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Introduction: the idea of M.E.M.
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When we know what we do, M.E.M. is the best tool

The problem is that we do not always know what we do

— guarantee optimal performance 
— explore full information 

Machine Learning (M.L.): could consider a part of M.E.M.

— based on the same matrix elements in simulation
— same idea

— some will disagree, but no distinction for this talk 

— some will disagree, but see last bullet below

— detector effects may be hard to incorporate
— target of the measurement may not be unique 



MC Generator based on the papers:
 

"Spin Determination of Single-Produced Resonances at Hadron Colliders"  
Yanyan Gao, Andrei V. Gritsan, Zijin Guo, Kirill Melnikov, Markus Schulze, and Nhan V.Tran   

http://arxiv.org/abs/1001.3396   

"On the Spin and Parity of a Single-Produced Resonance at the LHC"  
Sara Bolognesi, Yanyan Gao, Andrei V. Gritsan, Kirill Melnikov, Markus Schulze, Nhan V. Tran, and Andrew Whitbeck   

http://arxiv.org/abs/1208.4018   

"Constraining anomalous HVV interactions at proton and lepton colliders"  
Ian Anderson, Sara Bolognesi, Fabrizio Caola, Yanyan Gao, Andrei V. Gritsan, Christopher B. Martin,   

Kirill Melnikov, Markus Schulze, Nhan V. Tran, Andrew Whitbeck, and Yaofu Zhou   
http://arxiv.org/abs/1309.4819   

"Constraining anomalous Higgs boson couplings to the heavy flavor fermions using matrix element
techniques"  

Andrei V. Gritsan, Raoul Rontsch, Markus Schulze, and Meng Xiao   
http://arxiv.org/abs/1606.03107   

"New features in the JHU generator framework: constraining Higgs boson properties from on-shell and
o!-shell production"  

Andrei V. Gritsan, Jeffrey Roskes, Ulascan Sarica, Markus Schulze, Meng Xiao, and Yaofu Zhou   
http://arxiv.org/abs/2002.09888    

"Probing the CP structure of the top quark Yukawa coupling: Loop sensitivity vs. on-shell sensitivity"  
Till Martini, Ren-Qi Pan, Markus Schulze, and Meng Xiao   

https://arxiv.org/abs/2104.04277    

"Constraining anomalous Higgs boson couplings to virtual photons"  
Jeffrey Davis, Andrei V. Gritsan, Lucas S. Mandacaru Guerra, Savvas Kyriacou, Jeffrey Roskes, and Markus Schulze   

https://arxiv.org/abs/2109.13363    

contacts: Je!rey Davis ,Je!rey (Heshy) Roskes,Ulascan Sarica,Markus Schulze 

Home, Download (free access), Manual, License, Notice, 

Note: Last version of the JHUGen package was released on July 10, 2021 

References:
Please reference the above papers and refer to "JHU generator" when using the simulation program and "MELA" when using the matrix element likelihood approach. The latter was also introduced in
[1, 2]. The matrix element package (MELA) also depends on MCFM libraries for background parameterization which should be referenced [3] when used. 

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

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

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

Download:
Click here

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

Code for a general spin-J resonance angular distribution in pp → X → VV

Description:
Mathematica code which gives the full 5D angular distribution for a general spin-J resonance given the input J.

Download:
Master_spin.nb

Analytic fits of partonic luminosity functions

Simple and fast parametric code for simulating analytic partonic luminosity for gg and qqbar(') initial states. 
Download C code 
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JHUGen
MELA

JHUGenLexicon
— generator

— Matrix Element library 

— basis translation …

https://spin.pha.jhu.edu
Theory + Experiment collaboration 

M.E.M. is a diverse and extensive method

— this talk is based on our experience with MELA version
— used in the H discovery and characterization since then 
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(a) qq̄ LO (b) qq̄ NLO QCD (c) gg LO box (d) gg LO triange

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

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

Similar to the gluon fusion process, we extend our previous calculation of vector boson fusion qq ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), and allow the full kinematic range for m4f . The
SM implementation in MCFM [8] includes the s- and t-channel H boson amplitudes, the continuum background
amplitudes, and their interference, as illustrated in Fig. 3. We supplement the necessary contributions for the most
general anomalous coupling structure. In particular, this a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ in place of ZZ
in both decay and production with the most general anomalous coupling structure, which are not present in the
original MCFM implementation. It is interesting to note that the o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) process for the case of hadronic decays of the V boson. As in the case of
gluon fusion, we also allow the study of a second H-like resonance X with mass mX , width �X , and the same set of
couplings and decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated H boson production process qq̄ ! V H where V = Z,W, �,
shown in Fig. 4. We use standard techniques and implement the results in JHUGen, relying on the COLLIER [101]
loop integral library. This improves the physics simulation of previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies. We also calculate the loop-induced gluon fusion contribution
gg ! ZH, which is parameterically of next-to-next-to-leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at NLO precision. In contrast to the qq̄ ! V H process which
is sensitive to HV V couplings, the gg ! ZH process is additionally sensitive to the Yukawa-type Hqq̄ couplings. In
both cases we allow for the most general CP-even and CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting physics e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting framework to describe the data in an optimal way and
provide the multi-parameter results in both the EFT and the generic approaches. The main challenge in this analysis
is the fast growth of both the number of observable dimensions and the number of contributing components in the
likelihood description of a single process with the increasing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools, and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by incorporating the machine learning procedure to account for
parton shower and detector e↵ects when these e↵ects become sizable. Some of these techniques are illustrated with
examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and

g

g

H

e+

e−

μ+

μ−
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Explicit Distributions for any Spin J (MELA)
F J

0,0(θ
∗) ×

[

4 |A00|
2 sin2 θ1 sin2 θ2 + 2|A++||A−−| sin

2 θ1 sin2 θ2 cos(2Φ − φ−− + φ++)
]

+ |A++|
2
(

1 + 2Af1 cos θ1 + cos2 θ1

) (

1 + 2Af2 cos θ2 + cos2 θ2

)

+ |A−−|
2
(

1 − 2Af1 cos θ1 + cos2 θ1

) (

1 − 2Af2 cos θ2 + cos2 θ2

)

spin = 0 & ≥ 1

+ 4|A00||A++|(Af1 + cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ + φ++)

+ 4|A00||A−−|(Af1 − cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ − φ−−)

+F J
1,1(θ

∗) ×
[

2|A+0|
2(1 + 2Af1 cos θ1 + cos2 θ1) sin2 θ2 + 2|A0−|

2 sin2 θ1(1 − 2Af2 cos θ2 + cos2 θ2)

+ 2|A−0|
2(1 − 2Af1 cos θ1 + cos2 θ1) sin2 θ2 + 2|A0+|

2 sin2 θ1(1 + 2Af2 cos θ2 + cos2 θ2)

+ 4|A+0||A0−|(Af1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ + φ+0 − φ0−)

