Studies on Higgs Boson Yukawa Couplings
and Self-coupling at ATLAS Experiment

— X iZ B —
LLIZRKEF

R FZMERIG SN T, 2023.12.11



What’s the fundamental building block of
matter? And what’s the origin of mass?




A Long Time Ago...

* QOur Chinese ancestors: Fire, Water, n
Wood, Metal and Earth are the Five
Elements (referred as “Wuxing”)

» Greek philosophers: everything is
composed of “uncuttable” elementary
particles

« After going through a long Dark Ages,
then followed by the Renaissance and
Scientific Revolution...




Modern Science Came

- J. Dalton proposed the atom theory in the 19t century

/, Nobel prize in 1906
- E. Rutherford discovered the nucleus in 1911
« Later Bohr model was proposed to describe the structure of

. Proton was discovered in 1917

« J. Chadwick discovered neutron in 1932 f'

* Nucleus was found to consist of protons and neutrons at the
center of atom

Nobel prize in 1935




Then Particle Accelerators Came

* Alarge variety of particles were discovered through the collisions
(referred as “particle zoo”)
. To classify these partlcles M. Gell-Mann* and G. Zweig proposed the




Standard Model

Describe the elementary
particles and their interactions

The cornerstones of the SM:

» Gauge invariance (based on
SU(3)XSU(2)XU(1)): depicting
strong and electroweak
interactions

» Higgs mechanism: trigger the
EWSB; W, Z bosons and
fermions acquire masses
through EWSB; predicts the
Higgs boson
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Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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The “God Particle” Higgs boson discovered at the LHC in 2012!




Nobel Prize in Physics in 2013

Photo: A.‘Mahn*ouo Photo: A. Mah:noud
Frangous Englert Peter W. nggs
Prize share: 1/2 Prize share: 1/2

Brout passed away in 2011



, 2022: 10t Anniversary of Higgs
Discovery




A Big Discovery in Particle Physics

Not just a discovery of another particle
* The Higgs discovery to particle physics is like the DNA discovery to biology

THE HIGGS 1S THE
PARTICLE RESPONSIBLE
FOR GIVING MASS TO
OTHER PARTICLES.
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It’s Not the End...

A New Chapter: measuring Higgs boson properties including couplings is
crucial for our understanding on origin of mass and new physics probe

>

YV V V V V

Does it also couple to all the massive particles (including fermions) as predicted by
the SM ?

What are its mass, width, rate, and other quantum numbers (spin and parity) ?

Is it an elementary or composite particle ?

Will it decay to other final states not predicted by the SM ?

How to access the structure of the Higgs potential?
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Higgs Production and Decay at LHC

g W.Z
Br(H —» WW#) =229
F - _I:I - Gluon fusion process H ____
99 ~8 M events produced Br(H — ZZ*) = 3%
g W, 7
g : Vector Boson Fusion
VBF ____ H Two forward jets and a large rapidity gap Vs Z
7 7 ~600 k events produced Br(H - yy) =02%
H ____
Br(H — Zy) = 0.2 %
/ W.Z
q 4
W, 2 W and Z Associated Production
VH B S ~400 k events produced
E A b.c.e.u  Bi(H - bb)=57%
Br(H - ttt7) =63 %
9 ooooo——— t H ____
ttH . _H Top Assoc. Prod. Br(H — ct) =3%
~80 Kk evts produced b.c. T " +,,—
b HR Br(H =0.02%
9 ouooot—— T t(H — pp™) 0




* Higgs boson couples to fermions through
Yukawa interactions H
> Giving masses to quarks and leptons
> Coupling strength is proportional to
fermion’s mass ..
- Higgs potential: V(r) = %/\h“ + wh® + Av?h? | fm
> InSM, A= 0.13 give my = 125 Ge
« HH productions provide directly access to
Higgs self-coupling K (Aunr/Aswm)

+Ref -v@®)
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Topics to be Covered Today

CP Property of the Top-quark Yukawa Coupling via ttH/tH (H->yy): Yukawa
coupling to 3 generation fermion

Search for SM H->pup: Yukawa coupling to 2" generation fermion

HH->bbtr and HH(+H) combination: Higgs boson ftrilinear self coupling
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Our “Camara”: ATLAS Detector ;\:z{%‘j"?”“'.eese_{-“

e, B -,- BBIRS

Tile calorimeters

* LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker
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Particle Identifications at ATLAS
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Hadronic
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Pixel/SCT
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http://atlas.ch

The main final-state
particles used for the
physics analysis:
electron, muon, tau, jet,
b-jet, and missing
transverse energy EMss

Different types of
particles interact with
certain sensitive sub-
detectors and give
different responses in the
experiments
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Great performance of ATLAS detector

Run 2 Dataset

and operation of the LHC

139 fb-1 of 13 TeV pp collision data
collected for physics by the ATLAS

detector during the LHC Run 2
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CP Property of the Top-quark Yukawa
Coupling via ttH/tH (H>yy)
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Why Doing This?

Large matter-antimatter asymmetry in universe: crucial to look for
additional CP violation sources

Yukawa couplings provide an unambiguous and more sensitive probe
of a CP-mixed state compared to Higgs-gauge-boson couplings

First direct probe to the CP property of the top-Higgs Yukawa coupling

(strongest one) using ttH/tH at tree level
> Lagrangian written as: £=- % {Wix [cos(a) +isin(@)ys]ya } H  J. Ellis et al.
> K¢ (>0): Yukawa coupling strength; a: CP-mixing angle
> InSM, k=1, a=0 (CP is purely even)
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https://arxiv.org/pdf/1312.5736.pdf

How to Probe this?

