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Generator for pp → X → VV, VBF, X+JJ, pp → VX, ee → VX 

Description:
A generator giving parton-level information including full spin and polarization correlations for the processes ab → X → VV (V=Z,W,gamma), VBF, X+JJ, pp → VX, ee → VX. The Fortran program
produces a single-produced X resonance via either the gluon fusion, qqbar, VBF, or VH processes for either the Tevatron, the LHC, or an e+e- collider. The resonance X can be a spin-zero, -one,
or -two particle with general couplings defined in the study. The output is in the LHE format and can be input to any parton showering program. Please see the manual file for further technical
details. 

Requirements: 
ifort (Intel Fortran compiler) or gfortran (part of gcc) 

Download:
Click here
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If you want to be informed about updates to the code, please email us.

Code for a general spin-J resonance angular distribution in pp → X → VV
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Mathematica code which gives the full 5D angular distribution for a general spin-J resonance given the input J.
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Master_spin.nb

Analytic fits of partonic luminosity functions

Simple and fast parametric code for simulating analytic partonic luminosity for gg and qqbar(') initial states. 
Download C code 
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New features in the JHU generator framework: Constraining Higgs boson
properties from on-shell and off-shell production
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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 → τþτ−, are discussed in Ref. [4].
In an earlier version of our framework, we focused

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

Physics 
measurements

see talks 
M.Xiao at ICHEP-2020
H.Roskes at Pheno-2020

JHUGen

MELA

MELA

JHUGenLexicon

JHUGen
MCFM-JHUGen

Support:

CMS extensive use Run1-2 

ATLAS in Run-1…

EFT in off-shell: arXiv:1901.00174

detector-level studies 
optimal observables 

robust simulation / reweighting 

EFT in on-shell: CMS-HIG-19-009

JHUGen framework (for EFT)

see talk: Nov.25,2019

https://indico.cern.ch/event/868940/contributions/3813559/attachments/2082740/3498460/jhugen_ichep2020.pdf
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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:
see talks M.Xiao at ICHEP-2020

H.Roskes at Pheno-2020

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

(POWHEG, MiNLO, aMC@NLO,…)

0,1,2 jets

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


Andrei Gritsan, JHU 5 22 October 2020

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 anomalous couplings / EFT of the Higgs
 — name attached by our ATLAS colleagues in 2012, so we learned to live with it… 

focus on off-shell today

JHUGen Physics (EFT)

(POWHEG, MiNLO, aMC@NLO,…)

broad high-mass resonances

ZZ, WW→4f final states

https://indico.cern.ch/event/868940/contributions/3813559/attachments/2082740/3498460/jhugen_ichep2020.pdf
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JHUGen Physics with off-shell Higgs
Coherent framework to treat four effects in “off-shell”
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(1) width ΓH modification
(2) new resonance(s) X 
(3) EFT in H / X couplings

(4) anomalous VBS

— EW (VBF+VH) and ggH processes
 — H* + X + continuum + interference 

Documented in YR4 of LHC H WG:
— topics span across WG1, WG2, WG3…

 — EFT with H* (X) in production and decay

https://arxiv.org/abs/1610.07922
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Some Background Information 
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 (arXiv:1507.06656)
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(arXiv:1405.3455)First off-shell H* simulation used on LHC:
— ggH:  gg2VV (arXiv:1206.4803) 

 — EW:  PHANTOM (arXiv:0801.3359) 

Complemented by MCFM:

— ggH: (arXiv:1311.3589) 

 — EW: (arXiv:1502.02990) 

Target of JHUGen:

— EFT modeling in “signal” (since ~2009)
— complement MCFM with EFT in off-shell

(since ~2015)— integrate into MELA

http://arxiv.org/abs/1507.06656
http://arxiv.org/abs/1405.3455
https://gg2vv.hepforge.org
https://arxiv.org/pdf/1206.4803.pdf
https://gg2vv.hepforge.org
https://arxiv.org/abs/0801.3359
https://arxiv.org/abs/0801.3359
https://mcfm.fnal.gov
https://arxiv.org/abs/1311.3589
https://gg2vv.hepforge.org
https://arxiv.org/abs/1502.02990
https://spin.pha.jhu.edu
https://mcfm.fnal.gov
https://spin.pha.jhu.edu
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Higher-order effects 
 MCFM off-shell is a LO simulation, so is JHUGen+MCFM

(2) matching of parton shower with Pythia is important 
— effect in EW production is less important  

2 leading jets come from matrix element, effect in 3rd jet…  
— effect in ggH production off-shell is more critical  

2jet correlation is not modeled for CP in ggH off-shell (!) 