+ 4|A0+||A−0|(Af1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ + φ0+ − φ−0)
]

spin ≥ 1

+F J
1,−1(θ

∗) ×
[

4|A+0||A0+|(Af1 + cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(2Ψ − φ+0 + φ0+)

+ 4|A0−||A−0|(Af1 − cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(2Ψ − φ0− + φ−0)

+4|A+0||A−0| sin
2 θ1 sin2 θ2 cos(2Ψ − Φ − φ+0 + φ−0) + 4|A0−||A0+| sin

2 θ1 sin2 θ2 cos(2Ψ + Φ − φ0− + φ0+)
]

+F J
2,2(θ

∗) ×
[

|A+−|
2(1 + 2Af1 cos θ1 + cos2 θ1)(1 − 2Af2 cos θ2 + cos2 θ2)

+ |A−+|
2(1 − 2Af1 cos θ1 + cos2 θ1)(1 + 2Af2 cos θ2 + cos2 θ2)

]

spin ≥ 2

+F J
2,−2(θ

∗) ×
[

2|A+−||A−+| sin
2 θ1 sin2 θ2 cos(4Ψ − φ+− + φ−+)

]

+ other 26 interference terms for spin

where Ψ = Φ1 + Φ/2 and F J
ij(θ

∗) =
∑

m=0,±1,±2

fm dJ
im(θ∗)dJ

jm(θ∗)

Andrei Gritsan, JHU XXXIII 29 November 2012

arXiv:1001.3396  
arXiv:1208.4018  MELA

Idea of MEM: explore full information
In  decay:H

https://arxiv.org/abs/1001.3396
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FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → !+!−bb̄ as shown in the parton
collision frame.
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FIG. 17: Cross section of e+e− → Z∗ → ZX process as a function of
√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/d!Ω in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, !Ω)

d!Ω
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 $ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.

q

V

V

H

q

q

(VH) (VBF)

arXiv:1309.4819
arXiv:2002.09888
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In  production:H

https://arxiv.org/abs/1309.4819
https://arxiv.org/abs/2002.09888
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FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → !+!−bb̄ as shown in the parton
collision frame.
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√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/d!Ω in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, !Ω)

d!Ω
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 $ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.

(VH)
arXiv:1309.4819

arXiv:2002.09888

2
θcos

-1 -0.5 0 0.5 1

 

0

0.02

0.04

0.06

1
θcos

-1 -0.5 0 0.5 1

 

0

0.02

0.04

0.06

Φ

-2 0 2

 

0

0.02

0.04

0.06

JP = 0+

JP = 0−

CP-violating mixture
MELA (Analytic+PDF) 
JHUGen 

December 15, 2021

Idea of MEM: explore full information

—
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In  production:H
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Two approaches of M.E.M. (or M.L.)
(1) Analyze the full process in one go

— multi-D fit or equivalent 

(2) Compute dedicated observable(s)  

— best approach, but extremely challenging (e.g. in 13D)

— reduce the number of observables (e.g. from ~13D)
— pack all information in few dedicated observable(s)

( ) Re-use the rest of analysis tools in case of (2)

(b) create SM-like differential / STXS distribution 
(a) build dedicated analysis with full simulation

— for pros and cons, see
WG2 talk on July 1, 2020

https://indico.cern.ch/event/930131/contributions/3909836/attachments/2065846/3468363/LHCHiggs_dedicated.pdf


Andrei Gritsan, JHU 9

ACP even
2 +2Re (ACP evenA*CP odd)

∫ = 0 ⇒ kinematic 
distributions 

true CP-sensitive observation

do not constrain
to SM rate

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
VBF
CPD

0

0.01

0.02

0.03

0.04

0.05

0.06
+0
−0

0.5+ = VBF
g4f

0.5− = VBF
g4f

V*V*→H

discriminant against
background 

Two types of (2) Dedicated Observables

15

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

A. Matrix element technique

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

Dalt(⌦) =
Psig(⌦)

Psig(⌦) + Palt(⌦)
, (44)

Dint(⌦) =
Pint(⌦)

2
p

Psig(⌦)⇥ Palt(⌦)
, (45)

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

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

P (⌦; g1, g4) /

4X

m=0

(g4/g1)
m
⇥ P

m
(⌦) , (46)

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

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

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

From 1st principles: 2 iscriminants to isolate a given perator:𝒟 𝒪

VV → H

ACP even + ACP odd

arXiv:1309.4819
arXiv:2002.09888
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are subdivided into bins based on transverse momentum or mass of various objects, for example the H boson and
associated jets. At future stages, the available information may be subdivided further. This approach became a strong
framework for collaborative work of both theorists and experimentalists, as information from all LHC experiments
and theoretical calculations can be combined and shared in an e�cient way. Nonetheless, as we illustrate below, this
approach is still limited in its application for two important reasons. First, the STXS measurements are based on the
analysis of SM-like kinematics. The measurement strategy may not be appropriate for interpretations appearing with
new tensor structures or new virtual particles (such as �⇤ in place of Z⇤) unless a full detector simulation of such
e↵ects is performed. Additionally, the binning of STXS may not be optimal for all the measurements of interest.

A. Matrix element technique

The matrix element likelihood approach (MELA) [1–4] was designed to extract all essential information from the
complex kinematics of both production and decay of the H boson and retain it in the minimal set of observables.
Two types of discriminants were defined for either the production or the decay process, and here we generalize it for
any sequential process of both production and decay:
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Psig(⌦) + Palt(⌦)
, (44)

Dint(⌦) =
Pint(⌦)

2
p

Psig(⌦)⇥ Palt(⌦)
, (45)

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

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

P (⌦; g1, g4) /

4X
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(g4/g1)
m
⇥ P

m
(⌦) , (46)

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

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

The number of discriminants in Eqs. (44, 45) is still limited if we consider just one anomalous coupling. Nonethe-
less, this number grows quickly as we consider multiple anomalous couplings, especially the number of interference
discriminants. A subset of these discriminants may contain most of the information, depending on the situation. For
the near-term LHC measurements, the Dalt using full production and decay information and Dint using production
information from correlation of associated particles provide the most optimal information. In the very long term, the
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are subdivided into bins based on transverse momentum or mass of various objects, for example the H boson and
associated jets. At future stages, the available information may be subdivided further. This approach became a strong
framework for collaborative work of both theorists and experimentalists, as information from all LHC experiments
and theoretical calculations can be combined and shared in an e�cient way. Nonetheless, as we illustrate below, this
approach is still limited in its application for two important reasons. First, the STXS measurements are based on the
analysis of SM-like kinematics. The measurement strategy may not be appropriate for interpretations appearing with
new tensor structures or new virtual particles (such as �⇤ in place of Z⇤) unless a full detector simulation of such
e↵ects is performed. Additionally, the binning of STXS may not be optimal for all the measurements of interest.

