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Flavour physics is getting a lot of attention lately, e.g. b — s£¢ anomalies. 721073
Fermions interact with the Higgs, in the SM via Yukawa interaction, with the 10
Lagrangian: . ) 107 A
- & = yuQ¢M + y Q¢d + yeL¢€ + h.c. . Flavour
The Yukawa matrices, e.g. for the quark sector (y% y%) are the breaking Why so hierarchical 7
flavour symmetry U(3), ® U(3), ® U(3), — U(l)p . Making them the source of In the SM, the Yukawa couplings
Aavour. are essentially free parameters,

only fixed by observations.
We observe a huge hierarchy

There is no current explanation for the hierarchy amongst quark-generations between the generations’ Yukawa
couplings, this is known as the old

predicted by the SM. flavour puzzle.

Also, there are no direct measurements of 1st and 2nd generation quarks coupling
with the Higgs. (Though it is a bit better for leptons )

YR We are Things are getting better, particularly for charm,,
§ famous now | with ATLAS announcing Ist direct constraint



https://inspirehep.net/literature/1815813
https://cds.cern.ch/record/2771724

@ One of the main objectives of the High-Luminosity

(HL)-LHC.
@ There are over 10400 publications on the topic of
: : : : : ] '
e Higgs Pair production provides a direct Higgs ! % of th . he LHC f
probe to measuring Higes self- 1Ovelr }(13() o' of them came up since the rst
interaction, namely aunched !
~ 8hhh
o= 85;1,\;/{ ® The theoretical calculations for HH has been carried
OU.t U.p tO 3 IOOpS (QCD) M.Grazzini et al (2018), here is a complete list
® Current bounds on this interactions ® There is a large experimental effort to optimise the
are dominated q:)y unitarity L. Di Luzio et al (2017). search for HH in the next LHC runs CERN-LPCC-2018-04_

@ It is one of the most sensitive probes
for light Yukawa coupling, particularly

in models with resonant new scalar =l o BR
pl“OdllCtiOIl D. Egana-Ugrinovic et al. (2021). — X G(pp — ) X X Gexp
~ 36 fb
Theoreticians need to understand
the systematic uncertainties as well as 3

work on simulations


https://arxiv.org/abs/1704.02311
https://arxiv.org/abs/2101.04119
https://arxiv.org/abs/1803.02463
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHWGHH/HH_refs.pdf
https://arxiv.org/pdf/1902.00134.pdf

@ There are many proposed processes for probing light quark

Yukawa coupling

nggs —+- jet, and kinematics Brivio, Isidori, Goertz (2015),Soreq, Xing Zhu, Zupan (2016) ,Bishara et al (2018)

Rare Higgs decays (decay to mesons) Bodwin et al (2013), Kagan ct al (2014) and Konig, Neubert. (2015) D

\ .\(% . _oof Butlam
." a cjet!
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Tri-boson production Falkowski et al. (2020) %:‘

HW production charge asymmetry yu 2017)

nggs —+ phOtOﬂ Aguilar-Saavedra, Cano, No. (2020).

b-mistagging from (VH, VBF) Perez, et al. (2015 and 2016) Kim & Park (2015)

nggs pair - O 1more- prOdUCtion M Bauer, M Carena, A Carmona(2018) LA, Corral Lopez, Grober. (2019) Egana-
Ugrinovic, Hollimer, Meade.(2021)

The use of machine-learning for the analysis of HH has been

proposed.
It iIlVOlVGd the use Of (D)NN and BDT . ATL-PHYS-PUB-2018-053 , Han Kim et al. (2019),

Tannenwald et al (2020) and others..
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https://arxiv.org/abs/1507.02916
https://arxiv.org/abs/1606.09621
https://inspirehep.net/literature/1473187
https://inspirehep.net/literature/1239842
https://inspirehep.net/literature/1299566
https://inspirehep.net/literature/1370449
https://inspirehep.net/literature/1598392
https://inspirehep.net/literature/1813803
https://arxiv.org/abs/2011.09551
https://arxiv.org/pdf/1904.08549.pdf
https://arxiv.org/abs/2009.06754
https://arxiv.org/pdf/1902.00134.pdf

Interpretable machine
learning



What is ,Interpretable” ML ? ....c.umm

Interpretable models —— ~—— Attribution of variable importance

) Interpretable

Machine Learning

Interpretable variables




Cooperative games and Shapley values ......um

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

Marginalise the values

L. S. Shapley, Notes on the n-Person Game-II: The Value of an n-Person Game (1951).



L.A, R.Grober, C.Grojean, A.Paul & Z.Qian

(preliminary)
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e For Higgs pair production, we have
chosen the final state
pp = hh — bbyy (6 - BR = 0.975 fb)
Then we have the following (main)
backgrounds:

