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Standard Model of Particle Physics
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The Higgs Potential & Selt-Coupling

Brout-Englert-Higgs Mechanism (&
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Core objective: Reconstruct shape of the

potential

. testing the SM

. hints to the BSM (require EFT)
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Probing new physics via .

To parametrize these effects: SMEFT and HEFT

4 MAass

Expanding & ¢y after EWSB Ky=—— =1+ ¢

From EFT point of view, we vary the Wilson coefficients to see A's effect
The k view: we scale the entire vertex

SMEFT cannot shift k,y, without shifting the Ky,

gluon-gluon fusion (ggF) vector boson fusion (VBF)

q q q

vl q q
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Machine Learning

supervised learning

Datao ML Model

Question 1

O
(Z1,91) s ooy (Tns Ym) —— %%%o e

ZI; : input features

Y; :labels

Criteria (Loss)
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Machine Learning

General training procedure - Loss

Binary Cross Entropy Loss Behaviour
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Machine Learning

Optimization and validation

Overfitting

Preventing overfitting:
- decreasing model complexity Classification

- add noise

Right Fit

Underfitting

. early stopping
» dropout...

Preventing underfitting: ’ 1N
. increasing model complexity 1N
 engineer better or more complex features 1M
. train for more epochs : 1M

1

- adjust LR

Class Distributions Round 1

s

Round 2

Round 3
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Machine Learning

Hyperparameters and performance

Hyperparameters Performance metrics

learning rate Confusion matrix

batch size Accuracy

number of epochs ROC and AUC

architectural complexity

Actual

confusion matrix
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Machine Learning

Deep Neural Networks

a: output of a neuron

" wW: weight
Cl=6(zwixi+b) X |ﬂpUt

b: bias

o: activation function

Approximation for any continuous function
Automated feature engineering

Scalability with data

Flexibility of architecture

Considerations in HEP:
. Input pre-processing (scale of the inputs)
- Negative event weights

14



. an alternative to DNNs to solve vanishing gradient problem

- residual connections for stable training and vanishing problem

Machine Learning

Transformers

core innovation: self-attention mechanism

Q(guery), K (key), V(value)

QK"

Attention(Q, K, V) = softmax

Nz

MultiHead(Q, K, V) = Concat(head,, ..., head,)W¢

decoder for generative applications

\Y%

Add & Norm

Qutput
Probabilities

| Linear |

(| Add & Norm

Feed
Forward
Add & Norm

Multi-Head
Attention

Add & Norm

Masked
Multi-Head
Attention

J

J

Output
Embedding

1

Qutputs
(shifted right)

FPositional
Encoding

encoder

decoder

I I E—— .
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Machine Learning

Boosted Decision Trees

X,y

[ree 2
Hyperparameters:

Number of boosting rounds

Tree depth (splits)

f’:ZZT fk (x)

Result




Machnine L.earmin

Private work (CMS simulation) (13.6 TeV
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Binary cross-entropy

Machine Learning

Comparison of models - Loss

DNN Transformer BDT
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Binary cross-entropy

DNN a0
Machine Learning Jansiormer 0

Comparison of models - Loss

DNN Transformer BDT
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Machine Learning

Comparison of models - Interpretability

Private work (CMS simulation) (13.6 TeV)
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DNN 10
Machine Learning Lo e

Comparison of models - Interpretability

Private work (CMS simulation) (13.6 TeV)
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Machine Learning

Comparison of models -

AAUC
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Machine Learning

Comparison of models -
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Machine Learning

Comparison of models - Performance (ROC curves and training time)

DNN Transformer BDT
Private work (CMS simulation) (13.6 TeV) ° Pri:/at? work (,CMIS simulation) | _ (136 TleV) Private work (CMS simulation) (13.6 TeV)
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Model DNN Transformer BDT . .
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AUC 0.965 0.969 0.966 DNN 28 min 16 106 s Yes 24
BDT 45 s 200 0.2s No




