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We present an extension of the JHUGen and MELA framework, which includes an event generator and
library for the matrix element analysis. It enables simulation, optimal discrimination, reweighting
techniques, and analysis of a bosonic resonance and the triple and quartic gauge boson interactions with
the most general anomalous couplings. The new features, which become especially relevant at the current
stage of LHC data taking, are the simulation of gluon fusion and vector boson fusion in the off-shell region,
associated ZH production at NLO QCD including the gg initial state, and the simulation of a second spin-
zero resonance. We also quote translations of the anomalous coupling measurements into constraints on
dimension-six operators of an effective field theory. Some of the new features are illustrated with
projections for experimental measurements with the full LHC and HL-LHC datasets.
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I. INTRODUCTION

We present a coherent framework for the measurement
of couplings of the Higgs (H) boson and a possible
second spin-zero resonance. Our framework includes a
Monte Carlo generator and matrix element techniques for
optimal analysis of the data. We build upon the earlier
developed framework of the JHU generator and MELA
analysis package [1–4] and extensively use matrix elements
provided by MCFM [5–9]. Thanks to the transparent
implementation of standard model (SM) processes in
MCFM, we extend them to add the most general scalar
and gauge couplings and possible additional states. This
allows us to build on the previously studied topics [1–4,10–
58] and present phenomenological results in a unified
approach. This framework includes many options for pro-
duction and decay of the H boson. Here we consider gluon

fusion (ggH), vector boson fusion (VBF), and associated
production with a vector boson (VH) in both on-shellH and
off-shellH� production, with decays to two vector bosons. In
the off-shell case, interference with background processes is
included. Additional heavy particles in the gluon fusion loop
and a second resonance interferingwith the SMprocesses are
also considered. In the VH process, we include next-to-
leading order QCD corrections, as well as the gluon fusion
process for ZH. The processes with direct sensitivity to
fermion Hff̄ couplings, such as tt̄H, bb̄H, tqH, or
H → τþτ−, are discussed in Ref. [4].
In an earlier version of our framework, we focused

mostly on the Run-I targets and their possible extensions
as documented in Refs. [1–3]. It was adopted in Run-I
analyses using Large Hadron Collider (LHC) data [59–70].
Some new features in this framework have been reported
earlier [41] and have been used for LHC experimental
analyses. Most notably, this framework was employed
in recent Run-II measurements of the HVV anomalous
couplings from the first joint analysis of on-shell produc-
tion and decay [71,72], from the first joint analysis of on-
shell and off-shell H boson production [73], for the first
measurement of the CP structure of the Yukawa interaction
between theH boson and top quark [74], in the search for a
second resonance in interference with the continuum
background [75,76], and in projections to future on-shell
and off-shell H boson measurements at the high luminosity
(HL) LHC [77]. In this paper, we document, review, and
highlight the new features critical for exploring the full
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Run-II dataset at the LHC and preparing for Run-III and the
HL-LHC. We also broaden the theoretical underpinning,
allowing interpretation in terms of either anomalous cou-
plings or an effective field theory (EFT) framework.
Both Run-I and Run-II of the LHC have provided a large

amount of data on H boson properties and its interactions
with other SM particles, as analyzed by the ATLAS and
CMS experiments. The H boson has been observed in all
accessible production channels, gluon fusion, weak vector
boson fusion, VH associated production, and top-quark
associated production [78–84], and its production strength
is consistent with the SM prediction within the uncertain-
ties [41]. Also its decay channels into gauge bosons
(ZZ;WW; γγ) have been observed and do not show
significant deviations within the uncertainties [78–80].
The fermionic interactions have been established for the
third generation quarks (t, b) and the τ lepton [81–86],
and so far, they are consistent with the SM within the
uncertainties.
While this picture shows that Nature does not radically

deviate from the SM dynamics, it should be noted that
many generic extensions of the SM predict deviations only
below the current precision. Open questions remain, for
example about CP-odd mixtures, the Yukawa coupling
hierarchy, and other states involved in electroweak sym-
metry breaking. These questions can be addressed in the
years to come by fully utilizing the existing and upcoming
LHC datasets. In particular, the study of kinematic tails of
distributions involving the H boson is becoming accessible
for the first time. These signals involve off-shell H boson
production and strong interference effects with irreducible

backgrounds that are subject to the electroweak unitariza-
tion mechanism in the SM. This feature turns the kinematic
tails into particularly sensitive probes of the mechanism of
electroweak symmetry breaking and possible extensions
beyond the SM. Moreover, the study of electroweak
production of the H boson (VBF and VH) is probing
HVV interactions over a large range of momentum transfer,
which can expose possible new particles that couple
through loops. Even the direct production of new reso-
nances will first show up as deviations from the expected
high-energy tail of kinematic distributions. Hence, analyz-
ing these newly accessible features in off-shell H boson
production is of paramount importance to understand
electroweak symmetry breaking in the SM and possible
extensions involving new particles. In the following, we
review the framework and demonstrate its capabilities
through examples of possible analyses. The technical
details of the framework are described in the manual,
which can be downloaded at [87], together with the
source code.

II. PARAMETRIZATION OF ANOMALOUS
INTERACTIONS

A. H boson interactions

We present our parametrization of anomalous couplings
relevant for on-shell and off-shell H boson production and
decay. Following the notation of Refs. [1–3], the HVV
scattering amplitude of a spin-zero bosonH and two vector
bosons VV with polarization vectors and momenta εμ1, q1
and εμ2, q2, as illustrated in Fig. 1(a), is parametrized by

AðHV1V2Þ ¼
1

v

�
M2

V1

�
gVV1 þ κVV1 q21 þ κVV2 q22

ðΛVV
1 Þ2 þ κVV3 ðq1 þ q2Þ2

ðΛVV
Q Þ2 þ 2q1 · q2

M2
V1

gVV2

�
ðε1 · ε2Þ

− 2gVV2 ðε1 · q2Þðε2 · q1Þ − 2gVV4 εε1ε2q1q2

�
; ð1Þ

where MV1
is the vector boson’s pole mass, v is the

SM Higgs field vacuum expectation value, and gVV1;2;4,
κVV1;2=ðΛVV

1 Þ2, and κVV3 =ðΛVV
Q Þ2 are coupling constants to

be measured from data. This parametrization represents the
most general Lorentz-invariant form.
At tree level in the SM, only the CP-even HZZ

and HWW interactions contribute via gZZ1 ¼ gWW
1 ¼ 2.

The loop-induced interactions of HZγ, Hγγ, and Hgg
contribute effectively via the CP-even gVV2 terms and are
parameterically suppressed by α or αs. The CP-violating
couplings gVV4 are generated only at three-loop level in the
SM and are therefore tiny. Beyond the SM, all of these
couplings can receive additional contributions, which do
not necessarily have to be small. For example, the Hgg

(a) (b) (c) (d)

FIG. 1. Vertices relevant for HVV and Hff̄ interactions.
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interaction can be parametrized through a fermion loop, as
discussed later in application to Eq. (37). The fermions in
the loop interact with theH boson as illustrated in Fig. 1(b),
with the couplings κf and κ̃f and the amplitude

AðHff̄Þ ¼ −
mf

v
ψ̄fðκf þ iκ̃fγ5Þψf; ð2Þ

where ψ̄f and ψf are the Dirac spinors and mf is the
fermion mass. One may equivalently choose to express the
couplings through a Lagrangian (up to an unphysical global
phase)

Lhff ¼ −
mf

v
ψ̄fðκf þ iκ̃fγ5Þψfh; ð3Þ

which allows a connection to be made between the
couplings κf and κ̃f and anomalous operators in an
effective field theory. In the SM, the dominant contribution
to gluon fusion comes from a top quark loop with
ðκt; κ̃tÞ ¼ ð1; 0Þ.
The couplings κVVi =ðΛVV

i Þ2 in Eq. (1) are introduced to
allow for additional momentum dependence. Below, we
also show that these terms can be reinterpreted as the
contact interactions shown in Figs. 1(c) and 1(d). By
symmetry we have κZZ1 ¼ κZZ2 , but we do not enforce
κWW
1 ¼ κWW

2 for W� bosons. Note that κγγ1 ¼ κγγ2 ¼ κgg1 ¼
κgg2 ¼ κZγ1 ¼ 0, while κγZ1 ¼ κZγ2 may contribute [66]. The
coupling κVV3 =ðΛVV

Q Þ2 allows for scenarios which violate
the gauge symmetries of the SM.
For the Hgg couplings entering the gluon fusion process

we also consider the full one-loop dependence instead of
the effective ggg2;4 couplings in Eq. (1). This feature is
important for correctly describing off-shell Higgs produc-
tion and additional broad, heavy resonances, where the
q2-dependence of the interaction cannot be approximated
as a constant coupling. In addition to the closed quark loop
with explicit dependence on the bottom and top quark
masses, we allow for the insertion of fourth generation b0
and t0 quarks into the loop.
If a gauge boson in Eq. (1) is coupled to a light fermion

current, we replace its polarization vectors by

εμi ðqiÞ → jμi ¼ e
ψ̄f0γ

μðgVf0fL ωL þ gVf
0f

R ωRÞψf

q2i −M2
V þ iMVΓV

; ð4Þ

where e is the electron electric charge, ΓV is the gauge
boson’s width, ωL;R are the left- and right-handed chirality

projectors, and the gVf
0f

L;R are the corresponding couplings
of the gauge boson V to fermions. We also allow for
exchanges of additional spin-1 bosons V 0 between the H
boson and the fermions. Hence, we add

εμi ðqiÞ → jμi −
ψ̄f0γ

μðeV 0f0f
L ωL þ eV

0f0f
R ωRÞψf

q2i −M2
V 0 þ iMV 0ΓV 0

; ð5Þ

with the chirality and flavor dependent couplings eV
0f0f

L;R . In
this approach, we allow for flavor changing interactions
(f0 ≠ f) in both the neutral and charged V 0 interactions. In
the case where the V 0 boson is very heavy, the limit
M2

V 0=q2i → ∞ yields the contact interaction

εμi ðqiÞ → jμi þ
1

M2
V 0
ψ̄f0γ

μðeV 0f0f
L ωL þ eV

0f0f
R ωRÞψf ð6Þ

in Figs. 1(c) and 1(d). We note that these contact terms and
new V 0 states 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, the HZff̄ contact
terms are equivalent to the already constrained κZZ1;2 and κZγ2
terms [31,33] if coupling flavor universality is assumed.
Under the approximation that the Z boson has a narrow
width, this correspondence, given in Eq. (28), only involves
real couplings. For example, in the limit where ΓZ ≪ MZ, a
nonzero κZZ1 =ðΛZZ

1 Þ2 in Eq. (1) is equivalent to shifting
gZZ1 → gZZ1 þ 2κZZ1 ðMZ=ΛZZ

1 Þ2 and activating a contact

interaction gZZ
0

1 ¼ κZZ1 ðMZ0=ΛZZ
1 Þ2, eZ0f0f

λ ¼ egZf
0f

λ .
The parametrization of the amplitude in Eq. (1) can be

related to a fundamental Lagrange density function. Here,
we closely follow the so-called Higgs basis of Ref. [41],
which is based on an effective field theory expansion up to
dimension six. The relevant SUð3Þ × SUð2Þ × Uð1Þ invari-
ant Lagrangian forH boson interactions with gauge bosons
(in the mass eigenstate parametrization) reads

Lhvv ¼
h
v

�
ð1þ δczÞ

ðg2 þ g02Þv2
4

ZμZμ þ czz
g2 þ g02

4
ZμνZμν þ cz□g2Zμ∂νZμν þ c̃zz

g2 þ g02

4
ZμνZ̃μν

þ ð1þ δcwÞ
g2v2

2
Wþ

μ W−
μ þ cww

g2

2
Wþ

μνW−
μν þ cw□g2ðW−

μ ∂νWþ
μν þ H:c:Þ þ c̃ww

g2

2
Wþ

μνW̃−
μν

þ czγ
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
2

ZμνAμν þ c̃zγ
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
2

ZμνÃμν þ cγ□gg0Zμ∂νAμν

þ cγγ
e2

4
AμνAμν þ c̃γγ

e2

4
AμνÃμν þ cgg

g2s
4
Ga

μνGa
μν þ c̃gg

g2s
4
Ga

μνG̃
a
μν

�
; ð7Þ
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in accordance with Eq. (II.2.20) in Ref. [41].1 The
fields and real-valued couplings, as well as the corres-
ponding dimension-six operators, are defined in Ref. [41];
for example, g2 þ g02 ¼ e2=ðswcwÞ2, e2 ¼ 4πα and
g2s ¼ 4παs. We note that when restricting the discus-
sion to the dimension-six effective field theory (see
Eq. (II.2.38) in Ref. [41]), Eq. (7) is parametrized by
ten real degrees of freedom, so not all of the coefficients
are independent. For example, the coefficients δcw,

cww, c̃ww, cw□, and cγ□ can be expressed through
linear combinations of the other couplings. The redun-
dancy was introduced intentionally in Ref. [41] for
easier connections to observable quantities in Higgs
physics.
The generality of our amplitude parametrization allows

us to uniquely represent each EFT coefficient in Eq. (7) by
an anomalous coupling in Eq. (1). Limiting our couplings
to real-valued numbers, we find

δcz ¼
1

2
gZZ1 − 1; czz ¼ −

2s2wc2w
e2

gZZ2 ; cz□ ¼ M2
Zs

2
w

e2
κZZ1

ðΛZZ
1 Þ2 ; c̃zz ¼ −

2s2wc2w
e2

gZZ4 ;

δcw ¼ 1

2
gWW
1 − 1; cww ¼ −

2s2w
e2

gWW
2 ; cw□ ¼ M2

Ws
2
w

e2
κWW
1

ðΛWW
1 Þ2 ; c̃ww ¼ −

2s2w
e2

gWW
4 ;

czγ ¼ −
2swcw
e2

gZγ2 ; c̃zγ ¼ −
2swcw
e2

gZγ4 ; cγ□ ¼ swcw
e2

M2
Z

ðΛZγ
1 Þ2 κ

Zγ
2 ;

cγγ ¼ −
2

e2
gγγ2 ; c̃γγ ¼ −

2

e2
gγγ4 ; cgg ¼ −

2

g2s
ggg2 ; c̃gg ¼ −

2

g2s
ggg4 : ð8Þ

The Lagrangian for SM HVV interactions is retained
by setting δcz ¼ δcw ¼ 0 and all other ci ¼ 0. Hence,
only the CP-even HZZ and HWW interactions remain at
tree level.
Not every anomalous coupling in Eq. (1) has a corre-

sponding term in the EFT Lagrangian of Eq. (7). For
example, the gauge invariance violating term κVV3 =ðΛVV

