢g5° coupling which leads to the SM cross section
in the gluons fusion process. By setting all couplings, other
than g5%, to zero and R,, = 1 in Eq. (13), we obtain

2= M = _0.00621. (15)
The ¢5*™ value differs by only 1.5% from the value that
one would obtain in the heavy top mass limit by setting
ko = 1 and N, = 3 in Eq. (14), and the sign follows the
prediction in this limit.

An approximate way to express Eq. (13) with the
pointlike interactions only in the case of SM couplings
of fermions x, =k, =1 and K, =K, =0 would be to
substitute the top and bottom quark contributions with an

effective coupling ¢52°™ from Eq. (15), substitute ko and
ko for ¢5% and g%, and obtain

o= s (9% )+

For the H — yy final states, we include the W boson in
addition to the top, bottom, and heavy Q quarks in the loop
and obtain’

(#)] ao

"Due to updated EW parameters, there is a small change in the
numerical values of coefficients in Eqgs. (17) and (26) that are in
common with Ref. [45].
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gWW 2 WW WW WW
R, = 1.60932 (IT> —0. 69064( >K, +0. 00912( 5 >K,, —0.49725 ( ) (N.Q%)

2
+ 0.07404x7 + 0.00002«3

+0.29018%,(N

For the contribution of a heavy quark in the loop we find

e = %NCQZKQ, g = —%NCQ%%Q. (18)

Following the idea described above for R,,, one can
rewrite Eq. (17) in terms of the ¢% and ¢’ couplings in
place of N.Q%kg and N, Q%% o by substituting Eq. (18). The
final expression of R,, as a function of ¢4 and g}’ and other
terms is again valid for any heavy particles in the loop,
fermions or bosons, that generate these pointlike inter-
actions. By setting all couplings other than ¢}’ to zero and
R,, = 1in Eq. (17), we obtain the effective coupling which
leads to the SM cross section

g7 ™M = 0.00423. (19)

The ¢ SM yalue differs slightly from 0.00400 obtained
from the general expression of the SM loops derived from
Refs. [94,95] and shown in Eq. (20). The difference could
be explained by the higher-order effects incorporated in
Eq. (17) and the fact that in our approach we match the SM
rate R,, = 1. The sign in Eq. (19) follows Eq. (20).

7 = ()| (%55) %At e + et x A7)

—0.00186K,k;, + 0.03841(N,0%o)? + 0.10666,(N.0%k)
—0.00136x;,(N. Q%) + 0.20533%2 + 0.00006%2
. Q%kg) — 0.00202%, (N, Q%

— 0.00300% &, + 0.10252(N, Q% )?

2)- (17)

[
and

AJ’J’

1/2

(2)) = {+1.38 for 7, = m?/M?% . (22)

+4/3  forz, > o0

An approximate way to express Eq. (17) with pointlike
interactions only would be to follow the idea used to create
Eq. (16) and substitute the SM couplings with ¢/ from

Eq. (19), substitute kg and &g for ¢} and ¢}, and obtain

Rym— s (™M gV 4 (@17 (23)
(g5°)

2

For the H — Zy final states, for the coupling of the
heavy Q quark to the Z boson, we introduce the following
parameter

RQ = QL7 (24)

which corresponds to the following values for the SM

gV parameters of the top (T53- = +1/2, Q, = +2/3) and
=0.00516 2 - 000116K't, (20) bottom (T3L — _1/2’ Qb _]/3) quarks
where the one-loop functions are given by
R, =0.3032, R, =0.2735. (25)
-8.32 f = M3,/ M?
O B CT
ll for 7y — o0, We obtain
|
g g g g
Rz, = 1.11965 <12> - 0. 12652( 5 >K, + 0. 00348( 5 >1<,, -0. 13021< 5 )(NCRQKQ)
+ 0.00357«7 4 0.000003x3 — 0.00018k;k;, + 0.00377(N R okg)* + 0.00734k,(N.Rokg)
—0.00019x,(N . Rgkg) + 0.00849%7 + 0.000004%3 — 0.00025%,&, + 0.00883(N . Roko)?
+0.01723%,(N.Rgkg) — 0.00024%, (N R gkg). (26)
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For the contribution of heavy fourth-generation quarks in
the loop we find

z a Zy, a -
gzyQ = —ENCRQK'Q, 947 e = _ENCRQKQ.

(27)
We note that the effective value of gg " for a heavy quark
Q which reproduces the SM partial width, is
g M = 0.00675. (28)
The g 27 SM value differs slightly from 0.00724 obtained
from the general expression of the SM loops derived from
Refs. [94,95]° and shown in Eq. (29). As before, the
difference could be explained by the higher-order effects
incorporated in Eq. (26) and the fact that in our approach
we match the SM rate R, = 1. The sign in Eq. (28) follows
Eq. (29),

gZyzi gYVW &X
2 T 4n |\ 2 ),

g
=0. 00747( > ) —0.00023k,,

AT (2w) + KN R, x AT (1))
(29)

where the one-loop functions are given by
AT (M3, /M3)) = 6.58 and AT7,(m} /M%) = —0.35.

AN
Rzz/2v 1y = <IT> +0.17(k%%)? 4 0.09(g5%)? + 0.04(g5*

+29.00(g

g%Z Zy
+0X7g4

)2 +29.47(g

+ 0.06g1

+0x Kfzgfy +0. OOKZZ 7+ 0x k224G + 0 x g5Z it
—0.02¢5%g5 + 0 x g5 gl +0 x gZZK27 +0x gZZg2 +0.369%% g, 270 x GG —

+ 1.80k57 657 + 0 x k57 g

_|_0Xg777 209947 W—FOXQW V}’

Equation (31) covers all final states with Z/y* — ¢gg and
¢~ with quarks and charged leptons, while neutrinos are
included with Z — vu. The treatment of ¢gg hadronization
with the low-mass resonances is not included here, and is
discussed in more detail in Sec. VI. The interference
between the CP-odd and CP-even contribution integrates
out to zero, as reflected in the zero terms in Eq. (31).

*We thank Ian Low for updating the results in Eq. (7) of
Ref. [94].

An approximate way to express Eq. (26) with pointlike
interactions only would be to substitute the SM contribu-

from Eq. (28),
substitute kg and &g for g5 and ¢.’, and obtain

1 2
R, 27[(9?5“4#92) -+ (9?) ]

v Zy,SM
(s8)°

In the above calculation, the H — y*y process is not
included, for which the full-loop calculation with anoma-
lous couplings is not available. For the H —
ZZ/Zy*|y*y* — four-fermion final state, the full one-loop
calculation with anomalous couplings is not available
either. The EW loop corrections under the SM assumption
are discussed in Sec. V. A more careful treatment of the
singularities appearing in the presence of anomalous
couplings in both of the above cases is discussed in
Sec. VI. For the leading tree-level contributions, we derived
the Rz7/7,/,+,~ parametrization in Ref. [45], in which case

tions with an effective coupling gg”’SM

(30)

we set gf” = gfy =gy = ¢} =0 to avoid collinear sin-
gularities. In the following, we introduce these four
couplings and avoid singularities in the y* — 2f transition
with the finite fermion mass threshold ¢ > (2m)?. We set

AT = A%Z =100 GeV in Eq. (1) and rely on the k5" and

; 4
k%% = k5% parameters to express the scaling factor as

)2 4+ 0.10(x57)* 4 79.95(¢57)* 4+ 75.23(45")?