X pp — bbyy , 6- BR = 18.9 fb
X pp — tth - bbW*W™yy 6- BR = 1.39 fb

X pp — bbh — bbyy 6 - BR = 1.37 fb

® We have selected the following list of
observables similar to c. crojean et al (2020):

b
pTlp 9p 9p 7719].1, ﬂbjzv 7];/19 }7;/;/

by bb _
Mpjer Nier AR in’ , AP s My, My, My, 5, Mg, Hy


https://inspirehep.net/literature/1833995

Variables “cooperate” to bring the outcome

L.A, R.Grober, C.Grojean,

pp- 0.04 A.Paul & Z.Qian (preliminary)
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pp- 017 0.88
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My~

Th b~

Outcome can be a measurable quantity or a .
probability of being of a certain kind Py
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This covers both regression and
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e We have generated separate MC for the Higgs pair signal components:

3007 *
/4:2/5
2500 ... ,/100 //‘
L —#y/100 4
200+ 4
® Moreover, with enhanced Yukawa the quark-antiquark annihilation - . o - (/‘)
. . . . = | L.A, R. Corral Lopez & R.Gréber JHEP 11-{2019) 088
becomes dominant, while the gluon-fusion is pretty much unaffected © | e
100t et
“*We adopt this notation e ‘_“,.‘.::;:: ,,,,,
o o Shad , 0 groasio) o7 e
- g}%\g . R ~ K2 ()f:5_3:-_'-:-;:-;:-_‘;-/_-::::::'—"—"—'::’/’
Though, we work in q; . h q | | o
SMEFT, so we also have B 2 1 6 8 . 10 12 11
31—«
8hhqg, = — EquhSq%’

// 2 DOOV——r--- |2 B0 —— ——— OO
— A | | + 2%( A Y ‘>__<:
QQQ—=—"--- QQOI=—---- @00

pp — hh(qGA) /s = 14TeV
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and fast detector effects






HL-LHC @ /s = 14 TeV, £ = 6ab ™

HL-LHC @ /s = 14 TeV, £ = 6ab ™!
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@ From the BDT output it is possible to
construct the test-statistic c.cowan et al (2010)
q,=—2In(A() u > j
L(u, (9))
L(4, )
@ We could also write the test-statistic in
terms of the SMEFT Wilson-coeflicients

Alp) =

HTH

AL, (C%C_Q?’Lﬁu% + cngiLHd% + h.c.) :

Cqn _ V2mg

A2 US (1 - K’Q)
Ciy 1= ;ZH

LIMEFT = CH’D(HTH) (HTH)—I—CHD‘(HTDMH)F—I—CH(HTH)S

e We have not included systematics here, i.e.
(stats. only)

e The fit was also done via a Bayesian method,
and both results agreed.
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Bounds Extraction (HL-LHC)

C.y= [—0.086,0.091]

HL-LHC
Best Fit Point:
Cug=1.0
Cyg=1.0

Cy= [—2.418,0.765)

4 A, RGrober C.Grojeal

n, A.

Paul & Z.Qian

~

Cyr= [—0.170, 0.170]

BN W0 (W (WD (D
0P o8 oM 9

HL-LHC
Best Fit Point:

CdHZ 1.0
Cy=1.0

Cy= [—2.729,0.787]

.Rau

1 & 7Z.Qian

Can

Cor= [—0.074, 0.080]

HL-LHC
Best Fit Point:
Cug=0
Cyg=10

Cpr=0 The bounds are @ 68% CL

Cyp=[—0.151,0.151]

Cy=

(—2.727,0.507]

(prehmmary)

4 4 LA, R Grober C GI‘Q}@&H A.Paul &: Qi

(7uf{

—030—-0.15 0.00 0.15 030 —0.6 —0.3 00 03 06

Can

14



Bounds Extraction outlook
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*In our analysis, we were able to achieve

competitive sensitivity to the results coming

from ATLAS and CMS. ATLAS & CMS
average for bbyy

rescaled for & = 6ab™!
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It was possible to distinguish the signal for k;,x, & k, in our ML-based analysis.

The expected bounds on up Yukawa coupling modifications from this analysis are the
bounds from a

The expected bound on k; from HH has been improved, with plenty of room for improvement.

When considering HH process, it is important not to ignore the correlation between k; and light Yukawa
coupling modification. Moreover, both are weakly constrained.

Models with aligned flavour violation (AFV) allow for large modifications to light Yukawa without having
large FCNC, c.f. Bar-Shalom € Soni 187 .
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Thank you'!






Disentangeling k, & k
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0 Explainable models are not fully interpretable — proliferation of parameters can be a problem
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 models —— —— Attribution of variable importance

Interpretable
Machine Learning

Interpretable variables

_. Rudin, Stop explaining black box machine learning models for high stakes decisions and use
nterpretable models instead. Nature Machine Intelligence 1, 206—215 (2019)

21


https://www.nature.com/articles/s42256-019-0048-x
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e Recall that the CKM matrix V = %L{‘Zl; is the only matrix in the SM that transformed non-

trivia.

ly under U(l)ls,e, leaving only one phase that correspond to CPV.

e We add new flavour spurions k , k, that transform like the SM Yukawa matrices y*, y¢.

e Aligned flavour violation only requires that the new spurions to transtorm trivially under U(l)g,
thus aligning FCNC with the CKM matrix

(Vis

the only flavour spurion that breaks U(l)g ).

e Now we can write k,, k; -in the mass basis- as

k,= %y (K + K V¥KSVIKY + O(Vh) %
P d | pdyT gpdys gd NNoYai

(k)" = U, (K§ + KIVIKSVEKY + 6(V)) U

K are called Alignment expansion coefficients.