(1) apply k factor as a function of  m4f

  or ,… tuning requiredpT mJJ

solution in experiment: tune jets with HJJ-MiNLO+JHUGen 
or  POWHEG+JHUGen 

— ggH ~ known at NLO for H* (sig), bkg, interference 
— NNLO for H* (sig)  (e.g. MCFM+HNNLO for illustration of ggH) 

 pp → X( → 4f ) + jet(s)
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Higher-order effects (part II) 

(2) matching of parton shower 6
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FIG. 4: Comparison of transverse momentum pT distribution of a SM Higgs boson with mH = 125 GeV in MC simulation
of 14 TeV pp collisions at the LHC. Higgs production in the gluon fusion is generated by JHU generator combined with Pythia
parton shower (solid red) and by POWHEG (dashed red) where NLO QCD approximation is matched to parton shower. The
decay H → ZZ → 4! is simulated using the JHU generator in both cases. Also shown in the order of decreasing peak position:
V H production (solid green), WBF production (solid blue), and gluon fusion H + 2 jets production (solid magenta) with
the JHU generator. For V H and WBF production, parton shower is included and comparison with NLO QCD POWHEG
simulation (dashed distributions) is shown. All distributions are normalized to unit area except for H + 2 jets, which is
normalized with respect to inclusive gluon fusion production according to its relative cross section with selection requirements
on jets pT > 15 GeV and ∆Rjj > 0.5 as discussed in text.

of produced events by 30% and 80% at pp and e+e− colliders, respectively. The ZH channel at a pp collider with
H → bb̄ accounts for tighter selection requirements discussed in text.
The expected statistical precision of the analysis depends on the number of Higgs bosons produced at each collider

which is proportional to collider’s integrated luminosity. To estimate the number of Higgs bosons expected at the
LHC and at a future e+e− collider we note that each of the two LHC experiments will collect 300 fb−1 of integrated
luminosity at pp collision energy of about 14 TeV. Beyond that, a high-luminosity upgrade is planned where 3000 fb−1

per experiment are expected to be collected [45–47]. Among future facilities, an e+e− collider operating at the center-
of-mass energies of 250 GeV and above with either linear [48] or circular [49] design could deliver a luminosity that
ranges from several hundred to several thousand fb−1. At an e+e− collider the ZH production dominates at lower
energies while at higher energies WW or ZZ fusion dominates. However, although e+e− → νν̄W ∗W ∗ → νν̄H cross
section exceeds the cross section for e+e− → e+e−Z∗Z∗ → e+e−H by about an order of magnitude, no angular
analysis is possible in final states with neutrinos. The process e+e− → e+e−Z∗Z∗ → e+e−H would dominate over
the ZH production at high e+e− energies, as evident from Table I, but it does not provide enhanced sensitivity to
anomalous couplings with increased e+e− energy, as discussed below.
The resulting numbers of a 125 GeV Standard Model Higgs bosons expected at the LHC and at an e+e− collider are

summarized in Table I. We calculate the number of produced signal events Nprod using SM Higgs boson cross sections
and branching fractions from Ref. [10]. The cross sections at an e+e− collider are calculated with the JHU generator
for e+e− → ZH process and MadGraph for e+e− → e+e−H VBF-only process. The selection criteria described above
are used to find the number of reconstructed Higgs bosons Nreco. We assume only small contributions of anomalous
couplings which would not change this number significantly. The LHC experiments are expected to collect sufficient
statistics to study HV V tensor structure both in production and in decay of a Higgs boson. At the same time, the
e+e− machines are in a much better position to study the HV V tensor structure in production, especially at high
energy. However, considerations based entirely on event yields are insufficient since both kinematics and relative
importance of various tensor structures’ contributions change depending on the process and collision energies. To
illustrate this, in Table II we show examples where cross sections σi, defined below Eq. (4), are computed for several
processes.

arXiv:1309.4819
on-shell example

ggH

VBF
VH

JHUGen+Pythia
POWHEG+Pythia

(1) apply k factor

ggH+JJ

Approximate: same QCD effect for SM & BSM sig, bkg, interference 

tune ggH+jets e.g. POWHEG 

arXiv:1610.07922YR4

on-shell not an issue  

(a) tune jet observables 
(b) re-weight POWHEG with MELA 

EW off-shell not a big issue  (c) model ggH*+jets for signal only…
 pp → H*( → VV → 4f ) + jet(s)

(approx.: LO ME applied to NLO gen) 

https://arxiv.org/abs/1309.4819
https://arxiv.org/abs/1610.07922
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Note on jet correlations (for EFT) 
Plan to perform comparison (a,b,c) and other programs…

 pp → H*( → VV → 4f ) + jet(s)
— tested MadGraph process for comparison 

have not succeeded with full off-shell generation 
interested to learn…

discovered sign difference in connecting   
CP-odd and CP-even couplings on-shell    

9

TABLE I: Partial widths �f of the dominant H ! f decay modes in the SM in the narrow-width approximation [41]
and their modifications with anomalous couplings at MH = 125GeV, where �SM

tot
= 4.088 ⇥ 10�3 GeV. Final states

with �SM

f
< �SM

µµ
are neglected.

H ! f channel �SM
f /�SM

tot �f/�
SM
f Eq.