A. Matrix element technique

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

Dalt(⌦) =
Psig(⌦)

Psig(⌦) + Palt(⌦)
, (44)

Dint(⌦) =
Pint(⌦)

2
p

Psig(⌦)⇥ Palt(⌦)
, (45)

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

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

P (⌦; g1, g4) /

4X

m=0

(g4/g1)
m
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and therefore infinite, set of probability ratios. However, equivalent information is contained in a linear combination
of only four probability ratios, which can be treated as four independent observables. Above the 2mV threshold,
there are also interference discriminants appearing due to interference between the o↵-shell tail of the signal process
and the background. A subset of equivalent optimal observables was also introduced independently in earlier work on
di↵erent topics [105–107].
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less, this number grows quickly as we consider multiple anomalous couplings, especially the number of interference
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H → ZZ/Zγ*/γ*γ* → 4f
Rate of

12

incorporated in Eq. (26) and the fact that in our approach we match the SM rate RZ� = 1. The sign in Eq. (28)
follows Eq. (29).
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where the one-loop functions are given by A
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An approximate way to express Eq. (26) with point-like interactions only would be to substitute the SM contribu-
tions with an e↵ective coupling g

Z�,SM
2 from Eq. (28), substitute Q and ̃Q for gZ�
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In the above calculation, the H ! �
⇤
� process is not included, for which the full loop calculation with anomalous

couplings is not available. For the H ! ZZ/Z�
⇤
/�

⇤
�
⇤
! four-fermion final state, the full one-loop calculation with

anomalous couplings is not available either. The EW loop corrections under the SM assumption are discussed in
Section V. A more careful treatment of the singularities appearing in the presence of anomalous couplings in both
of the above cases is discussed in Section VI. For the leading tree-level contributions, we derived the RZZ/Z�⇤/�⇤�⇤

parameterization in Ref. [45], in which case we set g
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4 = 0 to avoid collinear singularities. In
the following, we introduce these four couplings and avoid singularities in the �
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Equation (31) covers all final states with Z/�
⇤
! qq̄ and `

+
`
� with quarks and charged leptons, while neutrinos

are included with Z ! ⌫⌫̄. The treatment of qq̄ hadronization with the low-mass resonances is not included here, and
is discussed in more detail in Section VI. The interference between the CP -odd and CP -even contribution integrates
out to zero, as reflected in the zero terms in Eq. (31).

Let us conclude this Section by discussing the cross section of the qq̄ ! �H process as a function of the anomalous
couplings summarized in Table VIII. Detecting or setting limits on this process will be of interest for constraining the

4 There is a sign change of the Z�

2 coupling when compared to coe�cients in common with Ref. [45], because here we use the convention
Dµ = @µ � i e

2sw
�iW i

µ � i e

2cw
Bµ, as discussed in Section II.

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

A. Matrix element technique

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

Dalt(⌦) =
Psig(⌦)

Psig(⌦) + Palt(⌦)
, (44)

Dint(⌦) =
Pint(⌦)

2
p

Psig(⌦)⇥ Palt(⌦)
, (45)

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

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

P (⌦; g1, g4) /

4X

m=0

(g4/g1)
m
⇥ P

m
(⌦) , (46)

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

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

The number of discriminants in Eqs. (44, 45) is still limited if we consider just one anomalous coupling. Nonethe-
less, this number grows quickly as we consider multiple anomalous couplings, especially the number of interference
discriminants. A subset of these discriminants may contain most of the information, depending on the situation. For
the near-term LHC measurements, the Dalt using full production and decay information and Dint using production
information from correlation of associated particles provide the most optimal information. In the very long term, the
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observable defined purely for the production process and the other for the decay process. One could apply the
Neyman-Pearson lemma to each pair of points in the parameter space of (g1, g4), but this would require a continuous,
and therefore infinite, set of probability ratios. However, equivalent information is contained in a linear combination
of only four probability ratios, which can be treated as four independent observables. Above the 2mV threshold,
there are also interference discriminants appearing due to interference between the o↵-shell tail of the signal process
and the background. A subset of equivalent optimal observables was also introduced independently in earlier work on
di↵erent topics [105–107].
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Both strength and weakness of a dedicated observable:

target certain operator perator𝒪

— we do not know which perator(s) to target in advance 𝒪

M.E.M. does not work when: 

— target perator(s) change(s) with time (reinterpretation) 𝒪
— too many target perators in a given process 𝒪

For M.E.M. essential:

— isolate small set of perators to target in each process 𝒪
— pick optimal basis of perators𝒪
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2. Parameterization of anomalous couplings and cross sections 3

bosons V1V2, such as ZZ, Zg, gg, WW, gg, is written as84
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µ
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2 eµnrs f
(i),rs, and eVi, qVi, and mVi are polarization vector,85

four-momentum, and pole mass of a gauge boson i = 1, 2, and L1 and LQ are the scales of BSM86

physics.87

Since in our analysis is not possible to disentangle the top-quark, bottom-quark, and any other88

heavy BSM particle contribution to the gluon fusion loop, we parameterize the Hgg coupling89

with only two parameters CP-even a
gg
2 and CP-odd a

gg
3 , which absorb all SM and BSM loop90

contributions. In Eq. (3), the only tree-level contributions in the SM are a
ZZ
1 6= 0 and a

WW
1 6= 0,91

In the following we assume custodial symmetry a
ZZ
1 = a

WW
1 , and in the SM, a

ZZ
1 = a

WW
1 = 2.92

The rest of the ZZ and WW couplings are considered anomalous contributions, which are93

either small contributions arising in the SM due to loop effects or new BSM contributions.94

Among the anomalous contributions, considerations of symmetry and gauge invariance re-95

quire kZZ
1 = kZZ

2 and a
Zg
1 = a

gg
1 = a

gg
1 = kgg

1 = kgg
2 = k

gg
1 = k

gg
2 = kZg

1 = kVV
3 = 0.96

Therefore, there are a total of 13 independent parameters describing couplings of the H bo-97

son to electroweak gauge bosons and two parameters describing couplings to gluons. These98

couplings correspond to the complete set of dimension four and six operators describing HVV99

interactions. The presence of any of the CP-odd couplings a
VV
3 together with any of the other100

couplings, which are all CP-even, will lead to CP violation in a given process.101

While the parameterization in Eq. (3) is the most general one, additional considerations of102

SU(2)⇥U(1) symmetry in the Effective Field Theory (EFT) approach introduce relationships in103

anomalous couplings as follows [59]104

a
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2

m
2
Z

!
+ 2(c2

w � s
2
w)

a
Zg
2

m
2
Z

, (8)

where cw = cos qW and sw = sin qW . Therefore, the set of 13 + 2 independent parameters105

describing HVV + Hgg couplings can be reduced to 8 + 2 with the above EFT relationships.106

In our measurements, we reduce the number of independent parameters in the following way.107

We assume that the four loop-induced couplings a
gg
2,3 and a

Zg
2,3 are constrained to yield the SM108

rates of the direct decays H ! gg and Zg. Therefore, in our analysis of EW production and109

H ! 4` decay, we set these four couplings to zero because their allowed values are expected110

to have negligible effect in our coupling measurements.111

In Approach 1, we set the ZZ and WW couplings to be equal, a
WW
i

= a
ZZ
i

. Formally, this could112

be considered as a relationship in Eqs. (4)–(7) in the limiting case cw = 1. We adopt this ap-113
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FIG. 6: Distributions of observables in vector boson fusion jet associated production: {✓VBF

1,2
,�VBF,

q
�q2,VBF

1,2
},

comparing gg, ��, Z�, ZZ, and WW fusion for the SM couplings (top) and pseudoscalar couplings (bottom). A loose
selection is applied �RJJ > 0.3 and pJ

T
> 15GeV, consistently for all processes, to avoid divergences in processes

with photons and gluons. All distributions are normalized to unit area.

