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

B. O↵-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 ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), 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 a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ 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 o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) 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 second H-like resonance X with mass mX , width �X , 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 ! V H where V = Z,W, �,
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 contribution
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 ! V H process which
is sensitive to HV V 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 e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section 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 multi-parameter 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 dimensions and the number of contributing components in the
likelihood description of a single process with the increasing 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 for
parton shower and detector e↵ects when these e↵ects 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 association 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 ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].

Figure 3.7: Example Feynman diagrams for electroweak o↵-shell Higgs production and corre-
sponding background with EFT insertions.

3.2 Studies with the JHUGen+MCFM framework
The JHUGen implementation of o↵-shell Higgs boson production with subsequent decay to
V V ! 4f includes interference with background and supports both gluon fusion and electroweak
(VBF and V H) processes [46,47]. Building on the transparent implementation of standard model
matrix elements in MCFM [6,48], the JHUGen framework incorporates the general scalar and
gauge couplings of the Higgs boson, as well as additional possible states. The JHUGenLexicon
interface allows for parameterization of EFT e↵ects either in the Higgs (mass eigenstate) or
Warsaw (weak eigenstate) bases, or directly as modifications of the Higgs boson anomalous
interactions with either fermions or vector bosons.

3.2.1 Relevant Operators

Several types of EFT operators a↵ecting Higgs boson physics, which appear in Eq. (2.6) and
are later listed in Eq. (4.4), are considered. The typical Feynman diagrams with these operators
contributing to the gluons fusion process are presented in Fig. 3.1, and typical ones contributing
to the electroweak o↵-shell Higgs boson production and corresponding background are shown in
Fig. 3.7. Therefore, the operators a↵ecting the Higgs boson signal can be classified as follows:

• Operators a↵ecting the HV V vertex either in the H ! V V decay or in electroweak pro-
duction of the Higgs boson (V V ! H, V ! V H): �cz, cz⇤, czz, c�� , cz� , cgg, c̃zz, c̃�� , c̃z�

• Operators a↵ecting the Hgg vertex in gluon fusion (point-like interactions): cgg, c̃gg

• Operators a↵ecting Yukawa interaction in the gluon fusion loop: CP-odd ̃t, ̃b, and CP-
even t,b, where the latter are equivalent to �yu, �yd in Eq. (4.4)

• Operators with a new heavy fermion Q in the gluon fusion loop, which reproduce cgg and
c̃gg in the limit of mQ ! 1

Moreover, both gluon fusion and electroweak production of the Higgs boson in the o↵-shell regime
require modeling of the background processes and their interference with the Higgs boson signal.
These background processes may be modified by EFT e↵ects. Therefore, the following types of
EFT operators can also be considered:

• Operators which allow for modification of the vector and axial-vector Zff couplings, either
in the Z decay to fermions or through the connection of the Z to the fermion in the gluon
fusion loop in the gg ! V V ! 4f background process

• Operators a↵ecting the triple (d�WW , dZWW , d�
i
, dZ

i
) and quartic (d��WW , d�ZWW , dZZWW ,

dWWWW ) boson couplings in the electroweak background production of the V V ! 4f final
state in association with jets

The former set of operators are not considered in the gluon fusion continuum process yet [47].
In the latter case, the triple and quartic electroweak boson couplings, with an example shown
in the middle digram of Fig. 3.7, are related to the HV V vertices through SMEFT symmetry
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8. Signal modeling 17

The final N -2D model is built by combining all 2D models of dm4`/m4` categories. If VXBS
and m(Z1) constraint approaches are applied, the model is referred to as N -2D

0
VXBS. This con-

figuration, which provided best precision, will be used as default for the mass measurement.

8.2 Signal and background interference modeling in the off-shell region

The off-shell probability density follows Eqs. (1) and (6) closely but with the additional con-
tribution of interference (int) between the signal and background amplitudes, as well as cross-
feed (cross) component discussed below, as:

Pjk(~x;~x jk,~z) =
µjGH

G0
P sig

jk
(~x;~x jk) +

s
µjGH

G0
P int

jk
(~x;~x jk) + µj Pcross

jk
(~x;~x jk) + Pbkg

jk
(~x;~x jk), (9)

where G0 is the reference value of the H boson width (not necessarily its SM value) used in
MC simulation. Otherwise, the definition of the terms is the same as in Eq. (6). In the off-shell
width analysis there are two signal process j (gluon fusion and EW) and several background
processes, and there are three jet-tagged categories k, while all lepton flavors and data periods
are combined together.

The P sig
jk

, P int
jk

, P cross
jk

, and Pbkg
jk

probability densities are normalized to the expected number
of events, and are implemented as binned histograms (templates) of the observables ~x listed
in Table 1. These templates are obtained by reweighting the existing signal or background
samples for different couplings and then finding their linear combination.

The off-shell region studied by this analysis includes all events with m4` greater than 220 GeV.
This allows other processes to mimic the off-shell production of the H boson with decay to four
leptons. Specifically, we focus on on-shell signal events in which the H boson decays to 2`+ X

and then associated leptons in the event allow for the event to pass the four-lepton selections.
The dominant on-shell H boson process that can end up reconstructed in the off-shell region
is Z(``)H(2`+ X). An estimation of the cross-feed ZH(125) contribution is performed using
the on-shell ZH(125) samples with both decays H(125) ! WW and ZZ, where lepton filtering
is used at generator level in the POWHEG on-shell samples with JHUGEN decay to make sure
that the final state includes four leptons of any kind. The dominant contributions come from
the H(125) ! 2`2n and 2`2q final states produced in association with Z ! 2`. The on-shell
cross-feed events are removed from the modeling of off-shell production, even though they are
included in the off-shell MC simulation.