Q Þ2
has no correspondence because Lhvv is gauge invariant by
construction. Similarly, charge symmetry in Lhvv enforces
κWW
1 ¼ κWW

2 , which does not necessarily have to be true in

our amplitude setting. For a unique comparison at the level
of dimension-six interactions, the above mentioned
dependencies among EFT coefficients also have to be
enforced in the amplitude parametrization of Eq. (7). We
quote these relations later in Sec. II C. Correspondences to
other EFT bases are obviously possible. As an illustration,
we quote relationships of the CP violating couplings to the
Warsaw basis [88] in Appendix.
The dimension-six Lagrangian for HVff̄ contact inter-

actions (cf. Eq. (II.2.24) in Ref. [41]) reads

Lhvff ¼ 2e
h
v

�
Wþ

μffiffiffi
2

p
sw

ðūLγμδghWq
L dL þ ūRγμδg

hWq
R dR þ ν̄Lγ

μδghWl
L eLÞ

þ W−
μffiffiffi

2
p

sw
ðd̄LγμδghWq

L uL þ d̄Rγμδg
hWq
R uR þ ēLγμδghWl

L νLÞ

þ Zμ

swcw

� X
f¼u;d;e;ν

f̄Lγμδg
hZf
L fL þ

X
f¼u;d;e

f̄Rγμδg
hZf
R fR

��
: ð9Þ

It contributes to the amplitude shown in Fig. 1(c). A relationship to our framework with anomalous couplings can be
obtained in the limit M2

V 0=q2i → ∞. It is given by

δghWf
λ ¼ M2

W

M2
W0

ffiffiffi
2

p
sw
e

gWW
1 eW

0f0f
λ ; δghZfλ ¼ M2

Z

M2
Z0

swcw
2e

gZZ1 eZ
0ff

λ ; ð10Þ

1We note that the so-called Higgs basis is based on a set of Lagrangians for Higgs physics that do not contain the whole SM. Hence, it
is not a complete operator basis in the strict mathematical sense. In this work, however, all contributions have direct relations to the
Warsaw basis, which fulfills the requirements of a complete basis.
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where λ ¼ L, R. Similar to the above, the coefficients
δghVfλ are not independent couplings and can be expressed
through other coefficients of the dimension-six effective
field theory.

B. Gauge boson self-interactions

In studying off-shell H boson production, some
Feynman diagrams not involving an H boson also con-
tribute. In particular, the processes gg → WW and qq0 →
qq0 þWW=ZZ=Zγ�=γ�γ�ð→ 4fÞ involve diagrams with
triple and quartic gauge boson self couplings, shown in
Fig. 2, instead of an H boson vertex. Since there is an
intricate interplay between gauge boson self couplings and

H boson gauge couplings (which guarantees unitarity of
the cross section at high energies), we also consider gauge
boson self couplings in our study. Their parametriza-
tion reads

AðVWþW−Þ ¼ ð−eÞdVWWfðεV · εþÞðqV12 · ε−Þ þ ðεþ · ε−ÞðqV23 · εVÞ þ ðεV · ε−ÞðqV31 · εþÞ þ dV4 εεVεþε−p1
g; ð11Þ

AðV1V2WþW−Þ ¼ ðþe2ÞdVVWWfðε1 · εþÞðε2 · ε−Þ þ ðε1 · ε−Þðε2 · εþÞ − 2ðε1 · ε2Þðεþ · ε−Þg; ð12Þ

where qVij ¼ dVi pi − dVj pj is the relative momentum transfer. We fix dγWW ¼ 1 and dZWW ¼ cw=sw per convention and
allow all other couplings to vary. In the SM, their values are

dV1 ¼ dV2 ¼ dV3 ¼ 1; dV4 ¼ 0;

dγγWW ¼ 1; dZγWW ¼ cw
sw

; dZZWW ¼ c2w
s2w

; dWWWW ¼ 1

2s2w
: ð13Þ

Extensions of the gauge sector of the SM lead to modifications of the above couplings. For example, the CP-violating term
dV4 in Eq. (13) can be nonzero. The relevant contributions of the dimension-six Lagrangian for the triple and quartic gauge
boson self-interactions are (see Eqs. (3.12, 3.14, 3.15) in Ref. [89])

Ltgc ¼ ieðWþ
μνW−

μ −W−
μνWþ

μ ÞAν þ ie½ð1þ δκγÞAμνWþ
μ W−

ν þ κ̃γÃμνWþ
μ W−

ν �
þ ie

cw
sw

½ð1þ δg1;zÞðWþ
μνW−

μ −W−
μνWþ

μ ÞZν þ ð1þ δκzÞZμνWþ
μ W−

ν þ κ̃zZ̃μνWþ
μ W−

ν �; ð14Þ

Lqgc ¼ e2ðWþ
μ AμW−

ν Aν −Wþ
μ W−

μAνAνÞ þ
e2

2s2w
ð1þ 2c2wδg1;zÞðWþ

μ Wþ
μ W−

νW−
ν −Wþ

μ W−
μWþ

ν W−
ν Þ

þ e2
c2w
s2w

ð1þ 2δg1;zÞðWþ
μ ZμW−

ν Zν −Wþ
μ W−

μZνZνÞ

þ e2
cw
sw

ð1þ δg1;zÞðWþ
μ ZμW−

ν Aν þWþ
μ AμW−

ν Zν − 2Wþ
μ W−

μZνAνÞ: ð15Þ

The anomalous coefficients in Eqs. (14) and (15) are related to couplings in Eqs. (11) and (12) by

δκγ ¼
1

2
ðdγ1 − 1Þ; κ̃γ ¼

1

2
dγ4; δκz ¼

1

2
ðdZ1 − 1Þ; κ̃z ¼

1

2
dZ4 ;

δg1;z ¼ dZ2 − 1 ¼ dZ3 − 1 ¼ 1

2

�
s2w
c2w

dZZWW − 1

�
¼ sw

cw
dZγWW − 1: ð16Þ

Similar to the case of Lhvv, not all coefficients in Eqs. (14) and (15) are independent in the effective field theory framework,
and we discuss their dependence in the next subsection. Moreover, additional anomalous triple and quartic contributions,
the λγ;Z, λ̃γ;Z terms in Ref. [41,89], can arise. These additional terms are unrelated to any of the H boson contributions, and
therefore, we do not consider them here.

(a) (b)

FIG. 2. Gauge boson self interactions related to the HVV
vertices.
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C. Coupling relations

In the previous subsections we related our anomalous
couplings to the effective field theory coefficients of the
so-called Higgs basis [41]. As mentioned above, not all
of the EFT coefficients are independent when limiting
the discussion to dimension-six interactions.2 The linear
relations for the dependent coefficients can be found in
Ref. [41] and they translate into relations among our
anomalous couplings. Enforcing these relations allows a
unique comparison between the two frameworks, based
on a minimal set of degrees of freedom. We find for the
HVV interactions

gWW
1 ¼ gZZ1 þ ΔMW

MW
; ð17Þ

gWW
2 ¼ c2wgZZ2 þ s2wg

γγ
2 þ 2swcwg

Zγ
2 ; ð18Þ

gWW
4 ¼ c2wgZZ4 þ s2wg

γγ
4 þ 2swcwg

Zγ
4 ; ð19Þ

κWW
1

ðΛWW
1 Þ2 ðc

2
w − s2wÞ ¼

κZZ1
ðΛZZ

1 Þ2 þ 2s2w
gγγ2 − gZZ2

M2
Z

þ 2
sw
cw

ðc2w − s2wÞ
gZγ2
M2

Z
; ð20Þ

κZγ2
ðΛZγ

1 Þ2 ðc
2
w − s2wÞ ¼ 2swcw

�
κZZ1

ðΛZZ
1 Þ2 þ

gγγ2 − gZZ2
M2

Z

�

þ 2ðc2w − s2wÞ
gZγ2
M2

Z
: ð21Þ

The term ΔMW in Eq. (17) induces a shift in the W
boson mass. Given that MW is experimentally measured
to high precision one can assume ΔMW ≈ 0. The

couplings eV
0f0f

λ for HVff̄ contact interactions in
Eq. (6) are equal to the corresponding Vf̄f couplings

gVf
0f

λ in the SM. Therefore, one can often neglect them
as they are strongly constrained by electroweak preci-
sion measurements. The gauge boson self couplings in
Eqs. (11)–(13) are determined by HVV couplings in
Eq. (1) through

dγ1 ¼ 1þ ðgγγ2 − gZZ2 Þc2w þ gZγ2

�
cw
sw

− 2swcw

�
; ð22Þ

dγ4 ¼ðgγγ4 − gZZ4 Þc2w þ gZγ4

�
cw
sw

− 2swcw

�
; ð23Þ

dZ1 ¼ 1 − 2
s2wc2w

c2w − s2w
ðgγγ2 − gZZ2 Þ − 2swcwg

Zγ
2

−
M2

Z

2ðc2w − s2wÞ
κZZ1

ðΛZZ
1 Þ2 ; ð24Þ

dZ2 ¼ dZ3 ¼ 1 −
s2w

c2w − s2w
ðgγγ2 − gZZ2 Þ − sw

cw
gZγ2

−
M2

Z

2ðc2w − s2wÞ
κZZ1

ðΛZZ
1 Þ2 ; ð25Þ

dZ4 ¼ −
s2w
c2w

dγ4; ð26Þ

dZZWW ¼ c2w
s2w

ð2dZ2 − 1Þ; dZγWW ¼ cw
sw

dZ2 : ð27Þ

D. Correspondence to a pseudo-observable
framework

Here we briefly quote relations between our parametri-
zation and the so-called pseudo-observable framework
[31]. Similar to our work, the pseudo-observables are
derived from on-shell amplitudes. For the H → ZZ=Zγ�=
γ�γ� → 4l amplitude we find the relations

κZZ ¼ 1

2
gZZ1 þM2

Z − iMZΓZ

ðΛZZ
1 Þ2 κZZ1 ; εZZ ¼ gZZ2 ; εCPZZ ¼ gZZ4 ;

εγγ ¼ gγγ2 ; εCPγγ ¼ gγγ4 ; εZγ ¼ −gZγ2 ; εCPZγ ¼ −gZγ4 ;

εZfλ ¼
M2

Z − iMZΓZ

2ðΛZZ
1 Þ2 κZZ1 egZffλ −

M2
Z − iMZΓZ

2ðΛZγ
1 Þ2 κZγ2 eQf;

ð28Þ

for the couplings given in Eqs. (9–11) and Eqs. (20–21) of
Ref. [31]. Similarly, the relations for the H → WþW− →
2l2ν amplitude read

κWW ¼ 1

2
gWW
1 þM2

W − iMWΓW

2ðΛWW
1 Þ2 ðκWW

1 þ κWW
2 Þ;

εWW ¼ gWW
2 ; εCPWW ¼ gWW

4 ;

ε�Wlλ
¼ M2

W − iMWΓW

2ðΛWW
1 Þ2 κWW

1 egWlν
λ ;

εWl0λ
¼ M2

W − iMWΓW

2ðΛWW
1 Þ2 κWW

2 egWl0ν0
λ : ð29Þ

Note that the imaginary terms in these relations are
proportional to ΓV=MV , so that in the limit ΓV ≪ MV ,
real couplings in one framework translate to real couplings

in the other. The gVf
0f

λ are the chiral couplings of fermions
to gauge bosons in Eq. (4). Similar to the effective field
theory framework, the κVV3 =ðΛVV

Q Þ2 term in Eq. (1) does not

2It should be noted that contributions of dimension-eight can
invalidate the relations. See the comments in Sec. II.2.1.d of
Ref. [41].
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have a counter piece in the pseudo-observable framework.
For all other couplings, there is a unique correspondence to
our parametrization in Eq. (4). Gauge boson self couplings
can also be incorporated in the pseudo-observable frame-
work (see Refs. [33,90]), but we do not explicitly quote the
relations to our framework here.

E. Unitarization

The above interactions describe all possible dynamics
involving the H boson as appearing in gluon fusion
gg → H, vector boson fusion VV → H, associated produc-
tion V → VH, and its decays to bosons and fermions. For
on-shellH boson production and decay, the typical range of
invariant masses is Oð100 GeVÞ. However, in associated
and off-shell production of the H boson, there is no
kinematic limit on q2Vi or q2H other than the energy of
the colliding beams. When anomalous couplings with q2-
dependence are involved, this sometimes leads to cross
sections growing with energy, which leads to unphysical
growth at high energies. Obviously, these violations are
unphysical and an artifact of the lacking knowledge of a
UV-complete theory. Therefore, one should dismiss regions
of phase space where a violation of unitarity happens. To
mend this issue, we allow the option of specifying smooth
cut-off scalesΛV1;i,ΛV2;i,ΛH;i for anomalous contributions
with the form factor scaling

Λ2
V1;iΛ2

V2;iΛ2
H;i

ðΛ2
V1;i þ jq2V1jÞðΛ2

V2;i þ jq2V2jÞðΛ2
H;i þ jðqV1 þ qV2Þ2jÞ

:

ð30Þ
Studies of experimental data should include tests of dif-
ferent form-factor scales when there is no direct bound
on the q2-ranges. An alternative approach is to limit the
q2-range in experimental analysis by restricting the data
sample, using, for example, a requirement on the transverse
momentum pT of the reconstructed particles. The exper-
imental sensitivity of both approaches is equivalent and no
additional tools are required for the latter approach.
However, such restrictions of the data sample lead to
statistical fluctuations and therefore noisy results. They
are also difficult experimentally since each new restriction
requires re-analysis of the data, rather than simply a change
in the signal model. Moreover, while pT of the particles and
q2 of the intermediate vector bosons are correlated, this
correlation is not 100%. Therefore, it is not possible to have
a fully consistent analysis in all channels using this
approach. Finally, we note that other unitarization pre-
scriptions have been presented in Refs. [55,91].