Analysis of experimental observables typically requires the construction of a likelihood function, which is maximized
with respect to parameters of interest. The complexity of the likelihood function grows quickly both with the number
of observables and with the number of parameters, and the two typically increase simultaneously. Examples of such
likelihood construction will be discussed in Section VI. Typically, the likelihood function will be parameterized with
templates (histograms) of observables, using either simulated MC samples or control regions in the data. The challenge
in this approach is to keep the number of bins of observables to a practical limit, typically several bins for several
observables, due to statistical limitations in the available data and simulation. Similar practical limitations appear in
the number of parameters of interest, which will be discussed later.

The information content in the kinematic observables is di↵erent, and one could pick some of the most informative
kinematic observables of interest. The di�culty of this approach is illustrated in Fig. 6 where all five observables (note
that ✓1,2 and q1,2 each represent two independent observables) provide important information and it is hard to pick
a reduced set without substantial loss of information. Another approach is to create new observables optimal for the
problem of interest, and in the next subsections we illustrate optimal observables based on both the matrix element
and the machine learning techniques. Nonetheless, it is not possible to have a prior best set of observables universally
good for all measurements and at the same time limited in the number of dimensions for practical reasons. We note
that alternative methods may try to avoid creation of templates and parameterize the multi-dimensional likelihood
function directly with certain approximations. We illustrated some of these methods in Refs. [1, 3] and a broader
review may be found in Ref. [102]. However, the complexity of those methods also provides practical limitations on
their application. We present some of the practical approaches in Section VI.

One popular example of the reduced set of bins of observables adopted for the study of the H boson kinematics is the
so-called Simplified Template Cross Section approach (STXS) [41, 103]. The main focus at this stage [103] is on the
three dominant H boson production processes, namely gluon fusion, VBF, and V H. These main production processes
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TABLE I: The values of the couplings in the mass-eigenstate amplitude in Eq. (1) corresponding to the CHX = 1
contribution of a single operator in the Warsaw basis with ⇤ = 1TeV. The relationship corresponds to the reverse of

Eq. (10). When quoting the 
Z�

2 and 
ZZ

1 = 
ZZ

2 values, we set ⇤Z�

1 = ⇤ZZ

1 = 100GeV in Eq. (1).

�g
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1 g
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2 g
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2 g
��

2 g
ZZ

4 g
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4 g
��
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Z�

2 
WW

1 g
WW

2 g
WW

4

CH⇤ 0.1213 0 0 0 0 0 0 0 0 0 0 0
CHD 0.2679 �0.0831 0 0 0 0 0 0 �0.1320 �0.1560 0 0
CHW 0 0 �0.0929 �0.0513 �0.0283 0 0 0 0 0 �0.1212 0
CHWB 0.1529 �0.0613 �0.0513 0.0323 0.0513 0 0 0 0.1763 0.0360 0 0
CHB 0 0 �0.0283 0.0513 �0.0929 0 0 0 0 0 0 0
C

HfW 0 0 0 0 0 �0.0929 �0.0513 �0.0283 0 0 0 �0.1212
C

HfWB
0 0 0 0 0 �0.0513 0.0323 0.0513 0 0 0 0

C
H eB 0 0 0 0 0 �0.0283 0.0513 �0.0929 0 0 0 0

in Eq. (15) of Ref. [81]. One could remove an extra parameter from transformation with constraints from precision
electroweak data. For example, we can set �MW = 0 in Eq. (5), because MW is measured precisely. This allows us
to express �v through the other HV V operators in the Warsaw basis. The JHUGenLexicon program provides such
an option and the following studies in this paper will be presented with such a constraint.

With the above symmetries and constraints, including �MW = 0, the translation between the Warsaw basis and
the independent amplitude coe�cients is
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where ⇤ is the scale of new physics, which we set to ⇤ = 1TeV as a convention, and �g
ZZ

1 is the correction to the
SM value of gZZ

1 = 2. According to Eq. (5), �gWW

1 = �g
ZZ

1 , and the other dependent amplitude coe�cients can be
derived from Eqs. (6–9).

A numerical example of the relationship between the CHX = 1 contribution of a single operator in the Warsaw
basis and the couplings in the mass-eigenstate amplitude in Eq. (1) is shown in Table I, which corresponds to the
reverse of Eq. (10).

B. Application to the VBF, V H, and H ! V V processes

In the following, we investigate the relative contribution of the operators listed in Table I to the VBF, V H, and
H ! V V ! 4` processes. We obtain these contributions of individual terms in the mass-eigenstate basis relative
to the overall cross section of a single operator in the Warsaw basis, excluding the SM coupling, and relative to the

much better constrained  
from H → γγ, Zγ
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TABLE I: The values of the couplings in the mass-eigenstate amplitude in Eq. (1) corresponding to the CHX = 1
contribution of a single operator in the Warsaw basis with ⇤ = 1TeV. The relationship corresponds to the reverse of
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in Eq. (15) of Ref. [81]. One could remove an extra parameter from transformation with constraints from precision
electroweak data. For example, we can set �MW = 0 in Eq. (5), because MW is measured precisely. This allows us
to express �v through the other HV V operators in the Warsaw basis. The JHUGenLexicon program provides such
an option and the following studies in this paper will be presented with such a constraint.

With the above symmetries and constraints, including �MW = 0, the translation between the Warsaw basis and
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where ⇤ is the scale of new physics, which we set to ⇤ = 1TeV as a convention, and �g
ZZ

1 is the correction to the
SM value of gZZ

1 = 2. According to Eq. (5), �gWW

1 = �g
ZZ

1 , and the other dependent amplitude coe�cients can be
derived from Eqs. (6–9).

A numerical example of the relationship between the CHX = 1 contribution of a single operator in the Warsaw
basis and the couplings in the mass-eigenstate amplitude in Eq. (1) is shown in Table I, which corresponds to the
reverse of Eq. (10).

B. Application to the VBF, V H, and H ! V V processes

In the following, we investigate the relative contribution of the operators listed in Table I to the VBF, V H, and
H ! V V ! 4` processes. We obtain these contributions of individual terms in the mass-eigenstate basis relative
to the overall cross section of a single operator in the Warsaw basis, excluding the SM coupling, and relative to the

much better constrained  
from H → γγ, Zγ
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Table 4: The list of kinematic observables used for category selection and fitting in catego-
rization Schemes 1 and 2. Only the main features involving the kinematic discriminants in
the category selection are listed, while complete details are given in Section 3. The Untagged
category includes the events not selected in the other categories.

