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

DOI: 10.1103/PhysRevD.102.056022

I. INTRODUCTION

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

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

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

Conveners set the goal for this meeting:
- Interference and finite width effects in BSM searches
- Recasts of LHC searches on extra scalars
- Overlooked signatures

— BSM   X(mX)
— any (unknown) mass  , width  , or rate (cross-section)mX ΓX

— interference with both “resonant” (H*) and “non-resonant” SM

— singly-produced in gluon fusion or EW 
— focus on di-boson final state  X → VV → 4f

— spin-zero , but any couplings of dim-4 (SM-like) or higher X

— production and decay correlated in interference  
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MCFM+JHUGen+HNNLO
LHC, s=13 TeV
gg→2O2O'

X(450)� Γ=46.8 GeV�
H(125)� Γ=0.0041 GeV�
bkg gg→2O2O'
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— BSM   X(mX)
— any (unknown) mass  , width  , or rate (cross-section)mX ΓX

— interference with both “resonant” (H*) and “non-resonant” SM

— singly-produced in gluon fusion or EW 
— focus on di-boson final state  X → VV → 4f

— production and decay correlated in interference  

Plot from YR4 (2016)

with JHUGen+MCFM
example   :X(450)

— spin-zero , but any couplings of dim-4 (SM-like) or higher X

LO in QCD 
+ k factor (  )mVV
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Tools JHUGen+MCFM and MELA
 H* + X + continuum + interference (2) width ΓH modification

(1) new resonance(s) X 

(3) anomalous couplings

http://spin.pha.jhu.edu

(4) anomalous VBS/gg

 cover both gg and EW (VBF, VH) 

5 November 2021

X/HVV, X/Hgg, X/Htt
integrated with POWHEG, MiNLO…

 include re-weighting and discriminants 

Plots from YR4 (2016):

Coherent framework to treat four effects in di-boson “continuum”
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;
;

;
;

Consider X/HVV and X/Hgg couplings for J=0

decay

5 November 2021
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(a) Signal (b) Interfering background (c) Non-interfering background

Gluon
fusion

Vector
boson
fusion

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).

(a) qq̄ LO (b) qq̄ NLO QCD (c) gg LO box (d) gg LO triange

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

2

(a) HV V (b) Hff̄ (c) HV ff̄ (d) Hff̄ff̄

FIG. 1: Vertices relevant for HV V and Hff̄ interactions.

all accessible production channels, gluon fusion, weak vector boson fusion, V H associated production, and top-
quark associated production [78–84], and its production strength is consistent with the SM prediction within the
uncertainties [41]. Also its decay channels into gauge bosons (ZZ,WW, ��) have been observed and do not show
significant deviations within the uncertainties [78–80]. The fermionic interactions have been established for the third
generation quarks (t, b) and the ⌧ lepton [81–86], and so far, they are consistent with the SM within the uncertainties.

While this picture shows that Nature does not radically deviate from the SM dynamics, it should be noted that
many generic extensions of the SM predict deviations only below the current precision. Open questions remain, for
example about CP-odd mixtures, the Yukawa coupling hierarchy, and other states involved in electroweak 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 first 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 the H 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 first 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. [1–3], the HV V scattering amplitude of a spin-zero boson H and two vector
bosons V V with polarization vectors and momenta "µ

1
, q1 and "µ

2
, q2, as illustrated in Fig. 1(a), is parameterized by

A(HV1V2)=
1

v

⇢
M2

V1

✓
gV V

1
+

V V

1
q2
1
+ V V

2
q2
2�

⇤V V

1

�2 +
V V

3
(q1 + q2)2⇣
⇤V V

Q

⌘2
+

2q1 · q2
M2

V1

gV V

2

◆
("1 · "2)

�2gV V

2
("1 · q2)("2 · q1)� 2gV V

4
""1 "2 q1 q2

�
, (1)

where MV1 is the vector boson’s pole mass, v is the SM Higgs field vacuum expectation value, and gV V

1,2,4
, V V

1,2
/(⇤V V

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 HWW interactions contribute via gZZ

1
= gWW

1
= 2. The loop-

induced interactions of HZ�, H��, and Hgg contribute e↵ectively via the CP-even gV 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, the Hgg 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

production 
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Examples  

gg → (X/H*) → ZZ → 4ℓ
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arXiv:2002.09888

https://arxiv.org/abs/2002.09888
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Examples:  gg → (X/H*) → ZZ/Zγ*/γ*γ* → 4ℓ
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dim-6 scalar couplings 
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arXiv:2002.09888

https://arxiv.org/abs/2002.09888
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Examples:  EW   qq → qq (ZZ/Zγ*/γ*γ* → 4ℓ)
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Incorporating NLO in QCD effects
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Signal + Background + Interf. at LO in QCD: JHUGen+MCFM

For SM signal only: use POWHEG at NLO in QCD

— additional corrections needed:

— POWHEG (production) + JHUGen (decay) fixes this
— weights in LHE or off-line re-weighting with MELA

— standard for BSM simulation   on CMSX/H → ZZ/WW → 4f

(only very recently NLO tools developed, but not for BSM yet…) 

only “stable” resonance is produced (in LHE) 