III. 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. We denote the coupling constants
as an, which could stand for gn, cn, or κn as used in
Sec. II. The cross section of a process i → H → f can be
expressed as

dσði → H → fÞ
ds

∝
ðP αðiÞjk ajakÞð

P
αðfÞlm alamÞ

ðs −M2
HÞ2 þM2

HΓ2
tot

; ð31Þ

where ðP αðiÞjk ajakÞ describes the production for a particu-

lar initial state i and ðP αðfÞlm alamÞ describes the decay for a
particular final state f. Here we assume real coupling
constants an, though these formulas can also be extended to

complex couplings. The coefficients αðiÞjk and αðfÞlm evolve
with s and may be functions of kinematic observables.
These coefficients can be obtained from simulation, as we
discuss in Sec. IV. In this section, we discuss integrated

cross sections, and for this reason we deal with αðiÞjk and αðfÞlm

as constants that have already been integrated over the
kinematics. We will come back to the kinematic depend-
ence in Sec. V.
In the narrow-width approximation for on-shell produc-

tion, we integrate Eq. (31) over s in the relevant range,
∼MHΓtot around the central value of M2

H, to obtain the
cross section for the process of interest

σði → H → fÞ ∝ ðP αðiÞjk ajakÞð
P

αðfÞlm alamÞ
Γtot

: ð32Þ

One can express the total width as

Γtot ¼ Γknown þ Γother; ð33Þ

where Γknown represents decays to known particles and
Γother represents other unknown final states, either invisible
or undetected in experiment.
Without direct constraints on Γother, if results are to be

interpreted in terms of couplings via the narrow-width
approximation in Eq. (32), assumptions must be made on
Γother. However, in the case of the ZZ andWW final states,
there is an interplay between the massive vector boson or
the H boson going off-shell, resulting in a sizable off-shell
H� production [92] with ðs −M2

HÞ ≫ MHΓtot in Eq. (31).
The resulting cross section in this region s > ð2MWÞ2 is
independent of the width. It should be noted that Eq. (31)
represents only the signal part of the off-shell process with
the H boson propagator. The full process involves back-
ground and its interference with the signal [92,93], as we
illustrate in Sec. VII. Nonetheless, the lack of width
dependence in the off-shell region is the basis for the
measurement of the H boson ’s total width Γtot [93],
provided that the evolution of Eq. (31) with s is known.
Therefore, a joint analysis of the on-shell and off-shell
regions provides a simultaneous measurement of Γtot and of

NEW FEATURES IN THE JHU GENERATOR FRAMEWORK: … PHYS. REV. D 102, 056022 (2020)

056022-7



the cross sections corresponding to each coupling an in a
process i → Hð�Þ → f, as illustrated in Refs. [67,73]. In a
combination of multiple processes, the measurement can be
further interpreted as constraints on Γother and the cou-
plings, following Eqs. (32) and (33), and with the help of
the identity

Γknown ¼
X
f

Γf ¼ ΓSM
tot ×

X
f

�ΓSM
f

ΓSM
tot

×
Γf

ΓSM
f

�

¼
X
f

ΓSM
f

X
lm

αðfÞlm alam: ð34Þ

The coefficients αðfÞlm describe couplings to the known

states and are normalized in such a way that RfðanÞ ¼
ðP αðfÞlm alamÞ ¼ 1 in the SM, and otherwise RfðanÞ ¼
Γf=ΓSM

f .
In the following, we proceed to discuss the on-shell

part of the measurements using the narrow-width approxi-
mation. In Table I, we summarize all the coefficients
and functions Rf needed to calculate Γknown in Eq. (34).

These expressions with explicit coefficients αðfÞlm help us to
illustrate the relationship between the coupling constants
introduced in Sec. II and experimental cross-section mea-
surements. We will also use these expressions in Sec. VI
in application to particular measurements. For almost all
calculations, we use the JHUGen framework implementa-
tion discussed in Sec. IV. The only exceptions are Rγγ and
RZγ , which are calculated using HDECAY [94,95]. The
calculations are performed at LO in QCD and EW, with
the MS-mass for the top quark mt ¼ 162.7 GeV and the
on-shell mass for the bottom quark mb ¼ 4.18 GeV, and
QCD scale μ ¼ MH=2.
For all fermion final states H → qq̄, where we generi-

cally use q ¼ b, c, τ, μ to denote either quarks or leptons, in
the limit mq ≪ MH we obtain

Rqq ¼ κ2q þ κ̃2q: ð35Þ

For the gluon final state H → gg, we allow for top and
bottom quark contributions through the couplings from
Eq. (2). In addition, we introduce a new heavy quark Q
with mass mQ ≫ MH and couplings to theH boson κQ and
κ̃Q. The result is

Rgg ¼ 1.1068κ2t þ 0.0082κ2b − 0.1150κtκb þ 2.5717κ̃2t

þ 0.0091κ̃2b − 0.1982κ̃tκ̃b þ 1.0298κ2Q

− 1.2095κQκt − 0.1109κQκb þ 2.3170κ̃2Q

þ 4.8821κ̃Qκ̃t − 0.1880κ̃Qκ̃b: ð36Þ

The κQ and κ̃Q couplings are connected to the ggg2 and ggg4
pointlike interactions introduced in Eq. (1) through

ggg2 ¼ −αsκQ=ð6πÞ; ggg4 ¼ −αsκ̃Q=ð4πÞ ð37Þ

in the limit where mQ ≫ MH. The function Rgg also
describes the scaling of the gluon fusion cross section
with anomalous coupling contributions. Setting κq ¼ κt ¼
κb and κ̃q ¼ κ̃t ¼ κ̃b, we find the ratio σðκ̃q ¼ 1Þ=
σðκq ¼ 1Þ ¼ 2.38, which differs from the ratio for a very
heavy quark σðκ̃Q ¼ 1Þ=σðκQ ¼ 1Þ ¼ ð3=2Þ2 ¼ 2.25 due
to finite quark mass effects. The latter ratio follows from the
observation σðggg4 ¼ 1Þ ¼ σðggg2 ¼ 1Þ. In experiment, it is
hard to distinguish the pointlike interactions ggg2 and ggg4 , or
equivalently κQ and κ̃Q, from the SM-fermion loops. In the
H → gg decay, there is no kinematic difference. In the
gluon fusion production, there are effects in the tails of
distributions, such as the transverse momentum, or in the
off-shell region, as we discuss in Sec. VII. However, in
Sec. VI these effects are negligible and we do not
distinguish the ggg2 and ggg4 couplings from the SM-fermion
loops.
For the H → WW → four-fermion final state, we set

ΛWW
1 ¼ 100 GeV in Eq. (1) in order to keep all numerical

coefficients of similar order, and rely on the κWW
1 ¼ κWW

2

relationship to obtain

RWW ¼
�
gWW
1

2

�
2

þ 0.1320ðκWW
1 Þ2 þ 0.1944ðgWW

2 Þ2

þ 0.08075ðgWW
4 Þ2 þ 0.7204

�
gWW
1

2

�
κWW
1

þ 0.7437

�
gWW
1

2

�
gWW
2 þ 0.2774κWW

1 gWW
2 : ð38Þ

For the H → ZZ=Zγ�=γ�γ� → four-fermion final state,
we set ΛZγ

1 ¼ ΛZZ
1 ¼ 100 GeV in Eq. (1) and rely on the

κZγ2 and κZZ1 ¼ κZZ2 parameters to express

TABLE I. Partial widths Γf of the dominant H → f decay
modes in the SM in the narrow-width approximation [41] and
their modifications with anomalous couplings at MH ¼125GeV,
where ΓSM

tot ¼ 4.088 × 10−3 GeV. Final states with ΓSM
f < ΓSM

μμ

are neglected.

H → f channel ΓSM
f =ΓSM

tot Γf=ΓSM
f Equations

H → bb̄ 0.5824 ðκ2b þ κ̃2bÞ Eq. (35)
H → WþW− 0.2137 RWWðanÞ Eq. (38)
H → gg 0.08187 RggðanÞ Eq. (36)
H → τþτ− 0.06272 ðκ2τ þ κ̃2τ Þ Eq. (35)
H → cc̄ 0.02891 ðκ2c þ κ̃2cÞ Eq. (35)
H → ZZ=Zγ�=γ�γ� 0.02619 RZZ=Zγ�=γ�γ� ðanÞ Eq. (39)
H → γγ 0.002270 RγγðanÞ Eq. (40)
H → Zγ 0.001533 RZγðanÞ Eq. (41)
H → μþμ− 0.0002176 ðκ2μ þ κ̃2μÞ Eq. (35)
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RZZ=Zγ�=γ�γ� ¼
�
gZZ1
2

�
2

þ 0.1695ðκZZ1 Þ2 þ 0.09076ðgZZ2 Þ2 þ 0.03809ðgZZ4 Þ2

þ 0.8095

�
gZZ1
2

�
κZZ1 þ 0.5046

�
gZZ1
2

�
gZZ2 þ 0.2092κZZ1 gZZ2

þ 0.1023ðκZγ2 Þ2 þ 0.1901

�
gZZ1
2

�
κZγ2 þ 0.07429κZZ1 κZγ2 þ 0.04710gZZ2 κZγ2 : ð39Þ

We set gZγ2 ¼ gZγ4 ¼ gγγ2 ¼ gγγ4 ¼ 0 in Eq. (39). These four couplings require a coherent treatment of the q2 cutoff for the
virtual photon and are left for a dedicated analysis. We note that some final states in the H → WW and ZZ=Zγ�=γ�γ� →
four-fermion decays may interfere, but their fraction and phase-space overlap are very small. We therefore neglect this
effect.
For the H → γγ and Zγ final states, we include the W boson and the top and bottom quarks in the loops and obtain

Rγγ ¼ 1.60578

�
gWW
1

2

�
2

þ 0.07313κ2t − 0.68556

�
gWW
1

2

�
κt þ 0.00002κ2b − 0.00183κtκb

þ 0.00846

�
gWW
1

2

�
κb þ 0.16993κ̃2t þ 0.00002κ̃2b − 0.00315κ̃tκ̃b: ð40Þ

RZγ ¼ 1.118600

�
gWW
1

2

�
2

þ 0.003489κ2t − 0.125010

�
gWW
1

2

�
κt þ 0.000003κ2b − 0.000183κtκb

þ 0.003100

�
gWW
1

2

�
κb þ 0.012625κ̃2t þ 0.000005κ̃2b − 0.000467κ̃tκ̃b: ð41Þ

The pointlike interactions gγγ2 and gγγ4 or gZγ2 and gZγ4 could
be considered in Eqs. (40) and (41). However, following
the approach in Eq. (39), these are left to a dedicated
analysis. Within the SM EFT theory approach, a fully
general study is available in Ref. [96]. We do not consider
higher-order corrections, such as terms involving κWW

1;2 ,
gWW
2 , or gWW

4 , in Eqs. (40) and (41). We also neglect the
H → γ�γ contribution.
To conclude the discussion of the cross sections, we note

that the relative contribution of an individual coupling an,

either to production ðP αðiÞjk ajakÞ or to decay ð
P

αðfÞlm alamÞ,
can be parametrized as an effective cross-section fraction

fði;fÞan ¼ αði;fÞnn a2nP
mα

ði;fÞ
mm a2m

× sign

�
an
a1

�
; ð42Þ

where the sign of the an coupling relative to the dominant
SMcontribution a1 is incorporated into the fan definition. In
the denominator of Eq. (42), the sum runs over all couplings
contributing to the i → H orH → f process. By convention,
the interference contributions are not included in the effec-
tive fraction definition in Eq. (42) so that this parameter can
be more easily interpreted.
We adopt the definition of fan used by the LHC

experiments [66,69,97] for HWW, HZZ, HZγ, and Hγγ
anomalous couplings in the H → ZZ=Zγ�=γ�γ� → 2e2μ
process, with the HWW couplings related through
Eqs. (17)–(20); fggCP in the ggH process for the effective

Hgg couplings [3]; and fqqCP for processes involving Hqq̄
fermion couplings, such as H → qq̄, with αmm ¼ 1 in
Eq. (42). The latter convention for fttCP is extended to
the Htt̄ couplings as well, despite the fact that Eq. (35) is
not valid for the heavy top quark [4]. It is also easy to invert
Eq. (42) to relate the cross section fractions to coupling
ratios via

an
am

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jfanjαmm

jfamjαnn

s
× signðfanfamÞ; ð43Þ

where we omit the process index for either i → H or
H → f. Because

P
n jfanj ¼ 1, only all but one of

the parameters are independent. We choose to use the
fan corresponding to anomalous couplings as our inde-
pendent set of parameters, leaving for example fa1 ¼
ð1 −P

n≠1 jfanjÞ as a dependent one.
There are several advantages in using the fan parameters

in Eq. (42) in analyzing a given process on the LHC.
First of all, the fan and signal strength μi→f ¼ σi→f=σi→f

SM
form a complete and minimal set of measurable parameters
describing the process i → H → f. Measuring directly in
terms of couplings introduces degeneracy in Eq. (32),
because, for example, the production couplings can be
scaled up and the decay couplings down without changing
the result. A similar interplay occurs between the couplings
appearing in the numerator and the denominator of
Eq. (32). Second, the fan parameters are independent of
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Γtot, which is absorbed into μi→f. In contrast, the direct
coupling measurement an depends on the assumptions in
Eq. (33), including Γother. Third, fan has the same meaning
in all production and all decay channels of theH boson. For
example, the fan measurement in VBF production is
invariant with respect to the H → f decay channel used.

