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Introduction

November 15, 2023

Essential to limit the set of   before building the analysis θi

— determine sensitive  in advanceθi
— rotate operators to remove flat directions in advance (based on physics)

In EFT a set of Wilson coefficients  appears in certain processes θi

— optimal observables are tuned to   - number of dimensions θi ND

— number of  templates   grows quickly with the number of  NT θi

—  and  may grow out of control with  ND NT θi

— particular issue in dedicated (full detector simulation of EFT) analyses 

Goal:

This report is based on experience in dedicated EFT-targeted analyses of LHC data
— but discuss concepts, do not expect numerical rigor  
— biased by   targets due to personal experience, but ideas are generalH → VV
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LHC EFT Analysis
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Measurements and Observables

(2) define observables and measurements
(1) relate operators and observables

LHC-EFT-WG-2022-001: Experimental Measurements and Observables

operators

processes

observables 

measurements 

 global fit 

Event generator

Pythia, GEANT, reco

Matrix Element

⃗θ 0 ⃗θ 1 ⃗θ N
…

!( ⃗x part | ⃗θi )

LHE 

p( ⃗x full
reco | ⃗x part)

!( ⃗x part | ⃗θj )
!( ⃗x part | ⃗θi )

!( ⃗x reco | ⃗θ )

⃗θ 0 ⃗θ 1 ⃗θ N
… full 

⃗x reco = f( ⃗x full
reco)

⃗θ 0 ⃗θ 1 ⃗θ M
…⃗θ 2

e.g.  CφWB

e.g. VBS

e.g.  ΔΦJJ

e.g.  σi (ΔΦJJ)

 

 𝒫( ⃗xreco | ⃗θ) = ∫ d ⃗xpartp( ⃗xreco | ⃗xpart)𝒫( ⃗xpart | ⃗θ)
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SMEFT Feynman Rules arXiv:1704.03888

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄′pγµl
′
r)(l̄
′
sγ

µl′t) Qee (ē′pγµe
′
r)(ē

′
sγ

µe′t) Qle (l̄′pγµl
′
r)(ē

′
sγ

µe′t)

Q(1)
qq (q̄′pγµq

′
r)(q̄

′
sγ

µq′t) Quu (ū′pγµu
′
r)(ū

′
sγ

µu′t) Qlu (l̄′pγµl
′
r)(ū

′
sγ

µu′t)

Q(3)
qq (q̄′pγµτ

Iq′r)(q̄
′
sγ

µτ Iq′t) Qdd (d̄′pγµd
′
r)(d̄

′
sγ

µd′t) Qld (l̄′pγµl
′
r)(d̄

′
sγ

µd′t)

Q(1)
lq (l̄′pγµl

′
r)(q̄

′
sγ

µq′t) Qeu (ē′pγµe
′
r)(ū

′
sγ

µu′t) Qqe (q̄′pγµq
′
r)(ē

′
sγ

µe′t)

Q(3)
lq (l̄′pγµτ

I l′r)(q̄
′
sγ

µτ Iq′t) Qed (ē′pγµe
′
r)(d̄

′
sγ

µd′t) Q(1)
qu (q̄′pγµq

′
r)(ū

′
sγ

µu′t)

Q(1)
ud (ū′pγµu

′
r)(d̄

′
sγ

µd′t) Q(8)
qu (q̄′pγµT Aq′r)(ū

′
sγ

µT Au′t)

Q(8)
ud (ū′pγµT Au′r)(d̄

′
sγ

µT Ad′t) Q(1)
qd (q̄′pγµq

′
r)(d̄

′
sγ

µd′t)

Q(8)
qd (q̄′pγµT Aq′r)(d̄

′
sγ

µT Ad′t)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄
′j
p e′r)(d̄

′
sq

′j
t ) Qduq εαβγεjk

[
(d

′α
p )TCu

′β
r

] [
(q

′γj
s )TCl

′k
t

]

Q(1)
quqd (q̄

′j
p u′r)εjk(q̄

′k
s d′t) Qqqu εαβγεjk

[
(q

′αj
p )TCq

′βk
r

] [
(u

′γ
s )TCe′t

]

Q(8)
quqd (q̄

′j
p T Au′r)εjk(q̄

′k
s T Ad′t) Qqqq εαβγεjnεkm

[
(q

′αj
p )TCq

′βk
r

] [
(q

′γm
s )TCl

′n
t

]

Q(1)
lequ (l̄′ jp e′r)εjk(q̄

′ k
s u′t) Qduu εαβγ

[
(d

′α
p )TCu

′β
r

] [
(u

′γ
s )TCe′t

]

Q(3)
lequ (l̄

′j
p σµνe′r)εjk(q̄

′k
s σ

µνu′t)

Table 3: Four-fermion operators (from ref. [11]). For brevity we suppress fermion chiral indices
L,R.

SMEFT there is an extra intermediate step involving field rescalings, since SSB also affects
the canonical normalization of the kinetic terms. In the following sections we discuss this
procedure step by step.

3.1 Higgs mechanism

The relevant operator terms contributing to the Higgs potential are

LH = (Dµϕ)
†(Dµϕ) +m2(ϕ†ϕ)−

λ

2
(ϕ†ϕ)2

+ Cϕ(ϕ†ϕ)3 + Cϕ!(ϕ†ϕ)!(ϕ†ϕ) + CϕD(ϕ†Dµϕ)
∗(ϕ†Dµϕ) . (3.1)

Minimization of the potential results in a “corrected” vacuum expectation value (vev), which
reads [21],

v =

√
2m2

λ
+

3m3

√
2λ5/2

Cϕ . (3.2)

7

diagrams with page numbers from

Notice that in all our expressions and Feynman rules that follow we use only this vev. As
usual, we next expand the Higgs doublet field around the vacuum,

ϕ =

(
Φ+

1√
2
(v +H + iΦ0)

)

. (3.3)

The Lagrangian bilinear terms of the scalar fields are then given by,

LBilinear
H =

1

2

(
1 +

1

2
CϕDv2 − 2Cϕ!v2

)
(∂µH)2 +

(
1

2
m2 −

3

4
λv2 +

15

8
v4Cϕ

)
H2

+
1

2

(
1 +

1

2
CϕDv2

)
(∂µΦ

0)2 + (∂µΦ
−)(∂µΦ+). (3.4)

By rescaling the fields as

h = ZhH , G0 = ZG0 Φ0 , G± ≡ Φ± , (3.5)

with the constant factors

Zh ≡ 1 +
1

4
CϕDv2 − Cϕ!v2 , (3.6)

ZG0 ≡ 1 +
1

4
CϕDv2 , (3.7)

one obtains the physical Higgs field h and Goldstone fieldsG0, G± with canonically normalized
kinetic terms. The tree-level squared mass of the normalized Higgs field h now reads,

M2
h = 2m2

[
1−

m2

λ2
(
3Cϕ − 4λCϕ! + λCϕD

)]

= λv2 − (3Cϕ − 2λCϕ! +
λ

2
CϕD)v4 . (3.8)

3.2 The gauge sector

The Lagrangian terms which are relevant for gauge boson propagators read,

LEW = −
1

4
W I

µνW
Iµν −

1

4
BµνB

µν + (Dµϕ)
†(Dµϕ)

+ CϕW (ϕ†ϕ)W I
µνW

Iµν + CϕB(ϕ†ϕ)BµνB
µν + CϕWB(ϕ†τ Iϕ)W I

µνB
µν

+ CϕD(ϕ†Dµϕ)
∗(ϕ†Dµϕ) , (3.9)

LQCD = −
1

4
GA

µνG
Aµν +CϕG(ϕ†ϕ)GA

µνG
Aµν , (3.10)

where τ I are the Pauli matrices. Other, potentially relevant operators of the theory, contain-
ing B̃µν , W̃ I

µν and G̃A
µν influence only CP-violating vertices. Their bilinear terms are total

derivatives and do not affect propagators. Therefore, we neglect them in our discussion here.
To simplify the above expressions, it is convenient to introduce “barred” fields and cou-

plings, such as

W̄ I
µ ≡ ZgW I

µ , ḡ ≡ Z−1g g ,
B̄µ ≡ Zg′Bµ , ḡ′ ≡ Z−1g′ g′,

ḠA
µ ≡ ZgsG

A
µ , ḡs ≡ Z−1gs gs ,

8

Higgs potential:

Gauge bosons:

and so on…
CφD, Cφ□, CφW, CφB, CφWB, CφG, CφW̃, CφB̃, CφW̃B, CφG̃, . .

5

EFT Operators
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Target operators:

Use Warsaw basis of SMEFT

most convenient for computation (e.g. min. derivatives)

operator “rotation” may be convenient in certain measurements (some call it “basis rotation”)

e.g. mass eigenstate “rotation” for direct map to observables (e.g.  instead of  ) Z /γ B0/W0

operators
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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).

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].

arXiv:2002.09888

arithmically in the (+ + 0 0) helicity configuration and decrease in all other cases. Their

growth is not observed in the SM due to the logarithmic terms being exactly cancelled by

the triangle diagrams. Both operators therefore lead to a logarithmic growth with energy

when the two incoming gluons have the same polarisation and the Z boson is longitudinally

polarised.