The presence of a CP-odd component in the t-H coupling have impact on:
> rate and kinematics of ggF process
> rate of H>yy decay
> rate and kinematics of ttH and tH processes

Measure the rate of ttH/tH processes and shapes of observables sensitive
to the CP nature of the t-H coupling
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Why in H2>yy Channel?

yy channel: small rate, but clean signature and good resolution;
solid bkg. estimation from data sideband - most sensitive channel
to study ttH process

yy selection: two isolated photons with pt > 35/25 GeV; 105 GeV <
m,, < 160 GeV

ttH/tH selection: 21 b-tagged jet

> “Lep” region (=1 top decay leptonically): = 1 isolated electron or muon
with pt > 15 GeV
> “Had” region (both tops decay hadronically): O selected lepton, = 3 jets
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Analysis Methodology

<+————— Hadronic Bkg Rejection BDT discriminant ————»

- In each region, trained two BDTs: ; ; 9 .
~ Bkg. rejection BDT: separate ttH-like o | oo | 12 P 3
events from yy+jets/ttyy bkg. discriminent - vl 708
» CP BDT: separate CP-even and CP- 10 a7
odd couplings using ttH/tH e G oad
- Categorize events based on 2D BDTs: R v
12 categories in Had and 8 in Lep EZZF - o
- Signal extraction: simultaneous fit to %15;— - Serasademind

m,, spectra in all 20 categories 1‘?%4,_\ M:

Data - Bkg Fit
én
T g T




Fraction of Events

0.25F

0.05F

Background Rejection BDT

« Trained with low-level input variable like 4 vector info of y, j, I, and MET
« Good separation power between ttH/tH and background, no strong
dependence on CP mixing angle
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CP BDT

- Training variables: p/n of yy system and two top candidates (t1, t2); ¢,,+1 and

¢y, .12; ANt1te and Adysio;

| 0 0.07[- (=
Z0.08
T2 06f b §
T 0.07
0.05 0.06[ +
0.04
0.03 .
0.03f
0.02; B
i 0.02f
oot 0.1
050 00" 150 200 250 300 350 400 450" 50¢

0.05

0.04— -

m,, 11, M, etc

ph [GeV]
Ref: PRD 92, 0150

Ad(tt) [rads]

19 (2015)

oo o2
C _L—L_A_L.OMI\)
NN S

Fraction of Events

ATLAS
fs=13TeV, 139 o'

® Data

— SM ttH + tH

mm=-— Q= 90°K 1tH + tH

CP BDT

.........................

0.1 0.2 03 04 05 06 07 08 09 1
Hadronic CP Discriminant

24


https://arxiv.org/abs/1501.03157

Signal Significance for ttH(=2>yy)

Assuming CP-even coupling, the measured

signal strength (u=0,,s/OsM) for ttH via H->yy is: eoma
: -- Tc?tal b;ckgrognd
=) - = = Continuum background
+0.33 +0.21 -
p=1.43 _0 31(stat.) _0.15(sys.) =
. . . . 1 ATLAS 4
The background-only hypothesis is rejected with s~ 13 TeV, 130 fo
an observed (expected) significance of 5.20 Mo 0 10 0 180 160

(4.40) - ttH observation in single Higgs decay
channel
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ttH/tH Signal Yield Parametrization

« ttH/tH yields parametrized into k; and a in each category

« ttH following the form: A«? cos*(e) + Bk? sin’(a) + Ex? sin(a) cos(a)

° tH: AK,2 cos’(a) + BKtZ sin?(@) + Ck, cos(e) + Dx; sin(a) + E 1<,2 sin(a@) cos(a) + F
> Need to consider the interference between t-H and W-H couplings

e r . - . - 9 “0000000) t
2 = ATLAS Simulation . - - ————
S 40 Vs=13TeV, 139 fb™ 3 t-H % 10f~  ATLAS Simulation . =
it - Inclusive, 32 p-value = 18.4 % | o _ g g - Vs=13Tev,139fb .
350 = o 8 Inclusive, x2 p-value = 33.4 % —
C tt H ] 6 :_ Acos?(ar) + Bsin®(a) + Ccos(a) + Dsin(a) + Esin(a)cos(ar) + F _:
30:_ —4— ttHMC (x,=1) = b ———— NN\ W E —4— tWHMC E
o5 = — Fit B - — ]
E Acos?(at) + Bsin®(or) + Ecos(a)sin(c) E g W' H W o ]
e 20y - - .
L 1.0055 E - L — N
o c [ ¢ E T 1045 E
= J| ST CECEECEEED [ SRR, SRR ‘ .......... "RRRLEEELLELEEEIEELLE *..: (\_) 1.02E =
E 3 S . S L T S B F T | SO 3
995E- 3 s 1 ¢ 3
" (+) 1020 30 40 50 60 70 80 90 R b56e + + + e

» 05, (15 (30s , (450 (60, (755 (9ge (05 5 (05 o (450 , (Tape
CP mixing angle o [deg.] DOy TR T Yy ) 0 g R g R g

b ¢ (CP mixing angle a, coupling strength Kt)
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Results on CP Constraint
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H->yy/ggF loops
constrained by the Higgs
combination result (link)

The measurements consistent with the SM prediction, and no
sign of CP violation in the top-Yukawa interaction observed
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https://arxiv.org/abs/1909.02845

- Likelihood scan of a with k; g, ‘o ;
floating in the fit RV A NE
- |a]>43° is excluded at 95% e
C.L. 8— e
- Pure CP-odd hypothesis is gams O\ | —Total i,
excluded at 3.90 - stringent p (o1 Te 90 s :
exclusion result for CP-odd T - nf°g ;°Z|ea1§1°eg]

component in the top-

Yukawa interaction to date
Phys. Rev. Lett. 125 (2020) 061802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

Search for SM H-> pupu
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What We’ve Learned about the Higgs
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Physics Motivation

* H->pu: most promising channel to explore Yukawa coupling to the
2nd generation fermions
> H->cc not very sensible under the current luminosity
* Maijor challenge for H->up: low branching ratio and large irreducible
background from Drell-Yan