This can be seen from Eq. (32), where ðP αðfÞlm alamÞ=Γtot

can be absorbed into the μi→f parameter.3 Fourth, fan is a
ratio of observable cross sections, and therefore it is
invariant with respect to the an coupling scale convention.
For example, the fan value is identical for either the cn or gn
couplings related in Eq. (8). Fifth, in the experimental
measurements of fan most systematic uncertainties cancel
in the ratios, making it a clean measurement to report.
Sixth, the fan are convenient parameters for presenting
results as their full range is bounded between −1 and þ1,
while the couplings and their ratios are not bounded.
Finally, the fan have an intuitive interpretation, as their
values indicate the fractional contribution to the measurable
cross section, while there is no convention-invariant inter-
pretation of the coupling measurements. In the end, the
measurements in individual processes can be combined,
and at that point their interpretation in terms of couplings
becomes natural. However, this becomes feasible only
when the number of measurements is at least equal to,
or preferably exceeds, the number of couplings.

IV. JHUGEN/MELA FRAMEWORK

The JHUGen (or JHU generator) and MELA (or matrix
element likelihood approach) framework is designed for the
study of a generic bosonic resonance decaying into SM
particles. JHUGen is a stand-alone event generator that
generates either weighted events into predefined histo-
grams or unweighted events into a Les Houches events
(LHE) file. A subsequent parton shower simulation as well
as full detector simulation can be added using other
programs compatible with the LHE format. The MELA
package is a library of probability distributions based
on first-principle matrix elements. It can be used for
Monte Carlo reweighting techniques and the construction
of kinematic discriminants for an optimal analysis. The
packages are based on developments reported in this
work and Refs. [1–4]. It can be freely downloaded at
[87]. The package has been employed in the Run-I and
Run-II analyses of LHC data for the H boson property
measurements [59–76].
Our framework supports a wide range of production

processes for spin-zero, spin-one, and spin-two resonances
and their decays into SM particles. All interaction vertices

can have the most general Lorentz-invariant structure with
CP-conserving orCP-violating degrees of freedom.We put
a special emphasis on spin-zero resonances H, for which
we allow production through gluon fusion, associated
production with one or two jets, associated production
with a weak vector boson (Z=γ�H;WH; γH), weak vector
boson fusion (VVjj → Hjj), and production in association
with heavy flavor quarks, such as tt̄H, tH and bb̄H at the
LHC. The supported decay modes include H → ZZ=
Zγ�=γ�γ� → 4f, H → WW → 4f, H → Zγ=γ�γ → 2fγ,
H → γγ, H → ττ, and generally H → ff̄, with the most
general Lorentz-invariant coupling structures. Spin corre-
lations are fully included, as are interference effects from
identical particles.
To extend the capabilities of our framework, JHUGen

also allows interfacing the decay of a spin-zero particle
after its production has been simulated by other MC
programs (or by JHUGen itself) through the LHE file
format. As an example, this allows production of a spin-
zeroH boson through NLO QCD accuracy with POWHEG
[98] and further decay with the JHUGen. Higher-order
QCD contributions are discussed in Ref. [4] for the tt̄H
process and below for the ZH process. Another interface
with the MCFM Monte Carlo generator [5–9] allows
accessing background processes and off-shell H� boson
production, including interference with the continuum.
In the following we briefly outline new key features in

our JHUGen/MELA framework that become available with
this publication. In the subsequent sections, we apply these
new features and demonstrate how they can be used for
LHC physics analyses. In the simulation, the values of s2w,
MW , ΓW , mZ, and ΓZ are parameters configurable inde-
pendently, and in this paper we set s2w ¼ 0.23119, MW ¼
80.399 GeV, ΓW ¼ 2.085 GeV, MZ ¼ 91.1876 GeV, and
ΓZ ¼ 2.4952 GeV [99,100].

A. Off-shell simulation of the H boson in gluon
fusion and a second scalar resonance

We extend our previous calculation of gg → H →
VV → 4f by allowing m4l to be far off the H resonance
mass peak. In these regions of phase space the irreducible
background from qq̄=gg → VV → 4f continuum produc-
tion becomes significant and, in the case of the gg initial
state, interferes with the H production amplitudes, as
illustrated in Fig. 3. The MCFM generator [7] contains
the SM amplitudes for this process at LO. Our add-on
extends the MCFM code and incorporates the most general
anomalous couplings in the H boson amplitude. We allow
two possible parametrizations of the CP-even and CP-odd
degrees of freedom: the pointlike Hgg couplings ggg2 , g

gg
4

and the full one-loop amplitude with heavy quark flavors,
using the Yukawa-type couplings κq, κ̃q. Additional hypo-
thetical fourth-generation quarks with anomalous HQQ̄
couplings can be included as well. For the study of a second

3The situation when production and decay cannot be de-
coupled in analysis of the data due to the same couplings
appearing in both processes, such as in i → VV → H →
VV → f, is discussed in detail in Sec. VI.
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H-like resonance X with mass mX and width ΓX, we allow
for the same set of couplings and decay modes.

B. Off-shell simulation of the H boson in electroweak
production and a second scalar resonance

Similar to the gluon fusion process, we extend our
previous calculation of vector boson fusion qq → qqþ
Hð→ VV → 4fÞ and associated production qq → V þ
Hð→ VV → 4fÞ, and allow the full kinematic range for
m4f. The SM implementation in MCFM [8] includes the
s- and t-channel H boson amplitudes, the continuum
background amplitudes, and their interference, as illustrated
in Fig. 3. We supplement the necessary contributions for the
most general anomalous coupling structure. In particular,
this affects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for
the intermediate states ZZ=Zγ�=γ�γ� in place of ZZ in both
decay and production with the most general anomalous
coupling structure, which are not present in the original
MCFM implementation. It is interesting to note that the off-
shell VBF process qq → qqþHð→ 4fÞ includes contri-
butions of the qq̄ → VHð→ 4fÞ process for the case of
hadronic decays of the V boson. As in the case of gluon
fusion, we also allow the study of a secondH-like resonance
XwithmassmX, widthΓX, and the same set of couplings and
decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated
H boson production process qq̄ → VH where V ¼ Z,W, γ,
shown in Fig. 4. We use standard techniques and implement

the results in JHUGen, relying on the COLLIER [101] loop
integral library. This improves the physics simulation of
previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies.
We also calculate the loop-induced gluon fusion contribu-
tion gg → ZH, which is parameterically of next-to-next-to-
leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at
NLO precision. In contrast to the qq̄ → VH process which
is sensitive to HVV couplings, the gg → ZH process is
additionally sensitive to the Yukawa-type Hqq̄ couplings.
In both cases we allow for the most general CP-even and
CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting
physics effects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Sec. VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting
framework to describe the data in an optimal way and
provide the multiparameter results in both the EFT and the
generic approaches. The main challenge in this analysis is
the fast growth of both the number of observable dimen-
sions and the number of contributing components in the
likelihood description of a single process with the increas-
ing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping
the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools,
and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by
incorporating the machine learning procedure to account

(a) (b) (c) (d)

FIG. 4. ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

(a) (b) (c)

FIG. 3. Sample diagrams for signal, interfering background and noninterfering background in the processes pp → 4l (gluon fusion)
and pp → 4ljj (weak vector boson fusion).

NEW FEATURES IN THE JHU GENERATOR FRAMEWORK: … PHYS. REV. D 102, 056022 (2020)

056022-11



for parton shower and detector effects when these effects
become sizable. Some of these techniques are illustrated
with examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX
ELEMENT TECHNIQUE

Kinematic distributions of particles produced in associ-
ation with the H boson or in its decay are sensitive to
the quantum numbers and anomalous couplings of the
H boson. In the 1 → 4 process of the H → VV → 4f
decay, six observables Ωdecay ¼ fθ1; θ2;Φ; m1; m2; m4fg
fully characterize kinematics of the decay products, while
two other angles Ωprod ¼ fθ�;Φ1g orient the decay frame
with respect to the production axis, as described in Ref. [1]
and shown in Fig. 5. The Ωprod angles are random for the
production of a spin-zero particle, but provide nontrivial
information to distinguish signal from either background or
alternative spin hypotheses. A similar set of observables
can be defined in a production process. For example, the
observables Ωassoc ¼ fθassoc1 ; θassoc2 ;Φassoc; q2;assoc1 ; q2;assoc2 g
characterize VH and weak or strong boson fusion (VBF
or ggH) in association with two hadronic jets, as illustrated
in Fig. 5 and described further in Ref. [3]. Similar
kinematic diagrams defining observables for the tt̄H,
tqH, and H → ττ processes are discussed elsewhere [4].
In the 2 → 6 process of associated H boson production

and its subsequent decay to a four-fermion final state, such
as VBF, 13 kinematic observables are defined, which
include angles and the invariant masses of intermediate

states. There is also the overall boost of the six-body
system, which depends on QCD effects. We decouple this
boost from these considerations. Only a reduced set of
observables is available when there are no associated
particles in production or when the decay chain has less
than four particles in the final state.
Kinematic distributions with anomalous couplings of the

H boson have been shown previously in Refs. [1–3] for
both decay and associated production. Here, we emphasize
kinematics in associated production with two jets, shown in
Fig. 6. There are distinct features depending on the gg, γγ,
Zγ, ZZ, and WW fusion, which is reflected in the
associated jet kinematics. Note that for the production
processes we define q2i for each vector boson, where q

2
i < 0

for boson fusion and we therefore plot
ffiffiffiffiffiffiffiffi
−q2i

p
. In this case,

θassoci angles, usually defined in the rest frame of the vector
bosons, are calculated in the H frame instead. We would
like to stress that a consistent treatment of all contributions
with γγ, Zγ, ZZ, andWW intermediate states in weak boson
fusion is critical in a study of anomalous couplings.
While for the SM H boson one could often neglect

photon intermediate states when couplings to the Z and W
bosons dominate, one generally cannot neglect them when
comparing to other contributions generated by higher-
dimension operators. In reference to the EFT operators
discussed in Sec. II, the Higgs basis becomes the natural
one to disentangle the Hγγ, HZγ, HZZ, and HWW
operators from the experimentally observed kinematics
of events. This is visible, for example, in the qVBF1;2

distributions corresponding to the pseudoscalar operators,
where the photon intermediate states lead to a much softer
spectrum compared to W and Z. The advantage of the
Higgs basis for experimental analysis becomes especially
evident when considering off-shell effects, because there is
no off-shell enhancement with the intermediate γ states.
Once experimental results are obtained in the Higgs basis,
the measurements can be translated to any other basis.
With up to 13 observablesΩ sensitive to the Higgs boson

anomalous couplings, it is a challenging task to perform an
optimal analysis in a multidimensional space of observ-
ables, creating the likelihood function depending on more
than a dozen parameters in Eq. (7). Full detector simulation
and data control regions in LHC data analyses may limit the
number of available events and, as a result, the level of
detail in the likelihood. Therefore, it is important to develop
methods that are close to optimal under the practical
constraints of the available data and simulation. In the rest
of this section, we discuss some of the experimental
applications of the tools developed in our framework,
which target these tasks in the study of the H boson
kinematics.
Analysis of experimental observables typically requires

the construction of a likelihood function, which is maxi-
mized with respect to parameters of interest. The complex-
ity of the likelihood function grows quickly both with the

FIG. 5. Illustrations of an H boson production and decay in
three topologies: (1) boson fusion and decay V3V4 → H →
V1V2 → 4f; (2) boson fusion with associated jets q12q22 →
q11q21ðV1V2 → H → V3V4Þ; and (3) associated production
q11q12 → V1 → V2ðH → V3V4Þ. Five angles fully characterize
the orientation of the production or decay chain and are defined in
suitable frames [1,3].

ANDREI V. GRITSAN et al. PHYS. REV. D 102, 056022 (2020)

056022-12



number of observables and with the number of parameters,
and the two typically increase simultaneously. Examples of
such likelihood construction will be discussed in Sec. VI.
Typically, the likelihood function will be parametrized with
templates (histograms) of observables, using either simu-
lated MC samples or control regions in the data. The
challenge in this approach is to keep the number of bins of
observables to a practical limit, typically several bins for
several observables, due to statistical limitations in the
available data and simulation. Similar practical limitations
appear in the number of parameters of interest, which will
be discussed later.
The information content in the kinematic observables is

different, and one could pick some of the most informative
kinematic observables of interest. The difficulty of this
approach is illustrated in Fig. 6 where all five observables
(note that θ1;2 and q1;2 each represent two independent
observables) provide important information and it is hard to
pick a reduced set without substantial loss of information.
Another approach is to create new observables optimal for
the problem of interest, and in the next subsections we
illustrate optimal observables based on both the matrix

element and the machine learning techniques. Nonetheless,
it is not possible to have a prior best set of observables
universally good for all measurements and at the same time
limited in the number of dimensions for practical reasons.
We note that alternative methods may try to avoid creation
of templates and parametrize the multidimensional like-
lihood function directly with certain approximations. We
illustrated some of these methods in Refs. [1,3] and a
broader review may be found in Ref. [102]. However, the
complexity of those methods also provides practical lim-
itations on their application. We present some of the
practical approaches in Sec. VI.
One popular example of the reduced set of bins of

observables adopted for the study of the H boson kin-
ematics is the so-called simplified template cross section
approach (STXS) [41,103]. The main focus at this stage
[103] is on the three dominant H boson production
processes, namely gluon fusion, VBF, and VH. These
main production processes are subdivided into bins based
on transverse momentum or mass of various objects,
for example the H boson and associated jets. At future
stages, the available information may be subdivided further.
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FIG. 6. Distributions of observables in vector boson fusion jet associated production: fθVBF1;2 ;ΦVBF;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−q2;VBF1;2

q
g, comparing gg, γγ, Zγ,

ZZ, andWW fusion for the SM couplings (top) and pseudoscalar couplings (bottom). A loose selection, ΔRJJ > 0.3 and pJ
T > 15 GeV,

is applied, consistently for all processes, to avoid divergences in processes with photons and gluons. All distributions are normalized to
unit area.
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This approach became a strong framework for collabora-
tive work of both theorists and experimentalists, as
information from all LHC experiments and theoretical
calculations can be combined and shared in an efficient
way. Nonetheless, as we illustrate below, this approach is
still limited in its application for two important reasons.
First, the STXS measurements are based on the analysis of
SM-like kinematics. The measurement strategy may not be
appropriate for interpretations appearing with new tensor
structures or new virtual particles (such as γ� in place of Z�)
unless a full detector simulation of such effects is per-
formed. Additionally, the binning of STXS may not be
optimal for all the measurements of interest.

