


Talk overview

Highlights of recent machine learning developments for CMS Higgs physics

» Jet tagging

Status of algorithms for heavy flavor and boosted jet tagging

A few online and oftline applications in CMS

Comprehensive use case: jet tagging in the search for ttH(cc)

» Towards simulation based inference for EFT analyses

VH(bb) SMEFT interpretation

» Not an exhaustive list!
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Jet tagging



Jet tagging via particle clouds (H. Qu and L. Gouskos, 2020)

J et tag g i n g i n C M S Particle Transformer for jet tagging (H. Qu, C. Li and S. Qian, 2022)

e )

P-MHA
Major improvements in jet tagging performance leveraging new C )
developments in Al community: (SOﬁTWax) '

U >
ParticleNet: A Dynamic Graph Convolutional Neural Network (DGCNN). @%

» Treat jets as unordered sets of particles ("particle clouds”) )

for jet tagging (see backup) cf ]
(Ln;:ar) (Ln;ear) (Ln;:ar)

ParticleTransformer:

*
“'
J

X

» Introduces particle interaction biases in multi-head attention, -
improving sensitivity to jet substructure (see backup) (b) Particle Attention Block

» New tagger developments shifting in this direction

AK4 and AKS jet identification techniques have evolved in parallel AK4 R=0.4 AKS8 R=0.8

following shared trend of moving towards a more unified strategy:

» Multi-task: jet identification, mass or p; regression, jet
resolution regression

» Multi-class: e.g. 7, and s-quark AK4 ID
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Particle Net

Developed at the end of Run 2, two independent trainings
for AK4 and AKS8 jet tagging.

A few extensions in terms of capabilities since then:

X

X.
Ji3

O

Ji4
O

X

Ji5

T

Jet tagging via particle clouds (H. Qu and L. Gouskos, 2020)

X,
‘Ji.?

EdgeCony

x©@

Ji4

1 Vs=136TeV

» Simultaneously provide an estimate of the truth-level g E cmé R R A L N B B 7 -
jet pr(mass) for AK4 (AK8) jets and an estimate of the ~ § [ simuation pretiminary -

. . ] — : s : |

et resolutlon ..g . —— DeepCSV online

p . . GC) 10 E_ ek DeepJet saive ......................... ......................................................................... ................................................................ _E

» New jet classes for hadronic tau decays @ [ ——PariceNetonine :
E e pmen DeepJet offline § = o

;_)' [ e ParticleNet offline ," =

: : 2 - : | ool i S W N .

Deployed a_t HI_T fOr AK4 and AK8 b—tagglng S|nce Run 3. §10 2§_ ............................................................................................. ................................... S ;
» Enabled development of new trigger strategy = | 1
targeting HH and HHH signatures  cvs bP-2023/021 N1 Gl o il VR WO SN SN O W

» e.g. increased absolute trigger efticiency for HH(4b) o HLTR 3 > rf R .
: i \un o rerrormance |

from 52% to 68(82)% in 2022 (2023) L R I D B
10—4 i l’ L 1 1 |  LRLET R ol | I L1 1 1 | L 1 1 | | [ 11 1 | L1 11 | L 11| | L 111 | JULLYHy i | I I |

05 05 06 065 07 075 08 08 09 095 1

Maria Mazza (FSU)

CMS DP-2023/021

Higgs Hunting 2025 - New analysis methods in CMS

b jet identification efficiency


https://cds.cern.ch/record/2857440/files/DP2023_021.pdf
https://cds.cern.ch/record/2868787/files/DP2023_050.pdf

Unified Particle Transformer (UParT) e
AK4 Jet heavy flavor tagging

5% CMS Simulation Preliminary 1:13.6iTe'V- -
o . . . . - 805— tt events, pr > 20 GeV, |n| < 2.4, €,=70% :
A moditfied ParticleTranstformer, with the inclusion of S.50F mm cjet rejection YRR,
: .o : = 70k udsg jet rejection 1
Adversarial Training to enhance robustness against MC 870 AL
mismOdeling. 60| Run 2 Run 3 _:4000
» Perform a distortion of the input features, allowing the 50} Evolution of light and c jets rejection