)2+0.819'ZZ +05092 gZZ+0><g1 g7 - 01992 —1.56§g?
740 x 794 + 02162 g5% + 0 x k7247 — 0.07TK72x5 — 0.64K7% 57
— 0056475 — 0.51g54% 65" + 0 x g§2 g5
0.57g5% g
—0.05K57 g + 0 x k57 g + 0 x g5 g5 — 1.84g5 g/ +0 x g3" g}
(31)

Let us conclude this section by discussing the cross
section of the gg — yH process as a function of the
anomalous couplings summarized in Table VIIL
Detecting or setting limits on this process will be of interest
for constraining the following couplings, as discussed in
Sec. III

*There is a sign change of the Kf}' coupling when compared to
coefficients in common with Ref. [45], because here we use the
: _ s e iy e : ;
gonveﬁmon D, = 6” —is-0o W, 3o B,, as discussed in
ec. 1L
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o(qqg —yH
P2 TH) _ (g2 4 (1) + 0553 (g8 + 0553

ref

—0.578¢%" g —0.5784% g1, (32)

where the reference cross section is ofg = 1.33 x 10* fb.
We will investigate this channel further in Sec. VIL

V. LOOP-INDUCED STANDARD MODEL
CONTRIBUTIONS

The NLO EW corrections from the PROPHECY4F and
HAWK generators have been widely used in calculations of
the H boson production and decay cross sections at the
LHC and included in the LHC Higgs Working Group
recommendations [39]. The corrections are generally pos-
itive in the H — 47 process [96] and negative in the VBF
and VH processes [97]. Differential distributions also show
growth of these effects at higher energy, such as at high-
transverse momentum p% of the H boson in the case of
VBF and VH production, as expected for the well-known
EW Sudakov enhancement. Our goal here is to reexamine
some of these effects, focus on certain kinematic distribu-
tions, and compare the NLO EW effects to those generated
by the EFT operators. In particular, we also produce

kinematic distributions with JHUGen at LO, and introduce

effective g™ and ¢5"*™ couplings to model what one can

call pseudo-EW corrections. Both PROPHECY4F and HAWK
include the interference of the loop-induced contributions
with the Born process as dictated at NLO accuracy, but do
not include squared contributions, which are formally of
higher order. Nonetheless, these squared terms may be

comparable to or larger than the interference contributions,

and we examine this with the effective g5 ™ and g5

couplings by keeping or excluding their squared
contributions.

The effective pointlike couplings, such as 5=, g5"M,

and gf”'SM, can model SM loop effects only in decay

(or production) with on-shell particles, such as
H — gg,yy, Zy. The numerical values of these couplings
from Eq. (1) can be found in Egs. (15), (19), and (28),
respectively. As we illustrate below, these couplings
are inadequate for modeling loop effects in decays to
virtual vector bosons, such as H — y*y/Zy — ffy or
H — y*y*/Zy*/ZZ — fff'f. The nontrivial ¢*> depend-
ence of the effective HV'V vertex cannot be described this
way and the g5 and other tensor structures appearing in
Eq. (1) are not represented. Similar considerations apply to
the VBF and VH production, and also to the yH produc-
tion, as discussed in Sec. III. To make these statements in a
quantitative way, we compare a simulation of these
effective couplings to a complete modeling of the NLO
EW effects.

In order to model the SM loop corrections in the H —
fff'f process, we employ the PROPHECY4F generator, and
in VBF and ZH production we use HAWK. In both cases, the
NLO EW corrections can be applied to the process of
interest and compared to the LO simulation. We note that
HAWK provides all results in the form of binned distribu-
tions, since unweighted events are not available and events
are not stored in LHE format [98]. This may complicate
analysis and comparison of generated events, since differ-
ent code would have to be employed in calculating the
observables. Therefore, we have introduced a software
interface which writes weighted events from HAWK simu-
lation in the LHE format, and all further analysis is
performed in a unified way. Moreover, photon bremsstrah-
lung leads to smearing of kinematic distributions. In order
to disentangle photon radiation from purely EW effects in
kinematic distributions in both the H — 4¢ and VH with
V — £1¢~ processes, we have introduced a recombination
algorithm in analysis of events written in LHE format. The
four-momentum of the associated photon is added to the
nearest lepton in this algorithm. We note that NLO QCD +
EW predictions for ZH production have been recently
implemented in the POWHEG framework [99], but are not
included in this study.

We start with the study of NLO EW corrections in the
H — 2e2u decay process. In Fig. 6, the LO and NLO EW
modeling of the process is shown, as generated with the

PROPHECY4F generator, and compared to ad hoc loop

correction with g’g‘SM and ggy’SM with JHUGen. The overall

correction to the decay width is +1.5%, as shown in
Table II. The size of the effect with the pseudo-EW
correction of —0.6% is similar, but does not reproduce
the sign. However, including the quadratic terms with the
pseudo-EW corrections appears important, as there is a
growing importance of these effects at ¢> — 0, which
increases the correction by +2.6%. The effect of linear
terms appearing with the proper NLO EW corrections is
most pronounced in the intermediate m; and m, ranges,
away from the pole of on-shell Z. This is where the effect of
interference is most pronounced. Overall, we conclude that
the pseudo-EW corrections only roughly model the effect
in the H — 2e2u process of an order of magnitude, but are
not adequate to describe the proper EW corrections.
Nonetheless, they also indicate that the quadratic terms
may become sizable and more important than the linear
terms at the values of m, of a few GeV or below.

The study of NLO EW corrections in the VBF process is
shown in Fig. 7 and in the VH process in Fig. 8, where
the LO and NLO EW modeling of the process is shown
with the HAWK generator, and compared to ad hoc loop

correction with ¢§/*™ and g5”>™ with JHUGen. The selec-
tion requirements are similar to those in Sec. III, except that
in VBF we do not place a requirement on g3 and in VH we

apply a looser requirement m,, > 0.1 GeV and a tighter
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FIG. 6. Distributions of kinematic observables in the H — 2e2u decay: m,, m,, cos 0, ,, ®. Five distributions are shown in each case:

y7.SM

LO simulation (dashed red), NLO EW (solid red) with PROPHECY4F, LO (dashed blue) and ad hoc loop correction with g, and

Zy.SM

9> with (solid blue) and without (solid green) quadratic terms with JHUGen. Ratio of distributions with and without corrections are

also shown.

requirement p4 > 5 GeV. The overall NLO EW correction
is negative in the range of 6%—7%, as shown in Table II,
and grows in size with energy represented by transverse
momentum p¥ in both cases. In the case of VBF, the

momentum of the intermediate vector bosons ,/—g7 , also

shows this feature. The pseudo-EW corrections show about
—1.2% correction in the VH process and small growth of
the effect with p%, but no sizable effect in the VBF process.
In both VBF and V H, there is no evidence of importance of
the quadratic terms with the g5™ expansion. We conclude

TABLE II.

processes with the selection requirements discussed in Sec. III. Also shown are the effects of the g5 and g,

that the pseudo-EW corrections are not adequate in the
VBF and VH processes, even if in the VH process cross
section modifications appear in the same direction.
Given the inadequacy of the pseudo-EW corrections, we
have investigated an approximate approach of reweighting
the LO EW simulation with a dynamic k factor, which is a
ratio of the NLO and LO EW kinematic distributions. This
approach can capture the main features of the correction,
such as its growth with pZ, if this quantity is used as the
kinematic distribution in reweighting. However, this
approach does not guarantee adequate modeling of the

The effect of NLO EW corrections calculated with the PROPHECY4F and HAWK programs in the three

7. SM Zy.SM

couplings with and without (linear) using their squared contributions calculated with the JHUGen program.

EW NLO/LO (LO + gsM)/LO (LO + g5Mlinear)/LO
H— 4¢ +1.5% +2.0% —0.6%
VBF —-6.7% +0.2% +0.1%
Z(— ¢t ¢)H —6.4% -1.2% -1.2%
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FIG.7. Distributions of kinematic observables in the VBF production; p,(H),

\/ =43 5. m;, and ®VBF_ Five distributions are shown in
. vy, SM

each case: LO simulation (dashed red), NLO EW (solid red) with HAWK, LO (dashed blue) and ad hoc loop correction with g4 and

7y.SM

9> with (solid blue) and without (solid green) quadratic terms with JHUGen. Ratio of distributions with and without corrections are

also shown.

other kinematic distributions simultaneously, if those are
not also used in reweighting. For example, we found that
reweighting based on p# does not bring angular distribu-
tions to an agreement.