Machine Learning

Comparison of models - Performance (ROC curves and training time)
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Data Analysis
HH—-DbbWW
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BR(HH— XXYY)

s BR > 1072
1 102> BR > 10"
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el 103 10% 10* . . . 106
7 1.79 6.63 . . 7.00 2.37
N 10 107t . : Bl 10~
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10 10 10" 1077 -107°

bb WW gg TT ccl ZZI wwl ZVI ,u,ul
H— YY
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b
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Data Analysis
Data, MC samples and trigger

. 62.4 fb~! collected data in 2022 and 2023

- Muon, MuonkEG and EGamma datasets

- Single + di-lepton triggers
. MC samples for major bkgs (¢f, DY+jets, VV, ST, V+jets)
. 4 ggF signal sample with different

. 9 VBF signal sample with different ky,, Ky, K, for coupling scans
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Data Analysis
Object delinitions

Loose Fakeable .
Pr > S5 GeV . d/dd (SIP3p) < 8 « pr> 10 GeV Tlghtd
. ium WP
©Inl <24 .1, < 0.4xpt . - - Nt of 1
Muons 7 1 <0050m 1, <0.4Xp; pNet of nearby jet < medium WP . pNet of nearby jet < medium
XYy ’ + loose POG WP . jet relative ISO* < 08 (none)T (corrected in manuscript)
d,| <0.1cm
Loose Fakeable e conversion rejection .
pr>5GeV - d/o, (SIP3p) < 8 - pr> 10GeV + missing hits =0 Tl?,htht WP with ISO
‘ <25 . 0. I« tight WP no ISO " U9 W
Flectrons | . I, <0.4xpt Oipiy < 0-01170.030 J . pNet of nearby jet < medium

d,,| <0.05cm |, missing hits < 1 . H/E <0.1 . pNet of nearby jet < tight/medium?
d,| <0.1cm . loose POG WP . 1/E—1/p>—0.04 -+ jetrelativeISO < 0.7 (none)’

. electron MVA > (0.3

cleaned against loose muons by AR > 0.3

pr > 200 GeV
pr> 25 GeV . |.;7| <24
. | 7] | < 2.4 ® tlght ID
AKA4 jets |+ tightID . atleast 2 subjets with p;, > 20 GeV, || < 2.4

cleaned against fakeable leptons by - 30 <mgp £ 210 GeV, ,/7; £0.75
AR > 0.4 - cleaned against fakeable leptons by AR > 0.4
AK4 b-jets with medium PNet WP (80%/1%) A8 b-jets with
. particleNetWithMass_HbbvsQCD > 0.92, 26%(22%)/2% ggF(VBF)
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two opposite sign leptons u u™, e"et, eTuT

Data Analysis

J I : m; < 70 GeV 70 <m; <110 GeV m, > 110 GeV
Event selection = ' |
CMS Work nproress ot (125760 DY control regior
8 ouse | wmieds  wmn 1
£ 10} = Drelvan(h e e I m;; > 500 GeV
W e rell-Yan ~+ HHS ' - bbWWx2.3e5 3 : 7
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106 Wb 72 MC stat. unc. - l
- WV QX MC syst. unc. ] _ O
i ttV ¢+ Data ] p—
105 '
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103;_ I > 1 0
102;— . ek - I 1 — l l
(e ] ;) GGF boosted number of b-tagged AK4 jets
S I -
S 1.2 -
S 1ok ‘ \
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CMS AN-24-091 Mye GGF resolved 1b GGF resolved 2b



https://cmsfence.cern.ch/alcm/cmsanalysis/details/ancode=HIG-25-018

Data Analysis
Data/MC match & BDT inputs

62.41 b (13.6 TeV) . #Data BOY '+ VV i STt B Others
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Data Analysis