. | x4.9
| . . .  for a fixed b-tagging efficiency of 70° -J3000
model to learn to classity the jet flavor in a region around 40f "' xed b-tagging e Ha A 0%
the jet input features 30} g2 12000
o o . 20— x1.7 x3.5 E -
Additional outputs and augmented loss function: of o . § 11000
: x1.0 E
> 7y + first time identification of jets originating from s-quarks O—EepCSV i PR S
in CMS.
» Regression tasks for flavor-aware jet energy regression and UParT shows state-of-the-art heavy
resolution estimation flavor jet tagging performance

Classification Regression Quantile regression
(resolution estimation)

L = CatENtTOPy(fE, xtruth) T Yregr * log(COSh(y - ytruth)) -+ Yquantile * [pO.IG(Z — Ztruth) + p0.84(z — Ztruth)]
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https://cds.cern.ch/record/2904702
https://cds.cern.ch/record/2904702

GGlobal Particle Transformer
Boosted AKS jet tagging

Final state/
Process AISIAe heavy flavour | # of classes
prongness

H-VV qqqq
(full-hadronic)

evqq
Hvaq
Tevqq
Tuvqq
Thvaq

H-WW
(semi-leptonic)

H—qq
TeTh
H—-tT TuTh
ThTh
t—bW bqq
(hadronic) bq
bev
buv
t—bW
. btev
(leptonic)
prV
bthv
QCD
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Oc/1c/2c

Oc/1c

bb
cc

SS

qq (q=u/d)

1b + Oc/1c

1b

b

bb

c

cc
others (light)

T N T S e e e S N U .S T - [ S U S G W U S L TR o TR G TR\ TR . TR ¢ )

Trained to classity between QCD background and various

H g H,%xi'g all-hadronic and semileptonic Higgs and top quark decays
: :
, - Z > Inputs: AK8 jets with up to 128 Particle Flow
_““”V««f:f “““(%iz candidates and / secondary vertices
) q » 37 classification scores
- » Mass decorrelation: training with Higgs- and top
H (?<'_')_,, f quark-like resonances with flat mass spectrum
h between [15, 250] GeV
g, -
—%Z —A&b
S g @), . Enabled boosted searches for HH — bbWW — bb4dg (CMS
] e PAS HIG-23-012) and H - WW* (CMS PAS HIG-24-008)

g q (blc) g (blc)
ro‘o‘&?dtr<: i —
q g g - 8 g
—4@ LI
q 8
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Jet tagging in the search for ttH(cc)



Search for ttH(cc)

Overview

Search for H — cc via associated production of a Higgs boson
with a tf pair, plus simultaneous measurement of ttH(bb).

Two key challenges:

1. H — c¢vs. H — bb discrimination
» Requires ability to distinguish between jets initiated by b
or c quarks

2. ttH signal vs. tf+jets background discrimination

» Jet multiplicity makes jet-parton assignment task difficult

New ML algorithms allow to address these challenges:

» ParticleNet for jet flavor identification

» Bypass reconstruction of parent parton with Particle
Transformer for signal vs. background event classification

PAS-HIG-24-018 (2025)

t

C
H
K
¢

t

Decay mode of
the top quarks
define three

categories: t

0, 1, and 2 lepton
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SearCh f()r tlTH(CE) PAS-HIG-24-018 (2025)

CMS Simulation Preliminary 13 TeV

n " " n " 10 - - . | T
ParticleNet for jet flavor identification 2 o) ovents B4 30% 0.1% 0.01%
m b)
Q. pt > 25 GeV, |n| < 2.4
. o . % | — Db jets & efficiencies (%) B3 10% 0.2% 0.02%
Two discriminants are constructed from the ParticleNet 8 gl — clets & efficiencies (%)
OUtpUt: , B Py + Puy+ Do+ Do g i udsg jets & efficiencies (%) B2 9.2% 0.7% 0.1%
B+C — —~ <
Py + Pop + Pe + Pec + Puas + D -~ S
Q € | B1 10% 2.2% 0.2% l
D = Pyt Do 2 & %9, co |cf
BvsC — > (A qo o o
Db+ Doy + Pe + Pec = Dot A et
, , — 71% |19% |8.2% e
Pgvsc @and pp. - are used to define 11 mutually exclusive - 0.4} 20 10%-6.9% 0.5% l
. . 5 _ _
tagging categories. v
O - |
_ CMS Simulation Preliminary 13 TeV 1 0.2l C2 5.6% 13% 0.6% I
§ : ttH(H—c¢) events, pt > 25 GeV, |n| < 2.4 2.0 i L I
p 104;‘ udsg jets ParticleNet E l
2 i c jets [ DeepJet xe1 i e y
;87 | W Djets o : : : ~ C3 1.7% 12% 0.4% g
2 105l < | ~x2 background rejection ool | | [CHO5% e 0% )
5 asl 1] - N | 8.0 0.2 0.4 0.6 0.8 1.0
_ er 0P s s | Improvement over early ParticleNet score pg.c
10% 1 Run 2 DeepJet at the same _
ol N signal jet efficiency. Higher p(b and c)vs. p(u, d, s, and g)
1 00 LO Co C1 C2 C3 C4 B1 B2 B3 B4
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Search for ttH(cc) = 7

