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The Physics Case

Finding needles in a haystack: 
when Higgs couplings become 
hard to probe.



Higgs couplings and 𝑏�̅�ℎ
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o Bottom Yukawa measurement is a recent achievement:

o The sign (or phase) of the Yukawa couplings have not been 
well measured

o There are possible interplays between Yukawa phases of 
various couplings in EDM measurements and collider 
physics
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1 Introduction

After the discovery of the Higgs at the LHC [1, 2], the measurement of its couplings to

the other Standard Model (SM) particles through its production and decay channels has

been an ongoing quest [3]. The subsequent measurement of the tt̄h signal marks the direct

probe of the coupling of the Higgs to the third-generation fermions [4, 5]. Despite the large

branching ratio of the Higgs decaying to the bottom pair, the h ! bb̄ eluded measurement

until much later through the V h, h ! bb̄ channel [6–8], bringing about sensitivity to the

bottom-quark Yukawa, yb, as well. Other direct probes to the Higgs couplings to the

bottom quark can be envisaged through the measurements of the associated production of

the Higgs with the bottom quark in the associated bh or bb̄h production channels.

– 1 –



tiny signals embedded in multiple large backgrounds
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signals

𝒃"𝒃𝒉
background

Goal: measure bottom-Yukawa couplings

6 Summary

Gleaning tiny and obfuscated signals from dominating backgrounds has been the boon and

the bane of particle physics, in both the theoretical and experimental realms. The evolution

of methods used to do so has gone through several stages with multivariate analysis being

the most evolved. The strength of multivariate analyses in the form of machine learning

methods like decision trees and neural networks have dominated experimental analyses for

quite a few years now. In this work we augment phenomenological analyses by bringing

forth to it the strength of interpretable machine learning.

The extraction of y
2
b from the associated production of the Higgs with a bb̄ has been

written o↵ due to the presence of dominant irreducible backgrounds, especially from Zh

production [20]. The arguments were based on the fact that Zh, Z ! bb̄ and the y
2
b -driven

contribution have very similar kinematic signatures making it di�cult to distinguish the

weaker contribution proportional to y
2
b , from the irreducible background. In this work we

show that, the dismissal of the measurability of the y
2
b -driven contribution in an attempt

to isolate yb is premature. The use of multivariate analysis in the form of BDT can still

allow for the separation of the hidden signal.

We go a step further and add interpretability to the machine learning method by

appealing to a measure derived from game theory called the Shapley values. This facilitates

us in working with high-level kinematic variables, instead of momenta four-vectors, and

gives us insight into the hierarchy of importance of these kinematic variables. This, in

turn, allows us to narrow down and focus on those kinematic variables that are the most

important, providing a way of understanding the physics underlying the possibilities of

separating the y
2
b -driven contribution from the backgrounds.

In summary, this work provides the following innovations and insights:

• An irreducible background like Zh production can be tamed with multivariate meth-

ods that can be better understood with interpretable machine learning tools. Kine-

matic shapes are the key to distinguishing small signals that cut-based analyses mis-

erably fail at.

• Machine learning algorithms do not need to be black-boxes and certain nuances of

the distributions that they probe can be understood with metrics such as the Shapley

values.

• At the FCC-hh, the associated production of bb̄h stands to gain as its production

rate grows much faster than the Zh production rate and the dominant bb̄�� back-

ground with rising energies. This can be exploited to get a good measurement of the

magnitude and sign of yb from bb̄h production which can be comparable to that from

a h ! bb̄ measurements.

• Since constraint from h ! bb̄ is very stringent on the magnitude of b and gg ! h

can fix the phase, �b, in combination with h ! bb̄, probing bb̄h does not add to these

constraints significantly at HL-LHC (figure 8). While at the FCC-hh, bb̄h production

does not add much to the constraint on |b|, the constraint on �b can gain by about

– 26 –

Channel LO � (fb) NLO-k-fact 6 ab�1 [#evt] 2b-jets[%]

y
2
b 0.0648 1.5 583 7.7%

ybyt -0.00829 1.9 -95 4.0%

y
2
t 0.123 2.5 1,840 12%

Zh 0.0827 1.3 645 21%P
bb̄h 0.262 - 2,970 -

bb̄�� 12.9 1.5 116,000 14%

Table 2. SM cross-section for the main signal and background processes at 14TeV with 6 ab�1

data, and number of events after the basic cuts as defined in Eq. (2.4). For the bb̄h production, the
Higgs is decayed to a pair of photons.