H ! bb̄ 0.5824 (2
b + ̃

2
b) Eq. (35)

H ! W
+
W

� 0.2137 RWW (an) Eq. (38)
H ! gg 0.08187 Rgg(an) Eq. (36)

H ! ⌧
+
⌧
� 0.06272 (2

⌧ + ̃
2
⌧ ) Eq. (35)

H ! cc̄ 0.02891 (2
c + ̃

2
c) Eq. (35)

H ! ZZ/Z�
⇤
/�

⇤
�
⇤ 0.02619 RZZ/Z�⇤/�⇤�⇤(an) Eq. (39)

H ! �� 0.002270 R��(an) Eq. (40)
H ! Z� 0.001533 RZ�(an) Eq. (41)

H ! µ
+
µ
� 0.0002176 (2

µ + ̃
2
µ) Eq. (35)

̃Q. The result is

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 (36)

+ 1.02982

Q
� 1.2095Qt � 0.1109Qb + 2.3170 ̃2

Q
+ 4.8821 ̃Q̃t � 0.1880 ̃Q̃b .

The Q and ̃Q couplings are connected to the ggg
2

and ggg
4

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

ggg
2

= �↵sQ/(6⇡) , ggg
4

= �↵s̃Q/(4⇡) (37)

in the limit where mQ � MH . The function Rgg also describes the scaling of the gluon fusion cross section with
anomalous coupling contributions. Setting q = t = b and ̃q = ̃t = ̃b, we find the ratio �(̃q = 1)/�(q =
1) = 2.38, which di↵ers from the ratio for a very heavy quark �(̃Q = 1)/�(Q = 1) = (3/2)2 = 2.25 due to finite
quark mass e↵ects. The latter ratio follows from the observation �(ggg

4
= 1) = �(ggg

2
= 1). In experiment, it is hard

to distinguish the point-like interactions ggg
2

and ggg
4
, or equivalently Q and ̃Q, from the SM-fermion loops. In

the H ! gg decay, there is no kinematic di↵erence. In the gluon fusion production, there are e↵ects in the tails of
distributions, such as the transverse momentum, or in the o↵-shell region, as we discuss in Section VII. However, in
Section VI these e↵ects are negligible and we do not distinguish the ggg

2
and ggg

4
couplings from the SM-fermion loops.

For the H ! WW ! four-fermion final state, we set ⇤WW

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

coe�cients of similar order, and rely on the WW

1
= WW

2
relationship to obtain

RWW =

✓
gWW

1

2

◆2

+ 0.1320
�
WW

1

�2
+ 0.1944

�
gWW

2

�2
+ 0.08075

�
gWW

4

�2
(38)

+ 0.7204

✓
gWW

1

2

◆
WW

1
+ 0.7437

✓
gWW

1

2

◆
gWW

2
+ 0.2774WW

1
gWW

2
.

For the H ! ZZ/Z�⇤/�⇤�⇤
! four-fermion final state, we set ⇤Z�

1
= ⇤ZZ

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

Z�

2
and ZZ

1
= ZZ

2
parameters to express

RZZ/Z�⇤/�⇤�⇤ =

✓
gZZ

1

2

◆2

+ 0.1695
�
ZZ

1

�2
+ 0.09076

�
gZZ

2

�2
+ 0.03809

�
gZZ

4

�2
(39)

+ 0.8095

✓
gZZ

1

2

◆
ZZ

1
+ 0.5046

✓
gZZ

1

2

◆
gZZ

2
+ 0.2092ZZ

1
gZZ

2

+0.1023
⇣
Z�

2

⌘2

+ 0.1901

✓
gZZ

1

2

◆
Z�

2
+ 0.07429ZZ

1
Z�

2
+ 0.04710 gZZ

2
Z�

2
.

We set gZ�

2
= gZ�

4
= g��

2
= g��

4
= 0 in Eq. (39). These four couplings require a coherent treatment of the q2 cuto↵

for the virtual photon and are left for a dedicated analysis. We note that some final states in the H ! WW and
ZZ/Z�⇤/�⇤�⇤

! four-fermion decays may interfere, but their fraction and phase-space overlap are very small. We
therefore neglect this e↵ect.
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couplings f and ̃f and the amplitude

A(Hff̄) = �
mf

v
 ̄f (f + i ̃f�5) f , (2)

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

Lhff = �
mf

v
 ̄f (f + i ̃f�5) f h , (3)

which allows a connection to be made between the couplings f and ̃f and anomalous operators in an e↵ective field
theory. In the SM, the dominant contribution to gluon fusion comes from a top quark loop with (t, ̃t) = (1, 0).