Corrections to the data and the simulation

e VAriouy

detector modelir

Scalefactors
. despite the high precision in generators/

S SOUICES

g, MC can still not excel

. typically derived by comparing the
oerformance of physics objects

SE =

- Cdata

€Evc

. data taking

» EE INn 2022, BPix
» separate MC cao

ISSUES

. et veto maps

. pileup rewei
. trigger effici

ghting
ency

N 2023
Mpaings

. noise filters to reject anomalous events

. top quark prreweighting
- btagging SFs and renormalizatior
- SF for AK8 b-tagged jet pair taggi

of weights
Ng

. |epton corrections for ID/ISO/resolution

./ prreweighting

- JEC/JER
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Data Analysis

Uncertainties
Experimental Theory
« Luminosity . |Inclusive cross sections, PDF
- Pileup . Matrix-element scale variations
- [rigger . Unconstrained normalizations

+ Lepton ID/ISO . PDF-induced shape variations

. Top quark preweighting . Parton shower scales (ISR/FSR)
- JES/JER - MC statistics
. D-jet tagging

- JEC/JER

. flavor purity | .

. statistical and c-quark jet uncertainties NPs in the fit

. correlations
- pboosted bb-jet tagging




Entries

Data/ MC

Private work (CMS data/simulation)

Data Analysis

SINNING strategy

for signal, from right to left

. atleast 10 MC eve
« Max 20-30% unce
.« coarser
single bin

62.41 fb" (13.6 TeV)
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Private work (CMS simulation)
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ggF/HH Binary Score Distribution
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Results

Upper limits

2022
Expected: 64

Observed: 76

2023
Expected: 76

Observed: 49

Combined
Expected: 47

Observed: 35

Private work (CMS data/simulation)

62.4 fb™' (13.6 TeV)

—e— QObserved  ----- Median expected
B 68% expected

----- 95% expected

0

20 40 o660 80 100 120 140 160 180 200 220 240
95% CL limiton o(pp — HH) / o

Theory

ggF 1b

Expected: 299
Observed: 305

ggF 2b

Expected: 80
Observed: 62

ggF Boosted

Expected: 68
Observed: 83

Combined
Expected: 47

Observed: 38

62.4 b (13.6 TeV)

rivate
|

ork (CMS data/simulation)
| | |

—e— QObserved  ----- Median expected
B 68% expected

----- 95% expected

0

100 200 300 400 500 600 700 800 900

95% CL limit on o(pp — HH) / O heory
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Resu

(S

Impacts of systematic uncertainties

-6 -3

o(ur/pr +mi) HHggp
o(PDF + ag)HHyyp
Jet energy scale (3)
BR(H — bb)

pr/F scale (Single t/t)
Jet energy scale (2)

Jet energy scale (1)

tt rate (resolved ch.)
Parton shower FSR (tt)
DY rate (ggF)

Parton shower ISR
Pileup

tt rate (boosted ch.)
pr/r scale (DY)

Jet energy scale (4)
QCD scale (ttH)

Trigger SF (2

Parton shower FSR (DY)
o(PDF + as)(ga)

b tagging light flavor (4)

Private work (CMS data/simulation)

62.4 o' (13.6 TeV)

Impact Ar
3 6
| | | | | | | |
" Impact +10
" Impact-1o

—o— Pull

|
SCTTTTTTTTITTITITITITITITITITTI

ol LIl

PUIl (8,0 - Bpre) / 2O

post
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Results

Coupling scan

Private work (CMS data/simulation)

62.4 fb” (13.6 TeV)

— Observed
= Theory prediction
2 SM prediction

95% CL limit on o(pp — HH) (fb)

Median expected
68% expected
95% expected

20

I_15I 1 1| I_1OI 1 1| I_5I IOI 1 1 I5I 1 1 1

-13.3,

19.0] observed, [-20.0, 23.7] expected

3/



Conclusion ana Outlook

Run 3 delivered more than 300 fb~!

