™
I ey

DESY, Hamburg & Humboldt Utni:ver;siié




91N111sU| 1y obediydD ayi i1e Aedsip UuQ
1eJNas sabloan --
9l1e[ 9pueln e7 JO pue|s| 9yl Uuo uoousayy Aepuns vy




[ am Ayan

o PhD, Theoretical Particle Physics, 2012

o University of Notre Dame du Lac, USA

o Postdoctoral Fellow, 2012 — 2017

o INFN, Sezione di Roma, Italia

o Fellow, 2017 — Present

o Deutsches Elektronen-Synchrotron, Hamburg

o Senior Scientist, 2017 — Present

BR(t—>ch)x10?

BR(h—tp)x103

10 15 20
T(asZ7)
T(a—+vy)

Flavour Physics Higgs Physics

Understanding

Nature

o Humboldt Universitat zu Berlin

o Chief Scientific Officer, 2020 — Present
o Covis Inc, USA & Germany

Pl - DESY Strategy Fund 2020
Pl - VolkswagenStiftung Corona Response 2020

Interpretable Machine
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The Physics Case

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




Higgs couplings and bbh
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Bottom Yukawa measurement is a recent achievement:
Vh,h — bb

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

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

Decays of a 125 GeV Standard-Model Higgs boson
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tiny signals embedded in multiple large backgrounds

Goal: measure bottom-Yukawa couplings

Traditional cut-based analysis cannot separate the
— different bbh contributions — no y, sensitivity at HL-LHC

Y E ————— h >mmsm< B signals
g b b

; _ , Channel | LO o (fb) | NLO-k-fact
) < b boh Yz 0.0648 1.5
& L - wsve | -0.00829 1.9
! o ! y2 0.123 2.5
7 b Zh 0.0827 1.3

Z b fA -

7h : > bbh 0.262
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g o a _ bbh QCD-QED
bbwm z M z bbq/’y background background
g b q b

C. Grojean, A Paul and Zhuoni Qian, Resurrecting bbh with kinematic shapes.

JHEP 04 (2021) 139 [arXiv. 201113945

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

building an interpretaple framework

Understanding differences in shapes 101
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TlOO-
br b2 1 Y Z s0
.pTapT7pT7pT7 %
g 60 4
e T]bjla 77ij7 77’}/17 TI’Y’Y? = .
by bb 0
* nbj€t7 nj@t? ARmin? A¢min7 ;
110
® M~y My MTMh ks TMypp s HT- =
200 1 7/1:%
Oy
The choice of variables is important: =150 —l
= bbyy/100
o Momenta four vectors are not easily =
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=
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the devil Isin the correlation
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Cut-based analyses start to falter with multivariate correlations — difficult to visualize and interpret

Machine learning algorithms excel at multivariate analyses

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




a cooperative game

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

$0

NEERS

The total payoff

Marginalized
values

<:| The most important
player

L. S. Shapley, Notes on the n-Person Game-Il: The Value of an n-Person Game (1951). Ayan Paul — Terascale 2021 - 227 Novermber 2021
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cooperation in Physics

02<|pl<04 MWo04<|pl<06 M0o6<|p/<08 M08<|p/<10

-==—p — 4p

Mmultivariate 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

12
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some useful properties of Shapley values

Foragame G = (K,v) with a set K of players and a payoff v:

Dummy Player: A player that doesn't contribute to any subset of players must receive zero attribution

Px(v) = 0.

Efficiency: Attributions must add to the total gain

Y ) =v(K).

ke

Symmetry: Symmetric players must receive equal attribution

VAU KD =v(AU{iH) = é) = ¢i(v).

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

Pk (v + @) = ¢r(v) + ¢ (w)

Vkelk.
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Shapley Additive exPlainers

Black-box model Interpretable model

Output=0.4 Output =0.4
I
Age =65 — +0.4 — Age =65
Sex=F — 0. —
Explanation — Sex=F
BP=180 — — BP =180
BMI =40 —» f— BMI=40 Lloyd S. Shapley
Base rate = 0.1 Base rate — 0.1 Nobel Laureate 2012
Local interpretation: event by event
E-I E - - . .
h 'i"': S.M. Lundberg et al, From local explanations to global understanding with explainable Al for 14
s trees. Nature Machine Intelligence 2, 56-67 (2020) Ayan Paul - Terascale 2021 - 2279 Novernber 2021



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

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




the transition to interpretability

Interpretable

Attribution of variable variables

importance

INPUT BLAGK BOX Shapley values

THE BLACK BOX IS AN ALGORITHIM
THAT TAKES DATA AND TURNS IT INTO

SOMETHING. THE ISSUE IS THAT
BLACK BOXES OFTEN FIND PATTERNS >

Interpretable
Machine Learning

WITHOUT BEING ABLE TO EXPAIN
THEIR METHODOLOGY.