The couplings V V

i
/(⇤V V

i
)2 in Eq. (1) are introduced to allow for additional momentum dependence. Below, we also

show that these terms can be reinterpreted as the contact interactions shown in Figs. 1(c) and 1(d). By symmetry we
have ZZ

1
= ZZ

2
, but we do not enforce WW

1
= WW

2
for W± bosons. Note that ��

1
= ��

2
= gg

1
= gg

2
= Z�

1
= 0,

while �Z
1

= Z�

2
may contribute [66]. The coupling V V

3
/(⇤V V

Q
)2 allows for scenarios which violate the gauge

symmetries of the SM.
For the Hgg couplings entering the gluon fusion process we also consider the full one-loop dependence instead of

the e↵ective ggg
2,4

couplings in Eq. (1). This feature is important for correctly describing o↵-shell Higgs production
and additional broad, heavy resonances, where the q2-dependence of the interaction cannot be approximated as a
constant coupling. In addition to the closed quark loop with explicit dependence on the bottom and top quark
masses, we allow for the insertion of fourth generation b0 and t0 quarks into the loop.

If a gauge boson in Eq. (1) is coupled to a light fermion current, we replace its polarization vectors by

"µ
i
(qi) ! jµ

i
= e

 ̄f 0�µ
⇣
gV f

0
f

L
!L + gV f

0
f

R
!R

⌘
 f

q2
i
�M2

V
+ iMV �V

, (4)

where e is the electron electric charge, �V is the gauge boson’s width, !L,R are the left- and right-handed chirality

projectors, and the gV f
0
f

L,R
are the corresponding couplings of the gauge boson V to fermions. We also allow for

exchanges of additional spin-1 bosons V 0 between the H boson and the fermions. Hence, we add

"µ
i
(qi) ! jµ

i
�

 ̄f 0�µ
⇣
eV

0
f
0
f

L
!L + eV

0
f
0
f

R
!R

⌘
 f

q2
i
�M2

V 0 + iMV 0�V 0
, (5)

with the chirality and flavor dependent couplings eV
0
f
0
f

L,R
. In this approach, we allow for flavor changing interactions

(f 0
6= f) in both the neutral and charged V 0 interactions. In the case where the V 0 boson is very heavy, the limit

M2

V 0/q2i ! 1 yields the contact interaction

"µ
i
(qi) ! jµ

i
+

1

M2

V 0
 ̄f 0�µ

⇣
eV

0
f
0
f

L
!L + eV

0
f
0
f

R
!R

⌘
 f (6)

in Fig. 1(c-d). We note that these contact terms and new V 0 states are not the primary interest in this study
because their existence would become evident in resonance searches and in electroweak measurements, without the
need for H boson production. Moreover, the HZff̄ contact terms are equivalent to the already constrained ZZ

1,2

and Z�

2
terms [31, 33] if coupling flavor universality is assumed. Under the approximation that the Z boson has a

narrow width, this correspondence, given in Eq. (28), only involves real couplings. For example, in the limit where
�Z ⌧ MZ , a nonzero ZZ

1
/(⇤ZZ

1
)2 in Eq. (1) is equivalent to shifting gZZ

1
! gZZ

1
+ 2ZZ

1
(MZ

�
⇤ZZ

1
)2 and activating

a contact interaction gZZ
0

1
= ZZ

1
(MZ0

�
⇤ZZ

1
)2, eZ

0
f
0
f

�
= e gZf

0
f

�
.

The parameterization of the amplitude in Eq. (1) can be related to a fundamental Lagrange density function. Here,
we closely follow the so-called Higgs basis of Ref. [41], which is based on an e↵ective field theory expansion up to
dimension six. The relevant SU(3)⇥ SU(2)⇥U(1) invariant Lagrangian for H boson interactions with gauge bosons

Test (c):
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TABLE I: Partial widths �f of the dominant H ! f decay modes in the SM in the narrow-width approximation [41]
and their modifications with anomalous couplings at MH = 125GeV, where �SM

tot
= 4.088 ⇥ 10�3 GeV. Final states

with �SM

f
< �SM

µµ
are neglected.

H ! f channel �SM
f /�SM

tot �f/�
SM
f Eq.

H ! bb̄ 0.5824 (2
b + ̃

2
b) Eq. (35)

H ! W
+
W

� 0.2137 RWW (an) Eq. (38)
H ! gg 0.08187 Rgg(an) Eq. (36)

H ! ⌧
+
⌧
� 0.06272 (2

⌧ + ̃
2
⌧ ) Eq. (35)

H ! cc̄ 0.02891 (2
c + ̃

2
c) Eq. (35)

H ! ZZ/Z�
⇤
/�

⇤
�
⇤ 0.02619 RZZ/Z�⇤/�⇤�⇤(an) Eq. (39)

H ! �� 0.002270 R��(an) Eq. (40)
H ! Z� 0.001533 RZ�(an) Eq. (41)

H ! µ
+
µ
� 0.0002176 (2

µ + ̃
2
µ) Eq. (35)

̃Q. The result is

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 (36)

+ 1.02982

Q
� 1.2095Qt � 0.1109Qb + 2.3170 ̃2

Q
+ 4.8821 ̃Q̃t � 0.1880 ̃Q̃b .