Category Selection Observables ~x for fitting

Scheme 1

VBF-1jet DVBF
1jet > 0.7 Dbkg

VBF-2jet DVBF
2jet > 0.5 Dbkg,DVBF

2jet ,DggH
0� ,DggH

CP

VH-hadronic DVH
2jet > 0.5 Dbkg

VH-leptonic see Section 3 Dbkg

ttH-hadronic see Section 3 Dbkg,DttH
0�

ttH-leptonic see Section 3 Dbkg,DttH
0�

Untagged none of the above Dbkg

Scheme 2

Boosted p
4`
T > 120 GeV Dbkg, p

4`
T

VBF-1jet DVBF
1jet > 0.7 Dbkg, p

4`
T

VBF-2jet DVBF
2jet > 0.5 DEW

bkg,DVBF+dec
0h+ ,DVBF+dec

0� ,DVBF+dec
L1 ,DZg,VBF+dec

L1 ,DVBF
int ,DVBF
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VH-hadronic DVH
2jet > 0.5 DEW

bkg,DVH+dec
0h+ ,DVH+dec

0� ,DVH+dec
L1 ,DZg,VH+dec

L1 ,DVH
int ,DVH

CP

VH-leptonic see Section 3 Dbkg, p
4`
T

Untagged none of the above Dbkg,Ddec
0h+,Ddec

0� ,Ddec
L1 ,DZg,dec
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int ,Ddec
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Figure 9: Distribution of the Dbkg (left) and DttH
0- (right), discriminants in the sum of the ttH-

leptonic and ttH-hadronic categories in Scheme 1. The latter distribution is shown with the
requirement Dbkg > 0.2 in order to enhance the signal over the background contribution.

4.2 Observables targeting anomalous Htt and Hgg couplings

In Scheme 1, designed to study anomalous Htt and Hgg couplings, seven event categories
are used. In the Untagged, VBF-1jet, VH-leptonic, and VH-hadronic categories, only one ob-
servable Dbkg is used. These categories do not provide additional information for separating
CP-even and CP-odd contributions in the Htt and Hgg couplings, but are included in the fit in
order to constrain the rates of the processes. The probability density parameterization of Dbkg
in these categories is not sensitive to the CP structure of either Hff or HVV interactions.

There is rich kinematic information in ttH production because of the sequential decay of the
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4.2 Observables targeting anomalous Htt and Hgg couplings

In Scheme 1, designed to study anomalous Htt and Hgg couplings, seven event categories
are used. In the Untagged, VBF-1jet, VH-leptonic, and VH-hadronic categories, only one ob-
servable Dbkg is used. These categories do not provide additional information for separating
CP-even and CP-odd contributions in the Htt and Hgg couplings, but are included in the fit in
order to constrain the rates of the processes. The probability density parameterization of Dbkg
in these categories is not sensitive to the CP structure of either Hff or HVV interactions.

There is rich kinematic information in ttH production because of the sequential decay of the
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Figure 22: Observed two-dimensional constraints from a simultaneous fit of the SMEFT pa-
rameters dcz, czz, cz⇤, and c̃zz with the cgg and c̃gg couplings left unconstrained.

6.5 Constraints on HVV couplings within SU(2)⇥ U(1) symmetry 45

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

z cδ

1−

0.5−

0

0.5

1

zzc~

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM
best fit
68% CL
95% CL

 (13 TeV)-1137 fbCMS  

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

z cδ

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

zzc

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM
best fit
68% CL
95% CL

 (13 TeV)-1137 fbCMS  

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2

z cδ

0.1−

0.05−

0

0.05

0.1

0.15

 
zc

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM
best fit
68% CL
95% CL

 (13 TeV)-1137 fbCMS  

0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

zzc

1−

0.5−

0

0.5

1

zzc~

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM
best fit
68% CL
95% CL

 (13 TeV)-1137 fbCMS  

0.15− 0.1− 0.05− 0 0.05 0.1

zc

1−

0.5−

0

0.5

1

zzc~

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM
best fit
68% CL
95% CL

 (13 TeV)-1137 fbCMS  

0.15− 0.1− 0.05− 0 0.05 0.1

zc

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

zzc

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM
best fit
68% CL
95% CL

 (13 TeV)-1137 fbCMS  

Figure 22: Observed two-dimensional constraints from a simultaneous fit of the SMEFT pa-
rameters dcz, czz, cz⇤, and c̃zz with the cgg and c̃gg couplings left unconstrained.
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Table 8: Summary of constraints on the Htt, Hgg, and HVV coupling parameters in the Higgs
basis of SMEFT. The observed correlation coefficients are presented for the Htt & Hgg and
HVV couplings in the fit configurations discussed in text and shown in Figs. 17 and 22, respec-
tively.

Channels Coupling Observed Expected Observed correlation

cgg c̃gg kt k̃t

tH & ttH & ggH

cgg �0.0012+0.0022
�0.0174 0.0000+0.0019

�0.0196 1 �0.050 �0.941 +0.029
c̃gg �0.0017+0.0160

�0.0130 0.0000+0.0138
�0.0138 1 +0.046 �0.568

kt 1.05+0.25
�0.20 1.00+0.34

�0.26 1 +0.168
k̃t �0.01+0.69

�0.67 0.00+0.71
�0.71 1

dcz czz cz⇤ c̃zz

VBF & VH & H ! 4`

dcz �0.03+0.06
�0.25 0.00+0.07

�0.27 1 +0.241 �0.060 �0.009
czz 0.01+0.11

�0.10 0.00+0.22
�0.16 1 �0.884 +0.058

cz⇤ �0.02+0.04
�0.04 0.00+0.06

�0.09 1 +0.020
c̃zz �0.11+0.30

�0.31 0.00+0.63
�0.63 1

Table 9: Summary of constraints on the HVV coupling parameters in the Warsaw basis of
SMEFT. For each coupling constraint reported, three other independent operators are left un-
constrained, where only one of the three operators cHW, cHWB, and cHB is independent, and
only one of cHW̃, cHW̃B, and cHB̃ is independent.

Channels Coupling Observed Expected

VBF & VH & H ! 4`

cH⇤ 0.04+0.43
�0.45 0.00+0.75

�0.93
cHD �0.73+0.97

�4.21 0.00+1.06
�4.60

cHW 0.01+0.18
�0.17 0.00+0.39

�0.28
cHWB 0.01+0.20

�0.18 0.00+0.42
�0.31

cHB 0.00+0.05
�0.05 0.00+0.03

�0.08
cHW̃ �0.23+0.51

�0.52 0.00+1.11
�1.11

cHW̃B �0.25+0.56
�0.57 0.00+1.21

�1.21
cHB̃ �0.06+0.15

�0.16 0.00+0.33
�0.33

7 Summary
In this paper, a comprehensive study of CP-violation, anomalous couplings, and the tensor
structure of H boson interactions with electroweak gauge bosons, gluons, and fermions, using
all accessible production mechanisms and the H ! 4` decay mode, is presented. The results
are based on the 2016–2018 data from pp collisions recorded with the CMS detector during
Run 2 of the LHC, corresponding to an integrated luminosity of 137 fb�1 at a center-of-mass
energy of 13 TeV. These results significantly surpass our results from Run 1 [13] in both preci-
sion and coverage. The improvements result not only from a significantly increased sample of
H bosons, but also from a detailed analysis of kinematic distributions of the particles associated
with the H boson production in addition to kinematic distributions in its decay. These results
also surpass our earlier studies of on-shell production of the H boson in this decay channel
with a partial Run 2 dataset [16, 17].