Compared to Run 2 analysis (27): T SOMEISSUES

« better reconstruction & calibration
62 4 - better analysis techniques involving ML
-\ T3g X 35 =~ 23.5 HL-LHC 3000 fb~!
. global combination
Run 3 analysis: ;
y ATLAS + CMS 1 S2, 3 ab~! per experiment
Projections ESPPU 2026 I S3, 3 ab~! per experiment

- 12.7 (18.6) observed (expected)

Vs =14 TeV — =+ 50 Threshold

- Two-stage ML architecture

- Multi-category simultaneous fit

Combined Statistical Significance (o)
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Backup ~_

Scalar sector
L sealep = DﬂqﬁTD”qb — V() with ¢ doublet under SU(2)

Re(o)

Im(¢)

V(pTe) = — 12 (¢7¢p) + 4 (¢'0p)

: 2
non-zero VEV v = u?/l = 246 GeV Wt = 1 (Wl + iW2> > <mv2vW,TW_” +%m§2ﬂzﬂ> <1 +ﬁ>

N
Z,\  (cosBy —sin6y W
A, sinfy,  cos Oy B,

1 .
¢<x>=—exp(ial§i<x>)( ! ) S d(x) =

1 0
\/5 v + h(x) ﬁ <v + h(x)>

mW=%=80GeV

2 /
Lscalar = D' D+ u* (¢1¢) = 2 (') my=1/8%+g 25 — 91 GeV

2
— V_z 2YAJL YA7iU 2 i / 3u ﬁ
o WW#*+g¢°B B, —2g'¢B W 1+ o .
y Pyokawa =— Y, Y (LT p) U+ h.c.
1 A vt :
+— (a ha”h) R — qukd = Zpt 22D .
2\ F ) 4 4 . Yy (_ _ ) h
. . mass  trilinear T : [l + [.,] 1 + —
kinetic term term  coupling quartic : L il <
coupling : \/5 Y
+ quarks (CKM) 4

my =\/24v = 125 GeV



BACKUP Vion
Higgs selt-coupling A A \
Pscalar = D, 'D*p — V(') with ¢ doublet under SU(2) 3

V(pTe) = — 12 (¢7¢p) + 4 (¢'0p)

1 - 0 EWSB_ 1 0 |
Px) = ﬁex]? (i0'6; (x)) (v + h(x)> > PO = ﬁ (v + h(X)) Re(¢) jJ

Im(¢)

non-zero VEV v = u?/l = 246 GeV

ZLscalar = DﬂWLDﬂCb + p’ (¢T¢> — A (wab)z

Core objective: Reconstruct shape of the Higgs potentidl

V2

= — (*W:W# + g”B B, — 2g'gB, W 1+ﬁ 2
_8 U g nWw-v gg,u v

\ A v?

Measuring di-Higgs production

1 r
21,2 3 4 :
+§ (auha”h) —AVhT = AvhT - Zh i . test the SM by probing the shape
y . mass | trilinear | —
kinetic t t I t] . :
RN il \COUD'DQJC%TJ%H]%CQ . hints to the BSM (require EFT)

4z

my =1/ 24v = 125 GeV



Backup

Production modes and cross section

do
deH
g - -——-
(:(l} f [) A 4

g "TC000 - - -

(1 . - (1

(b) w,z> =

- ——-H

(1 - - (1

0.¢ |A[| — Ii,\AA|2

o 5 | g "TCO000)
A
t. b} -—-—-

- H g " 00000

(1 > - ([ //H

W.Z
-———
(1 - - ([ \\H

—
(SN ¥ e
—
—
—
—
—
—
—
—
P
—

I | | | I “
HH production at 14 TeV LHC at (N)LO in QCD :
M,=125 GeV, MSTW2008 (N)LO pdf (68%¢l) _

MadGraph5 aMC@NLO
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Bac.