Another consequence of the cancellation between triangle diagrams with O't and O
(�)
'Q

is that they generate the same behaviour as the Yukawa operator Ot'. The latter can only

enter in box diagrams with a rescaled tt̄H interaction. Hence, gg ! ZH is only sensitive

to the linear combination c
(�)

'Q
� c't +

ct'

yt
. We will discuss this degeneracy further in our

phenomenological analysis of this process in Section 3.

The chromomagnetic dipole operator OtG leads to a growth in energy for all the helicity

configurations, which is due to the new tt̄gH vertex and the modified Lorentz structure

of the tt̄g one. The leading growth happens for (+ � 0 0) which grows quadratically. In

(++ 0 0) the quadratic growth of the box, triangles with a Z propagator, and tt̄gH vertex

diagrams cancel each other out such that the helicity amplitude grows logarithmically. We

note here that amplitudes for this operator are typically more complex functions of the

scattering angle, due to the di↵erent possibilities of this operator entering the Feynman

diagrams.

We conclude our discussion of gg ! ZH by briefly mentioning O'G. The process

remains loop induced as shown in the right-most diagram of Fig. 2 and its amplitude

grows when the Z is longitudinally polarised. Finally it should be noted that only OtG

and O'G lead to growing interferences with the SM: this is the case in the (+ + 0 0)

helicity configuration for both operators, and additionally in the (+ + 0+) and (+� 0+)

configurations for OtG.

2.4 gg ! ZZ

g

g

Z

Z

g

g Z

Z g

g

Z

Z

g

g

Z

Z

Figure 3: Diagram topologies that enter in the computation of gg ! ZZ in SMEFT at one-
loop. The empty dots represent couplings that could be either SM-like or modified by dimension-6
operators. The filled dots represent vertices generated only by dimension-6 operators. Only one
insertion of dimension-6 operators is allowed per diagram.

We now turn our attention to ZZ production. There are 36 possible helicity combina-

tions for gg ! ZZ, but using the Bose symmetry of the initial state gluons and final state

Zs and the fact that all operators considered are CP-even leads to 10 independent helicity

combinations. 2.
2
In the SM a permutation of the external Z momenta corresponds to a flip of the helicity + $ �, which

reduces the number of independent helicity configurations [68]. However this argument requires that the

two tt̄Z vertices are identical which is not the case in the presence of SMEFT operators such as OtZ . This

argument also holds for W pair production.

– 12 –

arXiv:2306.09963
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

arXiv:2002.09888

2 2 The CMS detector

q0

q

q0

q

`0

`0

`

`

W

W Z

Z

q0

q

q0

q

`0

`0

`

`

W

W

W

Z

Z

q0

q

q0

q

`0

`0

`

`

Z

Z

H

Z

Z

q

q

g

g

`0

`0

`

`

q

q

q

Z

Z

Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0`0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].

arXiv:1708.02812

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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(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).

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].

four-fermion:

Processes: ggH, VBF, VH and VBS
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Left out (mostly) today: tt̄H, tqH, tWH, bb̄H, HH
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Observables

      reco
observables

— typical SM observables (to suppress background)

— EFT-sensitive observables (e.g. angular, , etc)q2

— optimized observables (matrix element, machine learning)

—  full accessible information   (e.g. all four-vectors)⃗xfull
reco
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Example:  VBF    (EFT-sensitive)ΔΦJJ

SM
CP-odd

+mix
- mix

Part 1a

  𝒫( ⃗xreco | ⃗θ) = ∫ d ⃗xpart p( ⃗xreco | ⃗xpart) 𝒫( ⃗xpart | ⃗θ)

— new tensor structures
— higher  dimensions q

EFT:

observables 

November 15, 2023



0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

P(θ0,+θ1)

P(
θ 0

,−
θ 1

)

ΔΦJJ
ℛopt,1

ℛML
opt,1

Andrei Gritsan, JHU 8

Optimized Observables

Two types from first principles:
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FIG. 1: Observables reconstructed in production of the on-shell Higgs boson in the ZZ and WW fusion: azimuthal
angle between two associated jets ��JJ (left); observable Ropt,2 optimized for the quadratic term ✓2

1
(middle);

observable Ropt,1 optimized for the linear term ✓1 (right). Four distributions are shown: SM (✓0, black), CP -odd
operator (✓1, red), and 50% mixture with positive (green) and negative (blue) relative sign of ✓0 and ✓1. The study

is inspired by Ref. [7].

2. Observables optimized with matrix-element calculations

The idea of optimized observables was introduced in particles physics in Refs. [8, 9]. For a simple discrimination
of two hypotheses, the Neyman-Pearson lemma [10] guarantees that the ratio of probabilities P1(~x full

reco
)/P0(~x full

reco
) for

the two hypotheses 0 and 1 provides an optimal discrimination power. For a continuous set of hypotheses with an
arbitrary quantum-mechanical mixture of two states, one could apply the Neyman-Pearson lemma to each pair of
points in the parameter space, but this would require a continuous, and therefore infinite, set of probability ratios.
However, equivalent information is contained in a combination of only two probability ratios, which can be chosen as
two optimized observables [11]

Ropt,2 =
P1(~x full

reco
)

P0(~x full
reco

) + c · P1(~x full
reco

)
, (4)

Ropt,1 =
2P01(~x full

reco
)

P0(~x full
reco

) + c · P1(~x full
reco

)
, (5)

where the index of the probability density P is discussed in application to Eq. (2). The constant c is introduced
for convenience and could be set to c = 1 when symmetric appearance is desired, and these observables can also be
defined with c = 0. The information content of the two observables used jointly is the same for any fixed value of
c, and the observable optimized for discrimination between two arbitrary hypotheses can be written as a function of
Ropt,1 and Ropt,2. In the case of a small contribution of ✓1 to di↵erential cross section, Eq. (5) with c = 0 reproduces
the optimal observable defined in Ref. [9].

Calculation of optimized observables as probability ratios in Eqs. (4) and (5) can be performed with the help of
the matrix-element calculations in Eq. (1). The transfer functions p(~xreco|~xpart) are required for proper probability
calculations. However, as opposed to the matrix element method discussed in Section IIC 4 where the transfer
functions have to be modeled fully, in the case of probability ratios certain e↵ects cancel, and in any case, any
imperfection would not bias the result, but would only reduce optimality somewhat. Therefore, the transfer functions
can often be omitted, with only minor e↵ect on optimality, in cases where the process is fully reconstructed with good
enough resolution.

Equation (2) allows us to make several important observations. When interference terms Pij are absent, as for
example in the case of non-interfering background, the optimized observables are of the type defined in Eq. (4). There
would be one optimized observable to separate signal from each background type. When interference is present and
there are only two types of couplings with K = 1, there are only two optimized observables defined in Eqs. (4) and (5),
as stated above. This illustrates the power of the matrix-element technique when the full information contained in the
high-dimensional space of ~x full

reco
can be preserved in just two observables. This power is limited to the measurement

of one parameter ✓1/✓0, though. However, when multiple couplings are present with K > 1, the number of optimized

6
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defined with c = 0. The information content of the two observables used jointly is the same for any fixed value of
c, and the observable optimized for discrimination between two arbitrary hypotheses can be written as a function of
Ropt,1 and Ropt,2. In the case of a small contribution of ✓1 to di↵erential cross section, Eq. (5) with c = 0 reproduces
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imperfection would not bias the result, but would only reduce optimality somewhat. Therefore, the transfer functions
can often be omitted, with only minor e↵ect on optimality, in cases where the process is fully reconstructed with good
enough resolution.

Equation (2) allows us to make several important observations. When interference terms Pij are absent, as for
example in the case of non-interfering background, the optimized observables are of the type defined in Eq. (4). There
would be one optimized observable to separate signal from each background type. When interference is present and
there are only two types of couplings with K = 1, there are only two optimized observables defined in Eqs. (4) and (5),
as stated above. This illustrates the power of the matrix-element technique when the full information contained in the
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of one parameter ✓1/✓0, though. However, when multiple couplings are present with K > 1, the number of optimized

Machine learning equivalent

(matrix elements for models , )θ0 θ1

(parton shower, detector effects)

 : train +mix vs -mixℛopt,1
 : train  vs  (SM)ℛopt,2 θ1 θ0

Essential to limit the set of  θi

— determine sensitive  in advanceθi
— rotate operators to remove flat directions

e.g. in VBF: rotate to     θ1 = c̃zz
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Feynman rules for SMEFT
— relate processes and operators

In the end relate to observables ⃗xreco

— kinematic effects
— experimental choice 
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4iḡ′2v
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CϕB (pµ2

1 pµ1

2 − p1 · p2ηµ1µ2
)

−
4iḡḡ′v

ḡ2 + ḡ′2
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CφW, CφB, CφWB → cγγ
CφW̃, CφB̃, CφW̃B → c̃γγ

rotate operators

For an optimal analysis — optimize target set of operators in advance 
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4iḡḡ′v
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CϕW̃pα1

1 pβ12 εµ1µ2α1β1 +
4iḡ2v
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4iḡḡ′v
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ḡ2 + ḡ′2
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CϕWB (pµ2

1 pµ1

2 − p1 · p2ηµ1µ2
)

+
4iḡ′2v
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ḡ2 + ḡ′2
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CϕB (pµ3

1 pµ1

3 − p1 · p3ηµ1µ3
)

+
2iv
(
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CϕB̃pα1

1 pβ13 εµ1µ3α1β1

+
2iv
(
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)
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iḡ2ḡ′v

2
√
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CϕWB (pµ3

1 pµ1

3 − p1 · p3ηµ1µ3
)

+
4iḡḡ′v
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ḡ2 + ḡ′2ηµ2µ3

CϕD

−
iḡ′v
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CϕB (pµ3

2 pµ2

3 − p2 · p3ηµ2µ3
)

+
iḡḡ′v
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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
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, q1 and "µ
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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
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FIG.1:VerticesrelevantforHVVandHff̄interactions.

allaccessibleproductionchannels,gluonfusion,weakvectorbosonfusion,VHassociatedproduction,andtop-
quarkassociatedproduction[78–84],anditsproductionstrengthisconsistentwiththeSMpredictionwithinthe
uncertainties[41].Alsoitsdecaychannelsintogaugebosons(ZZ,WW,��)havebeenobservedanddonotshow
significantdeviationswithintheuncertainties[78–80].Thefermionicinteractionshavebeenestablishedforthethird
generationquarks(t,b)andthe⌧lepton[81–86],andsofar,theyareconsistentwiththeSMwithintheuncertainties.