ParT for event classification

A multi-class event classifier based on ParT is developed to
separate signal vs. background events directly from final state
objects, avoiding explicit reconstruction of partons.

» Kinematics and tagging information with pairwise tfeatures
for all object pairs

im\ilation Preliminary 138 fb=! (13 TeV)
L A A B A

Fraction of events
S
(@]

—
<

— ttX — tt+21c
— tl+light — tt+21b
rejected 1

|

020 025 030

Dﬁ+|ight

CMS Simulation Preliminary ~ 138 fo=! (13 TeV)
— T T T T

(7))
Output classes S o 1L ftb  — tiZ@Zocd)  — tHH-oCO)
. . e S T I LN = SN e > | — fte21c —— {iz(z—bb tH(H—bb) -
» Signal like: tTH(cc), tTH(bB), t1Z(cc), tiZ(bb) 2 oo He(2=0) )
» tt+jets: tt+light, tt + b, tt + > 2b, tt + ¢, tt + > 2c S
» QCD (OLep only) 9
T
Cuts on the output scores allows to reject background and
select regions of higher signal purity.
10_2_—
Dyzx = Digicey + Dizrwwy T Piizice) T Diazww) o
0.0
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Search for tlTH(CE) PAS-HIG-24-018 (2025)

ParT output as fit discriminant Category __Discriminant 2L :

H—cc SR DitnH-ct) S |5 e |G| 6|5 |6 |G-
Binned profile likelihood fit of the ParT event classifier H—bb SR Dypypyup) SI81215121%1% 515
discriminant. Z=cTSR  Diz(zcr) S A A Bl =

Z—bb SR Diiz(z—bb)
tt-+light CR Dyt 11ighe/ Dt ets
tt+c CR Ditvc/ Dt tiets
tt+>2c CR  Digy>oc/ Ditpiets
tt+b CR D/ Dt yjets
tt+>2b CR Dy / Dit tiets

» Signal strengths for tZ(c¢) and t#Z(bb) production are
measured to validate analysis strategy and agree with SM.

| | lllIlII

» 27/ tinal regions (plot shows 2-lepton channel)

\
]
| | lllllll

First limit on ttH(cc) production

—— | 1 11111

CMS Preliminary 138 fb~! (13 TeV)
t Data @ ttH(H—cc) WM tiZ(Z—ct) [ ttH(H—other) MM tt+>2b [ tt+>2c [ ti+light Post-fit:
77 Totalunc. mm fH(H-bb) WM iZ(Z-bb) [ tZ(Z-othery MM ti+b [ ti+c  HEE Other 1

—_
(=]
)

o« o< 4 [- =
c|O|e @ §|o @
ollg | 8|8
! T T T

Number of events

Most stringent individual limit on k.

Obs. (Exp.) k. < 3 (3.5) atk, = 1 —— H
Highest individual sensitivity to ttH(bb) EY. SR & | em

. 5 1 | T “V“; a"‘;' ‘f’, w7
production WWWMMW% “WWWWWWWW AT

Illlll

| y : :
, 4 : .
e 1 : :
Ev tclassfe dscm nants l . 4

Discriminant
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VH(bb) SMEFT interpretation



JHEP 03 (2025) 114

VH(bb) SMEFT interpretation

Overview

Measurement to probe dimension-six SMEFT operator coefficients
contributing to H — bb production in association with a vector
bosonV (V=W, 7).

zz ( |4

» Six Wilson coefficients probed by the analysis: ng), ng)l CHw CHdr 82

~

ng (see backu p) See Suman’s talk for EFT discussion

» Targeting leptonic decays of Vbosons: Z — vv, W — v, Z — [l

» Resolved and boosted categories according to reconstruction
mode of the Higgs

First time the complete event information (including angular
observables) is exploited to build optimal discriminant.