2 T =h -, .
© E E R E 3
C [ bb Je © F ATLAS +Data  —ggF x100 J
- 1 N [ 1
2 W§ 3 10°E 1s=13Tev,36.1fp [JDrel-Yan —VBFx 100
= | ¢ < E .Top —VHx100 3
G 1otk 99 13 g ) =
c i = i . [CIpiboson
8 [ o 3 10° = =
S
m L 1 ]
102 % : = e
F E ] . 6)
I 1S/B: ~0.1%
1 E
1 ——
108 = | -
4] -4 3
g 1217x107%1 ¢
I 1 =
Mo . ) L T — 8
ol b b
120 121 122 123 124 125 126 127 128 129 130 0
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Overview of Analysis Strategy

Sig. signatures: two isolated muons with opposite charge

BDT-based categorization to enhance signal sensitivity
> Driven by the different Higgs boson production modes

Data driven approach used for bkg. estimation
Sig.+Bkg. PDF used to fit the observed m,,, spectra

simultaneously in all the categories to extract the signal
> Sig. and bkg. modeled by analytic functions
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Event Selection for H>up

« Single muon trigger with pt threshold of 26 or 50 GeV

Selection

Primary vertex

Common preselection Two opposite-charge muons

Muons: [n] < 2.7, pkad > 27 GeV, p3Plead > 15 GeV (except VH 3-lepton)
Fit Region 110 < my, < 160GeV
Jets pr > 25GeV and |n]| < 2.4

or with pr > 30GeV and 2.4 < |n| < 4.5

ttH Category at least one additional e or p with pt > 15 GeV, at least one b-jet (85% WP)
VH 3-lepton Categories  p5***d > 10 GeV, one additional e () with pt > 15(10) GeV, no b-jets (85% WP)
VH 4-lepton Category at least two additional e or u with pr > 8,6 GeV, no b-jets (85% WP)
ggF +VBF Categories no additional u, no b-jets (60% WP)

Selected events sorted into 20 categories in total, which are mutually
exclusive and in the order of ttH(1) >VH(3)>VBF(4)>ggF(12)
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ttH Categorization

Target semi/dileptonic decays of top pair
> 21 extra e/u and 21 b-tagged jet
> Two highest-pt muons with opposite
charge as the Higgs candidate
BDT trained to distinguish ttH sig. from all
bkgs. (ttbar, ttZ, diboson, etc)
> Training variables: pt of e/, invariant
masses of leptons/tops, as well as Nj; and
Np-jet» and Hy

Fraction of Events

Fraction of Events

e

0'22; ATLAS —— tiH Hopy simulation
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Osfﬁ:': ]
L N
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0.1 _._| 3
Lol ol b Ty : ===
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Central Jet Multiplicity
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VH Categorization

- Target WH/ZH in leptonic decays: 1/2 additional leptons except muon pair
« Two BDTs trained for WH and ZH using invariant mass and angular

variables of lepton systems as well as EJ**S and N

10*

10°

wn T T T [7)] T T T
g ATLAS ¢ Data S ATLAS ¢ Daa
o Vs=13TeV, 139 fb’! Bkg. simulation & Vs =13TeV, 139 fb™ Bkg. simulation
10*} 3-lepton inclusive WH, H—s e x 50 T 103} 4-lepton inclusive —— ZH, H—pp x 50 7
selection selection
= ZH, H—pup x 50 WH, H—pp x 50
Other Signal, Other Signal,
103+ H—up x 50 1 102 . H—pp x 50
2 Cate. for WH
LN ®. :
2l @ Revee e e : i |
10 § & e e e ee® o 10!
L e
101 r 100 L
ol _
10 101 1 Cate. for ZH
10-1 : n n n i ) : ! ! L
%00 0.2 0.4 0.6 0.8 10760 0.2 0.4 0.6 0.8
OvhaL OvhaL
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VBF/ggF Categorization (1)

Train a VBF BDT l
Train a ggF 0-jet BDT

(VBF sig. vs bkg.)
(ggF+VBEF sig. vs bkg.)

Event failing ttH/VH selection

Train a ggF 2-jet BDT Train a ggF 1-jet BDT
(ggF+VBF sig. vs bkg.) (9gF+VBF sig. vs bkg.)

4 VBF categories 4 ggF 2-jet categories 4 ggF 1-jet categories 4 ggF 0O-jet categories

Training variables: 4, y,,., cos8*, pr and n of jets, p2/, y;, Ay My N oor

etc
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VBF/ggF Categorization (2)
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» Four groups of categories: VBF,

Ct) 50 100 150 200 250 300 350 400

ggF 2-jet, ggF 1-jet and ggF O-jet

* In each group, four categories

defined based on the signal purity
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Signal and Background Modelmg

S 02 — e

8 o1sk ATLAS Simulation 1 E
« Signal: double-sided Crystal Ball containing a ;%‘;j]iéjfmfum o ;
Gaussian core and power-law tails (O¢g RS ET A W
ranging from 2.6-3.2 GeV) e orssor |\ oozscer
- Background: a “core function” multiplied by an a3 ; N
“empirical function” MO S B A et
» Core function: Drell-Yan mass shape e A
convoluted with Gaus. function S\ G i:
> Empirical function: correct for distortions of the S
mass shape and smaller bkg. s
> Potential bkg. mis-modeling treated as sys. §
unc. (“spurious signal”) £

my, [GeV] 38



H->uu Results

7005— A‘TLAS‘ T T T T ;Dat‘a

600 Vs=13TeV, 139 b —gptal ldef
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300F
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« The measured signal strength is: s HEE R
Combined =117 +0.58(stat.)* ) 1 3(sys.) B

I »/I§=1I3ITe;/,I1:>‘,9Ifb" H - pp
* Results are statistical uncertainty dominated e e ma e

VH and ttH categories —+&8—=— 50 £35 ( £33, £1.1)

* The obs. (exp.) significance is 2.0 (1.7) o T 041 (215, 20)

ATLAS

ggF 1-jet categories e 24 +12 (£12, £0.3)
ggF 2-jet categories @] -06 1.2 (+1.2, £0.3)
VBF categories == 1.8 £1.0 ( £1.0, £0.2)

Phys. Lett. B 812 (2021) 135980 ST TR St
Phys. Rev. Lett. 119 (2017) 051802 R S A R A I