For the “non-Higgs” background, there is the dominant irreducible QCD-QED back-

ground of bb̄��. There are also potential backgrounds from various fakes such as j��, jj��,

cj��, cc̄��, or bb̄j�. The rate of light jets faking a bottom or photon is at the percentage or

sub-percentage level, and makes the fake backgrounds mostly negligible after considering

the dominant bb̄�� background. Hence, we ignore these in this work.

The total cross-section at 14TeV of the various contributing channels after basic cuts

as defined in Eq. (2.4) is shown in table 2. We calculate the production and decay of the

signal in the four-flavor scheme at LO, following the results presented in Ref. [19] with

their public code for contributions proportional to y
2
b and ybyt. The interactions between

Higgs and gluon are treated as point-like e↵ective couplings ggh and gggh with massive

quark e↵ects included at one-loop defined as:

L � �
1

4
C1hG

a
µ⌫G

a,µ⌫
, (2.1)

C1 = �

X

Q=t,b

yQ

v
F


mQ

mh

�
↵S

3⇡
, (2.2)

where F [mQ/mh] is a function of the massive quark and Higgs mass ratio. The functions

are defined in detail in appendix B. Input parameters are set to be the same as in Ref. [20],

where sizable EW corrections are discussed and included to NLO level. Wherever applicable

for our LO parton level simulation, we set m
pole
b = 4.58 GeV, m

MS
b (mMS

b ) = 4.18 GeV,

mh = 125 GeV, mt = 173.34 GeV, mZ = 91.15348 GeV, �Z = 2.4946 GeV and GF =

1.16639 · 10�5 GeV�2. Bottom-quark Yukawa running e↵ects as function of the dynamical

renormalization scale are included. The central scale is chosen as HT /4 where HT is the

scalar sum of the transverse mass of the parton level bb̄h system.

As shown in table 2, the computation is first done at leading order (LO) and then an

overall k-factor is applied on the LO bb̄h cross-sections according to the di↵erent produc-

tion channels, based on the fixed order inclusive cross-section results provided in Ref. [19].

The k-factors are relatively flat over the kinematic distributions for the bb̄h final states. We

assume a further SM decay of the Higgs to di-photon and parton shower does not signif-

icantly a↵ect this simplification. The branching ratio for the decay of Higgs to di-photon

is further normalized as the Higgs cross-section working group recommended value [25].

– 6 –

QCD-QED 
background

Traditional cut-based analysis cannot separate the 
different 𝑏%𝑏ℎ contributions – no 𝑦! sensitivity at HL-LHC

C. Grojean, A. Paul and Zhuoni Qian, Resurrecting 𝑏�̅�ℎwith kinematic shapes. 

JHEP 04 (2021) 139 [arXiv: 2011.13945]

https://doi.org/10.1007/JHEP04(2021)139
https://arxiv.org/abs/2011.13945


building an interpretable framework
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tagged b-jet in our selection. At the HL-LHC, with 6 ab�1 of data (ATLAS+CMS com-

bined), and summing up the contributions from the four types of bb̄h signals at LO, we get

a statistical significance of 6.8� on the total SM bb̄h signal, with the basic cuts as defined

in Eq. (2.4). Performing a mass window cut of 123 < m�� (GeV) < 127 around the Higgs

mass peak further increases the significance to about 10�. With this estimate, there is no

doubt that we should be able to see a clear bb̄h signal on top of the dominant QCD-QED

bb̄�� background at the HL-LHC.

The next goal is to evaluate the sensitivity to the contribution proportional to yb out of

the total signal, which is the primary motivation of looking at the bb̄h channel in this work.

We can gather from the number of events with 6 ab�1 given in table 2, the sensitivity to

the y
2
b -driven channel is only about 1.6� after basic cuts. We will try to see if this can be

improved by exploring the higher dimensional kinematic shapes using multivariate analysis.

The Zh, Z ! bb̄ channel has the distinct feature that the invariant mass of the two

b-jets can be reconstructed to the Z boson mass. However, given the basic cuts, only about

20% of Zh channel has both b-jets tagged in our simulation. The fraction of events having

two tagged b-jets is even smaller from other bb̄h channels, as shown in the last column of

table 2. Given the limited signal statistics, especially at the HL-LHC, we do not require

two tagged b-jets or stringent mass window cuts, to allow for more events from the y
2
b and

ybyt channels. Instead we stay as inclusive as possible with generous cuts, and resort to

kinematic shapes and multivariate analyses to further explore the variance in shapes of the

higher dimensional distributions amongst the di↵erent channels.