The cross section of the gluon fusion process is tuned to a calculation at the best available
order in QCD and EW. This should describe the inclusive 4` production to high precision.
However, the categorization of events relies on the modeling of associated jets, and this relies
on Pythia parton shower and hadronization and its matching to the hard process. The off-shell
gluon fusion production is generated at LO with no associated jets at matrix-element level, and
therefore all jets come from PYTHIA. This PYTHIA parton shower and hadronization relies on
ad hoc tuning with hadronization scale settings which may depend on the energy scale in the
process, which in the case of the gg ! 4` process is m4`.

The cross section of the EW process is tuned to a calculation at the best available order in QCD
and EW. This should describe the inclusive 4` EW production in association with two jets to
high precision. In this case, as opposed to the gluon fusion process discussed above, two hard
jets, which are typically the leading jets in the process, are generated at the matrix-element
level already in the LO simulation. These are the two associated jets in the VBF process, or

on-shell cross-feed, e.g. ZH → (ℓ+ℓ−)(2ℓ2X)

signal H* interference backgroundμj = μF, μV

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html


Andrei Gritsan, JHU 4

ΓH = 3.0+2.0
−1.5 × 10−3 GeV

3.8σ

December 5, 2024

arXiv:2409.13663

Recent CMS results: Off-shell Higgs boson

Few directions forward for ATLAS & CMS:

— LHC combination in  -frameworkκ
— LHC combination in EFT (SMEFT)

— LHC combination of  ΓH
Today show ideas from CMS

— to coordinate with ATLAS…

combined with   H* → 2ℓ2ν
CMS arXiv:2202.06923

https://arxiv.org/abs/2409.13663
https://arxiv.org/abs/2202.06923


Andrei Gritsan, JHU 5

Off-shell  in the  frameworkH* κ

December 5, 2024

The off-shell H* production 

— unique to constrain Γtot

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

Undet.Β

Inv.Β

γκ

gκ

γZκ

µκ

τκ

bκ

Zκ

Wκ

tκ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

0.06+0.00 0.05+ 0.03+ 

0.05± 0.07 0.02± 0.04±

0.06−
0.05+1.07 0.05−

0.04+ 0.03−
0.04+ 

0.07± 0.93 0.05± 0.05−
0.06+ 

0.36−
0.32+1.62 0.34−

0.29+ 0.11−
0.12+ 

0.21−
0.19+1.11 0.20−

0.18+ 0.07±

0.07± 0.91 0.04± 0.05−
0.06+ 

0.12−
0.10+0.90 0.09−

0.07+ 0.08−
0.07+ 

0.03−1.00 0.03− 0.01− 

0.06−1.00 0.04− 0.04− 

0.10± 1.01 0.07± 0.07±

Stat Syst

Nature  combination arXiv:2207.00043κ

8

Section II. The cross section of a process i ! H ! f can be expressed as

d�(i ! H ! f)

ds
/

⇣P
↵(i)

jk
ajak

⌘⇣P
↵(f)

lm
alam

⌘

(s�M2

H
)2 +M2

H
�2
tot

. (31)

where
⇣P

↵(i)

jk
ajak

⌘
describes the production for a particular initial state i and

⇣P
↵(f)

lm
alam

⌘
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 coe�cients ↵(i)

jk
and ↵(f)

lm
evolve with s and may be functions of kinematic observables.

These coe�cients can be obtained from simulation, as we discuss in Section IV. In this Section, we discuss integrated

cross sections, and for this reason we deal with ↵(i)

jk
and ↵(f)

lm
as constants that have already been integrated over the

kinematics. We will come back to the kinematic dependence in Section V.
In the narrow-width approximation for on-shell production, we integrate Eq. (31) over s in the relevant range,

⇠ MH�tot around the central value of M2

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

�(i ! H ! f) /

⇣P
↵(i)

jk
ajak

⌘⇣P
↵(f)

lm
alam

⌘

�tot

. (32)

One can express the total width as

�tot = �known + �other , (33)

where �known represents decays to known particles and �other represents other unknown final states, either invisible
or undetected in experiment.

Without direct constraints on �other, if results are to be interpreted in terms of couplings via the narrow-width
approximation in Eq. (32), assumptions must be made on �other. However, in the case of the ZZ and WW final states,
there is an interplay between the massive vector boson or the H boson going o↵-shell, resulting in a sizable o↵-shell
H⇤ production [92] with (s � M2

H
) � MH�tot in Eq. (31). The resulting cross section in this region s > (2MW )2

is independent of the width. It should be noted that Eq. (31) represents only the signal part of the o↵-shell process
with the H boson propagator. The full process involves background and its interference with the signal [92, 93],
as we illustrate in Section VII. Nonetheless, the lack of width dependence in the o↵-shell region is the basis for
the measurement of the H boson’s total width �tot [93], provided that the evolution of Eq. (31) with s is known.
Therefore, a joint analysis of the on-shell and o↵-shell regions provides a simultaneous measurement of �tot and of
the cross sections corresponding to each coupling an in a process i ! H(⇤)

! f , as illustrated in Refs. [67, 73]. In
a combination of multiple processes, the measurement can be further interpreted as constraints on �other and the
couplings, following Eqs. (32) and (33), and with the help of the identity

�known =
X

f

�f = �SM

tot
⇥

X

f

 
�SM

f

�SM
tot

⇥
�f

�SM

f

!
=
X

f

�SM

f

X

lm

↵(f)

lm
alam . (34)

The coe�cients ↵(f)

lm
describe couplings to the known states and are normalized in such a way that Rf (an) =⇣P

↵(f)

lm
alam

⌘
= 1 in the SM, and otherwise Rf (an) = �f/�SM

f
.

In the following, we proceed to discuss the on-shell part of the measurements using the narrow-width approximation.
In Table I, we summarize all the coe�cients and functions Rf needed to calculate �known in Eq. (34). These expressions

with explicit coe�cients ↵(f)

lm
help us to illustrate the relationship between the coupling constants introduced in

Section II and experimental cross-section measurements. We will also use these expressions in Section VI in application
to particular measurements. For almost all calculations, we use the JHUGen framework implementation discussed in
Section IV. The only exceptions are R�� and RZ� , 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 = 162.7GeV and the on-shell mass
for the bottom quark mb = 4.18GeV, and QCD scale µ = MH/2.