Signal strength
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.051802
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Up to now, five main production
channels and five main decay
channels observed and being
used for measurements

Global signal strength: 1.05+0.06

Nature 607, 52-59 (2022)



https://www.nature.com/articles/s41586-022-04893-w

Search for HH>bbtt
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Higgs Potential Not Determined Yet

I

* New physics (e.g. first order electroweak phase

This is what we Unknown! / . T .y
SO oy \ / transition) can cause a significant deviation away
bRl / from SM predicted Higgs potential
/ . . .
_ \ P _ * Measurements of Higgs self-coupling can provide
RN \ / ¢ discrimination between different scenarios/models
Unknown! v
Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

Ref: Phys. Rev. D 101, 075023 (2020)
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https://arxiv.org/pdf/1907.02078.pdf

HH Production

« SM non-resonant HH: 699" = 31.05 fb, 6};5F= 1.72 fb

> Direct access to Higgs self-coupling (k,) and potential
> VBF: unique process to probe HHVV coupling (k,)

9 @ - - - - - - - - - H g H

A Y A e o

9 9000 A - - - H 9 H

* Various BSM theories predict heavy resonances decaying into HH
> Narrow width approximation

9 500 h
» 2HDM as benchmark model /,’
A i
X O~
9 QQQ S oh
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bbtt Final State

HH Branching Ratios Di-t Branching Ratios b" b

* bbrz: moderate BR, relatively clean signature
+ Split into two channels depending on t decay: ThagThag @Nd TiepThag
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Event Selection

Signal signature: two b-jets (DNN-based tagger, 77%) and thagThad/TiepThad
with opposite charge

el 2 hadronic © Single or Di-tau Trigger (STT/DTT)
TiepThad SLT 1 hadronic 7 + 1 e/u Single lepton trigger (SLT)
TiepThad LT T 1 hadronic 7 + 1 e/p Lepton+tau trigger (LTT)

Trigger-dependent thresholds on e/p/1,5q and jets
e/u veto for ThagThaq; €Xactly 1 e/p for 7epThag
mMMC¢ > 60 GeV for all channels; my,, < 150 GeV for TiepThad
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Categorization Strategy

0.2— — . .
event /7 Rev.Phys. 5 5y
selection s o 12020) 100045
) ] Yes 5 1 e — - triangle
VBF candualate. O e e interference |
> 2 extra-jets J — sum
-0.2L— : : :
300 400 500 600 700
NO mHH[GeV]
v fu 0.14_ S— 3
y S r ATLAS Slmulatlon ]
MuH ] ggF-like (categonsatlon § 0'12? /s =13 TeV 7
L BDT g 0.1:— x, = -5 .
I I T T T ] K, = _
<350 GeV \ > 350 GeV VBE-like 0.08- - Ki= 50 E
y L B
Y e s : 0.061- -
low muH high mun VBF ool %™, Phys. Lett. B 800 ]
category . category . category i "1, %,(2020) 135103 .
0.02 N -
BDT trained on k=10 || BDT trained on SM || BDT trained on SM r ]

ggF signal vs bkg. ggF signal vs bkg. VBF signal vs bkg. 7300 400 500 -6-05' RS




ggF vs VBF Categorization BDT

T

LI L R LA

« BDT trained to separate ggF HH from

% 700 ATLAS Preliminary —agrHas0 [ _

VBF HH on events with 4 jets (two P A f%;“fqua,k' k E

VBF-jet candidates + two H—bb) S0 e

C I Other .

® i . VBF VBF r _ SM Higqs =

InpUt Varlables' m]] ) AR]] ) r]J»]anz, 4005 g:‘e(i:’ilt-tz:‘ctl{ground_....:' 1.

etc o0 " =

. . 200F+- =

 BDT cuts optimized in each SR to : =

. ; . 100

achieve the best limit on HH as well

as constraint for Kk, and Koy AL TN BRI

g 0.8: |‘r |Y |T |‘\Y[\¢ ‘I, ,I l vI ’—E

S 508060405 0 |02 04 08 08 1

ggH vs. VBF HH Jategorization BDT score

VBF ggF
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Data/Pred.

Discriminant BDTs

respectively and used as final discriminants

> Input variables: myy, Myp, m¥MC AR(b,b), AR(z,7), ET¥SS, etc

LI B L L B L

o — ggF HH x 1000 E

ATLAS Preliminary . 398,, HHx1000 —
Vs =13 TeV, 140 fb" ¢ Data 3
M HH (pn=2.2 n

ThadThae 2 D-tags - '?opquirk ) ]
ggF SR, m <350 GeV Jet -1, fakes 3
Z + (bb,bc,cc) 3

I Jet — 1, fakes (tf) |

Low myy

uneertalnty
- Pre-fit backgroun

W1 ur |

F T T T T T T T T T T T T T
1k PR RS LR N Y

d hd R ) ’ ?
1 | | | | | | | | | | 1 |

1 2 3 4 5 6 7 8 9 10 11 12 13 14
BDT score bin

:5105 ,|,|,‘9&FHH;200,
5 ATLAS Preliminary — VBF HH x 200
€ (s =13TeV, 140 ft" ¢ Data
5] B SM HH (n=2.2)
u>J ThadThae 2 b-tags Top-quﬂ(l“rk )
ggF SR, m.z 350 GeV Jet — 1, _, fakes
Z + (bb,bc,cc) )
. I Jet — 1, , fakes (tt]
High my, meomne
SM Higgs
o Y Uncertainty
-« Pre-fit background
5 T T T T T T T T T T
'8 1'55
o L e R
8 e
8 0.5 ] ] 1 1 ! ] | ! ]
1 2 3 4 5 6 7 8 9 10 11
BDT score bin

Events / bin

Data/Pred.