<21%//> </82%//>

{‘OBJECTTEXT' | { ‘OBJECTTEXT
[LAST\\\> [HEAD()] . UUTPUT

}

Interpretable
models

17
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Interpretable
variables

why explainable ML is not enough zues

variable importance

Shapley values

Interpretable
Machine Learning

o Explainable models are not fully interpretable -
proliferation of parameter can be a problem

Interpretable

models
o An interpretable model should be able to
understandably map the input to the output
o Interpretability is important since an ML model should
make the right decision for the right reasons
Interpretable Explainable

Models Grey Models

Area
Interpretable | | | | |

Interpretable

Random  Neural Convolutional

Forest Network Neural
Network

Decision Linear
Trees Regression

Logistic
Regression

C. Rudin, Stop explaining black box machine learning models for high stakes
" decisions and use interpretable models instead. Nature Machine 18
Intelligence 1, 206215 (2019) Ayan Paul - Terascale 2021 - 224 November 2021



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

how to Mmake machine learning interpretable”?

1. Read this book

Interpretable

A Guide for Making

q i

Christoph Molnar

Machine Learning

Black Box Models Interpretable

;‘,
S»

‘ A/A r‘ /’1

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

Ayan Paul — Terascale 2021 - 22" November 2021
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an interpretable model

Decision tree + intelligent choice of variables Jes. missin 1eaf=0.0246746149
maa<115.8255 o
yes, missing
leaf=0.0181660727
10, no _
yes, missing maa<117.268494 pta2<57.2912979 leaf=0.011156573
maa<]18.876495
no
: . yes, missing leaf=0.00715719722
the Higgs peak lies here =>>= " 5, 55509 R pta2<41.4116974
N | = no leaf=-0.000563205627
120 YnlYt
—_ maa<132.67749 yes, missing leaf=0.0150107974
— 100 2z no
= bbyy /100
o 80
= leaf=0.0233112946
Eﬁ 60
3
% 40
20 - 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)
110 120 130 140

My [GeV] Ayan Paul - Terascale 2021 - 224 November 2021




mMiNnation

Zhvs.yf discr

b 0.012 [ [ [ [
py % 0.008 { %
. 3 zh 3 zh
e _ 0.010 A — 0.007 4
My L > 0.006
ok & 0.008 3
o = =0.005 HL-LHC
&~ S
I
SRy, = 0.006 5 0.004 .
o ) s 102  m— 7
£ 0.004; 500 — 2w
0P, 0.002 -
Mbbh - 0.002 -
0.001 -
Moy - ) r
. : : : : - 0.000 -+ ; - - - 0.000 ; : - : |
00 02 04 06 08 1.0 0 100 200 300 400 500 250 500 750 1000 1250 = 10! -
S| Py [GeV] mp,h [GeV]
0.040 - 0.006 -
0.035 = 2a  m— A} 1 zh
0.14 0.005 -
= 0.030 = = 0 4
s :'> 0.12 4 . 10
 0.025 3 g 00041 : ; ; .
= 120-10‘ = 0.0 0.2 0.4 0.6 0.8 1.0
S ~ 2
Foo £ o8] = 0.003 1 p(y;)
(o) o F
= 0.015 B | T
£ 0.06 5 0.002+
0.0101 oo -
0,005 i 0.001 -
0.000 - . v ” : 0.00 - . e e | 0,000
50 100 150 200 250 300 0 20 40 60 80 100 200 400 600 800 1000
Pl [GeV] my, [GeV) Hy [GeV]

21

Ayan Paul — Terascale 2021 - 22" November 2021




2
Zhvs. yg discrimination N
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INnterpretable ML for particle physics

Interpretable

variables
bbWX@Q y $ QCD-QED
. . ) Backgrounds
g P b

YoYt

>m<mso~<
N
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Shapley values
+

Physics Insights

Variable
importance for
predicting output

-y
YUt

ol

s )
bbryy

Boosted Decision Trees

+
Signal Classification

HL-LHC

Interpretable
model

2
L5 / /
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05
Z 00 M
—0.5
—1.0
| —n W
-L3 h— o
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2
“S20 —15 [0 =05 00 05 10 15

new physics reach

2.0

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

23

Ayan Paul — Terascale 2021 - 22" November 2021




results of the fit
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optimizing the analysis with machine learning