A. Matrix element technique

The matrix element likelihood approach (MELA) [1–4]
was designed to extract all essential information from the
complex kinematics of both production and decay of the H
boson and retain it in the minimal set of observables. Two
types of discriminants were defined for either the produc-
tion or the decay process, and here we generalize it for any
sequential process of both production and decay:

DaltðΩÞ ¼ PsigðΩÞ
PsigðΩÞ þ PaltðΩÞ ; ð44Þ

DintðΩÞ ¼ PintðΩÞ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PsigðΩÞ × PaltðΩÞp ; ð45Þ

where Psig, Palt, and Pint represent the probability distri-
bution for a signal model of interest, an alternative model
to be rejected (either background, a different production
process of the H boson, or an alternative anomalous
coupling of theH boson), and the interference contribution,
which may in general be positive or negative. The prob-
abilities are obtained from the matrix elements squared,
calculated by the MELA library described in Sec. IV, and
do not generally need to be normalized. The denominator in
Eq. (45) is chosen to reduce correlation between the
discriminants, but this choice is equivalent to that of
Ref. [3]. The above definition leads to the convenient
arrangement 0 ≤ Dalt ≤ 1 and −1 ≤ Dint ≤ 1.
These discriminants retain all multidimentional cor-

relations essential for the measurements of interest. For a
simple discrimination of two hypotheses, the Neyman-
Pearson lemma [104] guarantees that the ratio of proba-
bilities P for the two hypotheses provides optimal
discrimination power. However, for a continuous set of
hypotheses with an arbitrary quantum-mechanical mixture
several discriminants are required for an optimal mea-
surement of their relative contributions. There are three
interference discriminants when anomalous couplings
appear both in production and in decay. Let us consider
only real g1 and g4 couplings in Eq. (1), which appear
once in production and once in decay, as shown in Eq. (32).

The total amplitude squared would have five terms propor-
tional to ðg4=g1Þm with m ¼ 0, 1, 2, 3, 4:

PðΩ; g1; g4Þ ∝
X4
m¼0

ðg4=g1Þm × PmðΩÞ; ð46Þ

where we absorb g41 and the width into the overall
normalization. Equation (44) corresponds to the ratio of
the m ¼ 4 and m ¼ 0 terms. Three other ratios give rise to
interference discriminants. The four discriminants may be
re-arranged into two discriminants of the form in Eq. (44)
and two of the form in Eq. (45), in each case one observable
defined purely for the production process and the other for
the decay process. One could apply the Neyman-Pearson
lemma to each pair of points in the parameter space of
ðg1; g4Þ, but this would require a continuous, and therefore
infinite, set of probability ratios. However, equivalent
information is contained in a linear combination of only
four probability ratios, which can be treated as four
independent observables. Above the 2mV threshold, there
are also interference discriminants appearing due to inter-
ference between the off-shell tail of the signal process and
the background. A subset of equivalent optimal observables
was also introduced independently in earlier work on
different topics [105–107].
The number of discriminants in Eqs. (44) and (45) is

still limited if we consider just one anomalous coupling.
Nonetheless, this number grows quickly as we consider
multiple anomalous couplings, especially the number of
interference discriminants. A subset of these discriminants
may contain most of the information, depending on the
situation. For the near-term LHC measurements, the Dalt
using full production and decay information and Dint using
production information from correlation of associated
particles provide the most optimal information. In the very
long term, the lowest powers of m may provide most of the
discriminating power when testing data for tiny anomalous
contributions, because effects may be most visible in
interference. Therefore, the MELA approach still allows
us to select a limited set of the most optimal discriminants,
as we illustrate with the practical applications below.
Detector resolution effects may come into play in

experimental analyses and affect the calculations of the
probabilities in Eqs. (44) and (45). These can be para-
metrized with transfer functions. However, in most prac-
tical applications, the “raw” matrix element probabilities
can be used, and the resulting performance degradation is
small when the distributions of the angular and mass
observables are broad compared to the resolution. One
notable exception is the invariant mass of relatively narrow
resonances, such as theH boson mass inH → ZZ → 4l or
the V boson mass in associated production VH. In such a
case, the signal and background probabilities Psig and Pbkg

can incorporate the empirical invariant mass parametriza-
tion giving rise to the Dbkg discriminant for optimal
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background rejection. We find such an approach computa-
tionally effective without any visible loss of performance.
Nonetheless, below we also introduce machine learning to
enhance the matrix element technique. This approach
incorporates matrix element knowledge combined with
the parton shower and detector effects.

B. Application of the matrix element technique
to the boson fusion processes

Let us illustrate the power of the matrix element
technique in application to both weak boson fusion
(VBF in the following) and strong boson fusion (ggH in
the following), where at higher orders in QCD the ggH
process may include gg, qg, and qq initial states. This
illustration is similar to our earlier study in Ref. [3], but we
would like to expand this illustration in several directions.
The boson fusion process is particularly important in the
off-shell region, which is a new feature of this work.
However, most kinematic considerations apply equally to
both the on-shell and off-shell regions. In the weak boson
fusion, for illustration purposes we consider equal strength
of WW and ZZ fusion, with gZZ1 ¼ gWW

1 and gZZ4 ¼ gWW
4 in

Eq. (1) and vary the relative contribution of the CP-even
and CP-odd amplitudes, with the fVBFg4 parameter repre-
senting their relative cross section fraction. The relative
strength ofWW and ZZ fusion is fixed in this study because
the two processes are essentially indistinguishable in
their observed kinematics, as shown in Fig. 6. In strong
boson fusion, the parameter fggHg4 represents a similar
relative cross section fraction of the pseudoscalar coupling
component.
Figure 7 shows the D0− and DCP discriminants, calcu-

lated according to Eqs. (44) and (45), for the VBF process,
to distinguish between the SM hypothesis gZZ1 ¼ gWW

1 ¼ 2,
the alternative hypothesis gZZ4 ¼ gWW

4 ≠ 0, and the inter-
ference between these two contributions. Figure 8 shows

the same type of discriminants defined and shown for the
ggH process, enhanced with the events in the VBF-like
topology using the requirement mJJ > 300 GeV for illus-
tration. In both cases, information from theH boson and the
two associated jets, as illustrated in Fig. 5, is used in the
discriminant calculation. The mJJ requirement is based on
the following observation. Among the initial states in the
ggH process, we could have gg; qg, and qq parton pairs.
The events with the qq initial state carry most of the
information for CP measurements and have the topology
most similar to the VBF process, which is also known to
have a large dijet invariant mass. In Sec. VI, we will use this
feature when developing the analysis techniques, but with
the matrix-element technique applied to isolate the VBF-
like topology. In both the VBF and ggH cases, the
azimuthal angle difference between the two jets ΔΦJJ is
also shown for comparison [12]. It is similar to the ΦVBF

angle defined in Fig. 5 and shown in Fig. 6, but differs
somewhat because it is calculated in a different frame.
The ΔΦJJ angle is defined as follows. The direction of

the two jets is represented by the vectors j⃗1;2 in the
laboratory frame, and j⃗T1;2 are the transverse components
in the xy plane. If we label j1 as the jet going in the −z
direction (or less forward) and j2 as the jet going in the þz
direction (or more forward), then ΔΦJJ is the azimuthal
angle difference between the first and the second jets, or
ϕ1 − ϕ2. In vector notation,

ΔΦJJ ¼
ðĵT1 × ĵT2Þ · ẑ
jðĵT1 × ĵT2Þ · ẑj

·
ðj⃗1 − j⃗2Þ · ẑ
jðj⃗1 − j⃗2Þ · ẑj

· cos−1 ðĵT1 · ĵT2Þ;

ð47Þ

where the angle between j⃗T1 and j⃗T2 defines ΔΦJJ and the
two ratios provide the sign convention. This definition is
invariant under the exchange of the two jets and the choice
of the positive z axis direction.
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FIG. 7. Two discriminants defined in Eq. (44) (left) and Eq. (45) (middle) for the measurement of the CP-sensitive parameter fVBFg4 in
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NEW FEATURES IN THE JHU GENERATOR FRAMEWORK: … PHYS. REV. D 102, 056022 (2020)

056022-15



The information content of the observables can be
illustrated with the receiver operating characteristic
(ROC) curve, which is a graphical plot that illustrates
the diagnostic ability of a binary classifier system as its
discrimination threshold is varied. Figure 9 (left) shows the
ROC curves illustrating discrimination between scalar and
pseudoscalar models in the VBF process using theD0− and
ΔΦJJ observables. The optimal observable D0−, which
incorporates all kinematic and dynamic information, has
the clear advantage. Figure 9 (right) shows the same
comparison in the ggH process. The gain in using the
optimal observable in the ggH process is not as large as in
VBF because of the smaller differences in dynamics of the
scalar and pseudoscalar models, as both are generated by
higher-dimension operators with the same powers of q2i in

Eq. (1). While the D0− observable incorporates all kin-
ematic and dynamic information, the truly CP-sensitive
observable DCP does not rely on dynamics. It provides
optimal separation between the models with maximal
mixing of the CP-even and CP-odd contributions and
opposite phases. We illustrate this in Fig. 9 (middle) with a
ROC curve for discrimination between the fg4 ¼ �0.5
models in the VBF process.

C. Matrix element technique with machine learning

The discriminants calculated with the matrix elements
directly, as discussed in Sec. VA, are powerful tools in
the analysis of experimental data. Most importantly,
they provide scientific insight into the problem under
study. Nonetheless, there could be practical considerations
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limiting their application in certain cases. For example,
events with partial reconstruction would require integration
over unobserved degrees of freedom. Substantial detector
effects or incorrect particle assignment in reconstructed
events may lead to poor experimental resolution and
would require modeling with transfer functions. All of
these effects can be taken into account, but may make
calculations inefficient or impractical. Here we provide a
practical prescription for overcoming these complications
with the help of machine learning, while still retaining
the functionality of the optimal matrix-element approach.
We achieve this by constructing the training samples and
the observables used according to the matrix-element
approach.
Machine learning is a popular approach to data analysis,

especially with the growing computational power of com-
puters. The problem of differentiating between two models,
as in Eq. (44), becomes a trivial task with supervised
learning, where two samples of events with the signal and
alternative models are provided as input for training. One
key aspect where the matrix element approach provides the
insight is the set of input observables Ω. As long as the
complete set of observables, sufficient for the matrix
element calculations, is provided to the machine learning
algorithm, the outcome of proper training is guaranteed to
be a discriminant optimal for this task, equivalent to that in
Eq. (44). We illustrate this with such a discriminant DML

0− in
Fig. 9 (left) in application to the VBF process, using the
boosted decision tree implementation from Ref. [108].
Application of the machine learning approach to the

discriminant in Eq. (45) is less obvious, because it requires
knowledge of quantum mechanics to isolate the interfer-
ence component. Nonetheless, we provide a prescription
for obtaining such a discriminant. A discriminant trained to
differentiate the models with maximal quantum-mechanical
mixing of the signal and alternative contributions with
opposite phases becomes a machine-learning equivalent to
that in Eq. (45), following the discussion in Sec. V B. The
complete kinematic information Ω of the event should be
provided to training. We illustrate this approach with such a
discriminant DML

CP in Fig. 9 (middle) in application to the
VBF process. There is a small degradation in performance
of the DML

CP discriminant with respect to the matrix element
calculation, but this is attributed to the more challenging
task of training in this case and should be recovered in the
limit of perfect training.
To summarize, the matrix element technique, expressed

in Eqs. (44) and (45), can be expanded with the help of
machine learning with two important ingredients: (1) the
complete set of matrix-element input observables Ω, or
equivalent, has to be used, and (2) the machine learning
process should be based on the carefully prepared samples
according to the models discussed above. The machine
learning approach is still based on the matrix element
calculations, as the training samples are generated based on

the same matrix elements as the discriminants in Eqs. (44)
and (45).

VI. APPLICATION TO ON-SHELL H(125)
BOSON PRODUCTION

We start by investigating the on-shell production and
decay of the H boson with its coupling to either weak or
strong vector bosons in the VBF and ggH processes. There
has already been extensive study of the HVV couplings,
and the current challenge is in the measurement of multiple
possible anomalous contributions. On the other hand, there
have been limited studies of the anomalous Hgg couplings,
due to lower statistical precision at this time. The latter
could be interpreted as both an effective coupling to gluons,
or as a coupling to quarks in the gluon fusion loop.
Prospects of both HVV and Hgg studies with either
3000 fb−1 (HL-LHC) or 300 fb−1 (full LHC) are presented
below. Let us first discuss some general features in analysis
of LHC data.
For the HVV studies, we will use the example of

the H → VV → 4l decay and VBF, VH, or ggH produc-
tion. Equation (1) defines several anomalous couplings,
which we generically denote as gVVi . All of these processes
include the interference of several VV intermediate states,
such as VV ¼ ZZ; Zγ; γγ;WW. In the analysis of the
data (MC simulation in our case), a likelihood fit is
performed [109,110]. The probability density function
for a given signal process, before proper normalization,
is defined for the two possible numbers of couplings N in
the product:

N ¼ 4∶ Pðx; f⃗Þ ∝
XK

k;l;m;n¼1
k≤l≤m≤n

PklmnðxÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jfgk · fgl · fgm · fgnj

q

× signðfgk · fgl · fgm · fgnÞ; ð48Þ

N ¼ 2∶ Pðx; f⃗Þ ∝
XK
k;l¼1
k≤l

PklðxÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jfgk · fglj

q
signðfgk · fglÞ;