In each SR, BDTs trained in low myy, high myy and VBF categories

UL I B
ATLAS Preliminary

Vs =13 TeV, 140 fb'
ThadThag 2 D-tags

VBF SR

VBF

LA B B W

—— ggF HH x 400
— VBF HH x 400
¢ Data
B SM HH (n=2.2)
Top-quark

| T Y

Jet -1, _, fakes
Z + (bb,bc,cc)
0 Jet — 1, fakes (tf)

1L

Uncertalnly
- Pre-fit backgroun

- LLE
III 1 IIIII| 1 lIIIIIIII

8 9 10 11 12

BDT score bin
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Discriminant BDTSs in 7;,,T,.4
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Background Estimation

>
G 2500 ATLAS Preliminary 4 Data ]
 ttbar and Z+heavy-flavor processes: =  g_isrevsaow X 2o ooboce)
shape from simulation, normalizations g20o-Z7neoes  + - beaer
H . w N + X . 1
determined from the control region - pey [Junceraimy
. . 1500 — | H - Pre-fit background—
« Single Higgs and other processes: - « -
estimated from simulation 1000~ R -
- Jets > fake 1,4 background: - o e i
: : : 5001~ ol Ve B
estimated with data-driven approach ST Teteateopest

(including fake factor a.k.a. ABCD
method and scale factor method)




Upper Limit on Non-resonant HH XS

No significant excess seen
above the SM prediction (u=1)
Obs. (exp.) limit on HH XS is 5.9
(3.1) X Osm

> The exp. limit represents the

best constraint on HH XS in
single channel

Obs. limit higher than exp. due
to a statistical fluctuation in the
TiepThad OLT high myy region

Tlep had LTT

TiepThad SLT

ThadThad

Combined

ATLAS CONE- 2023 071

T
ATLAS Prellmlnary
Vs =13 TeV, 140 fo'

- t1o
+20

. Observed
o Expected u_O
--Expected =1

HH — bbrtr

Obs. (Exp) |
22 (20

16 (6.4)

10?
95% CL upper limit on Ko

Major uncertainties coming from data/MC statistics as well as theory
unc. on top and single Higgs processes
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https://cds.cern.ch/record/2882132/files/ATLAS-CONF-2023-071.pdf

Constraints for K, and K,y

10T T T B -0
oF- . 3 =)
- ATLAS Preliminary Exp. 95% CL E o
8 s =13TeV, 140 fb™ [25,9.2] = N
- HH— bbrr ~ Obs. 95% CL = '
7t [-3.2,9.1] E
6E \ =
55\ % / c
Ab:. X% F 95%CLJ
3= \% -'
2t -
1 i 68% CL 7
OEI- IR LA IR I
-4 -2 0 2 4 6 8 10 12 14

Obs. (exp.) constraint on k,: -3.2 <
Ky < 9.1 (-25 S K) < 92)

ATLAS-CONF-2023-071

L o o e B L R S R I
9t ATLAS Prelminary Exp.95%CL
8 Vs =13TeV, 140 b [-0.2, 2.4] -
- HH — bbre Obs.95% CL -
U " [0.4, 2.6] =
61 { E
55 =
45 95% CL3
3 :
2
£ 68% CL 3
O e ateel
Koy

Obs. (exp.) constraint on k»y: -0.4
S K) < 2.6 ('02 S K) < 24)
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https://cds.cern.ch/record/2882132/files/ATLAS-CONF-2023-071.pdf

Resonant Signal Extraction

0 Ref: Eur. Phys. J. C (2016) 76:235

Jx1,x2,0)

X1

X2

« Parametrized neural networks (PNN)

used as discriminant
> Parametrized in mass of scalar (6 = my)
» Training variables same as non-resonant
* It provides near-optimal sensitivity and

continuity over the entire range

@ T T T T T T T
1= o Data

9 ATLAS \ — X at exp. limit
w Vs =13 TeV, 139 fb my =500 GeV

Z*)ﬂ:(bbb <)
I Othe
SMHgg

\:‘ Uncertainty

- Pre-fit background

Data/Pred.

23 4 5 6 7 8 9 10 11
PNN (mx =500 GeV) score bin

%) . .
L —
§ 10 ATLAS o Data 5
o — Xat exp. limit 3
w 107 Vs =13TeV, 139 16" my 1uooev 3
E Thadhad Top-qua 3

106 E- Signal Region ;Lz[‘c (b'blzc <;I;l)l.l)

vr 1 TeV PNI‘d'-éE}:;s” "

104 B e :, Uncertainty

+ Pre-fit background

10° e
10° =
10
1

;2

B 15E

e e S

8 05E

S 0

a 1 2 3

PNN (m)< = 1000 GeV) score bin
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-016-4099-4.pdf

Resonant HH->bbzt Results

B ---- Comb. Exp. 77" TigpThag EXP. ]
103 —— Comb. Obs. —*= TigpThag ODS-
] Comb. Exp. 16 === T,.(Ty.q EXP.

[ ]Comb. Exp. t26 —=— 1,7, Obs.

L A
| lllIIIIl

102

T IIIIIIII

10

T IIIIIII

Vs=13TeV, 139 fb”

400 600 800 1000 1200 1400 1600
m, [GeV]

Obs. (exp.) upper limits: 920-23 fb (840-12 fb) depending on the

mass region
Local (global) significance for 1 TeV is 3.00 (2.00)

ATLAS JHEP 07 (2023) 040
|

95% CL limits on ¢ (pp — X — HH) [fb]



https://link.springer.com/article/10.1007/JHEP07(2023)040

HH(+H) Combination
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HH Combination

Performed statistical combination for different HH decay
channels to maximize sensitivity to HH production
Considered three major channels: HH->bbzz, HH->bbyy
and HH->bbbb

Systematics correlated where appropriate (like luminosity,
flavor tagging, signal theory uncertainties, etc)
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K, Constraint from Single Higgs

* Kyalso can be probed through NLO EW correction of single Higgs
processes (e.g. in the production, decay, Higgs self-energy)

/ H
9 OO VAV P
NH 2 N
N - p \
A t e—- H ¢ -
t %55 L — H ----- 8 s---- H
J/ : /
+ H NMa 2
1 Q0000 — AN v -

« Combination of HH and single Higgs is expected to provide the most
sensitive results of k)
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Results from HH+H Combination