The importance of the NLO EW corrections will become
evident in the actual analysis of LHC data. The precision of
existing LHC constraints [3,46-60] is not sufficient for
reaching the NLO EW effects appearing in the SM.
Therefore, accurate modeling of such effects may not
appear as critical at present. However, with growing
precision of experimental measurements a careful inves-
tigation of NLO EW effects on kinematic distributions will
become important.

VI. CALCULATION OF THE WIDTH IN THE
PRESENCE OF INTERMEDIATE PHOTONS

The presence of intermediate photons in H boson decays
to fermions via y* — f*f~ can lead to sharp peaks in the
spectrum when ¢ = (p;+ 4 p,-)? is small. For decays

into leptons, these peaks are cut off by the physical lepton
masses. In the case of quarks, nonperturbative effects wash
out this peak structure and introduce hadronic resonances
instead. In the following, we introduce a procedure, based
on matching amplitudes in the collinear limit, to handle
these singularities in a way which allows their efficient
numerical evaluation. We draw parts of this description

from Ref. [62]. Technical details can be found in
Appendix B.
We write the partial H boson decay widths as
Tyoar ,_LL/dPS“HM 2 (33)
H-2f2f 2m]-1 (4ff’) H-212f"1 »
r L [ apse M 2 34
H-2fy — % | H—>2f7| ) ( )

11
ry.,=——— [ dPS@ S 35
= gy | P Mum s 59
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FIG. 8.

(DVH

Distributions of kinematic observables in VH production: py(H), myy, cos 6] ’21' , and ®"¥_ Five distributions are shown in

each case: LO simulation (dashed red), NLO EW (solid red) with HAWK, LO (dashed blue) and ad hoc loop correction with
/48 M and gfy SM with (solid blue) and without (solid green) quadratic terms with JHUGen. Ratio of distributions with and without

corrections are also shown.

where we introduced the symbols (j,,) = j% for
symmetry factors for identical particles. Explicit paramet-
rization of the phase spaces, using appropriate variables,

yields
d
/dPs<3> —/ ! qu/dPS (M3, 415, 0)
4m]
x dPS@) (g3, m%, m3), (36)
and

/ dpPs®

/ Hd%z/M —Van)’ d%4
4m? 4m 27

< [ aps oty i )
x dPS! m7)dPS®) (g3, m3,, m7,),
(37)

e m}

where dPS?) (g%, m?, m3) = dcos 8d¢/(2¢%). We split the
invariant mass integrations in Eqs. (36) and (37) into a low-
and high-virtuality region

e 2 e
/ dg? = / dg? + / dg?
4m? 4m? W

separated by an arbitrary parameter x> < M?. In this form,

we can apply the collinear approximation to the squared
2 2

<
matrix elements [My .y 127> — Pff(z)/q}%*x|/\/lx+y|2
in the low-virtuality region and analytically integrate over
q% [62]. The high-virtuality region does not contain sharp
peaks and can be treated numerically in a standard manner.
As a result, the partial decay width for H — 2£y can be

written as
a [2 2 10
+— [— log <,u_2> - —} 20y,
qgfzﬂz 271' 3 mf 9

+ O/ Mp), (39)

(38)

Uyory = Uhoog
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where the left-hand side is independent of >. We note that
the low virtuality region is conveniently expressed in terms
of an analytic function containing a potentially large
log(m3) times the width I'y;_,,,, which can be straight-
forwardly obtained using numerical methods for any

Uhoome = Uhooee
2
G243, 2400

1—‘H—>4f = 1—‘H—>4f

a [2 2\ 10
s [glog (Iu_z) —3} Uhoogy
a2 T e 03240

a\2[2 u? 1012
+<—> [—log<—> ——} Ty, +OW?/M%).
2z) 13 °\m2) 9 " "

(41)

If the H boson decay occurs into quark final states, the low
virtuality region is affected by sizable nonperturbative
effects, which can be related to the experimentally mea-

sured quantity Aal(ifj(M%) via a dispersion relation and

unitarity [62]. The value of Aali(M%)= (276.11 +
1.11) x 107 [100,101] has been extracted from the low-
energy region of the ratio o(e*e™ — hadrons)/c(ete” —
utu™) and is related to the fine structure constant via
a(s) = a(0)/(1 — Aa(s)). Summing over the five light
quark flavors, labeling  © T'yy_54, = ['yy_;,, and choosing
u* > 4m?, we find

T 5, [GEV X 107]

0.5F

oleeBl v vvwd vl vl vl vl vl
10° 10* 10° 102 10" 1 10
2 [GeV?

a (2 Uz 10
() W,
27 |3 m? 9 !

a\2[2, (ui\ 10][2. (w2 10
Sl I b Y (R g ) el
+ (m) {3 Og(m§> 9] [3 °g<m3,,, 9

:| 2FH—>}/;' + O(/"Z/M%})’

combination of anomalous couplings [Eq. (17)].
Contributions from low virtuality Z bosons decaying into
27 are parametrically suppressed by y?/M2,. In a similar
fashion, we obtain the results for the H boson decays into
four leptons

a [2 i\ 10
T [5 log <m§ ) - ﬂ Crr-aey
95 2ZH 2

2

572 >0

(40)

[

6 a2y . (2
+ | Aoy, (M )+——log<—
ngz/ﬂ |: had z 79 M%

X 2FH—>;/]/ + O(ﬂz/M%)’

1—‘H—>2jy = IﬂH—>2j;/

(42)

and similar for T'y_4;.

In order to illustrate the performance of Eq. (39), we
model the H — 2¢y decay with the HVV couplings
corresponding to  ¢7™ and ¢“*™ as defined in
Egs. (19) and (28). We scan the value of cutoff x? in
Eq. (39) from the threshold value of (2m,)* up to (5 GeV)?
for both electrons (£ = ¢) and muons (¢ = u). Figure 9
shows the first two terms appearing in Eq. (39), the value of
T}z, With the requirement g3, > y* and the value of
I, multiplied by the u?-dependent factor. The other
terms in Eq. (39) can be neglected in this comparison. With
the y? increasing, the former cross section falls while the
latter rises, leading to a constant cross section of the
H — 2¢y process, as one would expect to observe for
the proper modeling of the effect.

This 2, [GEV X 107]
N

PRI 1l L
107 1 10
12 [GeV?

FIG. 9. The partial decay width of the process H — 2¢y calculated using Eq. (39) for the 2ey (left) and 2uy (right) final states with the
couplings discussed in text. The first two terms appearing in Eq. (39) are shown for several values of ['y_2p, with the requirement
qgf > 4? (blue diamonds) and I'y_.,, multiplied by the u?-dependent factor (red circles). The sum of the cross sections is also shown
(black squares).
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In order to illustrate the performance of Egs. (40) and
(41), we model the H — 2¢e2u, 4e, and 4u decays with the
g7 and g&" couplings set to the values of ¢&’>™ and g5”*M,
respectively, as used in the previous test. Both in this test
and in the previous test of Eq. (39), the rationale is to model
the processes involving virtual photons which exhibit
growth with g> — 0. We choose to illustrate the perfor-
mance with CP-even couplings in one case and CP-odd
couplings in the other, but the procedure has been validated
to work in any combination of couplings. The K? coupling
formally involves a virtual photon. However, due to
appearance of q% in the numerator of the tensor structure
in Eq. (1), this coupling does not exhibit divergence with
g*> — 0. Its behavior is similar to the terms with the virtual
Z and can be absorbed in the corresponding terms.