CUP

ggF HH box&triangular diagram interterence

,/' \\\ 14 TeV

o
—

doa/dmpyy [fb/GeV]
o
-

----- - triangle
-0.1t _ -
Interference |
. —— Sum
300 400 500 600 700

Mpy [GeV]

Ficure 1.4 | Differential cross-section of producing a pair of Higgs bosons at the LO
as function of the invariant mass of the Higgs pair. The figure breaks down the total
probability into contributions from different underlying Feynman diagrams involved in
gluon-gluon fusion, including how these contributions interfere with each other. The
final, observable quantity is the sum of all these individual contributions and their
interferences [25].
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Backup A A0(TeV)

Probing new physics via EFTs BSM
resonant
. to parametrize these effects >m0'83
SMEFT HEF T
- Expanded in canonical mass dimensions - Expanded by chiral loops & topology
e /(;62 (¢T¢)3 T - EWSB is non-linear, Higgs is a scalar singlet

- single H / di-Higgs
- Higgs is SU(2) doublet, EWSB is linear

- |arger deviations
- Motivates k; search

* Ky




Backup
OMEFT & H.

[I
L1

o0 (d)
C;
Lsverr = Loy + Z Z Ad—4 O§d)

d>4 1

- Odd values of d cause lepton number

violations forcing us to consider only t

even values (usually only dim-6)

F'l Lagranglan

he

o0 1 L
Lurrr = L10 + Z ( ) CZ(L)OZ(L)
f—=1

1672

HEFT well suited for models with two
-WSB (Higgs vev + higher energies) —
composite-Higgs, etc
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MC signal samples - Parameter points

TABLE 4.1 | The production cross-section of the double Higgs GGF signal samples at
NLO precision.

Sample r, Cross-section [fb]

SM 1 34.13
gglF 2 0 65.30
gglF 3 2.45 12.85
gglF 4 5 83.49

TaBLE4.2 | List of VBF HH signal samples with their corresponding coupling modifiers

used in the analysis.

Sample ky Koy k)  Cross-section [fb]
SM 1.00 1.00 1.00 1.9

VBF2 174 137 14.40 394.6
VBF3 -096 096 -1.43 1.11

VBF4 -0.76 144 -19.30 354.8
VBF5 -160 272 -1.36 11.58
VBF6 -0.01 0.03 10.20 0.01

VBF7 -121 194 -0.94 3.76

VBF8 -1.83 3,57 -3.39 16.63
VBF9 -212 387 -5.96 672.1
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Backup
SM particles

mass
charge

spin

Standard Model of Elementary Particles

three generations of matter

~2.16 MeV/c?
%

v | .
up
=4.7 MeV/c?
.
down

~0.511 MeV/c?
-1

v« | .

electron

<0.8 eV/c?
0]

» Ve

electron
neutrino

(fermions)

=1.273 GeV/c?
%

» G

charm

=93.5 MeV/c?
Y

«

strange

=~105.66 MeV/c?
~1

. (U

muon

<0.17 MeV/c?
o)

. 3l

muon
neutrino

=172.57 GeV/c?
73

A |

top
=4.183 GeV/c?
. o
bottom

=1.77693 GeV/c?
-1

»

tau

<18.2 MeV/c?
o)

w Vg

tau
neutrino

interactions [ force carriers
(bosons)

0 =125.2 GeV/c?
0) 0)
g o H

gluon ) higgs

T
photon )

~91.188 GeV/c?
0
L

Z boson '

80.3692 GeV/c?

+1
W
W boson '
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Backup

Common supervised ML models in H

BDT

DNN

fl(ZO) @ fz’(zi—l) @fi+1(zz’)
/ \ / \
/ \ /
] \ 1
| 1
\ 1
\ 1
\ /
, . ,

\\

—_’

po(2o)

Normalizing flows

\
\
| 1
\ 1
\ )
\ /
\ /

d A Y

/ \
/ \
1 \
| 1
\ 1
\

\ /

\ /

I
Z; ~ pi(zi) Zg ~ PK ZK)

. @:x

X,y
Tree 1 Tree 2 Tree n
fi f
\ yzzz:l fk (x) /
}
Result
Hidden layer Hidden layer
s 2 N s = Y
Input i e 8 Output
M\ /. o s
. o\,//' ReLU g ReLU °.
\ o ® " e \\. * _’@—’ ° .\. * _’ < 4
° ) “ | PR
o » © P
o Y y © \ \.

