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Outline

e General introduction

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

generation fermion

« Search for SM H>uu: Yukawa coupling to 2nd
generation fermion

« HH->bb7r and HH combination: Higgs boson
trilinear self coupling
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Standard Model

. Standard Model of Elementary Particles
« A theoretical framework to Y

describe the elementary [ T
particles and their interactions = w ‘e ‘@ [ @ |: H
» The cornerstones of the SM: — =) = guen | oge
> Gauge invariance (based on - @ IO |'® || @ |
SU(3)XSU(2)XU(1)): depicting cown_{_swange J{_betom J{_photon |
strong and electroweak interactions o | o ; ‘
» Higgs mechanism: trigger the electron || muon || tau || Zboson |

EWSB; W, Z bosons and fermions o e & W
° Y e £ u % T 1 /
acquire masses through EWSB; sioctron || muon o -

. R neutrino neutrino neutrino
predicts the Higgs boson

Higgs boson discovered in 2012

F. Englert and P. Higgs won
the Nobel prize in 2013 (2



Higgs Boson

« SM Higgs boson: J'F = 0++ neutral charge
 The measured mass: 125.09 + 0.24 GeV (Run 1 ATLAS+CMS)
Higgs boson production at the LHC

w/Z

H q w/z*

g q q

gluon-gluon Fusion Vector Boson Fusion
(ggF): 48.5 pb (VBF): 3.8 pb

Associated production

Associated production

with top quark pair
(ttH): 0.5 pb

with vector boson
(VH): 2.3 pb

Since the discovery of the Higgs boson, measuring its property
and coupling can be used as an approach to probe new physics
beyond the SM, source of matter-antimatter asymmetry, etc
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Yukawa Couplings and Self-coupling

« Higgs boson couples to fermions through
Yukawa interactions

» Giving masses to quarks and leptons f

‘ L- -5 F”
‘ + (E Dy vhe
e U_)‘))Lj,z\fk(

+Ref V@)

» Coupling strength is proportional to
fermion’s mass

« Higgs potential: V (¢) = u2¢T¢ + \(¢T¢)?
» In SM, A = 0.13 give my = 125 GeV
« HH productions provide directly access
to Higgs self-coupling x; (Agpn/Asm)
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ATLAS Detector

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker
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Run 2 Dataset
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* 139 b of 13 TeV pp collision data
collected for physics by the ATLAS
detector during the LHC Run 2
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 Great performance of ATLAS
detector and operation of the LHC
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PROTOTYPES CONSTRUCTION INSTALLATION & COMM. Il” PHYSICS
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CP Property of the Top-quark
Yukawa Coupling via ttH/tH (H 2yy)
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Why Doing This?

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

First direct probe to the CP property of the top-Higgs
Yukawa coupling (referred as t-H coupling later) using
ttH and tH

» Lagrangian written as: £ =- ”vi {1k [cos(a) +isin(@)ys|y: } H

> K, (>0): coupling strength; a: CP-mixing angle

»InSM,k,=1,a=0
Any deviation observed can be a sign of new physics
and account for the explanation of the observed
matter-antimatter asymmetry
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How to Probe this?

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

7 (500000 7
Ve VoV U
> ______ A
g \QQ_Q_Q_Q_QJ NANANANAN g

« Measure the rate of ttH/tH processes and shapes of
observables sensitive to the CP nature of the t-H coupling

» Contributions from ggF and H->yy constrained by the Higgs
combination results

N
Y H

t,b 1 - q
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Why in H->yy Channel?

 yy channel: small rate, but clean signature and good

resolution; solid background estimation from data
sideband

 yy selection: two isolated photons with py > 35/25
GeV; 105 GeV < m,, < 160 GeV (fitting discriminant)

« ttH/tH selection: >1 b-tagged jet (77% ett.)

» "Lep” region (=1 W decay leptonically): > 1 isolated electron
or muon with py > 15 GeV

» “Had” region (both tops decay hadronically): o0 selected
lepton, > 3 jets
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BDT Methodology

 Selected events are categorized based on a two-
dimensional BDTs

« “Background Rejection BDT”: trained to separate ttH-
like events from yy+jets and ttyy background

« “CP BDT”: trained to separate CP-even and CP-odd
couplings using ttH and tH processes

 Training variables include pr and n of yy system and
two top candidates (t1, t2); angular variables ¢, ; and
$,, 1o; angular separation variables Any, and Ady;

myy, t1> Mgto; etc
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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 ————»