As before, we scan the value of cutoff x> in Eq. (40) for
the H — 2e2u process and in Eq. (41) for the H — 4e and
4y processes from the threshold value of (2m,)? up to
(5 GeV)?. The threshold value is defined for muons in the
case of H — 4u and electrons in the other two cases.
Figure 10 shows the partial decay width of the process
H — 2¢2u calculated using Eq. (40), and H — 4e and 4u
calculated using Eq. (41). Several terms in the correspond-
ing equations are isolated: the first term in each equation is
shown with the requirement q%f > u? common for elec-
trons and muons; the I'y_,,, multiplied by the u>-dependent
factor, the I'y_,,, with the requirement g3, > y?, and the
[y, With the requirement g3, > u*, where both I'y_,,

are multiplied by the y>-dependent factor as well. With the
u? increasing, the first term falls while the other terms
generally rise. Again, we obtain a constant cross section of
the four-lepton process, as one would expect to observe for

the proper modeling of the effect.

The combination of formulas in Egs. (39) and (42) for
['y_apy, and Egs. (40), (41), and similar ones involving
hadronic jets for I'y_4¢ should allow one to handle low-¢>
singularities and hadronic structure with efficient numerical
evaluation.

VII. EXPECTED CONSTRAINTS ON THE
COUPLINGS WITH PHOTONS

We continue by investigating the on-shell production and
decay of the H boson with its couplings to weak vector
bosons in the VBF, VH, and H — VV — 4¢ processes.
There has already been extensive study of the HVV
couplings, both by experimental collaborations and in
phenomenological work. However, there was no conclusive
study on the effects of the photon contribution in the
production topology. In our previous work in Ref. [45], we
pointed out that the decays H — yy and Zy with on-shell
photons provide constraints on the ¢4, ¢/, ¢5, and g;"
couplings which are stronger than those that can be
obtained from the VBF, VH, and H — 4¢ processes.
For this reason, the analysis of multiple operators was
simplified by setting those four couplings to zero. The
constraints from the decays with on-shell photons can be
illustrated with the simplified partial decay width expres-
sions in Egs. (23) and (30). This effect in the H — 47 was
studied with LHC data [48] and with phenomenological
tools [25,35]. In the following we reexamine the H — 47
decay and investigate the VBF and VH processes.

First, we would like to point to the effect already
observed in Tables IV, V, and VI. Let us focus on any
of the three operators Cpy, Cywa, or Cyp where the g57,

g5, and g couplings contribute, or equivalently any of

7 .
Cuivs Cwps or Cyp, where g4, ¢i7, and ¢}/ contribute.

N
T

T 20 [GEV X 107]
Ty, 40 [GEV x107]

05F

Gi: T M| M|

Ty 4 [GeV x 107]

107 1 10
12 [GeV]

w2 [GeV?]

w2 [GeV?]

FIG. 10. The partial decay width of the process H — 2¢2u calculated using Eq. (40) (left), H — 4e (middle) and H — 4y (right)
calculated using Eq. (41) with the couplings discussed in text. The first term in each equation is shown with the requirement g3, > y°
common for electrons and muons (blue diamonds). The following terms multiplied by the y?-dependent factors are also shown: the
'y, (red circles), the I'y_,,,, with the requirement g3, > p* (magenta triangles pointing down), and the ['_2,, With the requirement
q%ﬂ > u% (brown triangles pointing up). The sum of the cross sections is also shown (black squares).
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While the g54 contributions to the VBF and VH processes
are comparable and sometimes even dominant for a given
Cyx operator, their contributions to the H — 47 decay
appear to be negligible in comparison. For photon cou-
plings, the reverse is the case, their contribution to decay is
much larger than to production. Therefore, the photon
couplings have relatively higher importance in decay
compared to the production processes. This still does
not tell us if the photon couplings are better constrained
in production or decay, and this is what we investi-
gate below.

In the following, prospects with either 3000 fb~! (HL-
LHC) or 300 fb~! (full LHC) are studied at a 13 TeV
collision energy. We use the JHUGen simulation to model the
VBF, WH, ZH/y*H, yH, and gluon fusion production with
the decay H — 47. We include the effective background
with the POWHEG [102] simulation of the gg — 4¢ process,
which we scale to match the contributions of other
processes as found in experiment, such as gg — 47 and
Drell-Yan Z production [103]. The detector effects are
modeled with ad hoc acceptance selection and empirical
efficiency corrections, and the lepton and hadronic jet
momenta are smeared to achieve realistic resolution effects.
The following selection requirements are applied: p§ >
5GeV, ph>17GeV, pi'>30GeV, |5 <25, 7] <
2.4, l’]jet| < 47, m”| > 12 GCV, Mmyy —mH| < 3.5 GeV.

We target the optimal analysis of four anomalous
couplings expressed through the fractional contributions

to the H — 2e2u process fgzg g, f;y, and ZZ, with the
approach similar to Ref. [45]. The cross section fractions

are defined following

2 (f)

9nOnn . 9n

fon = ———=sign (—) , (43)
g i

where the a%,) coefficients are introduced in Eq. (11) for the

final state (f). The numerical values of these coefficients
are given in Table III, where they are normalized with
respect to the a;; coefficient, corresponding to the cross
section calculated for g; = 1. The «,,,, are the cross sections
for g, = 1. In Table III, we also quote the cross section
ratios defined in VBF and VH production for comparison.
As noted above and evident from this table, the relative
importance of photon couplings is higher in decay com-
pared to production.
For simplicity, we set the contributions of the other
anomalous contributions to zero: f7% = % = fif =
iy] = 0. This assumption will provide tighter constraints
than one could achieve otherwise, but this is sufficient for
comparison to the precision obtained from H — yy and Zy
following Eqs. (23) and (30). We use the relationship with
AMy = 0 in Eq. (5) for the SM-like contribution, but we
do not enforce the SU(2) x U(1) symmetry in Egs. (6)-(9)

TABLE III. List of anomalous HZy and Hyy couplings g,,
cross section fractions f,, and the cross section ratio a,,/ay;
defined in H — 2¢2u decay, VBF, and g — ZH/y*H produc-
tion. For comparison, the g4% coupling is also shown. The

requirements my, > 4 GeV and pjTe‘ > 1 GeV are introduced

in a,(f,? and al) calculation by convention.

Coupling Fraction H — 2e2u VBF ZH/y*H
n f gn a%,) /i az(zizz/ g 05512/ a1y
9 " 355.1 65.04 2330
9" 3 438.5 24.89 50.51
9 n 348.0 64.28 1.790
g9 i 356.7 23.44 3250
95 1% 0.153 11.27 47.94

and instead set gV = g =WV =5’ = 0. This is
done to isolate the contributions with genuine photon
couplings, which exhibit the features of virtual photons.
These are the contributions which also appear and are
constrained in the H — Zy and yy processes.

A. Expected constraints on photon couplings from
H — VV — 4¢ decay

We build the analysis following the MELA approach
with the two types of optimal discriminants, using the full
kinematic information in the four-lepton decay. There

.. 7 7 .
are four discriminants Dy, D}, Dy, and D} which are
designed to separate the pure anomalous contributions from

the SM-like, and there are four interference discriminants
DT DI DZh,, DI, which isolate interference of the SM

nt? nt?
with the same four anomalous contributions. The full
available information is used in calculating the discrimi-
nants, and further details on the MELA approach can be
found in Ref. [45] and references therein. In this and further
analyses discussed below, events are split into the
H — 2e2u, 4e, and 4u categories, which is an important
aspect because the relative fractions of events between
these types change with anomalous couplings, due to
interference of diagrams with identical leptons in the 4e
and 4y final states. In the end, for each event in a category J,
a set of observables x is defined.