OQutput
Probabilities
t
Softmax
t
Linear
4
Input Hidden Output Input Hidden Output ((Aode Nom <~ |
Layer Layer Layer Layer Layer Layer Feod
Forward I
4 ) Add & Norm
odd & Norm Multi-Head
. Feed | Attention
orwar N x
g_)_),_)
CNN — —
Nix Add & Norm
Add &.Norm WEERET
Input . . Multi-Head Multi-Head
Convolution Pooling Fully Connected Output Attention Attention
\ L L
\. J \_ —)
Positional Positional
. & (4 .
Encoding 'Y Encoding
Input Qutput
Embedding Embedding
Qutputs 49

Inputs
(shifted right)




Backup

General tralining procedure - continued

Gradient Descent

slow and memory-intensive

Stochastic Gradient Descent

10

ReLU

R(z) =maz(0, 2)

activation functions

10

sigmoid

10

learning rate = length of the arrows
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Backup

Practical considerations in HEP analyses

Class imbalance and weighting Feature engineering Interpretability and validation
Class reweighting Low-level variables Feature importance

Oversampling High-level variables Partial dependence plots
Undersampling SHAP values (SHapley Additive

exPlanations)
Negative event weights



Approximation for any continuous function

_3) aC:_<up DNNSs in HEP

(Deep) Neural Networks Automated feature engineering
Scalability with data
Hidden lager  Output Layer Flexibility of architecture

Wl

3 /[ e Considerations:
out e

‘ . Input pre-processing (scale of the inputs)
/ - Negative event weights
back

ropagation . .
PrOPHS . Computational resources (architecture)

- Hyperparameter optimization
a: output of a neuron

, wW: weight Currentresearch:
a=o ( Z WiX; b) %: input - Generative models for fast simulation
i=1 . Real-time inference on FPGASs

b: bias

- Anomaly detection 52

o: activation function



BaCKuUp
DNN implementation for boWWwW

. Fully connected network with 3 hidden layers (32, » binary cross-entropy

16, 8 neurons)
- Adam optimizer

- RelU activation | |
. batch size of 1048, early stopping of 5 epochs on the

| | | o validation loss, heuristic hyper-parameter search, 5 fold
. output layer with a sigmoid activation oV

- event weights are used from cutflow study + . Platt scaling

weight balance between signal & bkg is assuread
- sigmoid squashes any number into O-to-1 range but it

. negative weight events are removed, around 0.5% doesn’t mean it's truly probability

of total events | - |
. Platt scaling uses a validation dataset to train ana

adjust the sigmoid output to match the actual odds.
53



Backup

Transtormer implementation tor bobWW

- Binary classification
- Transformer encoder-only model

The model receives a sequence of 8 embeda

representing the event: 2 leptons, 4 AK4 jets,
AKS8 jet, and the MET

. Embeddings include (P, Py P, E) and object-

specific parameters

INgS

« 4 gttention heads

- each embedding is a MLP
- 6 encoder layers stacked

. positional encoding is not usea
- mean of the encoder output is used (b,s,d)

. k-Told CV is not used due to computational

expense

- Platt scaling
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Backup

Transformers in HE

Advantages Considerations

. global correlations . computationally expensive, to mitigate

. variable-length input . sparse/hierarchical/linear attention

. scalability . input pruning (reduce the sequence
length)

. choice of embedding also affect comp.
time
- dense/lLorentz-invariant/learnable