WhilethispictureshowsthatNaturedoesnotradicallydeviatefromtheSMdynamics,itshouldbenotedthat
manygenericextensionsoftheSMpredictdeviationsonlybelowthecurrentprecision.Openquestionsremain,for
exampleaboutCP-oddmixtures,theYukawacouplinghierarchy,andotherstatesinvolvedinelectroweaksymmetry
breaking.ThesequestionscanbeaddressedintheyearstocomebyfullyutilizingtheexistingandupcomingLHC
datasets.Inparticular,thestudyofkinematictailsofdistributionsinvolvingtheHbosonisbecomingaccessible
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particles.Inthefollowing,wereviewtheframeworkanddemonstrateitscapabilitiesthroughexamplesofpossible
analyses.Thetechnicaldetailsoftheframeworkaredescribedinthemanual,whichcanbedownloadedat[87],
togetherwiththesourcecode.
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3ḡ′2 − ḡ2
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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�⇤ /
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! 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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(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).

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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arithmically in the (+ + 0 0) helicity configuration and decrease in all other cases. Their

growth is not observed in the SM due to the logarithmic terms being exactly cancelled by

the triangle diagrams. Both operators therefore lead to a logarithmic growth with energy

when the two incoming gluons have the same polarisation and the Z boson is longitudinally

polarised.

Another consequence of the cancellation between triangle diagrams with O't and O
(�)
'Q

is that they generate the same behaviour as the Yukawa operator Ot'. The latter can only

enter in box diagrams with a rescaled tt̄H interaction. Hence, gg ! ZH is only sensitive

to the linear combination c
(�)

'Q
� c't +

ct'

yt
. We will discuss this degeneracy further in our

phenomenological analysis of this process in Section 3.

The chromomagnetic dipole operator OtG leads to a growth in energy for all the helicity

configurations, which is due to the new tt̄gH vertex and the modified Lorentz structure

of the tt̄g one. The leading growth happens for (+ � 0 0) which grows quadratically. In

(++ 0 0) the quadratic growth of the box, triangles with a Z propagator, and tt̄gH vertex

diagrams cancel each other out such that the helicity amplitude grows logarithmically. We

note here that amplitudes for this operator are typically more complex functions of the

scattering angle, due to the di↵erent possibilities of this operator entering the Feynman

diagrams.

We conclude our discussion of gg ! ZH by briefly mentioning O'G. The process

remains loop induced as shown in the right-most diagram of Fig. 2 and its amplitude

grows when the Z is longitudinally polarised. Finally it should be noted that only OtG

and O'G lead to growing interferences with the SM: this is the case in the (+ + 0 0)

helicity configuration for both operators, and additionally in the (+ + 0+) and (+� 0+)

configurations for OtG.

2.4 gg ! ZZ

g

g

Z

Z

g

g Z

Z g

g

Z

Z

g

g

Z

Z

Figure 3: Diagram topologies that enter in the computation of gg ! ZZ in SMEFT at one-
loop. The empty dots represent couplings that could be either SM-like or modified by dimension-6
operators. The filled dots represent vertices generated only by dimension-6 operators. Only one
insertion of dimension-6 operators is allowed per diagram.

We now turn our attention to ZZ production. There are 36 possible helicity combina-

tions for gg ! ZZ, but using the Bose symmetry of the initial state gluons and final state

Zs and the fact that all operators considered are CP-even leads to 10 independent helicity

combinations. 2.
2
In the SM a permutation of the external Z momenta corresponds to a flip of the helicity + $ �, which

reduces the number of independent helicity configurations [68]. However this argument requires that the

two tt̄Z vertices are identical which is not the case in the presence of SMEFT operators such as OtZ . This

argument also holds for W pair production.
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(expecting these operators to be much better constrained in processes without Higgs)
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[
Ug2f2U

∗
g1f1C

ϕl1
g1g2γ

µ4PL − Ug1f1U
∗
g2f2C

ϕl1
g2g1γ

µ4PR

]

−iv
√
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(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
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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

generate :H(125) → 4ℓ
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)

+
iḡḡ′v2

2
(
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into

particularly
sensitive

prob
es

of
the

m
echanism

of
electrow

eak
sym

m
etry

breaking
and

p
ossible

extensions

b
eyond

the
SM

.
M
oreover,

the
study

of
electrow

eak
production

of
the

H
b
oson

(V
B
F

and
V
H
)
is

probing
H
V
V

interactions
over

a
large

range
of

m
om

entum
transfer,

w
hich

can
exp

ose
p
ossible

new
particles

that
couple

through

loops.
E
ven

the
direct

production
of

new
resonances

w
ill

first
show

up
as

deviations
from

the
exp

ected
high-energy

tail
of

kinem
atic

distributions.
H
ence,

analyzing
these

new
ly

accessible
features

in
o↵

-shell
H

b
oson

production
is
of

param
ount

im
p
ortance

to
understand

electrow
eak

sym
m
etry

breaking
in

the
SM

and
p
ossible

extensions
involving

new

particles.
In

the
follow

ing,
w
e
review

the
fram

ew
ork

and
dem

onstrate
its

capabilities
through

exam
ples

of
p
ossible

analyses.
T
he

technical
details

of
the

fram
ew

ork
are

describ
ed

in
the

m
anual,

w
hich

can
b
e
dow

nloaded
at

[87],

together
w
ith

the
source

code.

II.
P
A
R
A
M
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IZ
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IO
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F

A
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S
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S
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H
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n
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n
s

W
e
present

our
param

eterization
of

anom
alous

couplings
relevant

for
on-shell

and
o↵

-shell
H

b
oson

production
and

decay.
F
ollow

ing
the

notation
of

R
efs.

[1–3],
the

H
V
V

scattering
am

plitude
of

a
spin-zero

b
oson

H
and

tw
o
vector

b
osons

V
V

w
ith

p
olarization

vectors
and

m
om

enta
"
µ1
,
q
1
and

"
µ2
,
q
2,

as
illustrated

in
F
ig.

1(a),
is
param

eterized
by

A
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1v

⇢
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(1)

w
here

M
V
1
is
the

vector
b
oson’s

p
ole

m
ass,

v
is
the

SM
H
iggs

field
vacuum

exp
ectation

value,
and

g
V
V

1
,2
,4,


V
V

1
,2
/(⇤

V
V

1
)
2,

and

V
V

3
/(⇤

V
V

Q
)
2
are

coupling
constants

to
b
e
m
easured

from
data.

T
his

param
etrization

represents
the

m
ost

general

L
orentz-invariant

form
.

A
t
tree

level
in

the
SM

,
only

the
C
P
-even

H
Z
Z
and

H
W

W
interactions

contribute
via

g
Z
Z

1
=

g
W

W
1

=
2.

T
he

loop-

induced
interactions

of
H
Z
�
,H

�
�
,and

H
gg

contribute
e↵
ectively

via
the

C
P
-even

g
V
V

2
term

s
and

are
param

eterically

suppressed
by

↵
or

↵
s.

T
he

C
P
-violating

couplings
g
V
V

4
are

generated
only

at
three-loop

level
in

the
SM

and
are

therefore
tiny.

B
eyond

the
SM

,
all

of
these

couplings
can

receive
additional

contributions,
w
hich

do
not

necessarily

have
to

b
e
sm

all.
F
or

exam
ple,

the
H
gg

interaction
can

b
e
param

eterized
through

a
ferm

ion
loop,

as
discussed

later

in
application

to
E
q.

(37).
T
he

ferm
ions

in
the

loop
interact

w
ith

the
H

b
oson

as
illustrated

in
F
ig.