For all fermion final states H ! qq̄, where we generically use q = b, c, ⌧, µ to denote either quarks or leptons, in the
limit mq ⌧ MH we obtain

Rqq = 2

q
+ ̃2

q
. (35)

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 the H boson Q and
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Section IV. The only exceptions are R�� and RZ� , 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 = 162.7GeV and the on-shell mass
for the bottom quark mb = 4.18GeV, and QCD scale µ = MH/2.

For all fermion final states H ! qq̄, where we generically use q = b, c, ⌧, µ to denote either quarks or leptons, in the
limit mq ⌧ MH we obtain

Rqq = 2

q
+ ̃2

q
. (35)

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 the H boson Q and

neglect in off-shell ( s − mH) ≫ Γtot

With on-shell H production: 

when related to on-shell

 
Γtot = Γknown + Γinvisible + Γundetected

Do not need to assume  
 and κZ < 1 κW < 1
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Figure 16: Best-fit values and uncertainties for Higgs boson coupling modifiers per particle type with e�ective
photon and gluon couplings and either Binv = Bundet = 0 (black); Binv and Bundet included as free parameters, the
conditions W,Z  1 applied and the measurement of the Higgs boson decay rate into invisible final states included
in the combination (red); or BBSM = Binv + Bundet included as a free parameter, the measurement of o�-shell Higgs
boson production included in the combination, and the assumptions described in the text applied to the o�-shell
coupling-strength scale factors (blue). The SM corresponds to Binv = Bundet = 0 and all  parameters set to unity. All
parameters except t are assumed to be positive.
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Figure 6: Reduced coupling strength modiÞers and their uncertainties per particle type with e! ective photon,
!" and gluon couplings. The horizontal bars on each point denote the 68% conÞdence interval. The scenario
where! inv. = ! u. = 0 is assumed is shown as solid lines with circle markers. The" -value for compatibility with the
SM prediction is 61% in this case. The scenario where! inv. and! u. are allowed to contribute to the total Higgs
boson decay width while assuming that#! ! 1 and! u. " 0 is shown as dashed lines with square markers. The lower
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of SM Higgs boson production processes into a set of regions deÞned by the speciÞc kinematic properties
of the Higgs boson and, where relevant, of the associated jets,$ bosons, or%bosons, as described in
Methods. The regions are deÞned so as to provide experimental sensitivity to deviations from the SM
predictions, to avoid large theory uncertainties in these predictions, and to minimize the model-dependence
of their extrapolations to the experimentally accessible signal regions. Signal cross sections measured
in each of the introduced kinematic regions are compared with those predicted when assuming that the
branching fractions and kinematic properties of the Higgs boson decay are described by the SM.

The results of the simultaneous measurement in 36 kinematic regions are presented in Figure7. Compared
to previous results with a smaller dataset [22] a much larger number of regions are probed, particularly at
high Higgs boson transverse momenta where in many cases the sensitivity to new phenomena beyond the
SM is expected to be enhanced. All measurements are consistent with the SM predictions.
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).
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have an intuitive interpretation, as their values indicate the fractional contribution to the measurable cross section,
while there is no convention-invariant interpretation 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
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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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].

κg
κb, κt κQ ∼ ?

   is a running coupling :κg κg(mZZ)

at 125 GeV

naive assumption, neglect:
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(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-violating degrees of freedom. We put a special emphasis on spin-zero resonances H, for which
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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-zero H 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 o↵-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
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general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects from
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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-zero H 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 o↵-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 s2
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In the following, we rely on JHUGen framework implementation, discussed in Section III and Ref. [45], to derive
the loop contributions of the SM particles and the heavy quarkQ to the scaling factor Rgg, for both CP-even and
CP-odd couplings. The CP-even coupling contributions of the quarks andW boson to R"" and RZ " are derived
with HDECAY [92]. The CP-odd contributions to R"" are calculated with the JHUGen framework in a manner
analogous toRgg. The CP-odd contributions to RZ " are calculated usingcHDECAY [93].

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

Rgg = 1 .1068$2
t + 0 .0082$2

b " 0.1150$t $b + 2 .5717 ÷$2
t + 0 .0091 ÷$2

b " 0.1982 ÷$t ÷$b

+ 1 .0298 (Nc/ 3)2$2
Q + 2 .1357 (Nc/ 3)$Q $t " 0.1109 (Nc/ 3)$Q $b

+2 .3170 (Nc/ 3)2÷$2
Q + 4 .8821 (Nc/ 3)÷$Q ÷$t " 0.1880 (Nc/ 3)÷$Q ÷$b . (13)

The $Q and ÷$Q couplings are connected to theggg
2 and ggg

4 point-like interactions introduced in Eq. (1) through

ggg,Q
2 = " %sNc$Q / (18&) , ggg,Q

4 = " %sNc÷$Q / (12&) . (14)

One can rewrite Eq. (13) in terms of theggg
2 and ggg

4 couplings in place ofNc$Q and Nc÷$Q by substituting Eq. (14).
Even though Eq. (14) is derived in the special case of a heavy quark, the resulting expression ofRgg as a function of
ggg

2 and ggg
4 and other terms is valid for any heavy particles in the loop that generate these point-like interactions.