1 0 T T T T T T T T T | T T T T I T T T T

Vs L13 TeV, 126—139 fb~" S:;:ct:: llllmmlltt <_C 3 LAS —— Hkj, only

= s S _ A

OSSM (:IH) ~32.71b (4HH =0 hypothesis) ol Vs=13TeV, 126—139 b 1 HH Ky only
99F + VBF o I Expected limit +10 I 8 Observed

= HH + H K, only

[ Expected limit +20 .
HH + H K only: HH + H k; generic

I 1 | 1 I 1 1 1 I 1 1 1

95%: k) € [-0.4,6.3]
Obs. Exp. HH + H kj generic:
95%: Ky € [-1.4,6.1]
bb 4.2 5.7
v a- N\ N ) 95% =
bbttT- 4.7 3.9 i
bbbb 5.4 8.1 2 7]
e, NN Y S 68% __|
Combined 2.4 29 0 . | 4
o b b b b —_—
0 10 15 20 25 30 5 0 S 10 15
95% CL upper limit on HH signal strength gy K

Obs. (exp.) limits: 2.4 (2.9) x ogy, Obs. (exp.) k), constraint: -0.4 <k, < 6.3
(-1.9 <K, £7.6)

. <y
The best constraints on HH Gl pys. Lett B 843 (2023) 137745

signal strength and k, to date 58



https://doi.org/10.1016/j.physletb.2023.137745

Resonant HH Combination Result

§ - LI I I I I | | I I L L II I I I ]
£ 1o ATLAS ~
JT: - Vs =13 TeV, 126-139 fb- —e— Observed limit (95% CL) =
< [ spino ---- Expected limit (95% CL) )
o 104 Expected limit +10 -
- [ Expected limit +20 .
10°E =
- 1 | No statistically significant
102 | | excess found, largest
E dominates | SRR, Y] -7 3 | excess at. 1.j_TeV: Ipcal
1 S 1 | (global) significance is
10'p —=— —
g = bbrz 3 13.20 (2.10
E bth+T dominates . ( )
- —— bbyy <
10% —e— Combined = jv: -
s | ombpine | dominates | | | E arXiv:2311.15956 (submitted to PRL)
200 800 500 1000 2000 3000 5000

myx [GeV] 59



https://arxiv.org/abs/2311.15956

Summary

* Presented the Yukawa couplings and self-coupling studies
based on the Run 2 dataset

* The measurements are in line with the SM prediction, and the
most stringent results obtained at ATLAS

 The LHC Run 3 is expected to provide more room for exploring

the Yukawa couplings and Higgs self-coupling
> Possible evidence for H>uu at ATLAS, observation combining
ATLAS and CMS analyses
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To Be Continued...
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https://indico.cern.ch/event/1135177/contributions/4788694/attachments/2474678/4246383/HiggsJul4CERN2022_NAH.pdf

HL-LHC Projection

ATL-PHYS-PUB-2022-053

Significance [07] Combined signal

Uncertainty scenario bbyy bbt*t~ bbbb Combination | strength precision [%]
No syst. unc. 2.3 4.0 1.8 4.9 -21/+422
Baseline 22 2.8 0.99 ~30/+33
Theoretical unc. halved 1.1 1.7 0.65 2.1 —47/+48
Run 2 syst. unc. 1.1 1.5 0.65 1.9 -53/+65

Uncertainty scenario k1 68% CI k3 95% CI

No syst. unc. [0.7,1.4] [0.3,1.9]

Baseline [0.5,1.6]

Theoretical unc. halved [0.3,2.2] [-0.3,5.5]

Run 2 syst. unc. [0.1,2.4] [-0.6,5.6]
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https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf

We Were Doing Better than Projection

Higgs Pair Production in the H(— t7)H (- bb) channel at the
High-Luminosity LHC ATL-PHYS-PUB-2015-046

ing SM background and SM signal, we expect to set an upper limit of the cross section for

the di-Higgs production of 4.3 X oo(HH — bbt"77) at 95% Confidence Level. Using an

effective Lagrangian for the Higgs potential, and allowing its trilinear self-coupling to vary,
we can project an exclusion of Ay /Asy < —4and Aggp/Aspy = 12.
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We Were Doing Better than Projection

Higgs Pair Production in the H(— t7)H (- bb) channel at the
High-Luminosity LHC ATL-PHYS-PUB-2015-046

ing SM background and SM signal, we expect to set an upper limit of the cross section for
the di-Higgs production of 4.3 x o(HH — bbt*7~) at 95% Confidence Level. Using an
effective Lagrangian for the Higgs potential, and allowing its trilinear self-coupling to vary,
we can project an exclusion of Ay /Asy < —4and Aggp/Aspy = 12.

2 A1I'LAS IPre|inlqinaryl '—— Observed limit (95% CL)

T VS= 13TeV, 139 fo-1 - Expected limit (95% CL)

z HH— bbt*T" [ Expected limit +10 . . ]

510 = wceaimizzo || ODS. (exp.) limit on HH: 4.7 (3.9) x ogy
? E== Theory prediction .

E ¥ M predicin Obs. (exp.) k) constraint: -2.4 < k) £ 9.2
o

103}

S (-20 S Ky S 90)
.................... The HL-LHC projection (3 ab-') in 2015
10 | | was surpassed with just 139 fb-' data

Observed: Ky € [-2.4,9.2]

Expected: k) € [-2.0,9.0]

10 28 6 4 -2 0 2 4 6 8 10
K\




Backup
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. ATLAS Simulation {s=13TeV, 139" _

—ttH inc.

10
—tHjb inc.

—tWH inc.