The Q and ̃Q couplings are connected to the ggg
2

and ggg
4

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

ggg
2

= �↵sQ/(6⇡) , ggg
4

= �↵s̃Q/(4⇡) (37)

in the limit where mQ � MH . The function Rgg also describes the scaling of the gluon fusion cross section with
anomalous coupling contributions. Setting q = t = b and ̃q = ̃t = ̃b, we find the ratio �(̃q = 1)/�(q =
1) = 2.38, which di↵ers from the ratio for a very heavy quark �(̃Q = 1)/�(Q = 1) = (3/2)2 = 2.25 due to finite
quark mass e↵ects. The latter ratio follows from the observation �(ggg

4
= 1) = �(ggg

2
= 1). In experiment, it is hard

to distinguish the point-like interactions ggg
2

and ggg
4
, or equivalently Q and ̃Q, from the SM-fermion loops. In

the H ! gg decay, there is no kinematic di↵erence. In the gluon fusion production, there are e↵ects in the tails of
distributions, such as the transverse momentum, or in the o↵-shell region, as we discuss in Section VII. However, in
Section VI these e↵ects are negligible and we do not distinguish the ggg

2
and ggg

4
couplings from the SM-fermion loops.

For the H ! WW ! four-fermion final state, we set ⇤WW

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

coe�cients of similar order, and rely on the WW

1
= WW

2
relationship to obtain

RWW =

✓
gWW

1

2

◆2

+ 0.1320
�
WW

1

�2
+ 0.1944

�
gWW

2

�2
+ 0.08075

�
gWW

4

�2
(38)

+ 0.7204

✓
gWW

1

2

◆
WW

1
+ 0.7437

✓
gWW

1

2

◆
gWW

2
+ 0.2774WW

1
gWW

2
.

For the H ! ZZ/Z�⇤/�⇤�⇤
! four-fermion final state, we set ⇤Z�

1
= ⇤ZZ

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

Z�

2
and ZZ

1
= ZZ

2
parameters to express

RZZ/Z�⇤/�⇤�⇤ =

✓
gZZ

1

2

◆2

+ 0.1695
�
ZZ

1

�2
+ 0.09076

�
gZZ

2

�2
+ 0.03809

�
gZZ

4

�2
(39)

+ 0.8095

✓
gZZ

1

2

◆
ZZ

1
+ 0.5046

✓
gZZ

1

2

◆
gZZ

2
+ 0.2092ZZ

1
gZZ

2

+0.1023
⇣
Z�

2

⌘2

+ 0.1901

✓
gZZ

1

2

◆
Z�

2
+ 0.07429ZZ

1
Z�

2
+ 0.04710 gZZ

2
Z�

2
.

We set gZ�

2
= gZ�

4
= g��

2
= g��

4
= 0 in Eq. (39). These four couplings require a coherent treatment of the q2 cuto↵

for the virtual photon and are left for a dedicated analysis. We note that some final states in the H ! WW and
ZZ/Z�⇤/�⇤�⇤

! four-fermion decays may interfere, but their fraction and phase-space overlap are very small. We
therefore neglect this e↵ect.
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couplings f and ̃f and the amplitude

A(Hff̄) = �
mf

v
 ̄f (f + i ̃f�5) f , (2)

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

Lhff = �
mf

v
 ̄f (f + i ̃f�5) f h , (3)

which allows a connection to be made between the couplings f and ̃f and anomalous operators in an e↵ective field
theory. In the SM, the dominant contribution to gluon fusion comes from a top quark loop with (t, ̃t) = (1, 0).

The couplings V V

i
/(⇤V V

i
)2 in Eq. (1) are introduced to allow for additional momentum dependence. Below, we also

show that these terms can be reinterpreted as the contact interactions shown in Figs. 1(c) and 1(d). By symmetry we
have ZZ

1
= ZZ

2
, but we do not enforce WW

1
= WW

2
for W± bosons. Note that ��

1
= ��

2
= gg

1
= gg

2
= Z�

1
= 0,

while �Z
1

= Z�

2
may contribute [66]. The coupling V V

3
/(⇤V V

Q
)2 allows for scenarios which violate the gauge

symmetries of the SM.
For the Hgg couplings entering the gluon fusion process we also consider the full one-loop dependence instead of

the e↵ective ggg
2,4

couplings in Eq. (1). This feature is important for correctly describing o↵-shell Higgs production
and additional broad, heavy resonances, where the q2-dependence of the interaction cannot be approximated as a
constant coupling. In addition to the closed quark loop with explicit dependence on the bottom and top quark
masses, we allow for the insertion of fourth generation b0 and t0 quarks into the loop.