ð49Þ

where x are the observables, but not necessarily the
complete set Ω, and fgn are K terms corresponding to
the cross-section fractions of the couplings, defined in
Eq. (42). Equations (48) and (49) are obtained from
Eq. (32) and using Eq. (43), where the width and fg1
are absorbed into the overall normalization. In the case of
the electroweak process, the HVV coupling appears on
both the production and the decay sides. As a result, the
amplitude squared has a product of N ¼ 4 couplings. In
the gluon fusion production, on the other hand, the
electroweak HVV couplings appear only in decay, and
therefore N ¼ 2. Similarly, if one considers the Hgg
coupling on production, N ¼ 2.
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There are ðN þ K − 1Þ!=ðN!ðK − 1Þ!Þ terms in either
Eq. (48) or Eq. (49). As we explain in Sec. VI A, we
consider K ¼ 5 in our analysis of four anomalous HVV
couplings. Therefore, in the case of electroweak production
(N ¼ 4, K ¼ 5), we have to deal with 70 terms. If we were
to consider K ¼ 13 independent couplings in Eq. (1), we
would formally have to deal with 1820 terms describing
production and decay (the actual number would be some-
what smaller because not all terms contribute to a given
decay mode). While such analysis of 1820 terms is in
principle feasible, at the current stage it is not practical. In
the case of gluon fusion, there are 15 terms for HVV
couplings (N ¼ 2, K ¼ 5) and 3 terms for Hgg couplings
(N ¼ 2, K ¼ 2). If both sets of anomalous couplings are
considered simultaneously, the total number of terms is the
product of these, that is 45.
In the simplified analysis of LHC data, using simulation

of pp collisions at 13 TeV, we adopt the following
approach. We take the analysis of the H → VV → 4l
channel as the most interesting for illustration, because
both production and decay information can be used. All
production modes of theH boson are included in this study
and are generated with the JHU generator as discussed in
Sec. IV. The JHU generator framework is also used to
generate gluon fusion and electroweak background pro-
duction of the VV → 4l final states. The dominant qq̄ →
VV → 4l background process is generated with POWHEG

[111] and scaled to cover for other possible background
contributions not modeled otherwise [112]. All events are
passed through PYTHIA8 [113] for parton shower simula-
tion. The detector effects are modeled with ad-hoc accep-
tance selection, and the lepton and hadronic jet momenta
are smeared to achieve realistic resolution effects. Going
beyond the H → 4l channel, inclusion of the H → γγ,
H → ττ, and H → bb channels might increase the dataset
by about an order of magnitude, but only for analysis of the
production information. In addition, analysis of the H →
WW → 2l2ν decay may bring some information on the
decay side, but not exceeding that from the H → 4l case.
While we focus on the H → 4l channel, we comment on
improvements which will be achieved with a combination
of the above channels.

A. HVV anomalous couplings

In order to illustrate the power of the matrix element
techniques and the analysis tools discussed above, let us
consider the HVV coupling of the H boson to two weak
vector bosons using the H → 4l decay, with vector boson
fusion, associated production with the vector bosonsW and
Z, or inclusive production, and using both on-shell and off-
shell production. Some of these techniques have already
been applied in analyses of LHC data [71–73]. However,
the rich kinematics in production and decay of theH boson
represents particular challenges in analysis.

There are 13 independent HVV anomalous couplings in
Eq. (1). An optimal simultaneous measurement of all these
couplings, or even a sizable subset, represents a practical
challenge in data analysis and, as far as we know, has not
been attempted experimentally yet. Here we stress that an
optimal measurement means that the precision of any given
parameter measurement is not degraded when comparing a
multiparameter approach with all other couplings con-
strained and an optimal single-parameter measurement
discussed below. Several approaches have been adopted.
In one approach, a small number of couplings, typically
two or at most three, is considered. One of these is the
SM-like coupling and the other could be parametrized with
the cross section fraction fgi defined above. While this
approach is optimal for each parameter measurement, the
problem with this approach is that correlations between
measurements of different anomalous couplings are not
considered.
Another recently adopted approach is the STXS meas-

urement, where cross sections of several H boson produc-
tion processes are measured in several bins based on
kinematics of the event. While this approach is attractive
due to its applicability to a number of various use cases, the
problems with this approach are that observables are not
necessarily optimal for any given measurement, and that
the kinematics of events are assumed to follow the SM
when measuring the cross section in each bin. For a correct
measurement, a full detector simulation of each coupling
scenario is needed, because the kinematics of associated
particles and decay products would affect the measurement
in each bin. The STXS approach based on SM-only
kinematics does not include these effects. The latter effect
is especially important because neglecting it may lead to
biases in the measurements. In the following, we illustrate
the strengths and weaknesses of each approach, and
propose a practical method based on the matrix element
approach.
First, we would like to note that it is difficult to perform

an unambiguous measurement of all 13 independent HVV
anomalous couplings in Eq. (1) in a given process. For
example, while all these couplings contribute to the VBF
production, kinematics of WW and ZZ fusion are essen-
tially identical, as shown in Fig. 6. The measurement
becomes feasible when the WW and ZZ couplings are
related. We adopt two examples of this relationship. In one
case, we simply set gWW

i ¼ gZZi , which could be interpreted
as relationships in Eqs. (17)–(20) under the cw ¼ 1 con-
dition. Such results could be re-interpreted for a different
relationship of the couplings. In the second case, we adopt
the relationships in Eqs. (17)–(21) without any conditions.
With such a simplification, we are still left with nine
parameters in the first case and eight parameters in the
second case. To simplify the analysis further, we reduce the
number of free parameters by setting gγγ2 ¼ gγγ4 ¼ gZγ2 ¼
gZγ4 ¼ 0. While we do expect to observe nonzero values of
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gγγ2 and gZγ2 even in the SM, constraints on all four couplings
are possible from decays H → γγ and Zγ with on-shell
photons. We leave the exercise to include all couplings in
an optimal analysis to future studies. In addition, we keep
the ggg2 and ggg4 couplings as two free parameters as well.
While the dedicated studies of these couplings are pre-
sented in Sec. VI B, kinematics of the ggH process may
affect measurements in the VBF process.
As a reference, we take the STXS stage-1.1 binning as

applied by the CMS experiment [41,112]. In this approach,
seven event categories are defined, which are optimal for
separating the VBF topology with two associated jets; two
VH categories, with leptonic and hadronic decay of the V,
respectively; the VBF topology with one associated jet; two
tt̄H categories, with leptonic and fully hadronic top decay,
respectively; and the untagged category, which includes the
rest of the events. We call it stage-0 categorization. Each
category of events is further split into subcategories to
match the requirements on the transverse momenta and
invariant masses, as defined in the STXS stage-1.1 binning.
In total, there are 22 categories defined [112]. While the
above STXS stage-1.1 categorization provides fine binning
for capturing some kinematic features in production of the
H boson, it does not keep any information from decay, it
has no information sensitive to CP violation, and more
generally, it is not guaranteed to be optimal for measuring
any of the parameters of our interest.
Since we target the optimal analysis of four anomalous

couplings expressed through4 fg4, fg2, fΛ1, and fZγΛ1, we
build the analysis in the following way. Instead of STXS
stage-1.1 binning, we start from the seven categories
defined in stage-0 for isolating different event topologies.
Since in this analysis we do not target fermion couplings,5

the two tt̄H categories are merged with the untagged
category. There are four discriminants relevant for this
analysis, as defined by Eq. (44):Dg4,Dg2,DΛ1, andD

Zγ
Λ1. In

addition, two interference discriminants, DCP and Dint, are
defined by Eq. (45) for the g4 and g2 couplings, respec-
tively. The two other interference discriminants are found
to provide little additional information due to large corre-
lations with the discriminants defined in Eq. (44). The full
available information is used in calculating the discrimi-
nants in the following way. In the untagged category, the
H → VV → 4l information is used. In addition, the trans-
verse momentum of the H boson is included, because it is
sensitive to production. In both the VBF and VH topologies
with two associated jets, both production and decay
information are used, except for the two interference
discriminants, where production information is chosen

because it dominates. In the leptonic VH category and
the VBF topology with one associated jet, where informa-
tion is in general missing, the transverse momentum of the
H boson is used, with finer binning than in the untagged
category. In the end, for each event in a category j a set of
observables x is defined.
To parametrize the 70 terms in Eq. (48) or the 15 terms in

Eq. (49), we rely on samples generated with JHUGen.
However, it is not necessary to generate 70 or 15 separate
samples. Instead, we generate a few samples that ade-
quately cover the phase space and re-weight those samples
using the MELA package to parametrize the other terms. To
populate the probability distributions, we use a simulation
of unweighted events with detector modeling, and small
statistical fluctuations are inevitable. A critical step in
the process is to ensure that even with these statistical
fluctuations, the probability density function P, defined in
Eqs. (48) and (49), remains positive for all possible values

of f⃗. We detect negative probability by minimizing P,
which is a polynomial in

ffiffiffiffiffiffiffiffiffijfgij
p

· signðfgiÞ. In the case of
Eq. (48), where the polynomial is quartic, we use the
Hom4PS program [114–116] to accomplish this minimi-
zation. If negative probability is possible, we modify Pklmn
or Pkl using the cutting planes algorithm [117], using the
Gurobi program [118] in each iteration of the procedure,
until P is always positive. We find that only small
modifications to Pklmn or Pkl are needed.
In Fig. 10 we show the expected constraints on the four

parameters of interest fg4, fg2, fΛ1, and fZγΛ1, using both
associated production and H → 4l decay with 3000 fb−1

(or 300 fb−1) of data at a single LHC experiment. The
constraints on each parameter are shown with the other
parameters describing the HVV and Hgg couplings pro-
filed, including fggCP and the signal strength parameters μV

and μf. The μV and μf parameters correspond to production
strength of electroweak and other processes, respectively.
Therefore, there are a total of seven free parameters
describing HVV and Hgg couplings. The MC scenario
has been generated with the SM expectation. The produc-
tion information dominates in all constraints. However, as
discussed in Sec. II E, this is due to unbounded growth of
anomalous couplings with q2. Since this behavior cannot
continue forever, it is still interesting to look at the decay-
only constraints, which do not rely on the q2-dependent
growth of the amplitude. Therefore, in Fig. 10 both kinds of
constraints are shown for illustration of the two limiting
cases. We point out that form factor scaling, such as
introduced in Eq. (30), can be used for continuous study
of this effect.
In addition, a comparison is made to the approach where

instead of the optimal discriminants, the STXS stage-1.1
bins are used as observables, while using full simulation of
all processes otherwise. There is a significant difference in
expected precision. The most striking effect is the lack of

4There is an additional factor of (−1) in the definition of
fΛ1 and fZγΛ1 following the convention in experimental
measurements [73].

5For a study of fermion couplings with this technique, see
Ref. [4].
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constraints from decay information, but there is a loss in
precision using production information in STXS as well. It
is interesting to point that there is still weak decay-related
information in the categories used in the STXS approach,
because interference between identical leptons produces
different rates of 2e2μ events compared to 4e and 4μ,
depending on the couplings.
Since fgi measurements involve ratios of couplings,

most systematic uncertainties that would otherwise affect
the cross section measurements cancel in the ratio.
Therefore, the fgi measurements are still expected to be
statistics limited with 3000 fb−1 of data. For this reason, the
expected results can be easily reinterpreted for another
scenario of integrated luminosity, as for example the
expectation with 300 fb−1 shown in parentheses.
However, when the fgi measurements are reinterpreted
in terms of couplings (as we illustrate below), both the
signal strength and the fgi results need to be combined.
This leads to sizable systematic uncertainties affecting the
couplings. In the following, we assign 5% theoretical and
5% experimental uncertainties on the measurements of the

signal strength, which is the ratio of the measured and
expected cross sections.
We also perform a fit with three cross section fraction

parameters fg4, fg2, and fΛ1 with the EFT relationship
among couplings following Eqs. (17)–(21). The conclu-
sions of this study are similar to those presented above. We
reinterpret these results as constraints on the δcz, czz, cz□,
and c̃zz couplings, defined in the EFT parametrization in the
Higgs basis. This fit requires reinterpreting the process
cross section and the three fractions in terms of couplings,
and one has to take dependence of the width on the
couplings into account, following Eq. (32). We assume
that Γother ¼ 0 and express the width using Eq. (34). The
values of κf ¼ κt ¼ κb ¼ κτ ¼ κμ and κ̃f ¼ κ̃t ¼ κ̃b ¼
κ̃τ ¼ κ̃μ are left unconstrained independently for the
CP-even and CP-odd fermion couplings. The resulting
one-dimensional constraints are shown in Fig. 11 and
two-dimensional contours with the other parameters pro-
filed are shown in Fig. 12. In Fig. 11 it is evident again that
analysis based on the optimal discriminants provides the
best constraints on the couplings of interest.
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FIG. 10. Expected constraints from a simultaneous fit of fg4, fg2, fΛ1, and fZγΛ1 using associated production and H → 4l decay with
3000 (300) fb−1 data. Three analysis scenarios are shown: using MELA observables with production and decay (or decay only)
information, and using STXS binning. The dashed horizontal lines show the 68 and 95% CL regions.
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B. Hgg anomalous couplings

The gluon fusion process in association with two jets
allows analysis of kinematic distributions for the measure-
ment of potential anomalous contributions to the gluon
fusion loop. Resolving the loop effects is a separate task,
which we do not attempt to perform in this work. However,

we point out that unless the particles in the loop are light,
their mass does not significantly affect the kinematics of the
H boson and associated jets. The main effect is on the H
boson ’s transverse momentum [41], where heavy particles
in the loop may enhance the tail of the distribution at
pT > 200 GeV, but will not significantly affect the bulk of
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the distribution relevant for our study, at pT < 200 GeV.
Our analysis of the CP properties of this interaction
depends primarily on the angular kinematics of the asso-
ciated jets and H boson, as discussed in Sec. V B.
Therefore, in the rest of this work we treat the gluon
fusion process without resolving the loop contribution,
allowing for any particles to contribute, either from SM or
beyond. The only observable difference in this analysis is
between the CP-even and CP-odd couplings, which can be
parametrized as the overall strength of the H boson ’s
coupling to gluons and the fraction of the CP-odd con-
tribution fggCP defined in Eq. (42).
The analysis strategy follows the approach discussed in

application to the HVV measurements in the previous
section, with the difference being the two-jet category
optimized for the measurement of the gluon fusion process.
In addition to a discriminant optimal for signal over
background separation, the events are described by three
observables. The D2jet observables follows Eq. (44), with
the VBF and gluon fusion matrix elements used to isolate
the VBF topology. The DggH