1(b),
w
ith

the

generate e.g. VH:

Contact terms with up quarks:
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A.6 Quark–gauge vertices
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)3/2 δf1f2C
ϕWB

((
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2ḡ′v√
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)
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Constrained by:
(expecting these operators to be much better constrained in processes without Higgs outside of LHC)

(see Ztt earlier)

(also )qq̄ → Hγ

Andrei Gritsan, JHU November 15, 2023
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(
a
)
H
V
V

(
b
)
H
f
f̄

(
c
)
H
V
f
f̄

(
d
)
H
f
f̄
f
f̄

F
IG

.
1:

V
ertices

relevant
for

H
V
V

and
H
ff̄

interactions.

all
accessible

production
channels,

gluon
fusion,

w
eak

vector
b
oson

fusion,
V
H

associated
production,

and
top-

quark
associated

production
[78–84],

and
its

production
strength

is
consistent

w
ith

the
SM

prediction
w
ithin

the

uncertainties
[41].

A
lso

its
decay

channels
into

gauge
b
osons

(Z
Z
,W

W
,�
�
)
have

b
een

observed
and

do
not

show

significant
deviations

w
ithin

the
uncertainties

[78–80].
T
he

ferm
ionic

interactions
have

b
een

established
for

the
third

generation
quarks

(t,b)
and

the
⌧
lepton

[81–86],
and

so
far,

they
are

consistent
w
ith

the
SM

w
ithin

the
uncertainties.

W
hile

this
picture

show
s
that

N
ature

does
not

radically
deviate

from
the

SM
dynam

ics,
it

should
b
e
noted

that

m
any

generic
extensions

of
the

SM
predict

deviations
only

b
elow

the
current

precision.
O
p
en

questions
rem

ain,
for

exam
ple

ab
out

C
P
-odd

m
ixtures,

the
Y
ukaw

a
coupling

hierarchy,
and

other
states

involved
in

electrow
eak

sym
m
etry

breaking.
T
hese

questions
can

b
e
addressed

in
the

years
to

com
e
by

fully
utilizing

the
existing

and
up

com
ing

L
H
C

data
sets.

In
particular,

the
study

of
kinem

atic
tails

of
distributions

involving
the

H
b
oson

is
b
ecom

ing
accessible

for
the

first
tim

e.
T
hese

signals
involve

o↵
-shell

H
b
oson

production
and

strong
interference

e↵
ects

w
ith

irreducible

backgrounds
that

are
sub

ject
to

the
electrow

eak
unitarization

m
echanism

in
the

SM
.
T
his

feature
turns

the
kinem

atic

tails
into

particularly
sensitive

prob
es

of
the

m
echanism

of
electrow

eak
sym

m
etry

breaking
and

p
ossible

extensions

b
eyond

the
SM

.
M
oreover,

the
study

of
electrow

eak
production

of
the

H
b
oson

(V
B
F

and
V
H
)
is

probing
H
V
V

interactions
over

a
large

range
of

m
om

entum
transfer,

w
hich

can
exp

ose
p
ossible

new
particles

that
couple

through

loops.
E
ven

the
direct

production
of

new
resonances

w
ill

first
show

up
as

deviations
from

the
exp

ected
high-energy

tail
of

kinem
atic

distributions.
H
ence,

analyzing
these

new
ly

accessible
features

in
o↵

-shell
H

b
oson

production
is
of

param
ount

im
p
ortance

to
understand

electrow
eak

sym
m
etry

breaking
in

the
SM

and
p
ossible

extensions
involving

new

particles.
In

the
follow

ing,
w
e
review

the
fram

ew
ork

and
dem

onstrate
its

capabilities
through

exam
ples

of
p
ossible

analyses.
T
he

technical
details

of
the

fram
ew

ork
are

describ
ed

in
the

m
anual,

w
hich

can
b
e
dow

nloaded
at

[87],

together
w
ith

the
source

code.

II.
P
A
R
A
M

E
T
E
R
IZ

A
T
IO

N
O
F

A
N
O
M

A
L
O
U
S

IN
T
E
R
A
C
T
IO

N
S

A
.

H
b
o
so

n
in
tera

ctio
n
s

W
e
present

our
param

eterization
of

anom
alous

couplings
relevant

for
on-shell

and
o↵

-shell
H

b
oson

production
and

decay.
F
ollow

ing
the

notation
of

R
efs.

[1–3],
the

H
V
V

scattering
am

plitude
of

a
spin-zero

b
oson

H
and

tw
o
vector

b
osons

V
V

w
ith

p
olarization

vectors
and

m
om

enta
"
µ1
,
q
1
and

"
µ2
,
q
2,

as
illustrated

in
F
ig.

1(a),
is
param

eterized
by

A
(H

V
1V

2)=
1v

⇢

M
2
V
1

✓g
V
V

1
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1
q
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�
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q
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(1)

w
here

M
V
1
is
the

vector
b
oson’s

p
ole

m
ass,

v
is
the

SM
H
iggs

field
vacuum

exp
ectation

value,
and

g
V
V

1
,2
,4,


V
V

1
,2
/(⇤

V
V

1
)
2,

and

V
V

3
/(⇤

V
V

Q
)
2
are

coupling
constants

to
b
e
m
easured

from
data.

T
his

param
etrization

represents
the

m
ost

general

L
orentz-invariant

form
.

A
t
tree

level
in

the
SM

,
only

the
C
P
-even

H
Z
Z
and

H
W

W
interactions

contribute
via

g
Z
Z

1
=

g
W

W
1

=
2.

T
he

loop-

induced
interactions

of
H
Z
�
,H

�
�
,and

H
gg

contribute
e↵
ectively

via
the

C
P
-even

g
V
V

2
term

s
and

are
param

eterically

suppressed
by

↵
or

↵
s.

T
he

C
P
-violating

couplings
g
V
V

4
are

generated
only

at
three-loop

level
in

the
SM

and
are

therefore
tiny.

B
eyond

the
SM

,
all

of
these

couplings
can

receive
additional

contributions,
w
hich

do
not

necessarily

have
to

b
e
sm

all.
F
or

exam
ple,

the
H
gg

interaction
can

b
e
param

eterized
through

a
ferm

ion
loop,

as
discussed

later

in
application

to
E
q.

(37).
T
he

ferm
ions

in
the

loop
interact

w
ith

the
H

b
oson

as
illustrated

in
F
ig.

1(b),
w
ith

the

generate e.g. VH:

Contact terms with down quarks:
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Constrained by:
(expecting these operators to be much better constrained in processes without Higgs outside of LHC)
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ḡ2 + ḡ′2
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ḡ2 + ḡ′2Cϕq3
f1f2

γµ4PL

+ iv
√
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A.6 Quark–gauge vertices
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3ḡ′2 − ḡ2
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iḡ2ḡ′2v2

3
(
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iḡḡ′v2

6
(
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)

+

√
2ḡv√
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2ḡ′v√

ḡ2 + ḡ′2
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ḡ2 + ḡ′2Cϕd
f1f2

γµ3PR

uf1

df2

W+
µ3

−
iḡ√
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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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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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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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independently, and in this paper we set s2
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FIG.3:Samplediagramsforsignal,interferingbackgroundandnon-interferingbackgroundintheprocessespp!4`
(gluonfusion)andpp!4`jj(weakvectorbosonfusion).

withrespecttotheancouplingscaleconvention.Forexample,thefanvalueisidenticalforeitherthecnorgn
couplingsrelatedinEq.(8).Fifth,intheexperimentalmeasurementsoffanmostsystematicuncertaintiescancelin
theratios,makingitacleanmeasurementtoreport.Sixth,thefanareconvenientparametersforpresentingresultsas
theirfullrangeisboundedbetween�1and+1,whilethecouplingsandtheirratiosarenotbounded.Finally,thefan
haveanintuitiveinterpretation,astheirvaluesindicatethefractionalcontributiontothemeasurablecrosssection,
whilethereisnoconvention-invariantinterpretationofthecouplingmeasurements.Intheend,themeasurementsin
individualprocessescanbecombined,andatthatpointtheirinterpretationintermsofcouplingsbecomesnatural.
However,thisbecomesfeasibleonlywhenthenumberofmeasurementsisatleastequalto,orpreferablyexceeds,the
numberofcouplings.

IV.JHUGEN/MELAFRAMEWORK

TheJHUGen(orJHUgenerator)andMELA(orMatrixElementLikelihoodApproach)frameworkisdesigned
forthestudyofagenericbosonicresonancedecayingintoSMparticles.JHUGenisastand-aloneeventgenerator
thatgenerateseitherweightedeventsintopre-definedhistogramsorunweightedeventsintoaLesHouchesEvents
(LHE)file.Asubsequentpartonshowersimulationaswellasfulldetectorsimulationcanbeaddedusingother
programscompatiblewiththeLHEformat.TheMELApackageisalibraryofprobabilitydistributionsbasedon
first-principlematrixelements.ItcanbeusedforMonteCarlore-weightingtechniquesandtheconstructionof
kinematicdiscriminantsforanoptimalanalysis.Thepackagesarebasedondevelopmentsreportedinthisworkand
Refs.[1–4].Itcanbefreelydownloadedat[87].ThepackagehasbeenemployedintheRun-IandRun-IIanalysesof
LHCdatafortheHbosonpropertymeasurements[59–76].