The latter observation allows us to obtain the value of the e" ective ggg
2 coupling which leads to the SM cross section

in the gluons fusion process. By setting all couplings, other thanggg
2 , to zero and Rgg = 1 in Eq. (13), we obtain

ggg,SM
2 = " 0.00621. (15)

The ggg,SM
2 value di" ers by only 1.5% from the value that one would obtain in the heavy top mass limit by setting

$Q = 1 and Nc = 3 in Eq. (14), and the sign follows the prediction in this limit.

arXiv:2109.13363

at 125 GeV, only rates:

κQκb, κt

On-shell: can start from EFT parameterization at mH = 125 GeV
— drop CP-odd terms κ̃q

— have , ,  remaining — equivalent to , ,  κt κb κQ κt κb κg

What about off-shell at ? mZZ > 180 GeV

    — gg → H* → ZZ μF
SM loop ~   (κ2
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b + 0κtκb) × κ2

Z

κ2
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κg
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or to set limits on the light quark Yukawa couplings or other possible light contributions, similarly to the techniques
using the on-shellH boson transverse momentum [41, 126]. In all cases, the CP-odd componentÕs interference with
the background is zero when integrated over the other observables. The actual analysis of the data will beneÞt from
employing the full kinematics using the matrix-element approach.

B. O ! -shell e ! ects due to HVV anomalous couplings

The o! -shell production of the H boson also allows testing the anomalousHV V couplings of the H boson to two
electroweak bosons,V V = W W, ZZ, Z ! , !! . These couplings appear in the decayH ! 4f in the gluon fusion process
and in both production and decay in the electroweak process. The latter includes both VBF andV H 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,gZZ

4 = gW W
4 , gZZ

2 = gW W
2 , and " ZZ

1,2 = " W W
1,2 ,

which involve interplay of either the H boson or the Z (W ) boson going o! shell. The anomalous couplings of the
H boson to the photon are not enhanced o! -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 o! -shell
region, since the behavior of the couplings involving the photon is drastically di! erent.

Examples of applications of the tools developed here, both simulation and MELA discriminants, can be found
in Refs. [73, 77] where simultaneous analysis of theH 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" tot = 4 .1+1 .1

! 1.1 MeV, as shown in Fig. 106 of Ref. [77]. With the current data sample from
the LHC experiments, the o! -shell region signiÞcantly improves the anomalous coupling constraints, even with" tot
proÞled [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 andV H
production in the on-shell region plays a more important role.

It has been pointed out [26, 42] that the gg ! 4# process also provides good sensitivity for constraining the top
quark electroweak couplings. Similarly, gluon fusion inZH production is sensitive to the same top quark couplings
and can be used to constrain them [127, 128]. In this work, however, we separate anomalousH boson couplings from
the rest of the electroweak interactions where this is possible in a consistent way. For the above cases, separating the
e! ects is certainly possible, because top quark electroweak couplings can also be probed in e.g.pp ! tøtZ , which is
independent of the Higgs sector. Moreover, there are no EFT relations between electroweak top quark couplings and
H boson couplings. However, the gauge boson self-interactions and theH boson couplings cannot be separated if the
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FIG. 15: The invariant mass distribution of four-lepton (4 # = 2e2µ) events produced through gluon fusion at the
LHC with a 13 TeV proton collision energy. The di! erent CP-even anomalousHgg couplings are simulated with
JHUGen+MCFM at LO in QCD, and the NNLO k factor is calculated with the HNNLO program, assuming signal
and backgroundk factors to be the same as for the SMH boson. Four o! -shell scenarios are shown with the couplings
chosen to match the SM on-shellgg ! H ! 4# cross section: SM (solid black), top-quark only (magenta), bottom-
quark only (red), and a point-like e! ective interaction (blue) shown in Eq. (37). The left plot shows the gg ! H ! 4#
process with only signal, while the right plot includes interference with the SMgg ! 4# background, which is also

shown separately in the dotted histogram.
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).
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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 +1, 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 interpretation 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.
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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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2
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, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
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= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and
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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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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Figure 147: Differential cross section of the processgg ! ZZ/Z ! ! / ! ! ! ! ! 2"2"" (where", "" = e, µ, or
#) as a function of invariant massm4! generated with the MCFM+JHUGen framework, including the NNLO in
QCD weights calculated with MCFM+HNNLO. The NNLO and NLO weights (k-factors) as a function ofm4! are
shown on the top-right plot. The top-left plot shows several scenarios ofH (125) anomalous couplings to two weak
vector bosons with enhancement in the off-shell region with thea3, a2, and! 1 terms, as coloured histograms, as
well as thea1 term (SM), as the solid black histogram, from Eq. (I.8.5) in decreasing order of enhancement at
high mass. The bottom plot shows distributions in the presence of a hypotheticalX (450) resonance with several
components either isolated or combined. In all cases interference (I) of all contributing amplitudes is included.

I.8.3.g.ii Interference contributions to gluon-initiated heavy Higgs boson production in the 2HDM

In this section we discuss the loop-induced processesgg ! ZZ andgg ! V V(! e+ e! µ+ µ! /e + e! $l ø$l )
at LO QCD in the context of a CP-conserving Two-Higgs-Doublet-Model (2HDM). In particular, we
study the effect of the interference between light and heavy Higgs bosons, and with the background. The
2HDM contains two Higgs doublets, which we nameH1 andH2. The models can be classiÞed into
type I and type II, if we demand no tree-level ßavour-changing neutral currents and CP conservation.
By convention [487], the up-type quarks couple toH2. In models of type I, the down-type quarks also
couple toH2, while in type II models, they couple toH1. The coupling to the leptons can either be
throughH1 or H2, but as our studies are not sensitive to the coupling of the Higgs bosons to leptons, we
do not need a further type distinction. The two Higgs doublets form one CP-odd ÞeldA and two CP-even
Higgs Þeldsh andH due to CP conservation, as well as two charged Higgs bosonsH ± . The 2HDM
can be described in different basis representations. We make use of the Òphysical basisÓ, in which the
masses of all physical Higgs bosons, the ratio of the vacuum expectation valuestan %:= tan %= v2/v 1

26

or to set limits on the light quark Yukawa couplings or other possible light contributions, similarly to the techniques
using the on-shellH boson transverse momentum [41, 126]. In all cases, the CP-odd componentÕs interference with
the background is zero when integrated over the other observables. The actual analysis of the data will beneÞt from
employing the full kinematics using the matrix-element approach.