Since analysis of decay information is essentially inde-
pendent from the production mechanism, we model kin-
ematic distributions using simulation of the gluon fusion
process. However, in Sec. VII B we will also show how the
full production and decay information can be taken into
account. The probability density function for the signal
decay process in gluon fusion production, before proper
normalization, is defined as

K
geH: P(: ) o> Puy(x)\/IF g Falsign(foe- o) (44)

k=1
k<l
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FIG. 11. Expected constraints from a simultaneous fit of 927 g4, i 2> and f using associated production and H — 4¢ decay with

3000 (300) fb~! data at 13 TeV. Two scenarios are shown: using MELA observables with production and decay (red) or production only
(blue) information. The dashed horizontal lines show the 68 and 95% confidence level (CL) regions.

where x are the observables and f, are the cross section
fractions of the couplings, K =5 for the four anomalous
couplings and one SM coupling. Equation (44) is obtained
from Eq. (11), where the width and Hgg couplings are
absorbed into the overall normalization. In gluon fusion
production, the electroweak HVV couplings appear only in
decay. Therefore, there are 15 terms in Eq. (44). To
populate the probability distributions, we use a simulation
of unweighted events of several samples that adequately
cover the phase space and reweight those samples using the
MELA package to parametrize the other terms. As in
Ref. [45], we implement a cutting planes algorithm [104]
using the Hom4PS [105—107] and Gurobi [108] programs to
ensure that the probability density function remains pos-
itive definite for all possible values of f,,. With 3000 fb~!
data at 13 TeV, we expect about 4500 events reconstructed
in the H — 4¢ channel. In Fig. 11 we show the expected
constraints on the four parameters of interest expressed

through effective factions f7), /1), 1A - and f . However,

before discussing the results, we should turn to analysis of
production information.

B. Expected constraints on photon couplings
from VBF and VH production

While analysis of the H — 4¢ decay can be performed
inclusively, the VBF and VH production channels require
|

analysis of associated particles. Therefore, we follow the
approach adopted in our earlier studies [45] to categorize
events using the jet information to create the two-jet
categories of events enhanced in either VBF or VH events
with hadronic decay of the V, respectively. In addition, the
leptonic VH, one-jet VBF, and boosted categories are
defined, where p3’ > 120 GeV is used to select the latter
[45]. The remaining events constitute the untagged
category.

We build the analysis following the MELA approach
with the two types of optimal discriminants, as discussed
for decay above, using the full kinematic information in
both the production and the four-lepton decay. In the VBF
and VH topologies with two associated jets, both produc-
tion and decay information are used, except for the
interference discriminants, where production information
is chosen. In the untagged category, the H — 4¢ informa-
tion is used as in Sec. VII A, and in the other categories the
transverse momentum py is used.

In the case of the VBF and VH processes, the HVV
coupling appears on both the production and decay sides.
Therefore, the amplitude squared has a product of four
couplings. Equation (45) is obtained from Eq. (11) and has
70 terms,

VBF,VH: P(x; f) x

k.,m,n=1
k<i<m<n

where the notation follows Eq. (44).

In addition to the joint analysis of production and decay,
we also perform an analysis with production information
only. In order to achieve this, no decay information is used
in the construction of discriminants, and only the total
yield of events is used in the untagged category. It is not
possible to completely decouple the analysis from decay

) ORIMENT

fgl'fgm'fgnlSign<fgk'fgl'fgm'fgn)’ (45)

information, as for example the relative fraction of 2e2u
events is sensitive to couplings in the decay amplitude. For
example, there is a strong destructive interference between
the two diagrams with permutation of identical leptons in
the H — 4e/4u decay with the Hyy couplings, as illus-
trated in Fig. 2 and Sec. III, which leads to a modification of
the 2e2u yield faction. However, such dependence on
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anomalous couplings is greatly reduced with consideration
of yields only.
In Fig. 11 we show the expected constraints on the four

N T £, and £2 with 300 and

3000 fb~! data at 13 TeV, where for comparison constraints
from production information alone are shown separately
from the full constraints using both decay and production.
The information contained in decay can be deduced
from the difference of the two constraints, with one
exception. The analysis of production information is
sensitive to the relative fraction of the H — 2e2u, 4e,
and 4u events. We observe that in the case of the H —
y*y* — 4e and 4u processes, there is a sizable effect of
interference between diagrams with permutations of the
leptons. This effect in decay competes with information
from production in constraining ¢ and ¢}". We do not find

parameters of interest

such an effect to be important in constraining g5” and ¢’

What we observe is that the constraints from decay are
significantly more powerful than from production when
both are analyzed with the same channel H — 47. This
happens for two reasons. First of all, all reconstructed
events contain decay information, while only a small
fraction carry production information. Second, the ratio

aﬁ,i,)l /ay; is reduced compared to the same ratio in decay

aff;) /ay; for the photon couplings. This effect is in contrast
to the trend observed for the ZZ couplings (see, for
example, Fig. 10 of Ref. [45]), as indicated with the g5*
example in Table IIl. This trend explains the tighter
constraints on the anomalous ZZ couplings using produc-
tion information, as opposed to decay. For the same reason,
the constraints on the photon couplings (Hyy and HZy) are
tighter in decay compared to production.

In Fig. 12, these results for the joint analysis of
production and decay are interpreted in terms of constraints
on the g; couplings. As indicated above, these constraints
are dominated by decay information, and the results would
look similar if only decay information were employed. This

interpretation uses the full expression in Eq. (11), including
the total H boson width dependence on anomalous cou-
plings appearing in the denominator, using expressions
obtained in Sec. IV. It is assumed that there no decays of the
H boson to unknown particles.

We should point out that while decay information is
limited to H — V'V channels only, production information
can be obtained by combining all possible decay channels
of the H boson, such as H — 4¢, yy, bb, 7"z, and WtW~—.
In this study, we investigate only the H — 4¢ channel, but
the relative importance of production information will
increase as other channels are analyzed. This observation
is also valid for analysis of the yH production, discussed
next. At the same time, the H — 4¢ channel can also be
further optimized for the measurements of the photon
couplings by relaxing the invariant mass and transverse
momentum constraints on the leptons. For example, the
requirement |mg,| > 12 GeV can be relaxed to |m,,| >
4 GeV, or even further, with significant gain in sensitivity
to the Hyy and HZy couplings, as can be seen from the
invariant mass m; and m, distributions in Fig. 2.

C. Expected constraints on photon couplings from
yH production

Setting constraints on or measuring the rate of the yH
production is interesting on its own, as this production
mechanism of the H boson has not been tested on the LHC,
in part because its SM rate is not accessible yet. In addition,

we would like to assess the feasibility of the ¢/, ¢, gf”,

and g4zy coupling measurement in this production process.
In order to simplify these estimates and because NLO EW
event simulation is not available for the y H process yet, we
assume that the SM contributions are small compared to the
accessible values and thus can be absorbed into these
effective pointlike couplings. The validity of these assump-
tions can be checked against the expected constraints.
Single loop calculations of the SM production cross section
of qq — yH predict a cross section of less than 5 fb at the

FIG. 12. Expected two-dimensional constraints from a simultaneous fit of ¢4, ¢/, ¢5’, and g;’ using decay and production

information as shown in Fig. 11.
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LHC [109], which corresponds to less than two H — 47
event at the HL-LHC before any selection requirements are
applied.

Experimentally, the main distinguishing feature of the
yH production mechanism is a high-momentum isolated
photon, and we found that the requirement p}. > 400 GeV
keeps about 12% of signal events, which corresponds to
about 0.9 signal events for ¢5" = 0.1 and 0.11 background
events with H — 47 and 3000 fb~! data at 13 TeV.
Therefore, for feasibility studies, we identify an additional
category of events with a good isolated photon candidate
associated with the H boson candidate and the above p?.
requirement.

Since kinematic features of events do not differ between
CP-odd and CP-even couplings and the difference between
the HZy and Hyy couplings is weak, we perform a simple
fit for excess of events over background without using
kinematic distributions. The expected number of signal
events is expressed through couplings as the product of
coupling modifies on the decay and production sides.
These expressions are similar to those in Eqs. (31) and
(32), but differ in two aspects. Equation (31) has to be
adjusted for the H — 47 final state instead of the inclusive
four-fermion final state and include the effect of acceptance
requirements on the lepton quantities, as listed above.
Equation (32) has to take into account the effects of the
photon acceptance efficiency.