-------------
----------
______
~ -
-
.
-

~
S

Prediction normalized to SM

.
-
-
Z -

11 | | I R | 111 1 | L1 1 1 | 111 | 11 1 1 | L1 1 1 | 11

-150 -100 -50 0 50 100 150
CP mixing angle o [deg.]
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Event Categorization

« Categorization is done in Had and Lep regions separately

<+————— Hadronic Bkg Rejection BDT discriminant ————» <+———— Leptonic Bkg Rejection BDT discriminant ———»

A T —— A
| Continuum f:':':;;f‘;; SM ttH/tH | Continuum ?fEf' s izjt;'g': ':E;'Ef' SM ttH/tH

| background | "| background |~

9 6 E i 20
= 3 e

17 14

Hadronic
CP BDT
discriminant :

8 creoT | Rejecte
discriminant |77

M1 7.3 2 18| 16

10 4 1 15

19 13

| Pl CP odd ttH/tH | e CP odd ttH/tH

* The boundaries are chosen to achieve a strong
separation between CP-even and CP-odd signals, as
well as a good sensitivity to ttH process
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Signal Events
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ATLAS
Vs =13 TeV, 139 fb'

—ttH + tH, a0 = 0°
=== ttH + tH,00. = 90°
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Odd-like Categories

Intermediate Categories

Even-like Categories
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€ o —To -+ Best fit Xsm 3 E
B o 1§ 16
TE 30 ] 14
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0.5 = 0
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= Ugg =~ Kp+2.687+0.11k(k:— 1),
2 = pyy =~ (1.28 —0.28k;)° + (0.435;)°.

JHEP 04 (2014) 004
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70


https://arxiv.org/pdf/1312.5736.pdf

H-> pp: FSR Recovery

> L L B B > i
G 8 - ATLAS Simulation [] Before recovery | 3 - ATLAS Simulation [ Before recovery
> i H— pu B After recovery ] ~ L H— uu B After recovery -
< [ {s=13TeV, 139 1o ] 2 150 (513 Tev, 139 fb" ]
© L Only events with FSR (5% of all) - 0 i ]
L - - if} N _
- . 100 -
4 + Mean: 118.6 GeV — r Mean: 124.1 GeV 7
i Mean: 126.1 GeV | L Mean: 124.4 GeV -
- RMS: 4.7 GeV 50 RMS: 3.6 GeV |
2 - RMS: 4.3 GeV - RMS:3.5GeV 1
0 L Ll ] 0 L. 1 ol

110 120 130 140 150 160 110 140 150 160

M) [GeV] Mup) [GeV]



Categorization Performance (1)

Category Data Ssm S B S/vVB S/B (%] o [GeV]
VBF Very High 15 2.81 4+ 0.27 3.3+ 1.7 14.5 £ 2.1 0.86 22.6 3.0
VBF High 39 3.46 £ 0.36 4.0 + 2.1 32.5 £ 29 0.71 12.4 3.0
VBF Medium 112 4.8 £ 0.5 5.6 + 2.8 8+ 4 0.61 6.6 2.9
VBF Low 284 7.5+ 0.9 9+4 273 £ 8 0.53 3.2 3.0
2-jet Very High 1030 17.6 £ 3.3 21 + 10 1024 £ 22 0.63 2.0 3.1
2-jet High 5433 50 £ 8 58 + 30 5440 + 50 0.77 1.0 2.9
2-jet Medium 18311 79 £ 15 90 + 50 18320 £ 90 0.66 0.5 2.9
2-jet Low 36 409 63 £ 17 70 £+ 40 36340 £+ 140 0.37 0.2 2.9
1-jet Very High 1097 16.5 £ 24 19 £ 10 1071 £ 22 0.59 1.8 2.9
1-jet High 6413 46 £ 7 54 + 28 6320 + 50 0.69 0.9 2.8
1-jet Medium 24 576 90 + 11 100 + 50 24290 4+ 100 0.67 0.4 2.7
1-jet Low 73459 125 £ 17 150 £ 70 73480 £ 190 0.53 0.2 2.8
0-jet Very High 15986 59 + 11 70 £+ 40 16090 £+ 90 0.55 0.4 2.6
0-jet High 46 523 99 + 13 120 + 60 46190 + 150 0.54 0.3 2.6
0-jet Medium 91 392 119 + 14 140 £+ 70 91310 &+ 210 0.46 0.2 2.7
0-jet Low 121 354 79 £+ 10 90 + 50 121310 4 280 0.26 0.1 2.7
VH4L 34 0.53 £ 0.05 0.6 +£ 0.3 24 + 4 0.13 2.6 2.9
VH3LH 41 145 +£0.14 1.7+ 0.9 41 £ 5 0.27 4.2 3.1
VH3LM 358 2.76 + 0.24 32+ 1.6 347 £ 15 0.17 0.9 3.0
ttH 17 1.19 +£ 0.13 1.4+ 0.7 15.1 £ 2.2 0.36 9.2 3.2

Calculated in the 120-130GeV region
Major sensitive ones are VBF, ggF 2-jet and 1-jet categories



Background Model Selection Criteria

P(x2) > 1% for background only fits with
» Data sideband
» Full simulation
> Fast simulation (before and after
reweighing to the data sidebands)

SS within 20% of the signal statistical unc.

normalized to data statistics
Smallest degree of freedom
Smallest SS value

In the
order of
priority
decreasing
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Fake Factor Method

Combined FFs derived for
ttbar and multi-jet in TigpThad

FF method used for multi-
jet in ThagThag

=

mes < 150 GeV MJ CR: Anti-Iso tt CR: mpp > 150 GeV
ID SR A f f 1D
Anti-ID SR Template N + FFumg * FF Anti-ID
FFcomb = ™3 X FFMy + (1 —7Mm3) X FFyg
|:| True-Thaq-vis Subtracted
rvy — Fraction of multi-jet ID: PaSS |(?OSG tau ID )
events in the template Anti-ID: fail loose but with RNN > 0.01
OS, 2 b-tagged jets SS, 1 b-tagged jet SS, 2 b-tagged jets
D SR A ID
f B
TF1 52 bt
Anti-ID SR Template + FF1 p-tag e Anti-ID

Non-multi-jet subtracted

FF = FFl b-tag X TF1—>2 b-tags




Scale Factor Method in 7,.4Thag

ThadThad SR

tf with fake-7 had-vis
(simulated corrected)

