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Two reports at ICHEP-2020 conference 

3 August 2020

International Conference on High Energy Physics (ICHEP)

http://ichep2020.org

ZOOM

— major summer event in particle physics, every 2 years 
— planned to be in Prague this week

— moved to ZOOM instead 

Part I:

Part II:

Science Festival in Washington DC
10 year of experience 

Some highlights from Higgs physics 

http://ichep2020.org
http://ichep2020.org
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Science Festival in Washington DC
We all (in education/research) value fundamental science 

— public awareness of the importance is not for granted

— alarming signals even in countries with strong history of science   
— goal: create interest of the nation's youth in science

https://usasciencefestival.org  Planned a big event in April 2020, but COVID-19… 

(1959-2016)

The Festival premiered on the National Mall in 2010 but was later moved to the Walter E. Washington Convention Center 
where it attracted more than 350,000 participants in 2016, making it the largest event housed in the convention center.

3 August 2020

https://usasciencefestival.org
https://usasciencefestival.org
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Science Festival in Washington DC

— started in October 2010, first event in DC: 

See an article back in 2010: 

— repeated every 2 years since: 2010, 2012, 2014, 2016, 2018, + … 

Exhibit on “Science of the Large Hadron Collider” by JHU-CMS group 

— also run at the annual  Johns Hopkins Physics Fair at Spring Festival   

undergraduate students 
graduate students 
postdocs 
faculty
from Johns Hopkins U.

Hadron collisions reach out to people in Washington

— LHC-related exhibits later by NYU, then by FNAL and US-LUA   

https://usasciencefestival.org

http://cmsinfo.web.cern.ch/cmsinfo/Media/Publications/CMStimes/2010/11_01/index.html

3 August 2020

https://usasciencefestival.org
https://usasciencefestival.org
http://cmsinfo.web.cern.ch/cmsinfo/Media/Publications/CMStimes/2010/11_01/index.html
http://cmsinfo.web.cern.ch/cmsinfo/Media/Publications/CMStimes/2010/11_01/index.html
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Science Festival in Washington DC
Started as a small exhibit, but with essential elements

dark room

cloud chamber

e- beam in E/B

experts
(T-shirts)

cosmic ray detectors / counter 

computer simulation
event displays literature/handouts/prizes

2 days in DC

posters

3 August 2020
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Festivals in DC and JHU
Over years, the exhibit and the DC Festival grew in size, moved indoors
— estimated 350,000 visitors at each Festival  
— enlarged the LHC exhibit in size and content 

Physics Fair at JHU Festival draws large local crowds (16 times by now)
— coordinated LHC-related exhibits with FNAL and US-LUA   

http://physics-astronomy.jhu.edu/events/annual-physics-fair/

3 August 2020
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In 2018 joined forced with Fermilab exhibit  (Spencer Pasero)

Science Festival in DC in 2018

People from U Maryland (LHCb) & FNAL (CMS) joined the exhibit
 Coordination and contribution US LHC User Association (US LUA) 

FNAL  JHU

Verena Martinez (U. Mass)
David Miller (U. Chicago) 
Harvey Newman (Caltech) 
Yangyang Cheng (Cornell)

3 August 2020



Slide from US LUA (Harvey Newman)



Slide from US LUA (Harvey Newman)
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LHC Exhibit at Festivals in DC and JHU 

virtual reality (of ATLAS)virtual visit to CERN (ATLAS control)

Enlarged the LHC exhibit in size and content 

Physics Fair at JHUFestival in DC

3 August 2020
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ATLASrift is a Virtual Reality application 
— provides an interactive, immersive visit to the ATLAS 

Virtual Reality of LHC
https://atlasrift.web.cern.ch

Used the HTC Vive virtual reality headset with full 360 degree tracking over a 1.5m x 1.5m space

Powered by a enthusiast level PC running Windows 10

Dedicated graphics card, modern CPU, 
and at least 8 GB of RAM required 

Box built by JHU grad student (L. Corcodilos)

3 August 2020



ATLAS VV: using web-based video conferencing tools, participants 
talk with a physicist, receive a tour of the ATLAS control room, and 
get answers to your questions.
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Virtual Visit to CERN

Meng (JHU/CMS)    Chris (Ohio/ATLAS)

Good attraction 

What is needed:

— enthusiastic guides 
— good enough internet 
— Vidyo on a laptop 
— big display 
— good microphone/speakers 

https://atlasvirtualvisit.web.cern.ch

(similar VV exists at CMS) 