With the above assumptions, the expected two-

dimensional constraints on (g%, g7), (¢5.4¢5"), and

(45, g7) are shown in Fig. 13. The expected yH con-
straints with the H — 4¢ channel alone are not as powerful
as those obtained from decay and shown in Fig. 12.
However, while this difference is sizable in the case of
the Hyy couplings, the difference is not as large in the case
of the HZy couplings. Moreover, these constraints are
comparable and even better than those obtained from
production information in the VBF and VH channels.
In both cases, significant gain will result from the analysis
of the other H boson decay channels, which are not

considered in this feasibility study. Therefore, it is impor-
tant to proceed with analysis of VBF, VH, and yH
production in all accessible H boson final states.

Searches for heavy resonances decaying into a photon
and a hadronically decaying H boson have been performed
on the LHC [110,111], where the topology of the final state
overlaps with the process of our interest, but the interpre-
tation of the results is very different. A reinterpretation of
these resonance-search results in terms of the EFT cou-
plings of the H boson was attempted in Ref. [84]. However,
this study makes crude approximations in its interpretation
of LHC data, uses a different set of parameters in a different
basis, applies additional symmetry considerations, and is
limited to CP-even couplings only, making a direct
comparison with our results difficult.

D. Expected constraints on photon couplings from
decays with on-shell photons

The above results can be compared to possible con-
straints from the measurements of R,, and R, defined in
Sec. IV. The projection of experimental measurements of
the H boson branching fractions to 3000 fb~! of LHC data
has been performed in Ref. [112]. In particular, Table 37
of this reference estimates R,, ~1.00 = 0.05 and Ry, ~
1.00 4= 0.24 at 68% C.L. However, these measurements are
estimated using the coupling modifier framework
(k-framework), where the tensor structures of interactions
of the H boson and the kinematic distributions are assumed
to be the same as in the SM. Though the kinematic
distributions in decays H — yy and Zy are not affected
by anomalous couplings, other aspects of the analyses, such
as distributions of associated particles, would be affected.
Nonetheless, one can use these estimates as optimistic
expectations of constraints on R, and Ry, with anomalous
contributions.

Relating the experimental constraints on R,, and Ry, to

constraints on g/, g7, g7, and ¢¢” is not trivial, as various
loop contributions are possible, as indicated in Eqgs. (17)
and (26). In particular, modifications of the H boson

FIG. 13. Expected two-dimensional constraints from a simultaneous fit of g5, g/, g?, and gfy using the yH production channel.
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FIG. 14. Expected two-dimensional constraints on (g5, ¢¢') (left), and (¢57, g57) (right) using Egs. (23) and (30) and the HL-LHC
projection for experimental measurements of R,, and Ry, from Ref. [112]. Inclusion of the H — 4¢ data with decay and production
information helps in resolving degenerate solutions on a ring of a given radius.

couplings to fermions and W boson, which are the
dominant SM contributions to the loop, cannot be disen-
tangled from the effective pointlike couplings indicated
with the kg and &g couplings. The latter are related to ¢4/}
with Q and Ry in Eqs. (18) and (27). However, assuming
that the H boson couplings to fermions and W boson can be
constrained to high precision from other measurements,
one can set those to SM values for the purpose of this
comparison. In such a case, R,, and Rz, could be expressed
directly through the ¢%’, and giﬂ couplings, respectively,
without further complication, as shown in Egs. (23)
and (30).

With the above assumptions, the expected two-dimen-
sional constraints on (g3, ¢¢/) and on (g5, g5") are circles
in the 2D plane of the two couplings, as follows from
Egs. (23) and (30), respectively. All points on the circle of a
given radius are equally likely, because one cannot dis-
tinguish between the CP-odd and CP-even couplings from
the rate information alone. However, the addition of H —
4¢ decay and production information, discussed above, will
help to resolve degenerate solutions, as shown in Fig. 14.
The improvement from the inclusion of the H — 4¢ data is
more visible in the case of the Hyy couplings. As we would
expect, constraints from the H — yy and Zy rates are more
restrictive than the constraints obtained from either decay
or production information shown in Figs. 12 and 13.

As we reach precision on anomalous Hyy and HZy
couplings from the H — 4¢ decay and from VBF, VH, and
yH production comparable to that from the H — yy and Zy
decays, resolving the loop contributions in these production
and decay processes will become important. This is similar
to the discussion of H — yy and Zy in Sec. IV, but taking
into account nontrivial g>-dependence affecting kinematic

distributions. This is equivalent to the NLO EW corrections
discussed in Sec. V in application to the SM processes, but
would require consideration of anomalous couplings.

VIII. SUMMARY

We have presented a study of electroweak production of
the H boson in VBF and VH and its decay to two vector
bosons, with a focus on the treatment of virtual loops of
either SM particles or new states appearing in HVV
interactions. The treatment of virtual photons has been
illustrated with the JHU generator framework, and com-
parisons have been made to several other frameworks,
including SMEFTsim using MadGraph5, HAWK, and
PROPHECY4F. A JHUGenLexicon program has been introduced
for EFT parametrization and translation between frame-
works. Overall, good agreement between the frameworks is
found, including parametrization of EFT effects, once the
sign conventions are matched, such as of the antisymmetric
tensor €,,,, and the convariant derivative. The photon
couplings appear to have a larger relative effect in decay
compared to production, due to the dynamics of these
processes. Nonetheless, the yH production topology
appears interesting for isolating the photon couplings.

We have derived the scaling of the H boson production
and decay rates with anomalous couplings, which are
necessary for the total width calculations. From these,
we also obtained the effective pointlike couplings which
reproduce the H — gg, yy, and Zy processes in the SM.
We compared the effect of these couplings to the NLO
EW corrections in the other processes with off-shell vector
bosons. While the effects may be reproduced to within an
order of magnitude, the effective couplings are not
adequate for a careful modeling of the EW correction.
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At the same time, however, the squared higher-order terms
may become as important as linear terms at lower g>
values of the virtual photons, something that is neglected
in the NLO EW corrections. Subsequently, we make a
proposal on how to handle singularities involving H
boson decays to light fermions via photons. This pro-
cedure, based on matching amplitudes in the collinear
limit, allows one to handle these singularities with
efficient numerical evaluation. This approach can also
incorporate the hadronic structure in decays to quarks
using the experimentally measured quantities in low-
energy processes.

We further make phenomenological observations on the
special role of intermediate photons in analysis of LHC
data in the EFT framework. Some of these features have
been illustrated with projections for experimental measure-
ments with the full LHC and HL-LHC datasets. The rates of
the H — yy and Zy processes appear the most restrictive on
the photon couplings, but cannot disentangle the CP-even
and CP-odd couplings. We observe that the decay infor-
mation H — 47 is more powerful in constraining the
photon couplings than information in the VBF and VH
production using the same H boson decay channel.
However, these production channels, along with the yH
production, can be analyzed using other H boson decays,
with further gain in sensitivity to the photon couplings.
The H — 4¢ channel can also be further optimized for
the measurements of the photon couplings by relaxing the
invariant mass and transverse momentum constraints on the
leptons in analysis of LHC data. This will also require
careful consideration of NLO EW effects in these proc-
esses, while including effects of anomalous contributions.
Calculation of these effects will be required for precise
analysis of HL-LHC data.
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APPENDIX A: RELATIVE CONTRIBUTIONS
OF OPERATORS TO H BOSON
PROCESSES ON THE LHC