B. O ! -shell e ! ects due to HVV anomalous couplings

The o! -shell production of the H boson also allows testing the anomalousHV V couplings of the H boson to two
electroweak bosons,V V = W W, ZZ, Z ! , !! . These couplings appear in the decayH ! 4f in the gluon fusion process
and in both production and decay in the electroweak process. The latter includes both VBF andV H 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,gZZ

4 = gW W
4 , gZZ

2 = gW W
2 , and " ZZ

1,2 = " W W
1,2 ,

which involve interplay of either the H boson or the Z (W ) boson going o! shell. The anomalous couplings of the
H boson to the photon are not enhanced o! -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 o! -shell
region, since the behavior of the couplings involving the photon is drastically di! erent.

Examples of applications of the tools developed here, both simulation and MELA discriminants, can be found
in Refs. [73, 77] where simultaneous analysis of theH 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" tot = 4 .1+1 .1

! 1.1 MeV, as shown in Fig. 106 of Ref. [77]. With the current data sample from
the LHC experiments, the o! -shell region signiÞcantly improves the anomalous coupling constraints, even with" tot
proÞled [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 andV H
production in the on-shell region plays a more important role.

It has been pointed out [26, 42] that the gg ! 4# process also provides good sensitivity for constraining the top
quark electroweak couplings. Similarly, gluon fusion inZH production is sensitive to the same top quark couplings
and can be used to constrain them [127, 128]. In this work, however, we separate anomalousH boson couplings from
the rest of the electroweak interactions where this is possible in a consistent way. For the above cases, separating the
e! ects is certainly possible, because top quark electroweak couplings can also be probed in e.g.pp ! tøtZ , which is
independent of the Higgs sector. Moreover, there are no EFT relations between electroweak top quark couplings and
H boson couplings. However, the gauge boson self-interactions and theH boson couplings cannot be separated if the
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FIG. 15: The invariant mass distribution of four-lepton (4 # = 2e2µ) events produced through gluon fusion at the
LHC with a 13 TeV proton collision energy. The di! erent CP-even anomalousHgg couplings are simulated with
JHUGen+MCFM at LO in QCD, and the NNLO k factor is calculated with the HNNLO program, assuming signal
and backgroundk factors to be the same as for the SMH boson. Four o! -shell scenarios are shown with the couplings
chosen to match the SM on-shellgg ! H ! 4# cross section: SM (solid black), top-quark only (magenta), bottom-
quark only (red), and a point-like e! ective interaction (blue) shown in Eq. (37). The left plot shows the gg ! H ! 4#
process with only signal, while the right plot includes interference with the SMgg ! 4# background, which is also

shown separately in the dotted histogram.

Higher-order corrections in the ggH process

arXiv:2002.09888 arXiv:1610.07922 (YR4)

±5 %

What about higher order QCD corrections?

— we already include NNLO  factor  flat NNNLO factor (match YR4) K (m4ℓ) + 10 %
— overall , stable within  (200-2000 GeV), uncertainty  K ∼ 2.3 ±5 % ±7 %
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].

— extra  uncertainty on background  ±10 %
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Table 6: Summary of the total Higgs boson width ! H measurement, showing the 68% CL (cen-
tral values with uncertainties) and 95% CL (in square brackets) intervals for the H ! ZZ ! 4!
channel alone and in combination with the off-shell H ! ZZ ! 2! 2! channel.

Channel Observed ! H (MeV) Expected ! H (MeV)

4! on- and off-shell, " Q = 0 2.9+ 2.3
" 1.7 [0.3, 7.9] 4.1± 4.0 [< 11.5]

4! on- and off-shell 2.7+ 2.7
" 1.8 [0.1, 8.7] 4.1+ 5.3

" 4.0 [< 14.1]

CMS arXiv:2409.13663  (new!)
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].

κb, κt

κQ = 0

κQ

κQ

Applied to CMS data :H(*) → 4ℓ

(1) show that  constraints are stable to new heavy contributions in   ΓH ggH
(2) open possibility to include  and  in  framework with no  assumptions  ΓH κQ κ κV

model any heavy particles in the loop with  κQ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].

Figure 3.7: Example Feynman diagrams for electroweak o↵-shell Higgs production and corre-
sponding background with EFT insertions.

3.2 Studies with the JHUGen+MCFM framework
The JHUGen implementation of o↵-shell Higgs boson production with subsequent decay to
V V ! 4f includes interference with background and supports both gluon fusion and electroweak
(VBF and V H) processes [46,47]. Building on the transparent implementation of standard model
matrix elements in MCFM [6,48], the JHUGen framework incorporates the general scalar and
gauge couplings of the Higgs boson, as well as additional possible states. The JHUGenLexicon
interface allows for parameterization of EFT e↵ects either in the Higgs (mass eigenstate) or
Warsaw (weak eigenstate) bases, or directly as modifications of the Higgs boson anomalous
interactions with either fermions or vector bosons.

3.2.1 Relevant Operators

Several types of EFT operators a↵ecting Higgs boson physics, which appear in Eq. (2.6) and
are later listed in Eq. (4.4), are considered. The typical Feynman diagrams with these operators
contributing to the gluons fusion process are presented in Fig. 3.1, and typical ones contributing
to the electroweak o↵-shell Higgs boson production and corresponding background are shown in
Fig. 3.7. Therefore, the operators a↵ecting the Higgs boson signal can be classified as follows:

• Operators a↵ecting the HV V vertex either in the H ! V V decay or in electroweak pro-
duction of the Higgs boson (V V ! H, V ! V H): �cz, cz⇤, czz, c�� , cz� , cgg, c̃zz, c̃�� , c̃z�

• Operators a↵ecting the Hgg vertex in gluon fusion (point-like interactions): cgg, c̃gg

• Operators a↵ecting Yukawa interaction in the gluon fusion loop: CP-odd ̃t, ̃b, and CP-
even t,b, where the latter are equivalent to �yu, �yd in Eq. (4.4)