0− and DggH
CP observables follow

Eq. (44) and Eq. (45) for separating the SM-like coupling
and CP-odd coupling, but with one modification to the
process definition. Only the quark-initiated process defines
the matrix element in these two formulas, because only
such a VBF-like topology of the gluon fusion process
carries relevant CP information. This is illustrated in
Fig. 13, where the left plot shows that the DggH

0− discrimi-
nant starts to separate the two couplings at higher values of
D2jet, which correspond to more VBF-like topology. The
right plot shows that only at higher values of D2jet can one
observe the separation. Only a small fraction of the total
gluon fusion events end up in that region. This illustrates

the challenge of the CP analysis in the gluon fusion
process. The DggH

CP leads to forward-backward asymmetry
in the distribution of events in the case of CP violation,
when both CP-odd and CP-even amplitudes contribute.
A projection of fggCP sensitivity with 3000 and 300 fb−1 at

an LHC experiment is performed. The overall normaliza-
tion of the gluon fusion production rate in the VBF-like
topology is provided by the untagged events and events
with two associated jets in a non-VBF topology. The
electroweak VBF process is a background to the fggCP
measurement in this case, but its kinematics are still distinct
enough to keep it separated in the fit on the statistical basis.
Keeping its CP properties unconstrained has little effect on
the CP analysis in the gluon fusion process. We use the
H → 4l analysis to illustrate the sensitivity, but scale the
expected constraints with an effective luminosity ratio to
account for the relative sensitivity of the H → γγ and ττ
channels based on the typical sensitivity in the VBF
topology [71,72,79,80]. The expected constraints are
shown in Fig. 14. With 3000 ð300Þ fb−1, one can separate
CP-even and CP-odd Hgg couplings with a confidence
level of about 9(3) σ.
We re-interpret these expected constraints on fggCP and the

cross section as constraints on the κf ¼ κt ¼ κb and κ̃f ¼
κ̃t ¼ κ̃b couplings in the gluon fusion loop, assuming that
only the SM top and bottom quarks dominate the loop.
There are additional considerations when reinterpreting the
signal strength and fggCP in terms of couplings following
Eq. (32). As in the HVV measurements in Sec. VI A, we
assume Γother ¼ 0 and express the width Γtot using Eq. (34).
In this approach, the overall signal strength of the VBF and
VH processes, proportional to g21, remains unconstrained.
Using the fggCP and gluon fusion cross section constraints

-50 46 -6 -4 -1 1 -1 1 3 -13 -2 15 -5

100 -67 4 -7 -2 0 -1 6 1 18 28 50

-20 8 9 -3 -1 0 0 2 20 73 7 55

-100 -41 -28 0 -7 -3 -1 2 2 21 14 52 33

-100 -61 -25 -19 -5 -2 -2 5 3 11 31 51 77

-79 -44 -45 -14 -1 -0 2 3 4 12 15 32 89

-86 -57 -42 -19 -9 -3 -1 5 8 12 23 47 83

-73 -54 -30 -17 -12 -5 -0 1 6 21 30 54 76

-81 -52 -36 -20 -11 -6 -6 12 11 17 26 53 74

-81 -56 -42 -33 -20 -7 -3 11 17 31 36 56 83

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ggH
0-D

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

2j
et

D

100−

50−

0

50

100

D
iff

. [
%

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ggH
0-D

0.05

0.1

0.15

0.2

0.25

0.3

0.35
      <0.52jet0   D
       >0.5 (x 20) 2jet0   D
       <0.5 2jet0  D
       >0.5 (x 20) 2jet0  D

+

+

-

-

FIG. 13. Left: The 2D distribution of the difference between the scalar and pseudoscalar populations of events for the D2jet and DggH
0−

discriminants, both self-normalized to 1, respectively. Right: DggH
0− discriminant distributions of the scalar and pseudoscalar population

events with the requirement on the D2jet discriminant below or above 0.5.

ANDREI V. GRITSAN et al. PHYS. REV. D 102, 056022 (2020)

056022-22



expected with 300 fb−1 of data at LHC with the
H → 4l; γγ, and ττ decays, we show the expected con-
straints on ðκf; κ̃fÞ in Fig. 14 (right). The sign ambiguity
ðκf; κ̃fÞ ↔ ð−κf;−κ̃fÞ remains unresolved with experi-
mental data, but the relative sign of κf and κ̃f can be

resolved, due to the DggH
CP observable. The measurement of

the gluon fusion cross section alone leads to an elliptical
constraint in the 2D likelihood scan, with the eccentricity
determined by the ratio σðκ̃f ¼ 1Þ=σðκf ¼ 1Þ discussed
earlier. The fggCP measurement leads to constraints within
the ellipse.
Should sizable CP violation effects be hidden in the

gluon fusion loop, they can be uncovered with the HL-LHC
data sample. Further improvements in the CP constraints
on ðκf; κ̃fÞ can be obtained by measuring the tt̄H process,
where even stronger constraints are expected [4]. However,
we would like to point out that the ratio σðκ̃f ¼ 1Þ=σðκf ¼
1Þ ¼ 0.39 in the tt̄H process is by a factor of six different
from the ggH process. This large difference will lead to
stronger constraints in the combination of the two mea-
surements under assumption of the top quark dominance in
the loop because of additional information from the ratio of
cross sections. Nonetheless, the measurement in the gluon
fusion is not limited to the top quark Yukawa coupling, but
may include other BSM effects in the loop. Therefore, it is
possible for CP effects to show up in the ggH measure-
ment, but not in tt̄H.

VII. APPLICATION TO OFF-SHELL H(125)
BOSON PRODUCTION

We continue by investigating the off-shell production
and decay of the H boson with its coupling to either strong
or weak vector bosons. There have already been previous
studies of the anomalousHVV couplings using these tools,
with the most extensive analyses from CMS [67,73]. Here
we document and extend these studies, in particular to

anomalous Hgg couplings and to anomalous couplings in
background processes, which do not include the H boson
propagator, using the EFT relationship. We introduced the
off-shell effect in Sec. III and discussed simulation and
analysis tools in Sec. IV. The special feature of off-shell
production is the strong interference between the signal
processes, which involve the H boson, and background
processes due to the broad invariant-mass distributions of
the off-shell H boson. Analysis of the off-shell region is
particularly important to constrain couplings directly, with-
out the complication of the width dependence that appears
on-shell in Eq. (32). Equivalently, a joint analysis of the on-
shell and off-shell regions leads to constraints on Γother in
Eq. (33). Moreover, the higher q2 transfer in the off-shell
topology can enhance the effects of anomalous couplings.
In this section, we set Γtot ¼ 4.07 MeV [99] and use the

pole mass scheme in the gluon fusion loop calculations
with mt ¼ 173.2 GeV and mb ¼ 4.75 GeV [99,100]. The
QCD factorization and renormalization scales are chosen to
run as m4l=2. In order to include NNLO QCD corrections
in the electroweak process, a k factor of 1.12 [99] is
applied, see also discussion of the k factor in application to
the VH process in Sec. VIII. In order to include higher-
order QCD corrections in the gluon fusion process, the LO,
NLO, and NNLO signal cross section calculations are
performed using the MCFM and HNNLO [119–121]
programs for a wide range of masses using narrow width
approximation. The ratio between the NNLO and LO, or
between the NLO and LO, values is used as a weight k
factor. The NNLO k factors are applied to simulation as
shown below. While this procedure is directly applicable to
the signal cross section, it is approximate for background
and for signal-background interference. However, the
respective NLO calculations are available [122–124] for
the mass range 150 GeV < m4l < 2mt, and Ref. [125]
found good agreement between the NLO signal, back-
ground, and interference k factors. Any differences set the
scale of systematic uncertainties in our procedure.
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A. Off-shell effects due to Hgg anomalous couplings

The off-shell production of the H boson may provide a
way to disentangle contributions to the gluon fusion loop
from either SM-like couplings to the top and bottom
quarks, CP-odd couplings of the H boson, or new heavy
particles. We illustrate this in Fig. 15 for CP-even cou-
plings and in Fig. 16 for CP-odd couplings. In order to
illustrate the effects, we separate the signal contributions
from the top quark, the bottom quark, and an effective
point-like interaction, with both CP-even and CP-odd
couplings to the H boson. For illustration, the SM values
of the HVV couplings and of the H boson width Γtot are

assumed, but variations of these couplings are considered
in Sec. VII B, and a simultaneous measurement with Γtot

can be considered. The tools allow the modeling of the
gluon fusion loop with all possible couplings contributing
simultaneously, including interference with the background
gg → 4l process. The effective pointlike interaction is
equivalent to heavy t0 and b0 quarks in the loop, and this
can also be configured in the JHU generator, with adjust-
able masses of these new particles in the loop.
While in Sec. VI it was shown how the CP-even and

CP-odd couplings in the gluon fusion loop can be separated
by analyzing of on-shellH boson production in association
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with two jets, this approach does not allow us to resolve
different contributions to the loop. Off-shell production
provides a way to separate those contributions. As can be
seen in Figs. 15 and 16, the top quark contribution has a
distinctive threshold enhancement around 2mt, with some-
what different behavior of the CP-even and CP-odd
components. The heavy particle contribution proceeds
without the 2mt threshold, and the light particle contribu-
tion is highly suppressed. Therefore, the off-shell spectrum
can be used to resolve the loop effects, such as to differ-
entiate between the top quark and heavy BSM contribu-
tions in the loop or to set limits on the light quark Yukawa
couplings or other possible light contributions, similarly to
the techniques using the on-shell H boson transverse
momentum [41,126]. In all cases, the CP-odd component’s
interference with the background is zero when integrated
over the other observables. The actual analysis of the data
will benefit from employing the full kinematics using the
matrix-element approach.

B. Off-shell effects due to HVV anomalous couplings

The off-shell production of the H boson also allows
testing the anomalous HVV couplings of the H boson to
two electroweak bosons, VV ¼ WW, ZZ, Zγ, γγ. These
couplings appear in the decay H → 4f in the gluon fusion
process and in both production and decay in the electro-
weak process. The latter includes both VBF and VH
production, and in all cases interference with the gluon
fusion or electroweak background is included. Examples
of such a simulation are shown in Fig. 17. Three anomalous
couplings are shown for illustration, gZZ4 ¼ gWW

4 , gZZ2 ¼
gWW
2 , and κZZ1;2 ¼ κWW

1;2 , which involve interplay of either the
H boson or the Z (W) boson going off shell. The anomalous

couplings of the H boson to the photon are not enhanced
off-shell and are not shown here, but can be considered in
analysis. Therefore, it is important to stress here that it is
natural to use the physical Higgs basis in the EFT analysis
of the off-shell region, since the behavior of the couplings
involving the photon is drastically different.
Examples of applications of the tools developed here,

both simulation and MELA discriminants, can be found in
Refs. [73,77] where simultaneous analysis of the H boson
width and the couplings is performed both with the current
LHC data and in projection to the HL-LHC. For example,
with 3000 fb of data, a single LHC experiment is expected
to constrain Γtot ¼ 4.1þ1.1

−1.1 MeV, as shown in Fig. 106 of
Ref. [77]. With the current data sample from the LHC
experiments, the off-shell region significantly improves the
anomalous coupling constraints, even with Γtot profiled
[73]. This is evident from the enhancement observed in
Fig. 17. The expected gain is not as large at the HL-LHC, as
Fig. 39 of Ref. [77] shows, because with access to smaller
couplings, the electroweak VBF and VH production in the
on-shell region plays a more important role.
It has been pointed out [26,42] that the gg → 4l process

also provides good sensitivity for constraining the top
quark electroweak couplings. Similarly, gluon fusion in ZH
production is sensitive to the same top quark couplings and
can be used to constrain them [127,128]. In this work,
however, we separate anomalous H boson couplings from
the rest of the electroweak interactions where this is
possible in a consistent way. For the above cases, sepa-
rating the effects is certainly possible, because top quark
electroweak couplings can also be probed in e.g.,
pp → tt̄Z, which is independent of the Higgs sector.
Moreover, there are no EFT relations between electroweak
top quark couplings and H boson couplings. However, the
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gauge boson self-interactions and the H boson couplings
cannot be separated if the EFT relations Eqs. (22)–(27) are
applied in continuum electroweak production. We can
account for these relations as discussed in the following
Sec. VII C.

C. Off-shell effects due to gauge boson self-interactions

In Secs. VII A and VII B, only modifications of the H
boson couplings to either strong or weak gauge bosons
are considered, and the background contributions in
either gg → 4f or continuum electroweak production are
assumed to be SM-like. However, as discussed in Sec. II,
there is an intricate interplay between gauge boson self-
couplings and H boson gauge couplings. Therefore, under
the EFT relationship, the HVV anomalous contribution
would affect the triple and quartic gauge boson self-
couplings according to Eqs. (22)–(27). Figure 18 shows
examples of the m4l distributions with anomalous gauge
boson self-interactions in the EFT framework. These
examples show the CP-conserving anomalous gZZ2 and
κZZ1;2 couplings, which are modified in Eqs. (17)–(21) for the
H boson couplings and in Eqs. (22)–(27) for the gauge
boson self-couplings, keeping all the other anomalous
couplings at zero. The size of the anomalous contribution
is taken to be similar to the current constraints on
anomalous H boson couplings [73] from LHC measure-
ments. It is evident from Fig. 18 that the resonant and
nonresonant contributions are of similar size in electroweak
production and that there is a sizable interference between
the two. While current analyses of LHC data typically
consider the H boson couplings and gauge boson self-
interactions separately [73], the unified framework will
allow future joint constraints.