If a gauge boson in Eq. (1) is coupled to a light fermion current, we replace its polarization vectors by

"µ
i
(qi) ! jµ

i
= e

 ̄f 0�µ
⇣
gV f

0
f

L
!L + gV f

0
f

R
!R

⌘
 f

q2
i
�M2

V
+ iMV �V

, (4)

where e is the electron electric charge, �V is the gauge boson’s width, !L,R are the left- and right-handed chirality

projectors, and the gV f
0
f

L,R
are the corresponding couplings of the gauge boson V to fermions. We also allow for

exchanges of additional spin-1 bosons V 0 between the H boson and the fermions. Hence, we add

"µ
i
(qi) ! jµ

i
�

 ̄f 0�µ
⇣
eV

0
f
0
f

L
!L + eV

0
f
0
f

R
!R

⌘
 f

q2
i
�M2

V 0 + iMV 0�V 0
, (5)

with the chirality and flavor dependent couplings eV
0
f
0
f

L,R
. In this approach, we allow for flavor changing interactions

(f 0
6= f) in both the neutral and charged V 0 interactions. In the case where the V 0 boson is very heavy, the limit

M2

V 0/q2i ! 1 yields the contact interaction

"µ
i
(qi) ! jµ

i
+

1

M2

V 0
 ̄f 0�µ

⇣
eV

0
f
0
f

L
!L + eV

0
f
0
f

R
!R

⌘
 f (6)

in Fig. 1(c-d). We note that these contact terms and new V 0 states are not the primary interest in this study
because their existence would become evident in resonance searches and in electroweak measurements, without the
need for H boson production. Moreover, the HZff̄ contact terms are equivalent to the already constrained ZZ

1,2

and Z�

2
terms [31, 33] if coupling flavor universality is assumed. Under the approximation that the Z boson has a

narrow width, this correspondence, given in Eq. (28), only involves real couplings. For example, in the limit where
�Z ⌧ MZ , a nonzero ZZ

1
/(⇤ZZ

1
)2 in Eq. (1) is equivalent to shifting gZZ

1
! gZZ

1
+ 2ZZ

1
(MZ

�
⇤ZZ

1
)2 and activating

a contact interaction gZZ
0

1
= ZZ

1
(MZ0

�
⇤ZZ

1
)2, eZ

0
f
0
f

�
= e gZf

0
f

�
.

The parameterization of the amplitude in Eq. (1) can be related to a fundamental Lagrange density function. Here,
we closely follow the so-called Higgs basis of Ref. [41], which is based on an e↵ective field theory expansion up to
dimension six. The relevant SU(3)⇥ SU(2)⇥U(1) invariant Lagrangian for H boson interactions with gauge bosons
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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

JHUGenLexicon 
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similar to Rosetta, but integrated into the framework
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EFT modeling of VV→H→VV in EW production 
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D. Correspondence to a Pseudo Observable framework

Here we briefly quote relations between our parameterization and the so-called Pseudo Observable framework [31].
Similar to our work, the Pseudo Observables are derived from on-shell amplitudes. For the H ! ZZ/Z�⇤/�⇤�⇤

! 4`
amplitude we find the relations
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2
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+
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1
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2
, "CP
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4
,

"�� = g��
2

, "CP

��
= g��

4
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2
, "CP
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4
,
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Z
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2(⇤ZZ
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1
egZff

�
�

M2

Z
� iMZ�Z

2(⇤Z�

1
)2

Z�

2
eQf , (28)

for the couplings given in Eqs. (9–11) and Eqs. (20–21) of Ref. [31]. Similarly, the relations for the H ! W+W�
!

2` 2⌫ amplitude read
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Note that the imaginary terms in these relations are proportional to �V /MV , so that in the limit �V ⌧ MV , real

couplings in one framework translate to real couplings in the other. The gV f
0
f

�
are the chiral couplings of fermions to

gauge bosons in Eq. (4). Similar to the e↵ective field theory framework, the V V

3
/(⇤V V

Q
)2 term in Eq. (1) does not

have a counter piece in the Pseudo Observable framework. For all other couplings, there is a unique correspondence
to our parameterization in Eq. (4). Gauge boson self couplings can also be incorporated in the Pseudo Observable
framework (see Refs. [33, 90]), but we do not explicitly quote the relations to our framework here.

E. Unitarization

The above interactions describe all possible dynamics involving the H boson as appearing in gluon fusion gg ! H,
vector boson fusion V V ! H, associated production V ! V H, and its decays to bosons and fermions. For on-shell
H boson production and decay, the typical range of invariant masses is O(100GeV). However, in associated and
o↵-shell production of the H boson, there is no kinematic limit on q2V i or q2

H
other than the energy of the colliding

beams. When anomalous couplings with q2-dependence are involved, this sometimes leads to cross sections growing
with energy, which leads to unphysical growth at high energies. Obviously, these violations are unphysical and an
artifact of the lacking knowledge of a UV-complete theory. Therefore, one should dismiss regions of phase space
where a violation of unitarity happens. To mend this issue, we allow the option of specifying smooth cut-o↵ scales
⇤V 1,i,⇤V 2,i,⇤H,i for anomalous contributions with the form factor scaling