» Train a ML model to regress the likelihood ratio from simulation ' — ST T —

. . . ane of VL. | @® In V rest frame
» Handle many observables without loss of information = PlmeetV R B

Towards the ultimate differential SMEFT
analysis (S. Banerjee et al., 2020)
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https://link.springer.com/article/10.1007/JHEP09(2020)170

JHEP 03 (2025) 114

VH(bb) SMEFT interpretation

Simulation based inference

x: set of all observables after shower, detector,
and reconstruction

z: parton level four-momenta

0: theory parameters (e.g. Wilson coefficients)

he likelihood ratio gy is the optimal test statistic
to discriminate between two EFT hypothesis 6,
and 8 (Neyman-Pearson).

Dependence of the observables on the theory Intractable
parameters factorizes into: l

» Parton-level process (contains the full p(x|6) = sz p(x, z|60) n(z| 0)

dependence on the EFT coefficients)

» Part describing parton shower, hadronization,

and detector effects o picelo
_ %} p(x, z B
Lig(x|0)] = — ( [dxdz 32" log(1 - g(x]0)) + log(g(x|0)) )

By minimizing the cross-entropy loss w.r.t. g(x|0) to
regress the joint likelihood ratio #(x,z| 0, §,), one l
can recover r(x| 0, §y) from the minimizer g*(x| ).
) _ p(x,z|0) | p(z|0)
r(X,Z‘H,Qo) —

The minimization is performed using Boosted pP(x,z|6)) - p(z|6,)
Information Tree (BIT).
» Node splitting criterion maximizes the Fisher information g*(x|0) =

Known from simulation

1 +r(x|6,6,)

Maria Mazza (FSU) Higgs Hunting 2025 - New analysis methods in CMS 15

Tree boosting for learning EFT parameters (S. Chatterjee et al., 2022)


https://www.sciencedirect.com/science/article/abs/pii/S0010465522001047

— CMS simulation | 138 fb~* (13 TeV)
- - 2 . SR 2-lepton (Resolved) ]
Interpretation R
w | — SMsignal  ____ o g3%
BIT template giot — ol ET e
P JHEP 03 (2025) 114 glop — PEET Chu g
=
= Optimal template in _
The ratio r(x| 60, 6y) will not be the optimal observable for 02t 2-lepton resolved SR __
another hypothesis 6" | ;#_'_,_ =
» To retain optimal separation power, a different BIT training | et
would be required at each point in WC space 10% +; :
» Optimal template r(x| 6%, 6,) found via Bayesian optimization O S e
to maximize the expected sensitivity to the WCs P
10 __I ] ] ] I__
0 5 10 15 20
. . . . . BIT score
Binned BIT template used for signal extraction in the SRs, while ot e
separate CRs are used to constrain backgrounds. CMs Quadratic SMEFT
e Best profiled fit — g < 1 (profiled) g < 4 (profiled)
e Best frozen fit — q < 1 (frozen) ---- g < 4 (frozen)
» Background peaks at low BIT score — separates bkg from signa i q<1 q<4
. . . _ C,(_Ilq) [X5] - ;__ - [-0.068,-0.028]U[0.0085,0.074]  [-0.093,0.095]
» SMEFT eftects peak at high BIT score — correctly identities SMEFT- .
L. Crig | [x51] ___—0—; _ [-0.059,-0.0067] [-0.080,0.020]
SenSItlve events C [x5] _.li— [-0.050,0.036] [-0.091,0.073]
Chg | [X51 —._ - [-0.10,0.10] [-0.15,0.15]
Most comprehensive SMEFT analysis in this channel! T
. . g7% | Ix1] . v S [-0.37,0.35] [-0.60,0.62]
See Suman’s talk for discussion of EFT results S D

Wilson coefficient value
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Conclusion & outlook

PNet and Transtormer based algorithms show state-of-
the-art heavy flavor and boosted jet tagging performance

» Towards a unified tagger strategy: multiple tasks and

comprehensive ¢
» Stay tuned for W

Beyond jet tagging:

assification categories

» Towards simulation based inference

» Adversarial DNN for signal agnostic event
classification (see Benedetta's talk), systematics

aware NN (backup), ABCDNet, ...