VIII. APPLICATION TO THE ZH PROCESS AT
NEXT-TO-LEADING ORDER

Production of the H boson in association with an
electroweak gauge boson is known for its clean exper-
imental signature and its excellent sensitivity to the HVV
couplings. During Run-II of the LHC, the experimental
precision of ZH analyses [78–82] has reached a level of
accuracy that requires theory simulation beyond leading
order. Therefore, we account for the dominant perturbative
corrections at next-to-leading order QCD in this work and
make them available in the JHUGen framework.
In addition to reducing theoretical uncertainties, the

simulation at higher orders also reveals sensitivity to H
boson couplings that are invisible at the lowest order. In ZH
production, the gg → ZH sub-process enters for the first
time through one-loop diagrams. The box diagram con-
tribution in Fig. 4 yields sensitivity to theHff̄ couplings κf
and κ̃f in Eq. (2), which are screened in the qq̄ production
process.
We must stress that whenever we work with ZH

production, γH and γ�H production are equally important.
This allows us to set constraints on anomalous Hγγ and
HZγ couplings, and we provide this functionality in the
JHUGen framework.
In Fig. 19 we show the SM mZH distribution assuming

the decays Z → lþl− and H → bb̄ at the 14 TeV LHC.
Contributions from qq̄ and gg initial states are shown
separately, as are the triangle and box diagram parts of the
gg partonic process, shown in Fig. 4. The widths of the
bands correspond to systematic uncertainties from varying
the scale by a factor of two around its central value
μ0 ¼ mZH. Close to the production threshold at mZH ¼
mZ þmH ≈ 220 GeV, the qq̄ initial state dominates the
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cross section. Above the 2mt ≈ 345 GeV energy, the top-
quark induced gg initial state becomes much more relevant.
In particular, the triangle loop contribution, shown in blue,
becomes as large as the qq̄ contribution, shown in black,
and even exceeds it at very high energies. However, as can
be seen from the purple band in Fig. 19 the quantum
interference between the triangle and box diagrams is
strongly destructive and reduces the overall gg contribution
significantly. For this reason, the gg contribution plays only
a marginal role in the SM description of the ZH process.
However, in anomalous coupling studies of physics

beyond the SM, this strong destructive interference can
be perturbed and lead to significantly larger cross sections.
Hence, it is a sensitive probe of modifications from the SM.
The gg → ZH process has yet another interesting feature. A
superficial inspection of the triangle loop contribution in
Fig. 19 suggests sensitivity to theHVV couplings in Eq. (1).
Yet, an explicit calculation shows that the contributions from
gVV2 and gVV4 drop out and yield a zero contribution to the
complete squared one-loop amplitude. Moreover, both the
triangle and the box diagrams are only sensitive to the axial-
vector coupling of the gauge boson to the fermions in the
loop. Hence, photons do not couple to the closed fermion
loop. The process gg → γH can only proceed through an
intermediate Z�, which decays into γH via the κZγ2 coupling
in Eq. (1). Obviously, gg → WH does not exist because of
charge conservation. The absence of sensitivity to anoma-
lousHVV couplings gVV2 and gVV4 does not render the gg →
ZH process completely irrelevant to their study. If we
assume, for example, that the HZZ interaction involves
nonzero gZZ2 , which does not contribute to the triangle
diagrams, the pattern of destructive interference with the
box diagram would change. Hence, there is a strong
sensitivity to the HVV couplings, which is entangled with
possible anomalous values of the Hff̄ couplings.

The above mentioned special features of the loop-
induced gg process motivate separating it from the qq̄
production mode. While it is not feasible to isolate one
process from the other on an event-by-event basis, it is
possible to enhance (or decrease) the relative fraction of the
two processes. We use the MELA approach with the DggZH

discriminant calculated according to Eq. (44) with sig ¼
gg → ZH and alt ¼ qq̄ → ZH. The distributions of DggZH

for the gg- and qq̄-initiated processes are shown in Fig. 19.
As an example, in a restricted range of the DggZH

observable which keeps 80% of the gg-initiated process,
the fraction of this process is enhanced from 7% to 22%. As
described in Sec. V, this approach is superior to selection
based on individual kinematic observables, such as select-
ing higher values of mZH or pH

T [129].
In the following, we present anomalous coupling results

for the gg and qq̄ processes separately. This serves to
illustrate the particular anomalous coupling features of our
framework. A full experimental result needs to include both
processes together. In Fig. 20, we show the effects of
several combinations of anomalous Htt̄ couplings in the
gg → ZH process and compare the shape changes to the
SM prediction. We use the general interaction structure
from Eq. (2) with CP-even (κ) and CP-odd (κ̃) Yukawa-
type couplings and consider the scenarios with a wrong
sign Yukawa coupling, pure CP-odd couplings, and mix-
tures of CP-even and CP-odd couplings. In Fig. 20, we
show the ZH invariant mass and the two angles θ1 and θ2.
The angles are defined for the VH process in Fig. 5 and
Ref. [3], but we note that it is possible to define the sign of
cos θ1 when θ1 is the angle between the Z boson and the
longitudinal direction of the overall boost of the V� → ZH
system, defined in the V� rest frame. In the case where the
VH system has finite transverse momentum, we first boost
the system in the transverse direction to set the transverse

FIG. 19. Distribution of the mZH invariant mass (left) and DggZH discriminant (right) in gg and qq̄ → ZH → l−lþbb̄ processes under
the SM hypothesis in 14 TeV LHC collisions, with several components isolated for illustration. The left plot shows the differential cross
section for the qq̄ → ZH process at both LO and NLO in QCD.
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FIG. 20. Kinematic distributions for simulated gg → ZH → l−lþbb̄ events at 14 TeV for several scenarios: κ ¼ 1, κ̃ ¼ 0 (SM, black
crosses); κ ¼ −1, κ̃ ¼ 0 (black boxes); κ ¼ 0, κ̃ ¼ �1 (magenta circles); κ ¼ 1=

ffiffiffi
2

p
, κ̃ ¼ �1=

ffiffiffi
2

p
(blue triangles); κ ¼ −1=

ffiffiffi
2

p
, κ̃ ¼

�1=
ffiffiffi
2

p
(green diamonds).

FIG. 21. Selected kinematic distributions for simulated qq̄ → ZH → l−lþbb̄ events at 14 TeV shown at LO (dotted) and NLO (solid)
in QCD. The SM (black) and anomalous coupling model (red) are shown. The anomalous coupling model shown is the pseudoscalar
model fg4 ¼ 1 in all plots except for the D0hþ discriminant distribution, where the fg2 ¼ 1 model is shown instead. The bottom panels
show the k-factor ratios.
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motion to zero. For a practical application of this approach
at the LHC, see Ref. [130].
In the upper row of Fig. 21 we present the qq̄ → ZH

process and compare the leading order with the next-to-
leading QCD prediction. The black and red curves corre-
spond to the SM HZZ coupling and a pure CP-odd
coupling from gZZ4 in Eq. (1), respectively. Shape changes
due to the different coupling structure are significant, even
on a logarithmic scale. Hence, this process offers strong
discrimination power even for small admixtures of gZZ4 into
the SM-like gZZ1 coupling structure. The higher order
corrections, shown in the differences between the solid
and dotted curves and in the lower panes, are positive, fairly
constant, and Oðþ10%Þ. In the lower row of Fig. 21 we
show the matrix element discriminants D0hþ and D0−,
defined in Eq. (44), for the alternative hypotheses gZZ2 ¼1

and gZZ4 ¼ 1, respectively.Again, theNLOQCDcorrections

are fairly constant over a wide range. The plots show strong
discrimination power between each anomalous hypothesis
and the SM.The results allow for amore accurate estimate of
systematic uncertainties in future analyses, and the flat
correction reinforces previous leading order studies.

IX. APPLICATION TO NEW RESONANCE
PRODUCTION

The techniques developed for the study of the Hð125Þ
boson would apply to a search for or a study of a new
resonance XðmXÞ which may arise in the extensions of the
SM, such as any singlet model or two Higgs doublet model.
For example, if any enhancement or modification of the
diboson spectrum or kinematics in the off-shell region is
observed, one would have to determine the source of this
effect. For example, it might come from amodification of the
H boson couplings in the off-shell region, including anoma-
lous tensor structures; a modification of the continuum
production, possibly from anomalous self-interactions; or
yet another resonance X with a larger mass. This latter
scenario is necessary to consider in order to complete the
experimental studies.
If a new state X is observed, one would need to determine

its spin and parity quantum numbers in all accessible final
states. The techniques discussed in Sec.VIwould be directly
relevant. If thewidth of the resonance is sizable, interference
with background, as discussed in Sec. VII, will become
relevant. Moreover, interference with the off-shell Hð125Þ
boson tail would become important as well. All these effects
are included in the coherent framework of the JHUgenerator
with the modified MCFM matrix element library, and are
available in the MELA package for MC reweighting and
optimal discriminant calculations. They have been
employed in analyses of Run-II of LHC data [75,76].
Applications of off-shell Hð125Þ simulation with

an additional broad XðmXÞ resonance are shown in
Figs. 22–24. The cross section of the generated resonance
X corresponds to the limit obtained by the recent CMS
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search [75], which includes all interference effects of a
broad resonance. The most general XVV and Xgg couplings
discussed in application to HVV and Hgg in Secs. VI and
VII are possible. It is interesting to observe that in the scalar
case, the interference of XðmXÞ with the Hð125Þ off-shell
tail and its interference with the background have opposite
signs and partially cancel each other, but the net effect still
remains and alters the distributions. In the cases of anoma-
lous XVV couplings, the size of the interference changes,
and in some particular cases, such as the g4 coupling,
even the sign of the interference flips. The pointlike Xgg
couplings are also tested and shown in Fig. 23, which models
the scenario when new heavy states in the gluon fusion loop
are responsible for production of the new state X.

X. SUMMARY

In this paper, we have investigated the Higgs boson
interactions at invariant masses both at and well beyond the
mass peak. We considered the weak vector boson fusion
process pp → 4f þ jj, gluon fusion pp → 4f, and asso-
ciated production pp → VH. All three processes contribute
to both the on-shell and off-shell signal regions. NLO QCD
effects, including the gg initial state, are investigated in
pp → VH production. Through these processes, we study
HVV interactions in the regime of large momentum
transfer, which exposes the unitarization feature in the
Standard Model and is sensitive to the mechanism of
electroweak symmetry breaking at high energies. Our
framework allows a general coupling parametrization for
the 125 GeV Higgs boson and for a possible second spin-
zero resonance. Modifications of the triple and quartic
gauge boson couplings are also considered. Deviations
from the SM expectation can be parametrized in terms
of anomalous couplings, effective field theory operators,
and pseudo-observables. The framework of the JHUGen
event generator and MELA library for the matrix element
analysis enable simulation, optimal discrimination,

reweighting techniques, and analysis with the most general
anomalous couplings of a bosonic resonance and the triple
and quartic gauge boson interactions. The capabilities of
the framework have been illustrated with projections for
measuring the EFT operators with the expected full data
samples of the LHC and the high-luminosity LHC.
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Note added.—A new application of this framework to LHC
data appeared in Ref. [131]. We would also like to point
that the relative sign of the CP-even and CP-odd couplings
in Eq. (37) is consistent with Refs. [132–134], while the
sign was reversed between Refs. [23,135]. We adopt the
sign convention of the antisymmetric tensor ϵ0123 ¼ þ1
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FIG. 24. Differential cross section of the electroweak production process qq → qqðZZ=Zγ�=γ�γ� → 4lÞ as a function of invariant
mass m4l generated with JHUGenþMCFM. The distribution is shown in the presence of a hypothetical Xð1000Þ resonance with
SM-like couplings (left) and anomalous couplings (fg2 ¼ 1 and fg4 ¼ 1, right), mX ¼ 1000 GeV, and ΓX ¼ 100 GeV. Several
components are either isolated or combined as indicated in the legend. Interference (I) of all contributing amplitudes is included.
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consistent with Refs. [132–134] and thank Werner
Bernreuther for pointing out the sign ambiguity.

APPENDIX: COUPLING RELATION TO THE
WARSAW BASIS

Translations of the EFToperators between the Higgs basis
and the Warsaw basis, which is defined in Ref. [88], can be
performed with tools such as Rosetta [136]. For example,
under the assumption that δcz ¼ δcw in Sec. II, we have five
independent CP-even and three CP-odd electroweak HVV
operators, as well as one CP-even and one CP-odd Hgg
operator in theHiggs basis. The same number of independent
H boson operators exists in the Warsaw basis. The relation-
ship between the six CP-even operators is quoted explicitly
in Eq. (14) of Ref. [136]. Eliminating the assumption δcz ¼
δcw yields one additional degree of freedom: δm in theHiggs
basis;ΔMW in our anomalous coupling approach inEq. (17);
and a linear combination of three coefficients, called δv in
Ref. [136], in the Warsaw basis.
We extend the above equivalence to include the CP-odd

operators and derive the translation of the four operators
between the Higgs basis and the Warsaw basis as

gZZ4 ¼ −2
v2

Λ2
ðs2wwϕB̃ þ c2wwϕW̃ þ swcwwϕBW̃Þ;

gγγ4 ¼ −2
v2

Λ2
ðc2wwϕB̃ þ s2wwϕW̃ − swcwwϕBW̃Þ;

gZγ4 ¼ −2
v2

Λ2

�
swcwðwϕW̃ − wϕB̃Þ þ

1

2
ðs2w − c2wÞwϕBW̃

�
;

ggg4 ¼ −2
v2

Λ2
wϕG̃: ðA1Þ

Another set of coefficients is sometimes used and is related
to the Warsaw basis through

CφB̃ ¼ −
c2w
Λ2e2

wϕB̃;

CφW̃ ¼ −
s2w

Λ2e2
wϕW̃;

CφBW̃ ¼ −
swcw
Λ2e2

wϕBW̃;

CφG̃ ¼ −
wϕG̃

Λ2g2s
: ðA2Þ

Wewould like to note that it is a question of convenience
which operators in the Higgs basis are chosen as indepen-
dent ones under the SUð2Þ × Uð1Þ symmetry. For studies
performed in this paper, we find it convenient to pick δcz,
czz, cz□, c̃zz, czγ , c̃zγ , cγγ , c̃γγ , cgg, and c̃gg as an independent
set of HVV and Hgg couplings and use Eqs. (17)–(21) to
express the other couplings listed in Eq. (8). In other
analyses, another convention may be more convenient. For
instance, when performing measurements with the WW
final state, one could pick δcw, cww, cw□, and c̃ww in place
of δcz, czz, cz□, and c̃zz to perform the measurements, and
express the latter using Eqs. (17)–(20). In the end, all
couplings can be translated into a common convention. 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 program, which includes an
interface to the generator and matrix element library and
can also be used for stand-alone or other applications.
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