The construction of k, k; is by construction ,invariant*
under the bi-unitary transformations by U(l)?e7 just like y,, y,

N

The bar notation correspond to a different matrix

25



AFYV allows for flavourful new physics (including EFT’s), while satisfying the flavour constraints.
The simplest case is to just take the zeroth-order term in the FA expansion
(le [yq, kq] — O ) Nar €6 Seiberg 93’; Leurer, Nir, Seiberg 94’ and Peuelas € Pich 17°.

All linear combinations, and tensor products of the flavour aligned NP spurions are also flavour
aligned.

All radiative corrections only caused RGE running of the Alignment expansion coeflicients
elements, hence AFV is radiatively stable !

X There is typically no obvious symmetry that ,predicts“ AFV, hence it requires significant fine-

tuning . Nir € Seiberg 93’; Leurer, Nir, Seiberg 94’; Branco, Grimus, and L. Lavoura 96’ ;and Antaramian, Hall€d Rasin 92’
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R/ x 0 0
%* Yi,Yu, Aop € ( 0 x 0 )

Bar-Shalom € Somi 18’ 0 0 X

A A X 0 X

e The Yukawa-like interaction AQU, Auq € 8 S 8

oo and mixing between the SM

Penuelas € Pich 17’ quarks and the VLQ - x 0 0
. AOd> AOu> A\Dg € 0 x O
(Doublet @ and singlets e =

U,D) are given by - L0 0
fam, fulg € ( 0 x 0 )

0 0 0

e Consider ¢, scalar doublets, were only ¢, acquires a —Z = /IQU@qu Ugr + /IQD@LQbDR +h.c.
vev. The most general Yukawa takes the form ~F =y, 0, §5%R + I, 0,0D, + don B, qguR + Ao G dde+h.c.

—3 — Z QL [Fa¢adR + AaiauR] + h .C.

e Flavour alignment is achieved

e [F'lavour alignment manifests in the conditions by constructing the mixing l
e e and VL(Q Yukawa interaction !
La=e el Ag=eeA, matrices to satisfy certain 7 | N
ci=1¢,,€C discrete symmetries. Z,
e Consistent with flavour bounds, but it is hard to get | | / \
large Yukawa enhancement. ® Requires fine-tuning, but not
worse than the flavour one
already existing in the SM. o few TeV VLQ (1-3 TeV),

generates significant
enhancement to light Yukawa.
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e SFV provides a UV completion for a subset of AFV models which requires ( almost) no fine-
tuning.

@ SI'V is realised if Ayp FCNC are introduced only via wave function renormalisation of RH
quarks.

® The only interactions breaking U 3(l)f ® CP symmetry are CKM, and wave function
renormalisation. (They are the only spurions breaking flavour and CP)

L O iZ%ue"D,u; +id " D,d; +iQ!7"D,Q; -

17 1 uj
—  [yih QiHuy — yi;QiHd; +h.c.] + Lpsm \
® The UV completion would compose of new scalars §;, and VLQ’s Uy, N >
_ L7 Ua
L D MapUsUp +&S5;au;Ua ey
— — o~ y, aj
— [y,}; QZHHJ — y%Qszj -+ hC} -+ LBSM o’



Almost a natural schema for AFV .
Not stable under RGE, however, FCNC are still suppressed.

Provides FCNC suppression beyond CKM, which allows for more relaxed flavour bounds.

X Either up-type or down-type can have non-universal flavour alignment but not both

Not ,.so™ natural ..

This UV completion is not free
from some tuning, like the
inclusion of a discrete Z,
symmetry to forbid the VLQ from
coupling to the SM d.o.f
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e This table contains a summery for the schema

t.

nat flavourful models might have. Mainly

t.
d

neories with one or more extra Higgs
oublets.

Schema \ Yukawa structure

Up-type

Down-type

General flavour
conserving (AFV)

Natural flavour
conserving

Down-type SFV

Polynomial of SM
Yukawa

Non-universally
aligned

Complex
proportional

Non-universally
aligned

Polynomial of SM
Yukawa

Non-universally
aligned

Complex
promotiona

Non-universally
aligned

Real proportional

Table is taken from Egana-Ugrimovic, Homiller € Meade 19’
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e Higes pair production offers one of most sensitive probes for flavourful models, we take here

2HDM as an example .

Triviality bounds

This plot is not complete, since
2HDM contain the term

/16H1Jf HZHIT H, it modifies the Higgs
trilinear self-interaction. The
running of this coupling after
resumption will contain a Landau
pole somewhere in this plot

Resonant hh production
(Egana-Ugrinovic, Homiller &
Meade 217)

a la Egana-Ugrinovic, Homiller & Meade 21’

_—

Our current work

/

H — jj bounds

29