• Operators with a new heavy fermion Q in the gluon fusion loop, which reproduce cgg and
c̃gg in the limit of mQ ! 1

Moreover, both gluon fusion and electroweak production of the Higgs boson in the o↵-shell regime
require modeling of the background processes and their interference with the Higgs boson signal.
These background processes may be modified by EFT e↵ects. Therefore, the following types of
EFT operators can also be considered:

• Operators which allow for modification of the vector and axial-vector Zff couplings, either
in the Z decay to fermions or through the connection of the Z to the fermion in the gluon
fusion loop in the gg ! V V ! 4f background process

• Operators a↵ecting the triple (d�WW , dZWW , d�
i
, dZ

i
) and quartic (d��WW , d�ZWW , dZZWW ,

dWWWW ) boson couplings in the electroweak background production of the V V ! 4f final
state in association with jets

The former set of operators are not considered in the gluon fusion continuum process yet [47].
In the latter case, the triple and quartic electroweak boson couplings, with an example shown
in the middle digram of Fig. 3.7, are related to the HV V vertices through SMEFT symmetry
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On-shell  framework:  split Z and W coupling ,  as well as :κ κZ, κW κb, κt, κQ

ggH:  ,  where     use  in place of κ2
g × κ2

Z κg = f(κb, κt, κQ ! mH) ⇒ κQ κg
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In the following, we rely on JHUGen framework implementation, discussed in Section III and Ref. [45], to derive
the loop contributions of the SM particles and the heavy quarkQ to the scaling factor Rgg, for both CP-even and
CP-odd couplings. The CP-even coupling contributions of the quarks andW boson to R"" and RZ " are derived
with HDECAY [92]. The CP-odd contributions to R"" are calculated with the JHUGen framework in a manner
analogous toRgg. The CP-odd contributions to RZ " are calculated usingcHDECAY [93].

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

Rgg = 1 .1068$2
t + 0 .0082$2

b " 0.1150$t $b + 2 .5717 ÷$2
t + 0 .0091 ÷$2

b " 0.1982 ÷$t ÷$b

+ 1 .0298 (Nc/ 3)2$2
Q + 2 .1357 (Nc/ 3)$Q $t " 0.1109 (Nc/ 3)$Q $b

+2 .3170 (Nc/ 3)2÷$2
Q + 4 .8821 (Nc/ 3)÷$Q ÷$t " 0.1880 (Nc/ 3)÷$Q ÷$b . (13)

The $Q and ÷$Q couplings are connected to theggg
2 and ggg

4 point-like interactions introduced in Eq. (1) through

ggg,Q
2 = " %sNc$Q / (18&) , ggg,Q

4 = " %sNc÷$Q / (12&) . (14)

One can rewrite Eq. (13) in terms of theggg
2 and ggg

4 couplings in place ofNc$Q and Nc÷$Q by substituting Eq. (14).
Even though Eq. (14) is derived in the special case of a heavy quark, the resulting expression ofRgg as a function of
ggg

2 and ggg
4 and other terms is valid for any heavy particles in the loop that generate these point-like interactions.

The latter observation allows us to obtain the value of the e" ective ggg
2 coupling which leads to the SM cross section

in the gluons fusion process. By setting all couplings, other thanggg
2 , to zero and Rgg = 1 in Eq. (13), we obtain

ggg,SM
2 = " 0.00621. (15)

The ggg,SM
2 value di" ers by only 1.5% from the value that one would obtain in the heavy top mass limit by setting

$Q = 1 and Nc = 3 in Eq. (14), and the sign follows the prediction in this limit.
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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or to set limits on the light quark Yukawa couplings or other possible light contributions, similarly to the techniques
using the on-shellH boson transverse momentum [41, 126]. In all cases, the CP-odd componentÕs interference with
the background is zero when integrated over the other observables. The actual analysis of the data will beneÞt from
employing the full kinematics using the matrix-element approach.

B. O ! -shell e ! ects due to HVV anomalous couplings

The o! -shell production of the H boson also allows testing the anomalousHV V couplings of the H boson to two
electroweak bosons,V V = W W, ZZ, Z ! , !! . These couplings appear in the decayH ! 4f in the gluon fusion process
and in both production and decay in the electroweak process. The latter includes both VBF andV H 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,gZZ

4 = gW W
4 , gZZ

2 = gW W
2 , and " ZZ

1,2 = " W W
1,2 ,

which involve interplay of either the H boson or the Z (W ) boson going o! shell. The anomalous couplings of the
H boson to the photon are not enhanced o! -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 o! -shell
region, since the behavior of the couplings involving the photon is drastically di! erent.

Examples of applications of the tools developed here, both simulation and MELA discriminants, can be found
in Refs. [73, 77] where simultaneous analysis of theH 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" tot = 4 .1+1 .1

! 1.1 MeV, as shown in Fig. 106 of Ref. [77]. With the current data sample from
the LHC experiments, the o! -shell region signiÞcantly improves the anomalous coupling constraints, even with" tot
proÞled [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 andV H
production in the on-shell region plays a more important role.

It has been pointed out [26, 42] that the gg ! 4# process also provides good sensitivity for constraining the top
quark electroweak couplings. Similarly, gluon fusion inZH production is sensitive to the same top quark couplings
and can be used to constrain them [127, 128]. In this work, however, we separate anomalousH boson couplings from
the rest of the electroweak interactions where this is possible in a consistent way. For the above cases, separating the
e! ects is certainly possible, because top quark electroweak couplings can also be probed in e.g.pp ! tøtZ , which is
independent of the Higgs sector. Moreover, there are no EFT relations between electroweak top quark couplings and
H boson couplings. However, the gauge boson self-interactions and theH boson couplings cannot be separated if the
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FIG. 15: The invariant mass distribution of four-lepton (4 # = 2e2µ) events produced through gluon fusion at the
LHC with a 13 TeV proton collision energy. The di! erent CP-even anomalousHgg couplings are simulated with
JHUGen+MCFM at LO in QCD, and the NNLO k factor is calculated with the HNNLO program, assuming signal
and backgroundk factors to be the same as for the SMH boson. Four o! -shell scenarios are shown with the couplings
chosen to match the SM on-shellgg ! H ! 4# cross section: SM (solid black), top-quark only (magenta), bottom-
quark only (red), and a point-like e! ective interaction (blue) shown in Eq. (37). The left plot shows the gg ! H ! 4#
process with only signal, while the right plot includes interference with the SMgg ! 4# background, which is also

shown separately in the dotted histogram.
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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or to set limits on the light quark Yukawa couplings or other possible light contributions, similarly to the techniques
using the on-shellH boson transverse momentum [41, 126]. In all cases, the CP-odd componentÕs interference with
the background is zero when integrated over the other observables. The actual analysis of the data will beneÞt from
employing the full kinematics using the matrix-element approach.