Actual no. of events

Predicted no. of events at HL-LHC

Channel yg Yot P Zh bby~y total
Y2 170 54 51 122 189 586
YbYt 724 40 =20 -40 -95
y? 238 112 452 546 487 1,835
Zh 22 28 21 416 161 648
bbyy 2,183 2,450 151 8,045 101,591 | 115,779
Z; 3.33 047 10. 4.36 317
2 Nl
=
v 22 Nij

cut-based analyses (20).

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

Predicted no. of events at FCC-hh

)]

*g;'; y2 YUt y? Zh bbyy total

5 yg 32,074 15,112 10,966 6,579 8,959 73,690

S UbYt -964 -6,815 -907 -583 -1,820 -11,089

S yf 48,772 45,751 148,669 39,598 26,484 309,274

E Zh 1,860 4,498 2,280 12,661 2,282 23,581

g bbyy | 172,088 373,436 106,335 126,429 7,952,834 | 8,731,122

o Z; 63.7 10.4 288 294 2,813
< )

z - | N1 =
V' 2i Nij

About ~60% gain in
significance over traditional
cut-based analyses.

FCC-hh
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results of fits

3| = [0.979, 1.023]

HL-LHC (no bbh)
Best Fit Point:
|Kb| =1.0

¢, = 0.0°
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|ren|
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FCC-hh (no bbh)
Best Fit Point:
|K‘.b| =1.0

¢y = 0.0°

¢y = [—18.1°,18.27]

0.95 1.00 1.05 1.10
|5

| 8] = [0.996, 1.004]

—40 0 40 80
o3

FCC-hh
Best Fit Point:
|K4,| =1.0

¢y = 0.0°

¢y = [~15.5°,15.7°]

0.95 1.00 1.05 1.10
|5

—40 0 40 80
o8

HL-LHC: ¢, = [-23.2°,23.5°] = &, < 0.4

Negligible improvement from including bbh

FCC-hh: ¢, = [-15.5°,15.7°] = & < 0.3

~15% improvement from including bbh

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

nEDM: ZAquzb + BKbl%b = Izb <5

Electron EDM:
eEDM: ZAKele + BKblze = Izb < 0.5

27
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di-Higgs production at HL-LHC and FCC-hh

> R
h “h
A QY QD 8 '\K 2 h
g R
Hr | Hr
Moy Meyy
Njet Mjet
7 rr
My My
vy utiA pr ddA
oy - ni M ey
My, . hhfngtF hhigngtF prl hhﬁiF
By B hhif rr' i,
Mk mm QQh . QQh Er™ _ QQh
rr’ HL-LHC "= 7 it o HL-LHC = W
i p 3 8 10 4 6 8 10
S.] 1501

o Measurement of the trilinear can be made at HL-LHC possibly with more than 56 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
Ayan Paul — Terascale 2021 - 22" November 2021




If you can't
explain it
simply, you
don't
understand it

well enough.

to a future of interpretability...

O

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 bbh

Shapley values open a lot of possibilities for its application
In Physics

Summary

Ayan Paul — Terascale 2021 - 22" November 2021
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the interpreters

Christophe
Grojean

Th. Group Leader @ DESY, Hamburg
Professor @ Humboldt Universitat
zu Berlin

Fellow @ DESY, Hamburg &
Humboldt Universitat zu Berlin

Fellow @ DESY, Hamburg &
Shandong University
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Diversity@DESY-Theory

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

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

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

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

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.

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

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

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

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.

Developed With

@ Sidebench

CoVis - the future of disease management

COVIS

covishealth.com

Launched: August 2021
USA, Germany,
Austria & Belgium
10S & Android

Twice MIT COVID-19 hackathon
winning solution implemented by
a multidisciplinary team

User privacy and data security
built into the architecture using
federated computations

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

PP
features
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.


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

Ayan Paul

DESY, Hamburg &

Humboldt Universitat zu Berlin
www.desy.de/~apaul
apaul2@alumni.nd.edu




Back-up Slides

For the particularly curious




To my Mother and Father, who showed me what I could do.

and to Ikaros, who showed me what I could not.

“To know what no one else does, what a pleasure it can be!”

— adopted from the words of

Eugene Wigner.

Ayan Paul -- UiB - 11th November 2021
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