Ourframeworksupportsawiderangeofproductionprocessesforspin-zero,spin-one,andspin-tworesonancesand
theirdecaysintoSMparticles.AllinteractionverticescanhavethemostgeneralLorentz-invariantstructurewith
CP-conservingorCP-violatingdegreesoffreedom.Weputaspecialemphasisonspin-zeroresonancesH,forwhich
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Toextendthecapabilitiesofourframework,JHUGenalsoallowsinterfacingthedecayofaspin-zeroparticleafter
itsproductionhasbeensimulatedbyotherMCprograms(orbyJHUGenitself)throughtheLHEfileformat.Asan
example,thisallowsproductionofaspin-zeroHbosonthroughNLOQCDaccuracywithPOWHEG[98]andfurther
decaywiththeJHUGen.Higher-orderQCDcontributionsarediscussedinRef.[4]forthet̄tHprocessandbelow
fortheZHprocess.AnotherinterfacewiththeMCFMMonteCarlogenerator[5–9]allowsaccessingbackground
processesando↵-shellH⇤bosonproduction,includinginterferencewiththecontinuum.

InthefollowingwebrieflyoutlinenewkeyfeaturesinourJHUGen/MELAframeworkthatbecomeavailablewith
thispublication.InthesubsequentSections,weapplythesenewfeaturesanddemonstratehowtheycanbeused
forLHCphysicsanalyses.Inthesimulation,thevaluesofs2
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independently,andinthispaperwesets2
w

=0.23119,MW=80.399GeV,�W=2.085GeV,MZ=91.1876GeV,and
�Z=2.4952GeV[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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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
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independently, and in this paper we set 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 quark Q to the scaling factor Rgg, for both CP -even and
CP -odd couplings. The CP -even coupling contributions of the quarks and W boson to R�� and RZ� are derived
with HDECAY [92]. The CP -odd contributions to R�� are calculated with the JHUGen framework in a manner
analogous to Rgg. The CP -odd contributions to RZ� are calculated using cHDECAY [93].

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

Rgg = 1.10682
t
+ 0.00822

b
� 0.1150tb + 2.5717 ̃2

t
+ 0.0091 ̃2

b
� 0.1982 ̃t̃b

+1.0298 (Nc/3)
2

2
Q + 2.1357 (Nc/3)Qt � 0.1109 (Nc/3)Qb

+2.3170 (Nc/3)
2
̃
2
Q + 4.8821 (Nc/3)̃Q̃t � 0.1880 (Nc/3)̃Q̃b . (13)

The Q and ̃Q couplings are connected to the g
gg
2 and g

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

g
gg,Q
2 = �↵sNcQ/(18⇡) , g

gg,Q
4 = �↵sNc̃Q/(12⇡) . (14)

One can rewrite Eq. (13) in terms of the g
gg
2 and g

gg
4 couplings in place of NcQ and Nc̃Q by substituting Eq. (14).

Even though Eq. (14) is derived in the special case of a heavy quark, the resulting expression of Rgg as a function of
g
gg
2 and g

gg
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 ggg2 coupling which leads to the SM cross section
in the gluons fusion process. By setting all couplings, other than g

gg
2 , to zero and Rgg = 1 in Eq. (13), we obtain

g
gg,SM
2 = �0.00621 . (15)

The g
gg,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

where  from heavy particle in the loop, equivalent to   (relationship in arXiv)κQ, κ̃Q cφG, cφG̃

at 125 GeV, and when kinematic distributions not tested (e.g. no 2 jets):
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FIG.3:Samplediagramsforsignal,interferingbackgroundandnon-interferingbackgroundintheprocessespp!4`
(gluonfusion)andpp!4`jj(weakvectorbosonfusion).

withrespecttotheancouplingscaleconvention.Forexample,thefanvalueisidenticalforeitherthecnorgn
couplingsrelatedinEq.(8).Fifth,intheexperimentalmeasurementsoffanmostsystematicuncertaintiescancelin
theratios,makingitacleanmeasurementtoreport.Sixth,thefanareconvenientparametersforpresentingresultsas
theirfullrangeisboundedbetween�1and+1,whilethecouplingsandtheirratiosarenotbounded.Finally,thefan
haveanintuitiveinterpretation,astheirvaluesindicatethefractionalcontributiontothemeasurablecrosssection,
whilethereisnoconvention-invariantinterpretationofthecouplingmeasurements.Intheend,themeasurementsin
individualprocessescanbecombined,andatthatpointtheirinterpretationintermsofcouplingsbecomesnatural.
However,thisbecomesfeasibleonlywhenthenumberofmeasurementsisatleastequalto,orpreferablyexceeds,the
numberofcouplings.

IV.JHUGEN/MELAFRAMEWORK

TheJHUGen(orJHUgenerator)andMELA(orMatrixElementLikelihoodApproach)frameworkisdesigned
forthestudyofagenericbosonicresonancedecayingintoSMparticles.JHUGenisastand-aloneeventgenerator
thatgenerateseitherweightedeventsintopre-definedhistogramsorunweightedeventsintoaLesHouchesEvents
(LHE)file.Asubsequentpartonshowersimulationaswellasfulldetectorsimulationcanbeaddedusingother
programscompatiblewiththeLHEformat.TheMELApackageisalibraryofprobabilitydistributionsbasedon
first-principlematrixelements.ItcanbeusedforMonteCarlore-weightingtechniquesandtheconstructionof
kinematicdiscriminantsforanoptimalanalysis.Thepackagesarebasedondevelopmentsreportedinthisworkand
Refs.[1–4].Itcanbefreelydownloadedat[87].ThepackagehasbeenemployedintheRun-IandRun-IIanalysesof
LHCdatafortheHbosonpropertymeasurements[59–76].

Ourframeworksupportsawiderangeofproductionprocessesforspin-zero,spin-one,andspin-tworesonancesand
theirdecaysintoSMparticles.AllinteractionverticescanhavethemostgeneralLorentz-invariantstructurewith
CP-conservingorCP-violatingdegreesoffreedom.Weputaspecialemphasisonspin-zeroresonancesH,forwhich
weallowproductionthroughgluonfusion,associatedproductionwithoneortwojets,associatedproductionwitha
weakvectorboson(Z/�⇤H,WH,�H),weakvectorbosonfusion(VVjj!Hjj),andproductioninassociationwith
heavyflavorquarks,suchast̄tH,tHandb̄bHattheLHC.ThesupporteddecaymodesincludeH!ZZ/Z�⇤/
�⇤�⇤

!4f,H!WW!4f,H!Z�/�⇤�!2f�,H!��,H!⌧⌧,andgenerallyH!ff̄,withthemost
generalLorentz-invariantcouplingstructures.Spincorrelationsarefullyincluded,asareinterferencee↵ectsfrom
identicalparticles.

Toextendthecapabilitiesofourframework,JHUGenalsoallowsinterfacingthedecayofaspin-zeroparticleafter
itsproductionhasbeensimulatedbyotherMCprograms(orbyJHUGenitself)throughtheLHEfileformat.Asan
example,thisallowsproductionofaspin-zeroHbosonthroughNLOQCDaccuracywithPOWHEG[98]andfurther
decaywiththeJHUGen.Higher-orderQCDcontributionsarediscussedinRef.[4]forthet̄tHprocessandbelow
fortheZHprocess.AnotherinterfacewiththeMCFMMonteCarlogenerator[5–9]allowsaccessingbackground
processesando↵-shellH⇤bosonproduction,includinginterferencewiththecontinuum.

InthefollowingwebrieflyoutlinenewkeyfeaturesinourJHUGen/MELAframeworkthatbecomeavailablewith
thispublication.InthesubsequentSections,weapplythesenewfeaturesanddemonstratehowtheycanbeused
forLHCphysicsanalyses.Inthesimulation,thevaluesofs2

w
,MW,�W,mZ,and�Zareparametersconfigurable

independently,andinthispaperwesets2
w

=0.23119,MW=80.399GeV,�W=2.085GeV,MZ=91.1876GeV,and
�Z=2.4952GeV[99,100].
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g
Z�

2 , g��2 , gZ�

4 , or g��4 anomalous couplings. Distributions for individual couplings are shown in black (HZ�) and red
(H��), and the mixture of gZ�

2 and g
Z�

4 couplings with the complex ratio is shown in blue.