The parameterization of the H boson production and decay processes is based on a scatter-
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Figure 17: Constraints on the anomalous H boson couplings cgg, c̃gg, kt , and k̃t in the ttH, tH,
and ggH processes combined, using the H ! 4` and gg decays. The constraints are shown for
the pairs of parameters: cgg and c̃gg (upper), kt and k̃t (middle), kt and cgg (lower), and with the
other two parameters either profiled (left) or fixed to the SM expectation (right). The dashed
and solid lines show the 68 and 95% CL exclusion regions in two dimensions, respectively.
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Table 4: The list of kinematic observables used for category selection and fitting in catego-
rization Schemes 1 and 2. Only the main features involving the kinematic discriminants in
the category selection are listed, while complete details are given in Section 3. The Untagged
category includes the events not selected in the other categories.

Category Selection Observables ~x for fitting

Scheme 1

VBF-1jet DVBF
1jet > 0.7 Dbkg

VBF-2jet DVBF
2jet > 0.5 Dbkg,DVBF

2jet ,DggH
0� ,DggH

CP

VH-hadronic DVH
2jet > 0.5 Dbkg

VH-leptonic see Section 3 Dbkg

ttH-hadronic see Section 3 Dbkg,DttH
0�

ttH-leptonic see Section 3 Dbkg,DttH
0�

Untagged none of the above Dbkg

Scheme 2

Boosted p
4`
T > 120 GeV Dbkg, p

4`
T

VBF-1jet DVBF
1jet > 0.7 Dbkg, p

4`
T

VBF-2jet DVBF
2jet > 0.5 DEW

bkg,DVBF+dec
0h+ ,DVBF+dec

0� ,DVBF+dec
L1 ,DZg,VBF+dec

L1 ,DVBF
int ,DVBF

CP

VH-hadronic DVH
2jet > 0.5 DEW

bkg,DVH+dec
0h+ ,DVH+dec

0� ,DVH+dec
L1 ,DZg,VH+dec

L1 ,DVH
int ,DVH

CP

VH-leptonic see Section 3 Dbkg, p
4`
T

Untagged none of the above Dbkg,Ddec
0h+,Ddec

0� ,Ddec
L1 ,DZg,dec

L1 ,Ddec
int ,Ddec

CP
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Figure 9: Distribution of the Dbkg (left) and DttH
0- (right), discriminants in the sum of the ttH-

leptonic and ttH-hadronic categories in Scheme 1. The latter distribution is shown with the
requirement Dbkg > 0.2 in order to enhance the signal over the background contribution.

4.2 Observables targeting anomalous Htt and Hgg couplings

In Scheme 1, designed to study anomalous Htt and Hgg couplings, seven event categories
are used. In the Untagged, VBF-1jet, VH-leptonic, and VH-hadronic categories, only one ob-
servable Dbkg is used. These categories do not provide additional information for separating
CP-even and CP-odd contributions in the Htt and Hgg couplings, but are included in the fit in
order to constrain the rates of the processes. The probability density parameterization of Dbkg
in these categories is not sensitive to the CP structure of either Hff or HVV interactions.

There is rich kinematic information in ttH production because of the sequential decay of the
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Figure 9: Distribution of the Dbkg (left) and DttH
0- (right), discriminants in the sum of the ttH-

leptonic and ttH-hadronic categories in Scheme 1. The latter distribution is shown with the
requirement Dbkg > 0.2 in order to enhance the signal over the background contribution.

4.2 Observables targeting anomalous Htt and Hgg couplings

In Scheme 1, designed to study anomalous Htt and Hgg couplings, seven event categories
are used. In the Untagged, VBF-1jet, VH-leptonic, and VH-hadronic categories, only one ob-
servable Dbkg is used. These categories do not provide additional information for separating
CP-even and CP-odd contributions in the Htt and Hgg couplings, but are included in the fit in
order to constrain the rates of the processes. The probability density parameterization of Dbkg
in these categories is not sensitive to the CP structure of either Hff or HVV interactions.

There is rich kinematic information in ttH production because of the sequential decay of the
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Figure 17: Constraints on the anomalous H boson couplings cgg, c̃gg, kt , and k̃t in the ttH, tH,
and ggH processes combined, using the H ! 4` and gg decays. The constraints are shown for
the pairs of parameters: cgg and c̃gg (upper), kt and k̃t (middle), kt and cgg (lower), and with the
other two parameters either profiled (left) or fixed to the SM expectation (right). The dashed
and solid lines show the 68 and 95% CL exclusion regions in two dimensions, respectively.
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Table 8: Summary of constraints on the Htt, Hgg, and HVV coupling parameters in the Higgs
basis of SMEFT. The observed correlation coefficients are presented for the Htt & Hgg and
HVV couplings in the fit configurations discussed in text and shown in Figs. 17 and 22, respec-
tively.

Channels Coupling Observed Expected Observed correlation

cgg c̃gg kt k̃t

tH & ttH & ggH

cgg �0.0012+0.0022
�0.0174 0.0000+0.0019

�0.0196 1 �0.050 �0.941 +0.029
c̃gg �0.0017+0.0160

�0.0130 0.0000+0.0138
�0.0138 1 +0.046 �0.568

kt 1.05+0.25
�0.20 1.00+0.34

�0.26 1 +0.168
k̃t �0.01+0.69

�0.67 0.00+0.71
�0.71 1

dcz czz cz⇤ c̃zz

VBF & VH & H ! 4`

dcz �0.03+0.06
�0.25 0.00+0.07

�0.27 1 +0.241 �0.060 �0.009
czz 0.01+0.11

�0.10 0.00+0.22
�0.16 1 �0.884 +0.058

cz⇤ �0.02+0.04
�0.04 0.00+0.06

�0.09 1 +0.020
c̃zz �0.11+0.30

�0.31 0.00+0.63
�0.63 1

Table 9: Summary of constraints on the HVV coupling parameters in the Warsaw basis of
SMEFT. For each coupling constraint reported, three other independent operators are left un-
constrained, where only one of the three operators cHW, cHWB, and cHB is independent, and
only one of cHW̃, cHW̃B, and cHB̃ is independent.