3 August 2020



Andrei Gritsan, JHU 14

The core of the LHC exhibit has been

LHC Exhibit - The Particle World

Four-layer cosmic μ detector — part of QuarkNet project 
Cloud chamber and e- beam in E/B — effective way to show particles  

20182010

3 August 2020
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Do not forget the kids

Plenty of other close-to-HEP demos with magnets, liquid N, etc
Gauss’ rifle: a magnet linear accelerator 
dropping “weightless” magnet in a metal tube
superconducting train, frozen stuff,..  
(though did not carry from JHU to DC)

3 August 2020
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Summary of Part I

 Public awareness of the importance of science 
 cannot be taken for granted  

 With this in mind, develop effective ways to   
 promote the value of LHC, make connection    

 Keep people interested in science   
 engage the youth

 A number of relatively simple demonstrations   
 targeted to all ages
 affordable to most university groups
 most effective in context of a larger event

 keep us engaged

3 August 2020
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Origin of Space-Time (?)

Dark Matter? +

General Relativity Electro-Weak

Weak

Gravity

StrongE&M

Electricity Magnetism

Dark Energy? Higgs
?

Cosmology (SM) Particle Physics (SM)

18

?

?

The Ultimate Theory (?)
Quantum Gravity

Unified Theory (?)

Standard Model (SM) and Beyond

3 August 2020
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Origin of Space-Time (?)

Dark Matter? +

General Relativity

Gravity

Dark Energy?

Cosmology (SM)

19

Astrophysics

3 August 2020

Telescope

Particle Physics (SM)
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Electro-WeakHiggs
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Unified Theory (?)

Particle Physics

3 August 2020

Electricity Magnetism

Strong

Microscope

Large Hadron Collider

Particle Physics (SM)

Weak E&M
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Electro-WeakHiggs
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Unified Theory (?)

Scales in Particle Physics

3 August 2020

Electricity Magnetism

Strong

Energy

Distance

Energy =
hc

Distance

Λ = ?

∼ 1 GeV

visible light ∼ eV
∼ μm

∼ 10−12 m

∼ 5 × 10−15 m

unknown gap

“new physics”

v ∼ 246 GeV



http://www.cpepphysics.org
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Electro-WeakHiggs
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Unified Theory (?)

“Optimistic” Scale in Particle Physics

3 August 2020

Energy

v ∼ 246 GeV

“new physics”
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LHC simulation at 13 TeV

Find new “bump”

∼ TeV

but none appeared so far…

Λ = ?

https://spin.pha.jhu.edu

Beyond SMSM

https://spin.pha.jhu.edu
https://spin.pha.jhu.edu
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Electro-WeakHiggs
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Unified Theory (?)

“Pessimistic” Scale in Particle Physics

3 August 2020

Energy

v ∼ 246 GeV

vΛ ≫

Particle Physics (SM) is an Effective Field Theory (EFT) 

∼ ( v
Λ )

2

precise up to
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Effective Field Theory (EFT) 

Effective Field Theory
— describes energies (of interest) below  Λ (underlying dynamics)

— no “new physics” up to Λ ≫ mH

H

— we do not know what is in the loop, in EFT we do not need to know

x

— heavy particles are integrated out => point-like interaction 

June 29, 2020

g, γ(*), Z, W fH

ΔE Δt ∼ ℏ

mHc2 = 125 GeV

Heisenberg's uncertainty principle

ΔE = mxc2 ≫ mHc2
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Loop effects in SM 

3 August 2020

H
t

t

t

12

(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

mHc2 = 125 GeV < 2mtc2 ∼ 350 GeV

mtc2 = 173 GeV

ΔE Δt ∼ ℏ
Heisenberg's uncertainty principle at work

“Heavy” loops happen in SM:

(x)

Motivates our search for new heavy states (x)

particles go off shell
g

g
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Study the Higgs

3 August 2020
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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

H H
t

t

t

t

t

t

t

12

(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

Closed loop: Open the loop:

(x)

gluon fusion H production H production tt̄

g

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

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

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

C. Higher-order contributions to VH production

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

D. Multidimensional likelihoods and machine learning

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

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

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

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

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

C. Higher-order contributions to VH production

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

D. Multidimensional likelihoods and machine learning

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

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and
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Study the Higgs
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FIG. 4: ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

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

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

C. Higher-order contributions to VH production

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

D. Multidimensional likelihoods and machine learning

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

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

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