(2) need kinematics & phase space of  X/H → ZZ/WW → 4f
(1) line shape needs special care
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POWHEG + JHUGen
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Simplified picture for illustration: 

𝒫(gg → X → V1V2 → 4f ) =

PDF × |Aprod × X propagator |2

× |AX→V1V2→4f × V1 propagator × V1 propagator |2 × (X → 4f phasespace)

done by  POWHEG

done by  JHUGen
Decay probability

AnalyticMELA
JHUGen

Decay probability (normalized to 1 at 450)
100% effect from 200 GeV to 1 TeV

ݐ ҧݐ threshold

5

by  JHUGenPdec(m4f )

Pdec(m4f )

checked with Analytic MELA

in LHE

in LHE → LHE
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Decay probability

AnalyticMELA
JHUGen

Decay probability (normalized to 1 at 450)
100% effect from 200 GeV to 1 TeV

ݐ ҧݐ threshold

5

P d
ec

(m
W

W
)/

(m
W

W
Γ C

PS
)

POWHEG + JHUGen
CPS mode of POWHEG   (Complex Pole Scheme)

— approximate   as   Pdec(m4f ) m4f ΓCPS

— change   from loop corrections assuming SM H bosonΓX

e.g. for   mX = 600 GeV
 ΓX = 123 GeV → ΓCPS = 104 GeV

Corrections in JHUGen

(1) drop CPS correction 
(2) put exact  Pdec(m4f )

get a BW with the desired  ΓX
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POWHEG + JHUGen
CPS mode of POWHEG   (Complex Pole Scheme)

— change   from loop corrections assuming SM H bosonΓX

Corrections in JHUGen

(1) drop CPS correction 
(2) put exact  Pdec(m4f )

Results of reweighting
8

(for 𝐻 → 푍푍)

get a BW with the desired  ΓX

e.g. for   mX = 600 GeV
 ΓX = 123 GeV → ΓCPS = 104 GeV

— approximate   as   Pdec(m4f ) m4f ΓCPS

X(750)
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Outline

3

1. Coupling 
(EFT) basis

2. Matrix 
elements

3. Monte Carlo 
simulation

4. Reweighting

5. Optimal 
observables

6. Statistical 
framework

7. Example 
analysis

Experiment

Physics 
measurements

see talks: Meng Xiao at ICHEP-2020
Heshy (J.) Roskes at Pheno-2020

JHUGen

MELA

MELA

JHUGen
MCFM-JHUGen

Support: detector-level studies 
optimal observables 

robust simulation / reweighting 

JHUGen framework (for BSM / EFT)

5 November 2021

https://indico.cern.ch/event/868940/contributions/3813559/attachments/2082740/3498460/jhugen_ichep2020.pdf
https://indico.cern.ch/event/858682/contributions/3837206/attachments/2031565/3400201/JHUGen.pdf
https://spin.pha.jhu.edu
https://spin.pha.jhu.edu
https://spin.pha.jhu.edu
https://spin.pha.jhu.edu
https://spin.pha.jhu.edu
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 X → ZZ → 4ℓ / 2ℓ2q / 2ℓ2ν
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 CMS: arXiv:1804.01939

POWHEG+JHUGen  
simulation (prod+dec):

MELA weights
analytic parameterization

http://arxiv.org/abs/1804.01939
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 X → ZZ → 4ℓ / 2ℓ2q / 2ℓ2ν
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 CMS: arXiv:1804.01939
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Application to LHC data:  X → ZZ

http://arxiv.org/abs/1804.01939


Andrei Gritsan, JHU 17 5 November 2021

 X → WW → ℓν2q / 2ℓ2ν
 CMS: arXiv:1912.01594
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Application to LHC data:  X → WW

POWHEG+JHUGen  
MELA weights

https://arxiv.org/abs/1912.01594
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Summary

18 5 November 2021

Interference and finite width effects

— important to model properly when width is large 

Technical implementations and examples:

— large width with POWHEG + JHUGen  (prod+decay)
— interference with JHUGen + MCFM  (signal+background)

— matrix elements with MELA for weights and observables 

Illustrated with  X → ZZ/WW → 4f

Application to LHC data with  X → ZZ/WW → 4f
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Available processes 3

ggH

VBF

qq→ ZH

ttH

WH

tHq

bbH

 WW, ZZ, Zγ*, γ*γ* → 4f  
 Zγ, γ*γ→ 2fγ 
 γγ

H
decay

On-shell & off-shell production

On-shell production

X

ττgg→ ZH
Z’/G 

(@NLO)

(@NLO)

Hff anomalous couplings 

HVV anomalous couplings 

Hff &HVV anomalous couplings 

Other final states interfaced to PYTHIA

External generator

Available processes:

Framework for studies of BSM resonances / EFT of the Higgs
 — name attached by our ATLAS colleagues in 2012, so we learned to live with it… 

(POWHEG, MiNLO, aMC@NLO, MCFM…)

0,1,2 jets

5 November 2021

https://spin.pha.jhu.edu
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