As discussed before, the y
2
b -driven channel could be overwhelmed by the other yb-

independent contributions such as Zh and those proportional to y
2
t . Despite the sizable

contribution from these other bb̄h channels, and the similarity between the 1D distributions

of the kinematic observables, the Zh channel can still be separated from the y
2
b channel with

relative ease given information from higher dimensional distributions. We will see a nice

separation from the multivariate analysis, and understand the physics ramifications brought

about from the higher dimensional kinematic distributions as well. The y
2
t contribution

is a bit harder to disentangle, and remains as the dominant background which reduces

sensitivity to yb. However, we will show systematic approaches to enhance sensitivity to

contribution proportional to y
2
b or ybyt while suppressing y

2
t and all other background

contamination.

After detector simulation and jet definition, we have, for most events, a final state of

two photon jets and at least one b-jet, where the two photons reconstruct back to a real

scalar Higgs mass for all the bb̄h channels. We first define and evaluate a comprehensive

set of kinematic observables as the following:

• p
b1
T , p

b2
T , p

�1
T , p

��
T ,

• ⌘bj1 , ⌘bj2 , ⌘�1 , ⌘�� ,

• nbjet, njet, �R
b�
min, ��

bb
min,

• m�� , mbb, mb1h, mbb̄h, HT .

– 9 –

Understanding differences in shapes

The choice of variables is important:

o Momenta four vectors are not easily 
interpretable

o Kinematic variables are interpretable but 
there is no clear “complete set”



the devil is in the correlation
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o Cut-based analyses start to falter with multivariate correlations – difficult to visualize and interpret
o Machine learning algorithms excel at multivariate analyses

o Machine learning algorithms are essentially black-boxes – not good for understanding the 
underlying dynamics
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Cooperative Game 
Theory

Because correlations are 
important, and a game needs to 
be played
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L. S. Shapley, Notes on the n-Person Game-II: The Value of an n-Person Game (1951).

The most important 
player

The total payoff

The value of each player and each combination of players The value of the player in each game

Marginalized 
values



cooperation in Physics
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multivariate inherits correlations!

o Variables “cooperate” to bring the outcome
o Outcome can be a measurable quantity or a probability of being of a certain kind

o This covers both regression and classification



some useful properties of Shapley values
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Dummy Player: A player that doesn’t contribute to any subset of players must receive zero attribution 

Efficiency: Attributions must add to the total gain

Symmetry: Symmetric players must receive equal attribution

Linearity: Attribution for the (weighted) sum of two games must be the same as the (weighted) sum of 
the attributions for each of the games 

For a game                      with a set      of players and a payoff   :  



Shapley Additive exPlainers
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Lloyd S. Shapley
Nobel Laureate 2012

S. M. Lundberg et al., From local explanations to global understanding with explainable AI for 

trees. Nature Machine Intelligence 2, 56–67 (2020)

Black-box model Interpretable  model

Local interpretation: event by event

https://www.nature.com/articles/s42256-019-0138-9
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Interpretable 
Machine Learning

From Machine Learning to 
Human Understanding: turning 
black-boxes into Physics 



the transition to interpretability
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Interpretable 
Machine Learning

Interpretable 
variables

Interpretable 
models

Attribution of variable 
importance

Shapley values



why explainable ML is not enough
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C. Rudin, Stop explaining black box machine learning models for high stakes 
decisions and use interpretable models instead. Nature Machine 
Intelligence 1, 206–215 (2019)

Interpretable 
Machine Learning

Interpretable 
variables

Interpretable 
models

Attribution of 
variable importance

○ Explainable models are not fully interpretable –
proliferation of parameter can be a problem

○ An interpretable model should be able to 
understandably map the input to the output

○ Interpretability is important since an ML model should 
make the right decision for the right reasons

Shapley values

https://www.nature.com/articles/s42256-019-0048-x


how to make machine learning interpretable?
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1. Read this book 2. Practice building interpretable models

choose a variable set that is 
more interpretable

build a model that is 
interpretable

interpret how your variables are 
connected with the outcome
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Decision tree + intelligent choice of variables

the Higgs peak lies here =>

an interpretable model

NOTE: A different choice of variable basis might give higher accuracy, but you lose 
interpretability. (e.g., the four-momenta vectors of the final states)
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𝑍ℎ 𝑣𝑠.𝑦!" discrimination
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What really matters is the differences in the correlation between the two 
channels and this makes 𝑚!!" important