⇤2

V 1,i
⇤2

V 2,i
⇤2

H,i

(⇤2

V 1,i
+ |q2V 1|)(⇤

2

V 2,i
+ |q2V 2|)(⇤

2

H,i
+ |(qV 1 + qV 2)2|)

. (30)

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

III. PARAMETERIZATION OF CROSS SECTIONS

In this Section, we discuss the relationship between the coupling constants and the cross section of a process
involving the H boson. We denote the coupling constants as an, which could stand for gn, cn, or n as used in

cut off  growth: q2
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Off-shell H* should enter EFT Higgs fits!  

dedicated
binning
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selection
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 H → 4f

2

2 Parameterization of anomalous couplings and cross sections48

In this paper, we consider several production mechanisms of the H boson, enumerated with49

the index j in the following, such as gluon fusion ggH, vector boson fusion VBF, associated50

production with a weak vector boson ZH and WH, with a top-quark pair ttH, with a single top51

quark tH, and with a bottom-quark pair bbH [58]. The primary decay channel used is H ! 4`,52

but we combine results with the recent measurements in the H ! gg channel [26]. The goal53

of this paper is to search for CP violation, and more generally anomalous couplings of the H54

boson, in its interactions with vector bosons HVV and fermions Hff in all these production55

and decay processes. These new sources of CP violation and anomalous tensor structures of56

interactions may arise from BSM effects.57

We focus on on-shell H boson measurements. The extension to the off-shell region is consid-58

ered in Ref. [17], where joint constraints on the H boson total width GH and its couplings are59

obtained. Therefore, in the narrow-width approximation, we parameterize the on-shell cross60

section for the production (prod) j and decay (dec) following Ref. [59] as61

s
prod
j

⇥ Bdec µ

⇣
Âil a

(prod j)
il

aial

⌘ ⇣
Âmn a(dec)

mn aman

⌘

GH
, (1)

where ai, defined in detail below, are the real couplings describing the Hff or HVV interac-62

tions. The coefficients a
j

il
are in general functions of kinematic observables for the differential63

cross section distributions and are modeled with simulation, as discussed in Sec. 3. The total64

width GH depends on the couplings ai and potentially on the partial decay width to unobserved65

or invisible final states, and this dependence has to be taken into account when interpreting66

cross section measurements in terms of couplings. However, we choose to parameterize our67

measurements in terms of the total signal strength of a given process and the fractional con-68

tribution of each coupling ai. The total signal strength is equivalent to a measurement of the69

total cross section, and all the GH dependence is absorbed into this dimension. In this way, the70

fractional cross-section contributions of the couplings directly represent the observable effects71

while avoiding the complication of cross section interpretation.72

Anomalous effects in the H boson couplings to fermions, such as in ttH and bbH production73

and to some extent in the tH production, can be parameterized with the amplitude74

A(Hff) = �mf
v

ȳf (kf + i k̃fg5)yf , (2)

where ȳf and yf are the fermions’ Dirac spinors, mf is the fermion mass, and v is the SM Higgs75

field vacuum expectation value. In the SM, the couplings have the values kf = 1 and k̃f = 0.76

The presence of both CP-even kf and CP-odd k̃f couplings will lead to CP violation. It has been77

shown that in an experimental analysis of the bbH process it is not possible to resolve the kf78

and k̃f couplings, but it is possible in the ttH and tH processes [57], which we explore in this79

paper.80

Anomalous effects in EW (VBF, ZH, and WH) and gluon fusion production, H ! VV decay,81

and to some extent in tH production, are described by the HVV couplings. The scattering82

amplitude describing the interaction between a spin-zero H boson and two spin-one gauge83

not in off-shell
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f

ΓSM
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Proof of principle

(!)  highly suppressed in off-shell γ* gg → ZZ /Zγ*/γ*γ* → 4f
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22 October 2020

see talk: July 1,2020

https://arxiv.org/abs/1901.00174
https://indico.cern.ch/event/930131/contributions/3909836/attachments/2065846/3468363/LHCHiggs_dedicated.pdf
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MELA: Re-weighting and Optimal observables for EFT

Optimal and fully correct analysis to be done at detector level 
full detector simulation is expensive, re-use events for EFT 

MELA: re-weighting of any JHUGen production and/or decay at LO 
extensively used for EFT on LHC hep-ex since 2012

MELA: optimal observables for most Higgs processes, since discovery  
provides guidance for Machine Learning approach 
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are subdivided into bins based on transverse momentum or mass of various objects, for example the H boson and
associated jets. At future stages, the available information may be subdivided further. This approach became a strong
framework for collaborative work of both theorists and experimentalists, as information from all LHC experiments
and theoretical calculations can be combined and shared in an e�cient way. Nonetheless, as we illustrate below, this
approach is still limited in its application for two important reasons. First, the STXS measurements are based on the
analysis of SM-like kinematics. The measurement strategy may not be appropriate for interpretations appearing with
new tensor structures or new virtual particles (such as �⇤ in place of Z⇤) unless a full detector simulation of such
e↵ects is performed. Additionally, the binning of STXS may not be optimal for all the measurements of interest.