Machine learning is now ubiquitous in CMS analyses,
allowing us to perform analyses not possible betore

and directly impacting our physics reach!

Maria Mazza (FSU)

c jet rejection

? Run 3 analyses using these methods!

CMS Simulation Preliminary
‘ ‘ | : T L |

13.6 TeV
—

lllllllllllllllll
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Vpr——7—— T 6000
805 tt events, pr > 20 GeV, |n| < 2.4, €, =70% :
Bl cjet r.ejecti.on. x16 _“5000
70F udsg jet rejection 1
60 2 Run 2 Run 3 _‘4000
50} |
: 13000
401 ]
30} {2000
20 T 3.5 :
i x1.7 X 1000
10 L x1.0 :
L x1.0 -1
: o 7~ (13 TeV)
0 DeepCSV DeepJet PNET UParT ] LR
1 SD (stat) Expected
-~ (Observed (stat @ syst) B +1 SD (syst) m Observed
HiiHH-bb) = 0.9179:35 (1344 syst, +0.14 stat)
4.5
Combined A _4 .
| E=————e 20
-1.7
3.2
" | = —
CMS oL . 1.9 .
e Best profiled fit o o | S | F L
e Best frozen fit 0.5 1.0 1.5 2 4
| M {tH(H - bb) Significance
[x5] I E___‘— [-0.068,-0.028]U[0.0085,0.074] [-0.093,0.095]
[x5] ___—'—_.,?___ [-0.059,-0.0067] [-0.080,0.020]
[x5] __ _'1:_ . [-0.050,0.036] [-0.091,0.073]
[x5] [-0.10,0.10] [-0.15,0.15]
[x1] . [-0.26,0.41] [-0.57,0.61]
[x1] -' [-0.37,0.35] [-0.60,0.62]
0.8 0.4 0 0.4 0.8
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Systematic aware NN training (SANNT) “##e=omes

Proot ot principle study showcases new method for sig. vs. bkg discrimination that

takes into account systematic uncertainties

» Evaluated on measurement of H — 77 produced via ggF and VBF

Compared to CENNT: Standard NN method based on categorical cross entropy
loss (equivalent to negative log-likelihood of multinomial distribution)

» Optimal discriminator when only statistical uncertainties are present

Signal strength is extracted from the output of the NN

» Largest background uncertainty

eTh, 2017

CENNT 415 fb- -1 (13 Tev)

CMS — Slgnal

3 Background

contributions move away from &
signal-enriched region

Improvements of 12% (16%)
in the uncertainty in the

w IIIIIII ] IIIIIIII ]l T T T ] IIIIIIIIIIII
£ 108 R
Total bkg. unc.

signal strengths for ggF (VBF)  o"f 7> & = f

compared to CENNT M
0 0.25 0.50 0.75 1
| 0 | . | 0 | 0 | 0 | 0 | M IAH7
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eth, 201 7

SANNT 415 fb (13 TeV)

SANNT
— Arg = -0.44
—— Arstat= _0.30
CENNT
----- Arg = -0.60
----- Arstt= _0.29

CMS et 2017

+0.47
+0.30

+0.62
+0.29

41 5fb -1 (13 TeV)

68% ClI
68% ClI

IIIIIII ] T T T T l T T T 1 T T T ]1 T T T T T T T T T T 4
Total bkg. unc.

CMS —— Signal

[0 Background

I
I
I
I
I
I
I
I
I
I
I
I
I
[/
[/
[/
[/
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|
]
]
I
I
]
]
|
| | I: |
'E p o l ' o o
5 90 | | | ! .
3 [} .
O | sﬁa I
— —— Signal Total bkg. unc. = 0 \ n BT l ot i | S
=4’_,_,7 Eso— : I | I | I I I: |
| ! ! _
i 8 5 | l
T R L o o e O B : n
0 0.25 0.50 0.75 1 - E -
| | | | | - H .
| | [ |
Ho H1 Ho Hs Ha Hs He H7 0
i) 0 0.5 1 15 2
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https://cds.cern.ch/record/2924714/files/2502.13047.pdf

Dynamic graph CNN for learning on point clouds. (Wang et al., 2019)

BaC kup - PartICIGNet Jet tagging via particle clouds (H. Qu and L. Gouskos, 2020)
ParticleNet is a Dynamic Graph Convolutional Neural Network (DGCNN) used

for jet tagging.