𝑚!!" is highly correlated with some other 
kinematic variables that have variations in 
shape between the channels and hence it 
is a “team-player”
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Interpretable ML for particle physics

o Gain of a factor of ~2 over traditional cut-based analysis
o Shapley values make the ML interpretable and allow for understanding the variable importance
o Separation of channels allow for simple rescaling to set bounds on anomalous couplings

QCD-QED 
Backgrounds

𝑏�̅�ℎ
backgrounds

Boosted Decision Trees
+

Signal Classification

Shapley values 
+ 

Physics Insights

Signal

Interpretable 
variables

Interpretable 
model

Variable 
importance for 

predicting output

new physics reach



results of the fit
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Current measurement: ATLAS and CMS

Luminosities:

HL-LHC: 6 ab-1

FCC-hh: 30 ab-1

CP conserving CP non-conserving

Direct bounds:

HL-LHC: 2.2%

FCC-hh: 0.49%

𝜅!

𝜅!
𝜅"

𝜅"
𝜅#

𝜅"

𝜅" 𝜅! generates 𝜅# and 𝜅$ through bottom-quark loops



optimizing the analysis with machine learning
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A
c
t
u
a
l
n
o
.
o
f
e
v
e
n
t
s

Predicted no. of events at HL-LHC

Channel y
2
b ybyt y

2
t Zh bb�� total

y
2
b 170 54 51 122 189 586

ybyt -7 -24 -4 -20 -40 -95

y
2
t 238 112 452 546 487 1,835

Zh 22 28 21 416 161 648

bb�� 2,183 2,450 151 8,045 101,591 115,779

Zj 3.33 0.47 10. 4.36 317

Table 4. Trained BDT classification (confusion matrix) of the five channel contributions at HL-
LHC with 6 ab�1 luminosity (ATLAS+CMS), assuming SM signal injection. The right-most column
gives the total number of events expected in each channel in the SM.

is not unexpected since the classes being discriminated determine what kinematic shapes

are important. Secondly, unlike the |Sv| for the case of Zh vs. y
2
b , di↵erent channels have

di↵erent |Sv| for each kinematic variable. From this, one can understand the importance

of each kinematic variable in discriminating each channel from the others.

For example, m�� has the largest discriminating power for separating out the bb̄��

background (pink part) from the y
2
b -driven channel (red part) as can be seen from the

|Sv| plot in figure 6. The blue, purple and yellow parts corresponding to Zh, y
2
t -driven

and ybyt-driven channels respectively are of the same length as the red part of the bar

corresponding to the y
2
b -driven channel as they should be because they all have the same

shape as is clear for the upper middle plot of figure 6. The distribution of bb̄�� is flat in

m�� , while the others are peaked around mh since the � pair comes from a Higgs decay.

On the other hand the separation of the y
2
t -driven channel from the y

2
b -driven channel is

orchestrated by HT , which is second in the hierarchy of kinematic variables as judged by

|Sv|.

The matrix shown in table 4 shows the confusion matrix produced from a pseudo-

experiment for HL-LHC assuming 6 ab�1 of data. The right-most column gives the actual

number of events produced in each channel. The bottom-most row gives the significance of

each channel. Note that this is purely a statistical significance and no systematics has been

rolled into this estimate. We leave the discussion of systematics in section 4.3. Following

these procedures, we get a resulting statistical significance of the y
2
b -driven channel of 3.33�.

The sensitivity for ybyt channel is 0.47�. We shall see in section 5.1 how the projection

from this analysis translates into bounds on the e↵ective rescaling of yb.

4.2 Prospects at FCC-hh

Isolating the yb-sensitive channels at the FCC-hh is a much easier task not only due to

the much larger luminosity but also because of the disproportionately larger growth of bb̄h

production compared to Zh production as explained in section 2.2. However, keeping in

mind that a multivariate analysis will still outperform a cut-based analysis, we use the

combination of BDT and Sv to fathom the prospects of measuring yb at FCC-hh. Since the

– 18 –

About ~60% gain in 
significance over traditional 

cut-based analyses (2𝜎).



optimizing the analysis with machine learning
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About ~60% gain in 
significance over traditional 

cut-based analyses.
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HL-LHC: 𝜙! = −23. 2∘, 23. 5∘ ⇒ �̃�! ≲ 0.4

FCC-hh: 𝜙! = −15. 5∘, 15. 7∘ ⇒ �̃�! ≲ 0.3

Negligible improvement from including 𝑏%𝑏ℎ

~15% improvement from including 𝑏%𝑏ℎ

Comparison to:
Hadronic EDM (free of electron EDM assumption):