Channels Coupling Observed Expected

VBF & VH & H ! 4`

cH⇤ 0.04+0.43
�0.45 0.00+0.75

�0.93
cHD �0.73+0.97

�4.21 0.00+1.06
�4.60

cHW 0.01+0.18
�0.17 0.00+0.39

�0.28
cHWB 0.01+0.20

�0.18 0.00+0.42
�0.31

cHB 0.00+0.05
�0.05 0.00+0.03

�0.08
cHW̃ �0.23+0.51

�0.52 0.00+1.11
�1.11

cHW̃B �0.25+0.56
�0.57 0.00+1.21

�1.21
cHB̃ �0.06+0.15

�0.16 0.00+0.33
�0.33

7 Summary
In this paper, a comprehensive study of CP-violation, anomalous couplings, and the tensor
structure of H boson interactions with electroweak gauge bosons, gluons, and fermions, using
all accessible production mechanisms and the H ! 4` decay mode, is presented. The results
are based on the 2016–2018 data from pp collisions recorded with the CMS detector during
Run 2 of the LHC, corresponding to an integrated luminosity of 137 fb�1 at a center-of-mass
energy of 13 TeV. These results significantly surpass our results from Run 1 [13] in both preci-
sion and coverage. The improvements result not only from a significantly increased sample of
H bosons, but also from a detailed analysis of kinematic distributions of the particles associated
with the H boson production in addition to kinematic distributions in its decay. These results
also surpass our earlier studies of on-shell production of the H boson in this decay channel
with a partial Run 2 dataset [16, 17].

The parameterization of the H boson production and decay processes is based on a scatter-
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Dedicated measurement

• Identify existing/new channels/observables sensitive to CPV


• Study how best to implement in global analyses, e.g. STXS


• Harmonise approach across experiments in view of future 
combinations


• Recommendations for common parametrisation & measurements 
to maximise CPV new physics reach at the LHC


• Quantify LHC complementarity with other data  
(EDM, CP asymmetries in meson decays)

New activity on CP violation in Higgs interactions
Future plans

�8

Mission statement

κ cos α + κ̃ sin α C̃HWB
C̃HW

C̃HB
C̃HG

C̃W
C̃tGC̃G

C̃tW C̃tB
C̃tH

⇔‘admixture’ model SMEFT

In experiment we measure cross sections, e.g. with 2 operators: 

—  & σCP odd σCP even

—  & σtot /σSM σCP odd/σCP even

(carry the sign as well)

    σCP odd/σCP even ⇔ αCP ⇔ fCP = sin2 αCP

Measurement dedicated to  operators in a given process: N + 1
—  &   &  &…  σtot /σSM f𝒪1 f𝒪2 f𝒪N

Interpretation of cross sections as couplings requires a “global fit”

(better to report)

2

2 Parameterization of anomalous couplings and cross sections48

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

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

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

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

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

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

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

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

interactions may arise from BSM effects.57

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

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

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

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

s
prod
j

⇥ Bdec µ

⇣
Âil a

(prod j)
il

aial

⌘ ⇣
Âmn a(dec)

mn aman

⌘

GH
, (1)

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

tions. The coefficients a
j

il
are in general functions of kinematic observables for the differential63

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

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

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

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

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

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

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

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

while avoiding the complication of cross section interpretation.72

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

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

A(Hff) = �mf
v

ȳf (kf + i k̃fg5)yf , (2)

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

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

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

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

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

paper.80

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

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

amplitude describing the interaction between a spin-zero H boson and two spin-one gauge83
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Summary
Dedicated observables in a given process:

— need clear target perators𝒪
— optimize perator basis 𝒪
— prioritize perators𝒪
— two types of dedicated observables for each perator𝒪
— conceptually M.E.M. and M.L. equivalent 

Dedicated measurements in a given process:

— best approach if we know what we do
— use full kinematic information 

— best result (unbiased & optimal) for the target perators 𝒪
— (a) complex (=difficult), (b) limited to the target perators only𝒪

— measure cross sections, later interpret as couplings

see backup:  
— sync on CP tools
— CP at Snowmass



BACKUP
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Sync on tools
See talk by J.Davis at the 3rd General Meeting of LHC EFT WG
— ATLAS and CMS need to sync on conventions in tools!

Summary of Conventions
We observe great agreement across all tools for many Higgs Processes

HOWEVER

Agreement requires precise understanding of underlying structure of tools

ఓܦ  (3) ൌ ఓ߲ െ � 
ଶ௦ೢ

ߪ ఓܹ
 െ � 

ଶೢ
ఓܤ in MadGraph and Analytical

ఓܦ ൌ ఓ߲ െ � 
ଶ௦ೢ

ߪ ఓܹ
  � 

ଶೢ
ఓܤ in HAWK and JHUGen

(2)  ߳ଵଶଷ ൌ ͳ in MadGraph, JHUGen, and Analytical
߳ଵଶଷ ൌ ͳ ֜ ߳ଵଶଷ ൌ െͳ in HAWK (sign switch in v3.0.1)

ǡܪ݃݃ (1) ǡܪߛߛ ܪܼߛ opposite sign (CP-odd) vs ܪݐݐ in MadGraph

(4) Using point-like couplings to approximate EWNLO effects
(5) Analytical calculation of point like couplings

lik
el

y 
ou

t o
f s

yn
c

https://indico.cern.ch/event/1076709/contributions/4596402/subcontributions/357246/attachments/2350554/4009165/EFTWG_Meeting.pdf


values observed in the data are consistent with the SM predictions within the 68% CL, while |^
66

cos(U) |
values above 1.6 and |^

66
sin(U) | values above 1.1 are excluded at 95% CL.5

Table 6: Post-fit event yields in the signal and control regions obtained from the study of the signal strength parameter
`

ggF+2jets. The quoted uncertainties include those from theoretical and experimental systematic sources and those
due to sample statistics. The fit constrains the total expected yield to the observed yield.

Process Top CR ,, CR / ! gg CR SR
ggF + 2 jets 20 ± 20 < 0.1 10 ± 10 60 ± 80

ggF + 0/1 jets 4 ± 1 < 0.1 3 ± 1 40 ± 20
VBF 8 ± 1 < 0.1 7 ± 1 70 ± 10

Other Higgs 6 ± 3 2 ± 1 20 ± 10 30 ± 10
CC̄, ,C 17800 ± 200 3100 ± 500 390 ± 60 2300 ± 300
,, 180 ± 80 1400 ± 500 200 ± 70 1200 ± 400

/ + jets 220 ± 30 16 ± 3 1960 ± 70 1000 ± 100
, + jets 600 ± 200 140 ± 30 90 ± 20 390 ± 80

Non-,, dibosons 40 ± 30 100 ± 30 120 ± 50 240 ± 80
Observed 18886 4778 2800 5209
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Figure 5: Expected and observed likelihood curves for scans (a) over tan(U) where only the shape is taken into
account in the fit, and (b) over tan(U) when both shape and normalisation are used.