In the following, we investigate the relative contributions
of the operators listed in Table I to the VBF, VH, and H —
VV — 47 processes. We obtain these contributions of
individual terms in the mass-eigenstate basis relative to
the overall cross section of a single operator in the Warsaw
basis, excluding the SM coupling, and relative to the SM
cross section alone (o/ogy). The results are shown in
Tables IV-VIII, where the relative contributions are shown
separately for the H — VV —4¢, VBEF g¢q or
gg —» V(- ¢¢7)H, and yH processes. The fractions do
not necessarily add up to 1 due to interference effects. The
ratio to the SM expectation is shown for Cyy = 1. As
discussed in more detail in Secs. [V and VI, the presence of
collinear singularities requires a special treatment of the

TABLE IV. Relative contributions of the individual terms in the mass-eigenstate amplitude to a single operator Cyyx in the Warsaw
basis expressed as a fraction of the gg — H — 47 cross section. The SM contribution is excluded from the HVV coupling, and the cross
section ratio to the SM expectation (6/cgy) is shown for Cyy = 1 in the first column. The contributions to the H — 4¢ process are

shown with the requirement m,, > 1 GeV.

o/osw 697 =89!V «f* g5* 9’ 7 gir it gy K KV g v
Cho 0004 1 0 0 0 0 0 0 0 0 0 0 0
Cup 0017 1.078 0.068 0 0 0 0 0 0 048 0 0 0
Chyw 0635 0 0 000117 0685 0238 0 0 0 0 0 0 0
Cuws  0.781 0.007 0.001  0.00029 0268 0.632 0 0 0 0018 0 0 0
Cus 2215 0 0 0.00003 0243 0.759 0 0 0 0 0 0 0
Cyw  0.579 0 0 0 0 0 000052 0713 028 0 0 0 0
Cywp 0749 0 0 0 0 0 000012 0239 0683 0 0 0 0
Cup  2.196 0 0 0 0 0 000001 0194 0720 0 0 0 0
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TABLE V. Relative contributions, as in Table IV, to the cross section of the VBF process, with the requirement q‘z/ > 1 GeVZ2.

6/0sm 59122 _ 5g11/vw Klzz ggz ggr ggr g4zz gfr gi*/ K;Y K.\]/VW gng gXVW
Cuo 0.004 1 0 0 0 0 0 0 0 0 0 0 0
Cup 0.170 0.105 0.081 0 0 0 0 0 0 0.154 0572 0 0
Cuw 0.052 0 0 0.159  0.196  0.059 0 0 0 0 0 0.839 0
Cuwp  0.086 0.067 0.086 0.030 0.046 0.115 0 0 0 0.531  0.059 0 0
Cyp 0.063 0 0 0.012 0.159 0.522 0 0 0 0 0 0 0
Cuw 0.043 0 0 0 0 0 0.153  0.207  0.066 0 0 0 0.811
Cywp  0.012 0 0 0 0 0 0.170  0.304  0.831 0 0 0 0
Cyp 0.059 0 0 0 0 0 0.010 0.156  0.520 0 0 0 0

TABLE VI. Relative contributions, as in Table IV, to the cross section of the gg — V(— ¢*¢7)H process, with the requirement
Mypp > l GCV

6/0sm 5glzz _ 5g¥vw Klzz ggz ggr ggy gfz g4Zr gi*/ Kgy KYVW gZVW gYW
Cun 0.004 1 0 0 0 0 0 0 0 0 0 0 0
Cup 0.949 0.019 0.655 0 0 0 0 0 0 1.026 0 0 0
Chw 0.154 0 0 1.087 0294 0.017 0 0 0 0 0 0 0
Cywp  2.265 0.003 0.151  0.022  0.008 0.004 0 0 0 0.774 0 0 0
Cyp 0.125 0 0 0.125 0366 0.232 0 0 0 0 0 0 0
Cyw 0.097 0 0 0 0 0 1.044 0330 0.023 0 0 0 0
Cyws  0.057 0 0 0 0 0 0.536  0.218 0.125 0 0 0 0
Cyp 0.090 0 0 0 0 0 0.106 0353  0.263 0 0 0 0

TABLE VII. Relative contributions, as in Table IV, to the cross section of the gg — Z(— #7¢~)H process, with the requirement
Mypp > 1 GeV.

ey 59122 _ 5gYVW Klzz ggz gf’ ggr gfz g427 gzy Kf}' KYVW gng gXVW
Cun 0.009 1 0 0 0 0 0 0 0 0 0 0 0
Cup 8.055 0.006 1.100 0 0 0 0 0 0 0 0 0 0
Cuw 0 0 0 0 0 0 0 0 0 0 0 0 0
Cuws 4.495 0.003 1.066 0 0 0 0 0 0 0 0 0 0
Cygp 0 0 0 0 0 0 0 0 0 0 0 0 0
Cyw 0 0 0 0 0 0 0 0 0 0 0 0 0
Cuwa 0 0 0 0 0 0 0 0 0 0 0 0 0
Cug 0 0 0 0 0 0 0 0 0 0 0 0 0
TABLE VIII. Relative contributions, as in Table IV, to the cross section of the ¢gg — yH process.

I ek L R A S N R S . A A
Cuno 0 0 0 0 0 0 0 0 0 0 0 0 0
Cup 0 0 0 0 0 0 0 0 0 0 0 0 0
Cyw 60.3 0 0 0 1.190 0.197 0 0 0 0 0 0 0
Cuws 41.1 0 0 0 0.688 0.956 0 0 0 0 0 0 0
Cys 271.3 0 0 0 0.260 0.472 0 0 0 0 0 0 0
Cui 60.1 0 0 0 0 0 0 1.182 0.198 0 0 0 0
Cuwa 41.7 0 0 0 0 0 0 0.677 0.930 0 0 0 0
Cup 273.9 0 0 0 0 0 0 0.263 0.472 0 0 0 0
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low-g3, of the gauge bosons, and in the study in this
Appendix we choose to apply a requirement g% > 1 GeV>.
The results of this study are discussed in Sec. III.

APPENDIX B: DERIVATION OF THE
COLLINEAR APPROXIMATION TO THE H
BOSON WIDTH WITH INTERMEDIATE
PHOTONS

1. Phase space

The general H boson decay phase space reads

dPSM(E2, m2, ..., m%)

= (2 {ﬂ &l =m0 69 (5 =Y pi).

i=1

We rewrite the four-particle phase space in Eq. (B1)

2 2w

12,min

2

2
12,min

2 — 2 2 — 2
where qij,min - 4mi > Q12max — Mp>

(my —+/q7,)*. In this form, the two integrals over g;;

/ dps®) (m%,, m%, m%, m%, mﬁ)

- n | [H & ps(p — m)6(Y)

x 8 (py — p1— pa— P3— P4)s (B2)
by inserting the additional integrals
1= /d4pij5(4)(pij —Pi— Pj), (B3)
N
i=1 qrzj,maxd 2 2 2 4
(B1) 1= /q; ' Qijé(%‘j _pij)7 (B4)
for (ij) = (12) and (ij) = (34). This yields
|
4) -6 q%Z.mux dq%Z q%‘kmax dq%4 4 2 2 4 2 2 (4)
dPS™(...) = (27) T ﬁd P126(P12 — 412)d* P346(p3s — 454)0Y (P — P12 — P34)
q q34,min
x / I  pd*pis(p? — md)s(p? = m3)o(p?)0(p9)s™ (i — pi = p))
(i)=(12).(34)
q2 ,max dqz q§ .max dq2
= [ S [P [ 4SO . AP (g IS k). (B)
q 4934, min
|
2 _ 2 2
and 3 = / dPSOI(...) = / ame 4412 / dPS@ (m}, ¢3,,0)
q%lmin T
x dPS?) (g3, m?, m3), (B3)

directly correspond to the V and V' squared invariant masses
of the matrix element M;_,. This will be useful later.