55



Backup
SD s 1in HE

« XGBoost (Extreme Gradient Boosting) - L1/L2

. LightGBM (Light Gradient Boosting Machine)
- asymmetrical trees

Advantages
. Performance on tabular dato
. Training speed and efficiency

« Robustness to small datasets

Considerations

- Feature engineering dependency

- Correlated variables (selecting one)

. Discrete nature and gradient descent

Current trend

« Differentiable Decision

[€CS

. Fast inference on FPGASs for trigger

- Gradient boosting for reweighting

56
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_%

Kup
)T tor bbWW

« 200 boosting rounds with a maximum depth of 3

. learning rate 0.1, decaying by a factor of 0.99 every round

. early stopping it no improvement over 30 rounds

- L1 and L2 regularizations

. Taylor ex
loss funct

pansion to calculate both the first and second-order derivatives (

« XGBoost

10N

essian) of the



True label

Backup

Comparison of models - Performance (contusion matrices)

DNN Transformer BDT

Private work (CMS simulation) (13.6 TeV) Private work (CMS data/simulation) (13.6 TeV) Private work (CMS simulation) (13.6 TeV)
E T T T I 0.9 6 09
0.9 '(% §
PR 0.8 % 0.8
q) . — '
0.8 5 =
=
2 0.7 e 0.7 e 0.10 0.7
> ' - =
o o >
2 2 :
s Q &
2
0.5 ! 0.5
0.4 K 0.4 0.4
S| 0.07 0.3
e 0.3 g . E 0.3
& n Ho.2 7]
0.2 . 0.2
| | | | —: 0.1
0.1 - 0.1
Background Signal BaCkg rouna Slg.nal Background Signal
Predicted label Predicted label Predicted label




Backup

ML score distribution

Events / 0.01

Data/ MC

Private work (CMS simulation) 34.21 b (13.6 TeV)

L I | L L L I L I L | L I I I L | L I L I LI =
107 ¢ Data tt oY Vv —
HH— bbllvv ki=1 Wdlets Il TW =
10° - - HH—> bblivv ki=0 .
HH— bbllvv kl=2.45
105 - - HH— bbllvv kI=5
VBF HH— bbllvv
10* 77 Uncertainty
103 .............. —
102 N
10 £ =
1k =
1o R {1 IRty (| N | [ RN | R :
102 HE | SRR i
10 it B | Y W | 'S | = e | B L
o AN | -
105 ]
12 N I L | 11 I | L 11 L L L | L O L .
L T e —
A X #H#} =
B =
0.9 :_ ...................................................................................................................................................... _:
0 8 :I L1 1 I L1 1 1 I L1 11 | L1 1 1 | | . | | L1 11 I L1 11 | | .| | L1 1 1 | | I | l:

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ggF/HH Binary Score Distribution
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CUP

Event yields in SR categories

Table 1: Event yields for various SR categories.