An approximate way to express Eq. (13) with the point-like interactions only in the case of SM couplings of fermions
t = b = 1 and ̃t = ̃b = 0 would be to substitute the top and bottom quark contributions with an e↵ective coupling
g
gg,SM
2 from Eq. (15), substitute Q and ̃Q for ggg2 and g

gg
4 , and obtain

Rgg '
1

⇣
g
gg,SM
2

⌘2

⇣
g
gg,SM
2 + g

gg
2

⌘2
+ (ggg4 )

2
�
. (16)

For the H ! �� final states, we include the W boson in addition to the top, bottom, and heavy Q quarks in the
loop and obtain2

R�� = 1.60932

✓
g
WW

1

2

◆2

� 0.69064

✓
g
WW

1

2

◆
t + 0.00912

✓
g
WW

1

2

◆
b � 0.49725

✓
g
WW

1

2

◆
(Nc Q

2
Q)

+0.074042
t
+ 0.000022

b
� 0.00186tb

+0.03841
�
Nc Q

2
Q

�2
+ 0.10666t

�
Nc Q

2
Q

�
� 0.00136b

�
Nc Q

2
Q

�

+0.20533 ̃2
t
+ 0.00006 ̃2

b
� 0.00300 ̃t̃b

+0.10252
�
Nc Q

2
̃Q

�2
+ 0.29018 ̃t

�
Nc Q

2
̃Q

�
� 0.00202 ̃b

�
Nc Q

2
̃Q

�
. (17)

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

g
��,Q
2 = �

↵

3⇡
Nc Q

2
Q , g

��,Q
4 = �

↵

2⇡
Nc Q

2
̃Q. (18)

Following the idea described above for Rgg, one can rewrite Eq. (17) in terms of the g
��

2 and g
��

4 couplings in place
of NcQ

2
Q and NcQ

2
̃Q by substituting Eq. (18). The final expression of R�� as a function of g��2 and g

��

4 and other
terms is again valid for any heavy particles in the loop, fermions or bosons, that generate these point-like interactions.
By setting all couplings other than g

��

2 to zero and R�� = 1 in Eq. (17), we obtain the e↵ective coupling which leads
to the SM cross section

g
��,SM
2 = 0.00423 . (19)

The g
��,SM
2 value di↵ers slightly from 0.00400 obtained from the general expression of the SM loops derived from

Refs. [94, 95] and shown in Eq. (20). The di↵erence could be explained by the higher-order e↵ects incorporated in

2 Due to updated EW parameters, there is a small change in the numerical values of coe�cients in Eqs. (17) and (26) that are in common
with Ref. [45].
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Eq. (17) and the fact that in our approach we match the SM rate R�� = 1. The sign in Eq. (19) follows Eq. (20).

g
��

2 =
⇣
�

↵

4⇡

⌘✓
g
WW

1

2

◆
⇥A

��

1 (⌧W ) + tNcQ
2
t
⇥A

��

1/2(⌧t)

�

= 0.00516

✓
g
WW

1

2

◆
� 0.00116t, (20)

where the one-loop functions are given by

A
��

1 (⌧W ) =

(
�8.32 for ⌧W = M

2
W
/M

2
H

�7 for ⌧W ! 1
(21)

and

A
��

1/2(⌧t) =

(
+1.38 for ⌧t = m

2
t
/M

2
H

+4/3 for ⌧t ! 1
. (22)

An approximate way to express Eq. (17) with point-like interactions only would be to follow the idea used to create
Eq. (16) and substitute the SM couplings with g

��,SM
2 from Eq. (19), substitute Q and ̃Q for g

��

2 and g
��

4 , and
obtain

R�� '
1

⇣
g
��,SM
2

⌘2

⇣
g
��,SM
2 + g

��

2

⌘2
+ (g��4 )

2
�
. (23)

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

RQ = Q
T

3L
Q � 2s2

w
Q

swcw
, (24)

which corresponds to the following values for the SM parameters of the top (T 3L
t

= +1/2, Qt = +2/3) and bottom
(T 3L

b
= �1/2, Qb = �1/3) quarks

Rt = 0.3032 , Rb = 0.2735 . (25)

We obtain

RZ� = 1.11965

✓
g
WW

1

2

◆2

� 0.12652

✓
g
WW

1

2

◆
t + 0.00348

✓
g
WW

1

2

◆
b � 0.13021

✓
g
WW

1

2

◆
(Nc RQQ)

+0.003572
t
+ 0.0000032

b
� 0.00018tb

+0.00377 (Nc RQQ)
2 + 0.00734t (Nc RQQ)� 0.00019b (Nc RQQ)

+0.00849 ̃2
t
+ 0.000004 ̃2

b
� 0.00025 ̃t̃b

+0.00883 (Nc RQ̃Q)
2 + 0.01723 ̃t (Nc RQ̃Q)� 0.00024 ̃b (Nc RQ̃Q) . (26)

For the contribution of a heavy forth generation quarks in the loop we find

g
Z�,Q
2 = �

↵

6⇡
Nc RQ Q , g

Z�,Q
4 = �

↵

4⇡
Nc RQ ̃Q . (27)

We note that the e↵ective value of gZ�

2 for a heavy quark Q which reproduces the SM partial width, is

g
Z�,SM
2 = 0.00675. (28)

The g
Z�,SM
2 value di↵ers slightly from 0.00724 obtained from the general expression of the SM loops derived from

Refs. [94, 95]3 and shown in Eq. (29). As before, the di↵erence could be explained by the higher-order e↵ects

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

Similarly:

Andrei Gritsan, JHU 17

κQ, κ̃Q
κt, κ̃t, κb, κ̃b ⇔ cφG, cφG̃

κQ, κ̃Q

Both CP-odd and CP-even

⇔ cvγ, c̃vγ

November 15, 2023

https://arxiv.org/abs/2109.13363


Andrei Gritsan, JHU 18

11

(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).

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].

κt, κ̃t off-shell H* is one possible place 
to disentangle 
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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-shell H boson transverse momentum [41, 126]. In all cases, the CP-odd component’s interference with
the background is zero when integrated over the other observables. The actual analysis of the data will benefit from
employing the full kinematics using the matrix-element approach.

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

The o↵-shell production of the H boson also allows testing the anomalous HV V couplings of the H boson to two
electroweak bosons, V V = WW,ZZ,Z�, ��. These couplings appear in the decay H ! 4f in the gluon fusion process
and in both production and decay in the electroweak process. The latter includes both VBF and V 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
= gWW

4
, gZZ

2
= gWW

2
, and ZZ

1,2
= WW

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 the H boson width and the couplings is performed both with the
current LHC data and in projection to the HL-LHC. For example, with 3000 fb of data, a single LHC experiment
is expected to constrain �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 significantly improves the anomalous coupling constraints, even with �tot

profiled [73]. This is evident from the enhancement observed in Fig. 17. The expected gain is not as large at the
HL-LHC, as Fig. 39 of Ref. [77] shows, because with access to smaller couplings, the electroweak VBF and V 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 in ZH production is sensitive to the same top quark couplings
and can be used to constrain them [127, 128]. In this work, however, we separate anomalous H boson couplings from
the rest of the electroweak interactions where this is possible in a consistent way. For the above cases, separating the
e↵ects is certainly possible, because top quark electroweak couplings can also be probed in e.g. pp ! tt̄Z, which is
independent of the Higgs sector. Moreover, there are no EFT relations between electroweak top quark couplings and
H boson couplings. However, the gauge boson self-interactions and the H boson couplings cannot be separated if the
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JHUGen+MCFM at LO in QCD, and the NNLO k factor is calculated with the HNNLO program, assuming signal
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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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6iḡ3

ḡ2 + ḡ′2
CW

(
ηµ1µ3

(pµ2

3 pµ4

1 − pµ2

1 pµ4

3 − pµ2

4 pµ4

1 − pµ2

3 pµ4

2 )

+ ηµ1µ4
(pµ2

4 pµ3

1 − pµ2

1 pµ3

4 − pµ2

3 pµ3

1 − pµ2

4 pµ3

2 )
+ ηµ2µ3

(pµ1

3 pµ4

2 − pµ1

2 pµ4

3 − pµ1

4 pµ4

2 − pµ1

3 pµ4

1 )
+ ηµ2µ4

(pµ1

4 pµ3

2 − pµ1

2 pµ3

4 − pµ1

3 pµ3

2 − pµ1

4 pµ3

1 )
− ηµ1µ2

(pµ3

4 (p3 + p4)
µ4 + (p3 + p4)

µ3pµ4

3 )
− ηµ3µ4

(pµ1

2 (p1 + p2)
µ2 + (p1 + p2)

µ1pµ2

1 )
+ ηµ1µ3

ηµ2µ4
(p1 · p4 + p2 · p3) + ηµ1µ4

ηµ2µ3
(p1 · p3 + p2 · p4)

− ηµ1µ2
ηµ3µ4

(p1 · p3 + p1 · p4 + p2 · p3 + p2 · p4)
)

+
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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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2 2 The CMS detector
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0`0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].
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(ηµ1µ2

(p1 − p2)
µ3 + ηµ2µ3

(p2 − p3)
µ1 + ηµ3µ1

(p3 − p1)
µ2)

−
6iḡ√

ḡ2 + ḡ′2
CW (pµ1

3 pµ2

1 pµ3

2 − pµ1

2 pµ2

3 pµ3

1 + ηµ1µ2
(pµ3

1 p2 · p3 − pµ3

2 p1 · p3)

+ηµ2µ3
(pµ1

2 p1 · p3 − pµ1

3 p1 · p2) + ηµ3µ1
(pµ2

3 p1 · p2 − pµ2

1 p2 · p3))

+
iḡḡ′v2

(
ḡ2 + ḡ′2

)3/2C
ϕWB

(
ηµ1µ2

(ḡ′2pµ3

1 − ḡ′2pµ3

2 ) + ηµ2µ3
(ḡ′2pµ1

2 + ḡ2pµ1

3 )

+ ηµ3µ1
(−ḡ2pµ2

3 − ḡ′2pµ2

1 )
)

−
2iḡ√

ḡ2 + ḡ′2
CW̃

(
εµ1µ2µ3α1

(pα1

1 p2 · p3 + pα1

2 p1 · p3 + pα1

3 p1 · p2)

+ εµ1µ2α1β1(p1 − p2)
µ3pα1

1 pβ12 + εµ2µ3α1β1(p2 − p3)
µ1pα1

2 pβ13

+ εµ3µ1α1β1(p3 − p1)
µ2pα1

3 pβ11

)