B. O ! -shell e ! ects due to HVV anomalous couplings

The o! -shell production of the H boson also allows testing the anomalousHV V couplings of the H boson to two
electroweak bosons,V V = W W, ZZ, Z ! , !! . These couplings appear in the decayH ! 4f in the gluon fusion process
and in both production and decay in the electroweak process. The latter includes both VBF andV H 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,gZZ

4 = gW W
4 , gZZ

2 = gW W
2 , and " ZZ

1,2 = " W W
1,2 ,

which involve interplay of either the H boson or the Z (W ) boson going o! shell. The anomalous couplings of the
H boson to the photon are not enhanced o! -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 o! -shell
region, since the behavior of the couplings involving the photon is drastically di! erent.

Examples of applications of the tools developed here, both simulation and MELA discriminants, can be found
in Refs. [73, 77] where simultaneous analysis of theH 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" tot = 4 .1+1 .1

! 1.1 MeV, as shown in Fig. 106 of Ref. [77]. With the current data sample from
the LHC experiments, the o! -shell region signiÞcantly improves the anomalous coupling constraints, even with" tot
proÞled [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 andV H
production in the on-shell region plays a more important role.

It has been pointed out [26, 42] that the gg ! 4# process also provides good sensitivity for constraining the top
quark electroweak couplings. Similarly, gluon fusion inZH production is sensitive to the same top quark couplings
and can be used to constrain them [127, 128]. In this work, however, we separate anomalousH boson couplings from
the rest of the electroweak interactions where this is possible in a consistent way. For the above cases, separating the
e! ects is certainly possible, because top quark electroweak couplings can also be probed in e.g.pp ! tøtZ , which is
independent of the Higgs sector. Moreover, there are no EFT relations between electroweak top quark couplings and
H boson couplings. However, the gauge boson self-interactions and theH boson couplings cannot be separated if the
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FIG. 15: The invariant mass distribution of four-lepton (4 # = 2e2µ) events produced through gluon fusion at the
LHC with a 13 TeV proton collision energy. The di! erent CP-even anomalousHgg couplings are simulated with
JHUGen+MCFM at LO in QCD, and the NNLO k factor is calculated with the HNNLO program, assuming signal
and backgroundk factors to be the same as for the SMH boson. Four o! -shell scenarios are shown with the couplings
chosen to match the SM on-shellgg ! H ! 4# cross section: SM (solid black), top-quark only (magenta), bottom-
quark only (red), and a point-like e! ective interaction (blue) shown in Eq. (37). The left plot shows the gg ! H ! 4#
process with only signal, while the right plot includes interference with the SMgg ! 4# background, which is also

shown separately in the dotted histogram.
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FIG. 3: Sample diagrams for signal, interfering background and non-interfering background in the processes pp ! 4`
(gluon fusion) and pp ! 4`jj (weak vector boson fusion).

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 +1, 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 interpretation 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 pre-defined histograms 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 re-weighting 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 or CP-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/�⇤H,WH, �H), weak vector boson fusion (V V jj ! 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 / Z�⇤ /
�⇤�⇤

! 4f , H ! WW ! 4f , H ! Z� / �⇤� ! 2f�, H ! ��, H ! ⌧⌧ , and generally H ! ff̄ , with the most
general Lorentz-invariant coupling structures. Spin correlations are fully included, as are interference e↵ects 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-zero H 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 o↵-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 s2

w
, MW , �W , mZ , and �Z are parameters configurable

independently, and in this paper we set s2
w
= 0.23119, MW = 80.399GeV, �W = 2.085GeV, MZ = 91.1876GeV, and

�Z = 2.4952 GeV [99, 100].
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FIG. 1: Vertices relevant for HV V and Hf øf interactions.

all accessible production channels, gluon fusion, weak vector boson fusion,V H associated production, and top-
quark associated production [78Ð84], and its production strength is consistent with the SM prediction within the
uncertainties [41]. Also its decay channels into gauge bosons (ZZ, W W, !! ) have been observed and do not show
signiÞcant deviations within the uncertainties [78Ð80]. The fermionic interactions have been established for the third
generation quarks (t, b) and the " lepton [81Ð86], 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 symmetry
breaking. These questions can be addressed in the years to come by fully utilizing the existing and upcoming LHC
data sets. In particular, the study of kinematic tails of distributions involving the H boson is becoming accessible
for the Þrst time. These signals involve o! -shell H boson production and strong interference e! ects with irreducible
backgrounds that are subject to the electroweak unitarization 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 theH boson (VBF and V H) is probing HV V
interactions over a large range of momentum transfer, which can expose possible new particles that couple through
loops. Even the direct production of new resonances will Þrst show up as deviations from the expected high-energy
tail of kinematic distributions. Hence, analyzing these newly accessible features in o! -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. PARAMETERIZATION OF ANOMALOUS INTERACTIONS

A. H boson interactions

We present our parameterization of anomalous couplings relevant for on-shell and o! -shell H boson production and
decay. Following the notation of Refs. [1Ð3], theHV V scattering amplitude of a spin-zero bosonH and two vector
bosonsV V with polarization vectors and momenta #µ