EdgeConv Block

"” "” =16, C = (64, 64, 64)

: : dge 0111 Yi e
» Treat jet as unordered sets of particles i \ / S \ /

(“particle clouds”) / \0 / w‘ [ EdgeConv Block ]
J,4 1,4 8)
= o)

i K = (128, 128, 12

1115

Jis jis

EdgeConv Block

Based on edge convolution (EdgeConv) blocks:
k=16, C = (256, 256, 25

» Construct a graph by representing the points as vertices, and defining

. . . Global A Pooll
the edges as the distance to its k nearest neighbors | Vefge N

» Convolution operation is applied on this local patch Fully Connected
256, ReLU, Dropout = 0.1 )
» The graph is dynamic: built per-layer, adapting to the feature space ) v .

. . . Fully Connected

» Only the first EdgeConv block uses the spatial coordinates to Y OEeE
compute the distances, while the subsequent blocks use the learned . Y N
feature vectors Softmax
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Vs = 13, 13.6 TeV

P t. I N t t th H LT 5 1.6 : CMS Run 3 2023 HH trigger ¢(HH— 4b) = 82%
a r I C e e a e 5 14 :_ Simulation Preliminary - Bl
'6 B HH iy 4b Wlth K)L — 1 — Run 3 2022 HH trigger ¢(HH— 4b) = 68%
[ E 1.2 - — Run 2 ¢(HH— 4b) = 52%
Run 3 HH and HHH triggers T
S 1 0% oo vtoon 5000 00 05 0 3 0 0 40 40 00 353 4, 40 0
o 5
? 0.8 :_ e . . R
— R —_— _— —
0.6 |- -
Trigger Requirement 0.4
0.2 :— —_— Event selection: = 4 jets with p, >30 GeVandn <25
2023 HH trigger HT > 280 GeV, 4 jets with pT > 30 GeV, | L B U VN S S WO DU DG 1
PNet@AK4(mean 2 highest b-tag score) > 0.55 200 900 400 990 8O0 700 B00 00 TO00
Reco (GeV)
2022 HH trigger 4 jets pT > 70, 50, 40, 35 GeV, T I
PNet@AK4(mean 2 highest b-tag score) > 0.65 cz; "I cms
1.4 ~  Simulation Preliminary : Run 3 HH trigger: £¢(HHH » 6b) = 92%
-% - HHH- 6b with k, = 1
E 12 — Run 2: ¢(HHH > 6b) = 81%
LLJ B
T 1 el - S T T
(@) K —_
D o8f _—
= sl o
Similar improvements in HH — 2b2t and HHH — 4b2rt. Al —
0.4 | —
02F —
: - E\I./enlt sel?ctl?r? >6 ]ets W|th p > 5130 GeV elmd |n| < 2 5

0
CMS DP-2023/021 300 400 500 600 700 800 900 1000
| | | | | micis (GeV)
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https://cds.cern.ch/record/2868787/files/DP2023_050.pdf

Particle Transformer for jet tagging (H. Qu, C. Li and S. Qian, 2022)

Backup - Particle Transformer

I. blocks Class token
. AL
A Transformer-based model for jet C I p—— i S | (o] (e ) ~ O
. . . . . . : Particle Particle Particle . — : %
tagging, incorporating pairwise particle Particles ->| 3 —>| Attention [—>| Attention | - - - - - - - | Attention |— p{ Arenton Adenton 1; —> 2
. . gl X Block | X Block X Block | X A
interactions and a class token to enhance = et —5— — r‘ S
classification pertformance. R ] ] I
Interactions —>» L e
= .
i , m (a) Particle Transformer
» Particle inputs: C features for every — . A
particle (N,C) ( p-MHA ).
" " . / C MatMul )
> Intgra|\|ct||\|c>r(1:|nput. C’ features for every A=/ Yo —16)2 + (b0 — b5)2, e s
/ . SoftMax
palr ( ! ! ) kT — mln(pT,a7pT,b)A7 U >
Pairwise Int " g ] z = min(pr,q,Pr,6)/ (PT,0 + PT,b); (Mask )
airwise Interactions: Introduces particle ) ) )
. . . . . p m = (Ea + Eb) T ”pa + pb“ ) @ali)
interaction biases in multi-head )