−
iḡḡ′v2√
ḡ2 + ḡ′2

CϕW̃Bεµ1µ2µ3α1
pα1

3

A0
µ1

A0
µ2

W+
µ3

W−µ4

+
iḡ2ḡ′2

ḡ2 + ḡ′2
(ηµ1µ4

ηµ2µ3
+ ηµ1µ3

ηµ2µ4
− 2ηµ1µ2

ηµ3µ4
)

−
6iḡḡ′2

ḡ2 + ḡ′2
CW

(
ηµ1µ3

(pµ2

3 pµ4

1 − pµ2

1 pµ4

3 − pµ2

4 pµ4

1 − pµ2

3 pµ4

2 )

+ ηµ1µ4
(pµ2

4 pµ3

1 − pµ2

1 pµ3

4 − pµ2

3 pµ3

1 − pµ2

4 pµ3

2 )
+ ηµ2µ3

(pµ1

3 pµ4

2 − pµ1

2 pµ4

3 − pµ1

4 pµ4

2 − pµ1

3 pµ4

1 )
+ ηµ2µ4

(pµ1

4 pµ3

2 − pµ1

2 pµ3

4 − pµ1

3 pµ3

2 − pµ1

4 pµ3

1 )
− ηµ1µ2

(pµ3

4 (p3 + p4)
µ4 + (p3 + p4)

µ3pµ4

3 )
− ηµ3µ4

(pµ1

2 (p1 + p2)
µ2 + (p1 + p2)

µ1pµ2

1 )
+ ηµ1µ3

ηµ2µ4
(p1 · p4 + p2 · p3) + ηµ1µ4

ηµ2µ3
(p1 · p3 + p2 · p4)

− ηµ1µ2
ηµ3µ4

(p1 · p3 + p1 · p4 + p2 · p3 + p2 · p4)
)

−
2iḡ3ḡ′3v2
(
ḡ2 + ḡ′2

)2 C
ϕWB (ηµ1µ4

ηµ2µ3
+ ηµ1µ3

ηµ2µ4
− 2ηµ1µ2

ηµ3µ4
)

−
2iḡḡ′2

ḡ2 + ḡ′2
CW̃

(
εµ1µ3µ4α1

(pµ2

1 (p3 − p4)
α1 + (p3 − p4)

µ2(p1 + p2)
α1)

+ εµ2µ3µ4α1
(pµ1

2 (p3 − p4)
α1 + (p3 − p4)

µ1(p1 + p2)
α1)

+ εµ3µ1µ2α1
(pµ4

3 (p1 − p2)
α1 + (p1 − p2)

µ4(p3 + p4)
α1)

+ εµ4µ1µ2α1
(pµ3

4 (p1 − p2)
α1 + (p1 − p2)

µ3(p3 + p4)
α1)

+ ηµ1µ3
εµ2µ4α1β1p

α1

2 pβ14 + ηµ1µ4
εµ2µ3α1β1p

α1

2 pβ13
+ ηµ2µ3

εµ1µ4α1β1p
α1

1 pβ14 + ηµ2µ4
εµ1µ3α1β1p

α1

1 pβ13
− 2ηµ1µ2

εµ3µ4α1β1p
α1

3 pβ14 − 2ηµ3µ4
εµ1µ2α1β1p

α1

1 pβ12

+ εµ1µ2µ3µ4
(p1 · p3 + p2 · p4 − p1 · p4 − p2 · p3)

)
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VBS: triple gauge boson couplings

CW, CW̃ in VBS, but expect much better constraints in WW, WZ, or single-V production…
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Four-fermion operators?

11

(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).

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].

generate:

df1m1s1

df2m2s2

uf3m3s3

uf4m4s4

+2iδm1m2
δm3m4

Kf3g2K
∗
f4g1(γ

µPL)s1s2(γ
µPL)s3s4C

qq1
f1f2g2g1

− 2iKf3g2K
∗
f4g1

(
δm1m2

δm3m4
(γµPL)s1s2(γ

µPL)s3s4C
qq3
f1f2g2g1

+ 2δm1m4
δm2m3

(γµPL)s1s4(γ
µPL)s3s2C

qq3
f1g1g2f2

)

+ iδm1m2
δm3m4

Cud1
f3f4f1f2(γ

µPR)s1s2(γ
µPR)s3s4

+
i

6
(3δm1m4

δm2m3
− δm1m2

δm3m4
)Cud8

f3f4f1f2(γ
µPR)s1s2(γ

µPR)s3s4

+ iδm1m2
δm3m4

Cqu1
f1f2f3f4

(γµPL)s1s2(γ
µPR)s3s4

+
i

6
(3δm1m4

δm2m3
− δm1m2

δm3m4
)Cqu8

f1f2f3f4
(γµPL)s1s2(γ

µPR)s3s4

+ iδm1m2
δm3m4

Kf3g2K
∗
f4g1(γ

µPL)s3s4(γ
µPR)s1s2C

qd1
g2g1f1f2

+
i

6
(3δm1m4

δm2m3
− δm1m2

δm3m4
)Kf3g2K

∗
f4g1(γ

µPL)s3s4(γ
µPR)s1s2C

qd8
g2g1f1f2

+ iK∗f4g1

(
δm1m2

δm3m4
(PL)s1s2(PL)s3s4C

quqd1∗
g1f3f2f1

+ δm1m4
δm2m3

(PL)s1s4(PL)s3s2C
quqd1∗
f2f3g1f1

)

+ iKf3g1

(
δm1m2

δm3m4
(PR)s1s2(PR)s3s4C

quqd1
g1f4f1f2

+ δm1m4
δm2m3

(PR)s1s4(PR)s3s2C
quqd1
f1f4g1f2

)

+
i

6
K∗f4g1

(
(3δm1m4

δm2m3
− δm1m2

δm3m4
) (PL)s1s2(PL)s3s4C

quqd8∗
g1f3f2f1

+ (3δm1m2
δm3m4

− δm1m4
δm2m3

) (PL)s1s4(PL)s3s2C
quqd8∗
f2f3g1f1

)

+
i

6
Kf3g1

(
(3δm1m4

δm2m3
− δm1m2

δm3m4
)(PR)s1s2(PR)s3s4C

quqd8
g1f4f1f2

+ (3δm1m2
δm3m4

− δm1m4
δm3m2

)(PR)s1s4(PR)s3s2C
quqd8
f1f4g1f2

)
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just one of several examples:

leave it to be constrained elsewhere?
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List of operators of interest in Higgs processes with VBF, VH, ggH topology, including VBS:

CφD, Cφ□, CφW, CφB, CφWB, CφW̃, CφB̃, CφW̃B

CW, CW̃ ?

CφG, CφG̃

 CZtt
L , CZtt

R ?

κt, κ̃t, κb, κ̃b

may be important in the Higgs fits…

hard to separate without , but “easy” with thosett̄H, tH
also unique in off-shell H

Andrei Gritsan, JHU 21
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Rotation of  basis, experimentally measurable “eigenvectors” a priori:HVV

CφW, CφB, CφWB ↔ czz, czγ, cγγ

CφW̃, CφB̃, CφW̃B ↔ c̃zz, c̃zγ, c̃γγ

CφD, Cφ□

Falkowski, Fuks, Mawatari, Mimasu, Riva and Sanz: Rosetta 9

In the first of these relations, �m denotes the shift of the W -
boson mass that is possibly induced by the presence of higher-
dimensional operators and that we normalize as

�Lmass = 2�m
g
2
v
2

4
W

+
µ W

�µ
. (10)

An input file (that we name HiggsBasis.dat in our ex-
ample) describing this part of the Higgs basis Lagrangian would
be of the form

BLOCK BASIS
1 higgs # basis

BLOCK HBxh
1 1.00000e-01 # dCz
2 1.00000e-01 # Cgg
3 1.00000e-01 # Caa
4 1.00000e-01 # Cza
5 1.00000e-01 # Czz
6 1.00000e-01 # Czbx

It includes, in addition to the blocks above, the SM parameters
as well as vanishing values for all other EFT coe�cients. In
order to export this setup to the BSMC Lagrangian, we use
Rosetta by typing in a shell

./translate HiggsBasis.dat

Rosetta first calculates all dependent coe�cients and next
generates an output file named HiggsBasis new.dat given
in the framework of the BSMC Lagrangian. This file contains in
particular values for the four �cw, cww, cw⇤ and c�⇤ dependent
parameters, the corresponding output block being, according
to Eq. (9),

BLOCK BCxh
1 +1.00000e-01 # dCw
1 +1.00000e-01 # dCw
2 +1.00000e-01 # dCz
3 +1.52190e-01 # Cww
4 +1.00000e-01 # Cgg
5 +1.00000e-01 # Caa
6 +1.00000e-01 # Cza
7 +1.00000e-01 # Czz
8 +1.56506e-01 # Cwbx
9 +1.00000e-01 # Czbx
10 +3.41838e-01 # Cabx

In addition, the HiggsBasis new.dat file also includes extra
non-vanishing coe�cients that are linked to the six indepen-
dent parameters �cz, cgg, c�� , cz� , czz and cz⇤ by gauge in-
variance. For instance, a di-Higgs coupling to two gluonic field
strength tensors is present,