TlepThad tt CR 7y

SF(fakC‘Thad—vis)
(from template fits to the m}! distribution)

tt with fake-Thad-vis
(simulated)

* Fake 1,54 from ttbar in 1,,47hag Channel estimated using simulation
« SFs used to correct 11,54 Misidentification eff.: determined by fitting
my’ distribution of MC to data in ttbar CR of 7,75 SLT category

o 1 prong: close to 1 below 40 GeV, ~0.6 above 70 GeV
o 3 prong: ~20% larger than the 1 prong SFs



Signal Acceptance x Efficiency

e The acceptance times efficiency
for the non-resonant ggF+VBF
evaluated w.r.t. targeted
decay modes

> ThadThad- 40%, TlepThad SLT: 40%,
TlepThad LTT: 1.0%

e Around factor 2 improvement g
on signal acceptance compared
with previous publication*

e Driven by improved
reconstruction and
identification of t,,,4 and b-
jets**

cceptance x Efficiency

*Phys. Rev. Lett. 121, 191801

0-14;—| ATLAS Simulation Preliminary = rhadtlh )
C -1 e ]
0_12:_ s =13 TeV, 139 fb :: p:::SLT -
0-1:_ TiepThad LT :
0.083— '
0.06;
0.043—
0.02 A7
A

500 400 600 800 1000 1200 1400 1600
m, [GeV]

*ATL-PHYS-PUB-2017-003, ATL-PHYS-PUB-2017-013, ATL-PHYS-PUB-2019-033
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http://cdsweb.cern.ch/record/2255226
http://cdsweb.cern.ch/record/2273281
https://cds.cern.ch/record/2688062
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

K,-dependence of XS and BR
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BSM Physics in HH Processes

40 - - - - T
o(pp — HH + X) /oM
B Vs =14 TeV, My = 125 GeV
30 gg S HH oo
25 | qq’ - HHqq' - 1 Anomalous K)\ WOUId reSUIt In enhanced
g > WHH —— . . .
S I I HH XS and modified kinematics of the
Bl N | due to different contributions
ol . O\ JHEPO4 (2013) 151 process due _
| and interference of diagrams
[ S—— .
-5 -3 -1 0
Amn/ Mt @ 01 e e
0.2 — < - ATLAS Simulation ]
> 0121 m
p 14 Tev g /s =13 TeV ]
s 01f g o -k, =5 7
g 0.0/~ —?—: 110 g
= 00 i " .
51 N A Phys. Lett. B 800
3 e triangle | ooaf- [i = (2020) 135103
B T — interference o R ]
—— sum N e M, E
-0.2 L . . - ok w“ﬁ rivalyrag T.-"" -.:.-"-".'"'T".‘-_'".-;—-Iwu_
300 400 500 600 700 300 400 500 600 700 800 78
myy [GeV] my, [GeV]



g 2099999909090 ———P————@---------- H g H
Kt KX
A Y A e o
H N
Rt N
g 9099990999900 ——— 4—O---------- H 9 H

e Any (K, K¢) can be obtained via a linear combination of three basis
samples at different k) values with k; =1

2 399
sample(ky, k) = K7 [(nf oy %mkco -sample(0,1)

38

2
K3 — Kakt\
+ (—380 > sample(20, 1)]

+ (QMM - %ni) - sample(1,1)
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VBF HH XS depends on Kyy, k) and Ky
A linear combination of 6 samples
with different (K,y, Ky, Ky) values

S Rank1 basis used

3
Ky, K
- '“QV”V — R2VEVEX 4 va> x o(3,1,1)+

3
4K, 4K n 19 12y, K
2v _ 2v _ nzvnvrw\ i g A) X a(%,l 1)+

8

K,Q\/nv + Kovkyk) + K,V — K,:\)’/K,)\) x ¢(0,0,1)+

3 2 .2
”2‘/” — EavayRA _ TyeA ”‘§2>‘> x o(1,10, 1)+
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29n2vn 5koy kYK 29&%&)\ n%/n%\

3 2 .2
( 5“2‘/”‘/ + 2aviyvia y BVEA ”V“/\) x o(1,2, 1)+
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Light-flavor jets rejection

Ratio to MV2 (2018)

ES

10

10°

10°

10

RN
o
o

N
(=3

N
(%))

-
© o

Flavor Tagging Improvement

| Vs =13 TeV, PFlow jets, tt Sim. == DL1£=0.08 (2018) |
£ 20GeV <p; <250 GeV, |n| <2.5 —.. pDL1rf =0.018 (2019) J
_\.\ Move to a higher b-tagging :

T TmT1T | UL I T T T | L | 1T 17T I I sk & ol | T 171 T I T 1T 1771 I_
[ ATLAS Preliminary Simulation —— MV2(2018) ]

S efficiency WP (70% > 77%)
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Likelihood-based calibration
provides >2x reduction in
uncertainties

T I TTTT | T TT | T TT I LI | T TT | TTTT l TTT
L ATLAS Preliminary Vs=13TeV,139 1" -
[ b-jet Calibration with tt Events ]
— DL1r g, =70 % Single Cut OP —
[ anti-k, R=0.4 EMPFlow Jets ]
- ——— Measured Scale Factor (total unc.) T
[ o Smoothed Scale Factor (total unc.) N
iR N
NN =
i NN
) \\
re ]

ol b by b b b by w

50 100 150 200 250 300 350 400
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rejection

had-vis

Fake 1

10?

10

7 ldentification Improvement

T T TTTTIT
-

T IIIIII|

—— RNN (1-prong)
----- BDT (1-prong)
e Working points (1-prong)
RNN (3-prong)
----- BDT (3-prong)
[ Worklng pomts (3 prong)

ATLAS Simulation Preliminary

L L LIlll

L | IIIIIII

1| lllllll

o

True 7,

had-vis

01 02 03 04 05 06 07 08 09 1

efficiency

RNN ID shows 2x
improvement compared
with BDT

Moved from “medium”
to “loose” WP

Per-tau efficiency:
1-prong: 75% > 85%
3-prong: 60% 2> 75%
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Local p-value
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