Category Tot. Signal| TT DY ST Others Tot. MC Data | Data/MC
ggl boos. ee 0.7 %£0.0 |33.7£1.2 27.6 £4.8 3.3£0.2 50£0.5 |69.7 £5.1 63 0.90 £0.13
ggl boos. uu 2.510.0 (1229 +2.7 95.4 £21.6 11.0 £ 0.5 15.3 £0.9 |244.5 £22.0 271 .11 £0.12
ggl boos. ey 20£0.0 |189.1 £3.7 3.5%£0.6 17.8 £ 0.6 124 £ 1.0 |222.8 £4.2 241 1.08 £ 0.07
golres. Ibee | 3.9%0.1 |3903.9 £56.0 |2499.8 +£105.3 |[301.3 +4.8 105.5 £3.2 {6810.6 = 138.3 {6232 [0.92 +0.02
golFres. 2bee | 3.1 £0.1 |3945.4+56.5 |321.4* 30.6 1244 +23 [248+1.0 [4415.9%+69.9 |[3980 |0.90 +0.02
golFres. 1b up | 125 £0.2|14220.7 £200.4 | 10180.2 £ 251.1 | 1036.1 = 15.1| 330.8 £ 6.2 | 25768.2 +416.5| 26479 | 1.03 £ 0.02
ocolFres. 2b yp | 10.0 £0.1|14889.0 £209.7 |1114.1 £67.1 [415.5+6.4 |81.7+21 |16501.2 +241.1|17014 |1.03 £0.02
ggkres. 1lbey | 129 £0.2]22592.4 £317.6|153.7 £6.3 1680.4 £ 24.1| 301.0 £ 6.4 | 24737.9 £347.6 25022 | 1.01 £ 0.02
gglres. 2bey | 10.3 £0.2]23257.8 £326.8|20.0 £2.0 686.8 £ 12.0 | 85.5 £2.3 |24050.2 +338.0|24096 | 1.00 £ 0.02
VBF res. ee 0.2+0.0 |740%1.9 40.2 £ 7.4 1.6 £0.2 2.8 £0.4 118.6 £7.8 124 1.05 £0.12
VBF boos. ¢¢ | 0.0+0.0 | 144 £0.7 28.9 £10.2 0.6 £ 0.1 1.4 +£0.3 [45.3+10.3 42 0.93 £0.25
VBF res. uu 0.6 £0.0 [244.6 £4.5 165.8 £ 235.5 4.7 £0.3 8.9+08 [423.9 £56.2 491 1.16 £0.19
VBF boos. uu| 0.1 £0.0 |46.6 £1.4 82.4 +18.7 2.1 £0.2 3.4 1+0.5 134.6 £ 18.8 153 1.14 £0.18
VBF res. eu 0.6 £0.0 |393.5 £6.6 2.5 0.6 8.1 £0.6 1.7+ 1.0 |415.5%7.0 434 1.04 £0.05
VBF boos. e | 0.1 £0.0 |78.6 £1.9 2.6 £0.4 2.9 1+0.2 44+0.6 |88.5%22 82 0.93 £0.10
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3 a C <up Private work (CMS data/simulation) 62.4 fb' (13.6 TeV)
| | | | | | | | | | | | | | | | | | | | | | | | | | | | |

Toys (saturated)

(Goodness of it

ggF 1b ‘&\\\ My
P=847=217% o=7.1

N = 1000
ggF 2b x =328
p=404 +1.4% \\ =77

J :lk AN TR N —
— N = 1000

ggF Boosted
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N . :\\\ %H\\G:&g

VBF resolved
P=683x15%

VBF boosted
p=41.1+16%

Combined
P=343+15%

_3 o 1 0 1 > 3




Backup

Run 3 scan comparison

K

Kyy

This thesis

[-13.3, 19.0] observed, [-20.0, 23.7] expected

1-2.9, 5.0] both observed and expected

Run 3

1-91,15.7] observed, [-13.3, 19.8] expectead

1-0.20, 2.25] observed, [-0.48, 2.54] expected
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do

deH

200 300 400

500 600 700 300



Backup

Coupling scans

Private work (CMS data/simulation)
| | | | | | | | | | | | |

—— Observed  =---- Median expected
10t = Theory prediction  =---- 68% expected
- X  SM prediction ~ =---- 95% expected

95% CL limit on o(pp — HH) (fb)

62.4 fb™" (13.6 TeV)
] ] ] | ] ] ]

[-2.9, 5.0] both observed and expected
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Results

Coupling scans

Private work (CMS data/simulation) 62.4 fb' (13.6 TeV)

I I I I I I I I I I I iy

+2.42
65-3.49

-2 A log(L)

4
-15 -10 -5 0 ) 10 15
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Results

Coupling scans

Private work (CMS data/simulation) 62.4 fb' (13.6 TeV)

I I I I I I I I I I I iy

+2.42
65-3.49

-2 A log(L)

4
-15 -10 -5 0 ) 10 15
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