BLOCK BCxhh
4 1.00000e-01 # cgg2

3.2 The Warsaw basis

The ten interaction terms of the �Lh Lagrangian introduced
in Section 3.1 can be seen as generated by six independent
operators of the Warsaw basis,

�L
W
h =

1
v2

h
cGG

g
2
s

4
�

†
�G

a

µ⌫G
µ⌫

a + cWW

g
2

4
�

†
�W

i

µ⌫W
µ⌫

i

+ cWBgg
0
�

†
�i�W

i

µ⌫B
µ⌫ + cBB

g
02

4
�

†
�Bµ⌫B

µ⌫

+ cH @µ

⇥
�

†
�
⇤
@
µ
⇥
�

†
�
⇤
+ cT

⇥
�

† !
D µ�

⇤⇥
�

† !
D

µ

�
⇤i

. (11)

In this expression, we have introduced the Pauli matrices �i,
the Hermitian derivative operator,

�
† !
D µ� = �

†(Dµ�)� (Dµ�
†)� , (12)

the gauge-covariant derivative and the hypercharge and weak
field strength tensors

Dµ� =
⇣
@µ �

i

2
g�kW

k

µ �
i

2
g
0
Bµ

⌘
� ,

W
i

µ⌫ = @µW
i

⌫ � @⌫W
i

µ + g✏
i

jkW
j

µW
k

⌫ ,

Bµ⌫ = @µB⌫ � @⌫Bµ .

(13)

The six Wilson coe�cients cGG, cWW , cWB , cBB , cH and
cT appearing in �L

W
h are related to the ten couplings in the

e↵ective Lagrangian �Lh as

�cw = � cH �
4g2g02

g2 � g02
cWB +

4g2

g2 � g02
cT �

3g2 + g
02

g2 � g02
�v ,

�cz = � cH � 3�v ,

cgg = cGG ,

cww = cWW ,

czz =
g
4
cWW + 4g2g02cWB + g

04
cBB

(g2 + g02)2
,

cz� =
g
2
cWW � 2(g2 � g

02)cWB � g
02
cBB

g2 + g02
, (14)

c�� = cWW + cBB � 4cWB ,

cw⇤ =
2

g2 � g02

⇥
g
02
cWB � cT + �v

⇤
,

cz⇤ = �
2
g2

⇥
cT � �v

⇤
,

c�⇤ =
2

g2 � g02

⇥
(g2 + g

02)cWB � 2cT + 2�v
⇤
.

Here, �v is defined by

�v =
1
2

h
(c0H`)11 + (c0H`)22

i
�

1
4
(c``)1221 (15)

and summarizes the dependence on the additional Warsaw ba-
sis operators,3

i

v2
c
0
H`

⇥
¯̀�i�µ`

⇤⇥
�

†
�
i !
D

µ

�
⇤
+

1
v2

c``

⇥
¯̀�µ`

⇤⇥
¯̀�µ

`
⇤
. (16)

Starting from the Higgs basis example of Section 3.1 where
all independent parameters are fixed to 0.1, we employ Ro-

setta to invert the relations of this section and calculate the
numerical values of the Warsaw basis coe�cients included in
�L

W
h that would yield the same �Lh Lagrangian. Typing in

a shell

./translate HiggsBasis.dat -t warsaw

we obtain an output file where several non-zero EFT coe�-
cients can be found. The numerical value of those on which we
focus here can be extracted from the generated file,

3 These operators contribute to the muon decay at the tree
level. Taking this into account leads to a shift between the
measured Fermi constant and the vacuum expectation value of
the Higgs field, which motivates the notation �v.

cH = − Cφ□ +
CφD

4

Rosetta
arXiv:1508.05895

↔

Constrained elsewhere

CφG, CφG̃

cT = −
CφD

4

δcz, cz□

↔
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Compare to:

arXiv:2108.03199

Q(1)
Hl

= (H†i
 !
DµH)(l̄p�µlp) Q(3)

Hl
= (H†i

 !
Di

µH)(l̄p�i�µlp)

Q(1)
Hq

= (H†i
 !
DµH)(q̄p�µqp) Q(3)

Hq
= (H†i

 !
Di

µH)(q̄p�i�µqp)

Q(1)
qq = (q̄p�µqp)(q̄r�µqr) Q(1,1)

qq = (q̄p�µqr)(q̄r�µqp)

Q(3)
qq = (q̄p�µ�iqp)(q̄r�µ�iqr) Q(3,1)

qq = (q̄p�µ�iqr)(q̄r�µ�iqp)

QHD = (H†DµH)(H†DµH) QH⇤ = (H†H)⇤(H†H)

QHWB = (H†�iH)W i
µ⌫B

µ⌫ QHW = (H†H)W i
µ⌫W

iµ⌫

QW = "ijkW i⌫
µ W j⇢

⌫ W kµ
⇢ Q(1)

ll
= (l̄p�µlr)(l̄r�µlp)

Table 1. The subset of Warsaw basis operators considered in this work. Repeated indices are
understood to be summed over. p, r are flavour indices, and a U(3)5-invariant flavour structure is
assumed.

doublets by l, q and the right-handed quark and charged-lepton fields by u, d, e. The SU(2)

indices are indicated with i, j, k and the Pauli matrices by �i. Flavour indices are indicated
with p, r. For further notational conventions we refer the reader to Ref. [40].

For our numerical analysis, we consider only the subset of 14 operators given in Ta-
ble 1. It contains all the operators that enter via modifications of the EW input quanti-
ties (Q(3)

Hl
, Q(1)

ll
, QHD, QHWB), plus a set of dimension-6 operators that give significant con-

tributions to all VBS processes, once the experimental selection cuts are applied. These
are mainly induced via modifications of V ff (Q(1)

Hl
, Q(3)

Hl
, Q(1)

Hq
, Q(3)

Hq
), gauge (QW ) and HV V

(QHD, QHW , QHWB, QH⇤) couplings, or via four-quark contact terms (Q(1)
qq , Q

(3)
qq , Q

(1,1)
qq , Q(3,1)

qq ).
The set in Table 1 represents a convenient selection of operators for the purposes of this work,
as it allows to examine all the mentioned categories of SMEFT effects and to explore the com-
plementarity between VBS processes in constraining EFT parameters, while at the same time
avoiding a very high-dimensional fit space. Fermionic operators with right-handed fermions
and bosonic operators such as QHB, that only enter a subset of VBS processes, as well as
contact interactions between two quarks and two leptons, would need to be added for an
exhaustive global analysis. These would amount to about 20 extra degrees of freedom, most
of which are not expected to introduce new significant features to the fit. In this sense, we
consider the set in Table 1 adequate for a study of the sensitivity of VBS processes to EFT
effects and we leave a more complete analysis for future work.

Working at order ⇤�2, a generic scattering amplitude has the form:

A = ASM +
X

↵

c↵
⇤2

· AQ↵
, (2.2)

where ASM is the SM amplitude and AQ↵
is the total amplitude obtained with one insertion

of the operator Q↵. The latter scales linearly with c↵/⇤2, and this dependence has been made
explicit in Eq. (2.2).

– 4 –

Observations:     (1)  and CP-odd operators can be added hereCφB

(2)  suggested to constrain from Zff elsewhere Cφℓ1, Cφℓ3, Cφq1, Cφq3

(3) four-fermion operator proliferation… 
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Abstract: We present a parton-level study of electro-weak production of vector-boson pairs
at the Large Hadron Collider, establishing the sensitivity to a set of dimension-six operators
in the Standard Model Effective Field Theory (SMEFT). Different final states are statistically
combined, and we discuss how the orthogonality and interdependence of different analyses
must be considered to obtain the most stringent constraints. The main novelties of our
study are the inclusion of SMEFT effects in non-resonant diagrams and in irreducible QCD
backgrounds, and an exhaustive template analysis of optimal observables for each operator and
process considered. We also assess for the first time the sensitivity of vector-boson-scattering
searches in semileptonic final states.
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(4) QCD production cross-feed potentially to be added here (e.g. )CφG, CφG̃
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Thanks for discussion to 
Ilaria B., Pietro G., Giacomo B., et al. !

also to Oscar Eboli!

https://arxiv.org/abs/2108.03199
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Optimizing the target set of EFT operators  is important in advance: θi

Summary (EFT in dedicated Higgs fits)

— determine sensitive   (optimal observables)θi
— rotate operators to remove flat directions 

Some work is needed to determine and/or agree on

(1) main target operators  optimal / special observables ⇒
(2) secondary operators  to be also considered in the fit⇒
(3) irrelevant operators  to be dropped (e.g.  well constrained) ⇒ Z → ℓℓ

Rotation or removal of operators does not exclude later combination 

CφW, CφB, CφWB ↔ czz, czγ, cγγ

CφW̃, CφB̃, CφW̃B ↔ c̃zz, c̃zγ, c̃γγ

CφD, Cφ□ ↔ δcz, cz□

CφG, CφG̃ = cgg, c̃gg CW, CW̃ ?

 CZtt
L , CZtt

R ?

κt, κ̃t, κb, κ̃b
(“  ”) avv

2

(“  ”) avv
3

(“  ”) avv
1

(“  ”) agg
2,3
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