o o o o _ o o o Q KT h =
attention, Improving sensitivity to jet (o) (Do) (T ==
substructure. — x5 | )
Class Token: Used as the query in dedicated Class X e
Attention layers, attending to concatenated class (b) Particle Attention Block

and particle embeddings (keys/values) to produce

7 o P-MHA(Q, K, V) = SoftMax(QK" //dr, + U
an updated class token optimized for classification. (@ K, V) = SoftMax(QK " //d. + U)V,
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Backup - VH(bD) — wermemi  we v g o e

o4 iH' D Hagy"q,  cy) Opws  HI6G"HW?,B"  cyws
EFT parameters of) Wl Huova ) Oy HOHWLEY e
Onu iHT(BuHﬁR’YMuR CHu Onw (H'H)WEL,W* gy
: : : : : . . O 0D Hdgy*dg ¢ O. ~ HH) W2, W™ ¢ -
Dimension-six operators in the Warsaw basis affecting VH production at LO: - e nw B
Owp  (H'D"H)'H'DH)  cup Ong (H'H)B,,B"  cup
» Current operators @231, @1(53{6)1' Oy, Op,introduce four point interactions (left)  oug HE'H)OEH) e Oy H'H)B,B" 5
and determine increase in production cross section
. . . q
> Oyp, Ogwp: together with current operators, describe all relevant V-fermion Wiz W)z
coupling modifications (middle) N{
» Gauge coupling operators Oyy, Onywe Ong (and their CP conjugates), Wiz e
together with @, and Oy—, modify the H-V coupling (right)
H q \H
After a rotation of the mass eigenstate basis, the coefficients ¢y, cyp and
cywg Can be expressed as:
, The corresponding degrees of freedom in the WH production are fully
(% . . . . . .
g5 = —2°3 (SzzucHB + cocaw + chwCHWB) , constrained in this change of basis, i.e. constraints g2WW and gr/W can be
- . 1. obtained from the ones on gZZZ and gfz.
9o = _ZP <chw(cHW — cgB) + §(Sw - Cw)CHWB) ; 7
) The anomalous couplings g,” and g;” are not expected to be constrained by
Y __ 2 2 . . .
92 =25 (CwCHB + SwCaw — chwCHWB) » WH and ZH production, and are therefore not considered for the analysis.

The coefficients Oy, and Oy are also dropped due to their small effect.
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1 do(0)

Backup - VH(bb) 10 =G

px|0) = szp(x | 2)p(z|0)

EFT weights
The cross section has at most a quadratic dependence on the Wilson coefticients (WCs):
(9 n 9 n 92 n n ‘916]
do ~ | Mgy Z Az/%m‘ ~ ‘%SMl ZFZRQ(/% %61) Z Ad ‘%61‘ Z Z A4 %6,1'%6,]’
i=1 i=1 jj>i

i=1
Given enough basis points, one can solve the system of equations to obtain the quadratic dependence of
the differential cross section on the couplings at each point in the phase space.

» Each simulated event is augmented with a weight polynomial function w.(0): J p(z|0)dz ~ l Z w()
N l
Az

» Augmented data set = {w/(0),x,, z,}x,

Because x and z are jointly available, the joint likelihood p(x, z| 0) is known from simulation.

Assuming no BSM eftfects in the strong interactions driving the parton showering, the factorization of

polynomial dependency is valid also

p(x|60) = @) + ). pf<x> - ) p‘f() ) pm<x>—

1<i<M 1<i<M 1<i<j<M
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Backup - VH(bb)

Training

Making use of the polynomial dependency in O of the likelihood ratio

o(O)p(x|0) |
R(x |0, 6,) R (x]6,0) =1+ 1SZSM< DR(x) + K%;SM (0, = 00)(6) = O, ()
. 0,0(c()p(x|0)) |
| 6(6p)p(x| 6p) o(O)p(x| )

Minimizing the loss using R(x, z) as the target function, will yield a minimizing function equal to R(x).

ﬁ - ai(d(‘g)p(xa < ‘ 9)) ‘9,90 k B
%2) = o(Oy)p(x, z| ) 52 =

0.9,0(O)p(x,210) |,
c(0y)p(x, 2| )

EFach component in this expansion corresponds to a BDT training with target function given by ﬁi(x, 7) or IAQi,j(x, 2).

Given N Wilson coefficients, a total number of N trainings is performed to regress each component.

1
Np=2N+—N®N-1)
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