1 , q1 and #µ
2 , q2, as illustrated in Fig. 1(a), is parameterized by
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whereM V1 is the vector bosonÕs pole mass,v is the SM Higgs Þeld vacuum expectation value, andgV V
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1 )2,

and $V V
3 / (" V V

Q )2 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 HW W interactions contribute via gZZ
1 = gW W

1 = 2. The loop-
induced interactions ofHZ ! , H !! , and Hgg contribute e! ectively via the CP-evengV V

2 terms and are parameterically
suppressed by% or %s. The CP-violating couplings gV V

4 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, theHgg interaction can be parameterized through a fermion loop, as discussed later
in application to Eq. (37). The fermions in the loop interact with the H boson as illustrated in Fig. 1(b), with the
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FIG.1:VerticesrelevantforHVVandHføfinteractions.

allaccessibleproductionchannels,gluonfusion,weakvectorbosonfusion, VHassociatedproduction,andtop-
quarkassociatedproduction[78Ð84],anditsproductionstrengthisconsistentwiththeSMpredictionwithinthe
uncertainties[41].Alsoitsdecaychannelsintogaugebosons( ZZ,WW,!!)havebeenobservedanddonotshow
signiÞcantdeviationswithintheuncertainties[78Ð80].Thefermionicinteractionshavebeenestablishedforthethird
generationquarks(t,b)andthe"lepton[81Ð86],andsofar,theyareconsistentwiththeSMwithintheuncertainties.

WhilethispictureshowsthatNaturedoesnotradicallydeviatefromtheSMdynamics,itshouldbenotedthat
manygenericextensionsoftheSMpredictdeviationsonlybelowthecurrentprecision.Openquestionsremain,for
exampleaboutCP-oddmixtures,theYukawacouplinghierarchy,andotherstatesinvolvedinelectroweaksymmetry
breaking.ThesequestionscanbeaddressedintheyearstocomebyfullyutilizingtheexistingandupcomingLHC
datasets.Inparticular,thestudyofkinematictailsofdistributionsinvolvingtheHbosonisbecomingaccessible
fortheÞrsttime.Thesesignalsinvolveo!-shellHbosonproductionandstronginterferencee!ectswithirreducible
backgroundsthataresubjecttotheelectroweakunitarizationmechanismintheSM.Thisfeatureturnsthekinematic
tailsintoparticularlysensitiveprobesofthemechanismofelectroweaksymmetrybreakingandpossibleextensions
beyondtheSM.Moreover,thestudyofelectroweakproductionoftheHboson(VBFandVH)isprobingHVV
interactionsoveralargerangeofmomentumtransfer,whichcanexposepossiblenewparticlesthatcouplethrough
loops.EventhedirectproductionofnewresonanceswillÞrstshowupasdeviationsfromtheexpectedhigh-energy
tailofkinematicdistributions.Hence,analyzingthesenewlyaccessiblefeaturesino!-shellHbosonproductionisof
paramountimportancetounderstandelectroweaksymmetrybreakingintheSMandpossibleextensionsinvolvingnew
particles.Inthefollowing,wereviewtheframeworkanddemonstrateitscapabilitiesthroughexamplesofpossible
analyses.Thetechnicaldetailsoftheframeworkaredescribedinthemanual,whichcanbedownloadedat[87],
togetherwiththesourcecode.

II.PARAMETERIZATIONOFANOMALOUSINTERACTIONS

A.Hbosoninteractions

Wepresentourparameterizationofanomalouscouplingsrelevantforon-shellando!-shellHbosonproductionand
decay.FollowingthenotationofRefs.[1Ð3],theHVVscatteringamplitudeofaspin-zerobosonHandtwovector
bosonsVVwithpolarizationvectorsandmomenta#µ

1,q1and#µ
2,q2,asillustratedinFig.1(a),isparameterizedby
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whereMV1isthevectorbosonÕspolemass, vistheSMHiggsÞeldvacuumexpectationvalue,andgVV
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Q)2arecouplingconstantstobemeasuredfromdata.Thisparametrizationrepresentsthemostgeneral
Lorentz-invariantform.

AttreelevelintheSM,onlytheCP-evenHZZandHWWinteractionscontributeviagZZ
1=gWW

1=2.Theloop-
inducedinteractionsofHZ!,H!!,andHggcontributee!ectivelyviatheCP-evengVV

2termsandareparameterically
suppressedby%or%s.TheCP-violatingcouplingsgVV

4aregeneratedonlyatthree-looplevelintheSMandare
thereforetiny.BeyondtheSM,allofthesecouplingscanreceiveadditionalcontributions,whichdonotnecessarily
havetobesmall.Forexample,theHgginteractioncanbeparameterizedthroughafermionloop,asdiscussedlater
inapplicationtoEq.(37).ThefermionsintheloopinteractwiththeHbosonasillustratedinFig.1(b),withthe
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(1) show that  constraints are stable to EFT operators in HVV   ΓH

(2) a step towards  CφD, Cφ□, CφW, CφB, CφWB, CφG, CφW̃, CφB̃, CφW̃B, CφG̃, . .

CMS arXiv:2202.06923 CMS arXiv:2202.06923

cz□ czz c̃zzκQκZ κ̃Q

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
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Introduce off-shell  in  framework (for Run-2 combination)H* κ

—  model any heavy particles in the loop
    in addition to    (  equivalent to )

κQ
κt, κb κQ κg

—  model  couplings κZ, κW HVV

— application to CMS data:  stable results ΓH

Introduce off-shell  in EFT fits (Run-2 & 3)H*

— naturally a part of VBS process 

— CMS data: ( ) with  stable results  δcz, cz□, czz, c̃zz ΓH

— expand to CP-odd and CP-even operators  

— more details: talk at the 20th Workshop of the LHC Higgs Working Group (2023)  

— best direct constraint on  from  line shape across wide energy rangeΓH H

https://indi.to/p3Dpj