5 Precise measurements of the inclusive ggF cross section give tighter constraints on the individual parameters [86], due to its
dependence on ^

2
66

cos2 (U) and ^
2
66

sin2 (U).
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Figure 6: (a) The observed �NLL curve as a function of d̃ values. For comparison, expected �NLL curves are also
shown. The constraints on the nuisance parameters and normalization factors are first determined in a CR-only fit,
and then a fit to pseudo-data corresponding to these nuisance parameters, normalization factors, and to d̃ = 0, µ = 1
or d̃ = 0, µ = 0.73 is performed to obtain these �NLL curves. A pre-fit expected �NLL is also shown, using
pseudo-data corresponding to d̃ = 0 and µ = 1 in the signal and control regions. (b) The expected �NLL curves
(d̃ = 0, µ = 1) comparing the sensitivity of the fit with and without systematic uncertainties. For comparison, other
curves are shown which remove the e�ect of jet-based systematic uncertainties, ⌧-based systematic uncertainties, and
MC statistical uncertainties. (c) The observed �NLL curves for each analysis channel as a function of d̃, compared
with the combined result. For the individual analysis channel �NLL curves, only event yield information in the other
SRs is used, ensuring that the Optimal Observable distributions in the other SRs do not influence the preferred value
of d̃. The signal strength is constrained to be positive in these individual channel �NLL curves. For all figures, the
dashed horizontal lines show the values of �NLL used to define the 68% and 95% confidence intervals.
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Sync on tools

Summary of Conventions
We observe great agreement across all tools for many Higgs Processes

HOWEVER

Agreement requires precise understanding of underlying structure of tools

ఓܦ  (3) ൌ ఓ߲ െ � 
ଶ௦ೢ
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ଶೢ
ఓܤ in MadGraph and Analytical

ఓܦ ൌ ఓ߲ െ � 
ଶ௦ೢ

ߪ ఓܹ
  � 

ଶೢ
ఓܤ in HAWK and JHUGen

(2)  ߳ଵଶଷ ൌ ͳ in MadGraph, JHUGen, and Analytical
߳ଵଶଷ ൌ ͳ ֜ ߳ଵଶଷ ൌ െͳ in HAWK (sign switch in v3.0.1)

ǡܪ݃݃ (1) ǡܪߛߛ ܪܼߛ opposite sign (CP-odd) vs ܪݐݐ in MadGraph

(4) Using point-like couplings to approximate EWNLO effects
(5) Analytical calculation of point like couplings

Examples:

(1) (1) CP in 
(2)            ggH + jj

CMS: ATLAS:

(2) CP in VBF
    ( )H → ττ

CMS-PAS-HIG-20-007

CMS-PAS-HIG-20-007

arXiv:2002.05315

?

?
sign

sign arXiv:2109.13808

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-007/index.html
https://arxiv.org/abs/2002.05315
https://arxiv.org/abs/2109.13808
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Snowmass-2022 activities on CP with H

e+ ~ 125 GeV
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FIG. 3: Distributions of the observables in the e+e− → ZH → (!+!−)H analysis at
√
s = 250 GeV, from left to right: cos θ1,

cos θ2, and Φ. Points show simulated events and lines show projections of analytical distributions. Four scenarios are shown:
SM scalar (0+, red open circles), pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with
φa3 = 0 (green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

IV. MEASUREMENTS OF HV V ANOMALOUS COUPLINGS

In this section we describe prospects for measuring the anomalous HV V couplings both at the LHC and at a
future e+e− collider. We consider all types of processes that allow such measurements, including gluon fusion at LHC
(SBF), weak boson fusion (WBF), and V H production. For the analysis of the Higgs boson decay H → V V , all
production mechanisms can be combined. The cleanest and most significant SM Higgs boson decay mode at the LHC
is H → ZZ∗ → 4! and we consider this mode in the following analysis [5, 6]. The decay H → WW ∗ → 2!2ν can also
be used for anomalous coupling measurements, as demonstrated in Ref. [8], but precision of spin-zero measurements
is lower. Inclusion of other decay modes will only improve estimated precision and we examine such examples as
well (H → γγ in VBF and H → bb̄ in V H production). At an e+e− collider, we consider the dominant decay mode
H → bb̄, but other final states could be considered as well.
We now discuss details of event simulation and selection. In this paper, signal events were simulated with the JHU

generator. Background events were generated with POWHEG [39] (qq̄ → ZZ(∗)/Zγ(∗) + jets) and MadGraph [40]
(qq̄ → ZZ(∗)/Zγ(∗)/γγ + 0 or 2 jets, e+e− → ZZ). When backgrounds from other processes are expected, their
effective contribution is included by rescaling the expected event yields of the aforementioned processes. The vector
boson fusion (VBF) and V H topology of the SM Higgs boson production has been tested against POWHEG, see Fig. 4,
as well as against VBF@NLO [41–43] and MadGraph simulation, respectively.
To properly simulate recoil of the final state particles caused by QCD radiation, we interface the JHU generator

with parton shower in Pythia [44], or, alternatively, simulate the decay of the Higgs boson with the JHU generator and
production of the Higgs boson through NLO QCD accuracy with POWHEG. We point out that this way of interfacing
POWHEG and JHU generator is exact for spin-zero particle production since no spin correlations connect initial and
final states. We note that quality of the approximation with Pythia parton showering is surprisingly high as can be
seen in Fig. 4 where we compare the transverse momentum distribution of a Standard Model Higgs boson obtained
within this framework with the NLO QCD computation of the same distribution as implemented in POWHEG. Effects
of beyond-the-standard-model (BSM) couplings in gluon fusion production on recoil of the final state particles caused
by the QCD radiation have been tested explicitly in the pp → H+2 jets process; we found that their impact on recoil
kinematics is negligible for the analysis of Higgs boson decays. We conclude that parton shower description of QCD
effects is sufficient at the current level of analysis but further refinements of such an approach, for example by means
of dedicated NLO QCD computations, are certainly possible, see e.g. Ref. [32].
In this paper, we employ a simplified detector simulation similar to our earlier studies [7, 8]. Lepton momenta are

smeared with an rms ∆p/p = 0.014 for 90% of events and a broader smearing for the remaining 10%. Hadronic jets
are smeared with an rms ∆p/p = 0.1. Events are selected in which leptons have |η| < 2.4, and transverse momentum
pT > 5GeV; jets, defined with anti-k⊥ algorithm, have ∆Rjj > 0.5, pT > 30GeV, and |ηj | < 4.7. The jet pT threshold
is raised to 50 GeV to study the effects of pileup when we consider the high luminosity LHC scenario. The invariant
mass of the di-lepton pairs from a Z(∗) decay is required to exceed 12 GeV. These selection criteria are chosen to be
as close as possible to existing LHC analyses [5, 6] and we assume that similar selection criteria will be also adopted
for a future e+e− collider. The estimated number of reconstructed events in Table I is scaled down from the number

arXiv:1309.4819

precision EFT studies

CP-violation 

see Snowmass-2022 planning on CP

December 15, 2021

https://arxiv.org/abs/1309.4819
https://indico.fnal.gov/event/49756/contributions/222371/attachments/146754/187594/talk_Snowmass-September2021.pdf