A. Matrix element technique

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

Dalt(⌦) =
Psig(⌦)

Psig(⌦) + Palt(⌦)
, (44)

Dint(⌦) =
Pint(⌦)

2
p

Psig(⌦)⇥ Palt(⌦)
, (45)

where Psig, Palt, and Pint represent the probability distribution for a signal model of interest, an alternative model to
be rejected (either background, a di↵erent production process of the H boson, or an alternative anomalous coupling
of the H boson), and the interference contribution, which may in general be positive or negative. The probabilities
are obtained from the matrix elements squared, calculated by the MELA library described in Section IV, and do
not generally need to be normalized. The denominator in Eq. (45) is chosen to reduce correlation between the
discriminants, but this choice is equivalent to that of Ref. [3]. The above definition leads to the convenient arrangement
0  Dalt  1 and �1  Dint  1.

These discriminants retain all multidimentional correlations essential for the measurements of interest. For a
simple discrimination of two hypotheses, the Neyman-Pearson lemma [104] guarantees that the ratio of probabilities
P for the two hypotheses provides optimal discrimination power. However, for a continuous set of hypotheses with an
arbitrary quantum-mechanical mixture several discriminants are required for an optimal measurement of their relative
contributions. There are three interference discriminants when anomalous couplings appear both in production and in
decay. Let us conside only real g1 and g4 couplings in Eq. (1), which appear once in production and once in decay, as
shown in Eq. (32). The total amplitude squared would have five terms proportional to (g4/g1)m with m = 0, 1, 2, 3, 4:

P (⌦; g1, g4) /

4X

m=0

(g4/g1)
m
⇥ P

m
(⌦) , (46)

where we absorb g4
1
and the width into the overall normalization. Equation (44) corresponds to the ratio of the

m = 4 and m = 0 terms. Three other ratios give rise to interference discriminants. The four discriminants may
be re-arranged into two discriminants of the form in Eq. (44) and two of the form in Eq. (45), in each case one
observable defined purely for the production process and the other for the decay process. One could apply the
Neyman-Pearson lemma to each pair of points in the parameter space of (g1, g4), but this would require a continuous,
and therefore infinite, set of probability ratios. However, equivalent information is contained in a linear combination
of only four probability ratios, which can be treated as four independent observables. Above the 2mV threshold,
there are also interference discriminants appearing due to interference between the o↵-shell tail of the signal process
and the background. A subset of equivalent optimal observables was also introduced independently in earlier work on
di↵erent topics [105–107].

The number of discriminants in Eqs. (44, 45) is still limited if we consider just one anomalous coupling. Nonethe-
less, this number grows quickly as we consider multiple anomalous couplings, especially the number of interference
discriminants. A subset of these discriminants may contain most of the information, depending on the situation. For
the near-term LHC measurements, the Dalt using full production and decay information and Dint using production
information from correlation of associated particles provide the most optimal information. In the very long term, the
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VV → HVV → H

see talk: July 1,2020

https://indico.cern.ch/event/930131/contributions/3909836/attachments/2065846/3468363/LHCHiggs_dedicated.pdf
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Example of quartic-gauge couplings / VBS:

Relate Higgs and EW in SMEFT:

+ . . .

+ . . .

CP-even HVV couplings 

0 in SM

Connection to EW in VBS in JHUGen

Higgs SMEFT analyses to be done with EFT effects in “background”
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Connection to EW / top in SMEFT
Effect of Higgs - EW coupling relationship in EW offshell:

Related:  coupling in ggH within MCFM frameworkVtt
see talk by Oscar Eboli: Sep.24,2020

https://indico.fnal.gov/event/45025/contributions/197326/attachments/135031/167298/eboliv2.pdf
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Interference with a second resonance X   

Broad X with JHUGen+MCFM
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— for application on LHC, see e.g. arXiv:1804.01939

 — H* + X + continuum + interference 

— full “EFT” treatment of X&H*

EW production ggH production 

 Broad X with POWHEG+JHUGen 

— account for X→ZZ,WW effects

http://arxiv.org/abs/1804.01939
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Summary on JHUGen framework (for EFT)

— full simulation of all H*+bkg+I production and decay processes  
— re-weighting to increase statistics and cover all EFT models
— observables to be optimal to full kinematics
— fitting tools to pull it all together 

Coherent framework for studies of EFT with on+off-shell Higgs

Focus on experimental aspects 

— in experiment limited in statistics and practical application
— JHUGen / MELA  were designed to address both  
— experience in practical EFT application to off-shell in hep-ex

— target detector-level studies 

arXiv:1901.00174
Goal: introduce off-shell H* into EFT fits

https://arxiv.org/abs/1901.00174