Electron EDM:

𝑛𝐸𝐷𝑀: ∑𝐴𝜅%�̃�! + 𝐵𝜅!�̃�! ⇒ �̃�! ≲ 5

𝑒𝐸𝐷𝑀: ∑𝐴𝜅&�̃�! + 𝐵𝜅!�̃�& ⇒ �̃�! ≲ 0.5
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uūA

hhggF
tri

hhggF
int

hhggF
box

QQ̄h

bb∞∞HL-LHC
0 2 4 6 8 10

|Sv|

mbbh

Emiss
T

p∞∞
T

pb1
T

mb1h

p∞1
T

mbb

p∞2
T

njet

m∞∞

HT

dd̄A

hhggF
tri

hhggF
int

hhggF
box

QQ̄h

bb∞∞HL-LHC
0 2 4 6 8

|Sv|

p∞∞
T

mbbh

Emiss
T

mb1h

pb1
T

p∞1
T

mbb

p∞2
T

njet

m∞∞

HT

hhggF
tri

hhggF
int

hhggF
box

QQ̄h

bb∞∞HL-LHC

di-Higgs production at HL-LHC and FCC-hh

Ayan Paul – Terascale 2021 – 22nd November 2021
28

o Measurement of the trilinear can be made at HL-LHC possibly with more than 5σ significance
o Interestingly, light Yukawa measurements can also be made both from the production and decay rate modification
o The questions are:

o How will the constraints change if  the light Yukawa and trilinear couplings are measured simultaneously
o What theoretical models can produce large light Yukawa modifications and Higgs trilinear modifications 
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to a future of interpretability…
○ Complex statistical machinery inherently reduce 

interpretability in terms of understandable physics

○ Interpretability can be regained by intelligent modeling 
and using cooperative Game Theory

○ We show the efficacy of this method by improving signal 
to background selection in 𝑏%𝑏ℎ

○ Shapley values open a lot of possibilities for its application 
in Physics

Summary
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o Diversity@DESY-Theory was started in June 2020 by Postdocs and PhD students as consolidation 
of efforts for BLM throughout the international academic community.

o Philosophy: Diversity covers all kinds of variation in the academic world (gender, religion, etc.) and 
they should be accommodated for.

o A monthly remote meeting is held where different issues related to diversity are discussed which 
includes published articles and opinions.

o The Diversity Office of the Universe Cluster has been included with Eileen Schwanold providing 
expert advice on topics and actions.

o The plan is to form a core group of postdocs and students that can be approached by other 
members of DESY in case they want an unbiased discussion about any issues on diversity they 
might be facing.

o Topics related to diversity will be raised in workshops and conferences as a way of making people 
more aware of the core issues.

o Possible external outreach to other academic institutions to consolidate efforts of increasing 
inclusion in academia.

o Contact: Ayan Paul (apaul2@alumni.nd.edu)

Diversity@DESY-Theory

mailto:apaul2@alumni.nd.edu
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What’s your score?

app

features

COVID-19 risk assessment using 
public data, medical knowledge 
and AI algorithms

User privacy and data security 
built into the architecture using 

federated computations

Twice MIT COVID-19 hackathon 
winning solution implemented by 

a multidisciplinary team

100,000€ in academic grants 
raised in the first 3 months 

Launched: August 2021
USA, Germany,

Austria & Belgium
iOS & Android

app

features

CoVis - the future of disease management

Additional features include:

o Full score and history details beyond the past 
14 days.

o 7 days of COVID-19 case rate prediction for all 
of Germany, USA, Austria and Belgium.

o User account to store score data (no personal 
data stored) for cross-device portability.

o Account and data management.

What CoVis brings to you:

o Real-time risk assessment as you go about 
your day.

o Next day prediction of COVID-19 cases globally.

o User score history and risk breakdown to 
understand what risks you have been facing.

o Global Information resources and international 
travel advisory at your fingertips.

covishealth.comcovishealth.com

https://www.desy.de/index_eng.html
https://sidebench.com/
https://www.facebook.com/covishealth
https://www.instagram.com/covishealth
https://www.linkedin.com/company/covishealth
https://www.covishealth.com/


Thank You
DESY, Hamburg &
Humboldt Universität zu Berlin

www.desy.de/~apaul
apaul2@alumni.nd.edu

Ayan Paul



Back-up Slides

For the particularly curious
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