In case of identical fermions, it is useful to symmetrize the
phase space in the last line of Eq. (B5) because the matrix
element has resonances not only in ¢?, and ¢3, but also in
g3, and g%, i.e, M = A(1234) + A(1432). Therefore, in
practice we run the numerical simulation using

[ ) =3 (B B9) + (Ba. B)]o. (B0

In this write up, however, we do not symmetrize the phase
space for clarity of presentation. The analytic result is of
course equivalent because

[(Eq. (BS)) + (Eq. (B5))5..4] x |A(1234) + A(1432)?
(Eq. (BS)) x [ M.

N[ =

(B7)

In a similar fashion, we rewrite the three-particle phase
space in Eq. (B1) as

where the integration boundaries are g3, .. =4mj and

2 — 2
qu,max = my.
2. Collinear approximation

Collinear factorization properties of a general process
with leptons (f = e, u, 7) yields

petpy) <’

(
[ SOy P s )

X / dPSN-D| My, |2 + O(u?/53). (B9)

where § > pi? is a typical momentum scale of the process
and [62]
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Sf(/"2>

= Al dx{(xz +(1 —x)2)10g<:1—22x(1 —x)) + 2x(1 —X)]

4
2 (@2\ 10
Nt PO A
3°g<m§,) 9

In case of hadronic final states y* — jj Eq. (B9) becomes

(B10)

Patpy) < a

(
/dPS(N)|MX+jj|2 — Eshad(ﬂz)

X /dPS(N_1)|Mx+y|2+(9(/42/§), (B11)

where Sp,q(4?) contains nonperturbative contributions
and is closely related to Fy,q(4?) in Ref. [62]. It can be
written as

5
(uz > o Atiaa (M)

— B12
Ve y (B12)

22
Shaa (#?) = glog

1 q
1 2\ — 212
FH—>y*y—>2fy(/’t ) - zmH %2 o 0
1
2mH 2”

Aa](ézi(s) is the hadronic contribution of the shift in the

running electromagnetic coupling (with five active quark
flavors) in a(s) = «(0)/(1 — Aa(s)) and is measured to be

Al (M2) = (276.11 & 1.11) x 10~ [100,101].

3. Collinear approximation applied to H — 20y

We split the invariant mass integration in Eq. (B8)

”2 q%z.max
([ o+ [ aa)
q]Z.min H

(B13)

and define two regions I and II, respectively. This yields
region I where the collinear approximation for intermediate
photons can be applied

g’
/ = / dPS(Z)(’"%{? 41.0) dPS(Q)(‘]%r my, m%)|MH—>y*y—>2fy ?
q

— e Se7) [ PS03 0.0) My P+ OG5

a
2w

For intermediate Z bosons in region I, we just keep it as it is

F;{—>Z*y—>2f}/(/’t2) = FH—’Z*}’_’QfY (1%2<l‘2' (BIS)

The interference between y* and Z* states is zero in the
collinear approximation in region I. In region II, the
collinear approximation for intermediate photons is not
applied and includes intermediate photons and Zs and their
interference

1 q%z,max dqz
D, 02) =g [ 2 [ P80 200)

- ZmH u?
X dPS(z) (q%z, m%9 m%) |MH—>2fy|2

:FH—>2f7|quZMZ' (B16)

Hence, we end up with the sum of the above contributions

FH_>2f}’ = F}-I—W*y—ﬂfy (ﬂ2> + F}-II—W* =20y <ﬂ2>

+ F}‘I—»Z*}/—»Zf}/(ﬂz)‘ (Bl7)

- Sf(/"z)(zyy)rHﬁyy + O(/;/S')

(B14)

4. Collinear approximation applied to H — 47
Now, we use the phase space parametrization in Eq. (B5)
and split the two q%]- integrations into a low-mass and

high-mass region, which are separated by u’. Hence, we
write it as

(:

2
412.max
2 2
dgi; + / dg 12>
2
12,min H

w T4
x (/ dq§4+/ " dq§4>, (B18)
q M

2 2
34,min

resulting in four regions I-IV. If we choose u? such that
7 min << H* << § then we can apply the collinear approxi-
mation of Eq. (B9) in the respective sectors.” Let us start
with region I, where ¢3, < y? and g3, > u*

>We assume that in the collinear regions the matrix element is
dominated by y* exchange such that we can neglect Z* exchange.
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1 1 /"{2 dq%z q§4,max dq%4

F}-I—>2t’2f’(ﬂ2):M(4fﬂ) 2z |- o /dps(z)(m%w‘ﬁz"li)dPS(z)(CI%z’m%’m%)
"

2
qu,min

x dPSP (g3, m3, m3)| My _rp20'|?

1 1 a q§4.max dqz A
= %@ﬂSf(ﬂz) /ﬂ'2 2—;4/ dPS(z)(m%[, 07 qg4)dPS(2)(qg47 m%, mézl) ‘MH—WZf/ |2 + O(”Z/s)

1 1 ﬂ2 dq%g q%4 max dq%4
2mH (4ff/)/1 2 /”2 2 / (mH 91> Q34) (‘112 my mz)

2
12,min

x dPs? (61%4’ m%, mﬁ) |MH—>Z*(—>2L”)+Z*/7*(—>2Z’) ?

a 1
= =S (W) hopar + OW?/3) + Thoze (m20)12: jy (m20 . (B19)
27 (2¢¢) ’ T I )cﬁz<u2.q§42ﬂz
In a completely analog way, we find region II with ¢}, > 4* and ¢3, < ji*
1 1 q%z.max dqz ﬂz dqz
FE")MM (W) = 2my (44p) /7 271r2 2 273r4 dPS(Z)(’”?{?‘ﬁz’qgﬂ dPS(Z)(qu,m%,m%)
w 34, min
x dps?) (434 m3, m3)|[ My _opp
a 1
= =S () Tyae + OW?/3) + Thoze )y (m26)12° (w20 . (B20)
27 (2¢¢) ’ 4>’ frizaaz=2n G 2pt g5, <
The region III contains the case where both, g7, and ¢3,, are smaller than y?
11 ¥ dg?, (¥ dq?
e ) =5y [ G [ Gt [ AP ) 4P
12,min 34, min
x dpS® (434 m3, m3)|[Mp_oae |
1 1 a\? R
:%@ <%> Sf(ﬂz)sf’(/"z)/dPS(z)(m%hO?O)lMH—»}/yP+O(/‘2/S)
1 1 /H2 dq3, /#2 dq§4/
+ dPS® (m? .42 G dps® q%,, m?, m3
2m[-1 (4///) q%zmin 27[ qukmin 27[ ( H 12 34) ( 12 1 2)
x dPS'?) (@540 m3, M)\ Mpz- 72020
— (2) ) g 02y, oy O(2/8) +T B21
=5 25) cW)So (W )l hsyy + OW/3) + Thoze 7o saene . (B21)
T 12 T <K gy <w

Region IV contains the case where both, ¢7, and ¢3,, are larger than 4. Therefore, no collinear approximation is applied

FIV ] 1 /q%Z,max dq%z q§4.max dq%4
"

H—>2f2f’(ﬂ2):M@ R 2z | o /dPS(z)(m%i"1%27‘1%4)dPS(2)(‘]%2vm%’m%)
W

x dPS®)(g3,. m3, m3)|Mpy_zp0 >

= FH—>2f2f’ |q%22y2,q§42y2 (B22)

Finally, we can write Eq. (33) as

Chaerer = Vs (02) + T ninr ) + T pn e (7)) + T s o (17). (B23)
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Note that the left-hand side is independent of the arbitrary
value y, as long as m} < p* < My, is fulfilled. It is a nice
feature that the anomalous couplings don’t have to be made
explicit in the above derivation. They are always contained
in the partial widths I'y_4,, Ty_2p4,, and I'y_,,,.

S. Decays to quarks

The derivations in the previous Secs. B4 and B3

remain valid, if we sum over all five light quarks and
replace Sy (1) = Shaa(4?)-
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