' Cont inuum i n'inuum ' I
tE;Ocrll:gI]rg::nd *SM R % bi\?:ktground ‘SM A
9 20
12 6 3 17, 14
‘oot | Rejected 8 P BoT Rejected 19 13
discriminant discriminant
1| 75 2 18| 16
10 4/ 1 15
| CP odd ttH/tH 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 and Background Modeling

......................
IIIII

 Total background includes resonant §1Zr L
background (non-ttH Higgs) and 2 S Baigours
continuum processes ; ‘er\ V/\HL e

 Signal and resonant background _ 2 T
modeled by the double-sided crystal g , k ‘ |1
ball functions = ot ',./ SO S

) O 7410 120 130 140 150 160

 Continuum background modeled by i 5
one-parameter functions Choice based on ttyy
» Exponential function: f(m,,) = e“ ™ sample by applying

stringent criteria on
potential biases in the
extracted signal yields

» Power Law function: f(m,,) = ms,

M 5/23/22 Yanlin Liu 14




Significance for ttH(>yy)

Assuming CP-even coupling, the measured signal
strength (u=0_,./0g,) for ttH via H>yy is:

_ +0.33 +0.21
i =1.43 _o0 31(stat.) 0. 15(sys.)

The background-only hypothesis is rejected with
an observed (expected) significance is 5.20 (4.40)

The first time for ttH observation in single Higgs
boson decay channel!
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Results on CP-even and CP-odd

’8 2 : | T | T I T T T T | T T T T | T :
c [ —T |- Best fit XsM A
2150 2o E
o E— 30“‘ S e -
0.5 -
0 -
-0.5 -
| R S SNt =
- ATLAS -
—1.5- (5-13TeV, 139 fb" =
2 - | | I | | | L1 1 | | | 1 I | | | | I | | | | I 1 [ | I 1 1 | | ]

—1.5 —1 -0.5 0 0.5 1 1.5 2
K,cos(a)

The measurements consistent with the SM prediction, and no
sign of CP violation in the top-Yukawa interaction observed
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Exclusions for CP-odd Component

e Likelihood scan of a

with kfloating in the fit 2 =~ | B o :
. |a|>43°isexcludedat w7\
95% C.L. o N
* Pure CP-odd hypothesis 2: &
iS eXChlded at 390 ‘;;:gtj;wme """""""""""" _Z:I%/CL:;
The best exclusion result | B - s

CP mixing angle a [deg.]

for CP-odd component
.SearCh lp the top—Yukawa Ref.: Phys. Rev. Lett. 125 (2020)
Interaction up to now! 061802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

Reported by CERN Courier

CERNCOURIER | e
high-energy physics

Physicsv | Technology~v = Community v | In focus | Magazine

HIGGS AND ELECTROWEAK | NEWS

First foray into CP symmetry of top-Higgs
interactions

4 May 2020

K €« =
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https://cerncourier.com/a/first-foray-into-cp-symmetry-of-top-higgs-interactions/

Search for SM H 2uu
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Physics Motivation

 H->pu: most promising channel to explore Yukawa
coupling to the 2"d generation of fermions

» H->cc not very sensible under the current luminosity

» Major challenge for H>pu: low branching ratio and
large irreducible background from Drell-Yan

o N N R R R

% E 38 5 W0 T T T T T 5
oC [ bb 1s & = ATLAS ~+-Data —ggF x 100 3
— [ [aV) [ I
E’ W ¢ 5 10° (s=13TeV,36.1 fb" [Jorell-Yan — VBF x 100 5
< ! ¢ E g @Top  —VHx100 =
S 10129 1 —-5 2 u _ ]
c I E| it s [Jpiboson
© C TT = 10° = E
i 1 3
m L L . =
I—— : ]
102 %4 : B} =
F 1 4 S ° O
! S/B: ~0.1%
' =
| _
1
10'3:!'27 1 =
12.17X10™4 ¢ 1 :
] 3 = E
I 8 -
w ] = a oE E
10—4 1111 | L1l ‘ L1l | L1l ‘ L1l II 111 ‘ L1l | L1l ‘ L1l ‘ L1l 065_ _E
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M, [GeV] m,, [GeV]
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Overview of Analysis Methodology

Signal 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 background estimation

Signal+Background PDF used to fit the observed m,,
spectra simultaneously in all the categories to derive the
final signal strength u (0,,s/0g)

» Signal and background modeled by analytic functions
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Event Selection for H> uu

 Single muon trigger with p; threshold of 26 or 50 GeV

Selection

Primary vertex

Common preselection Two opposite-charge muons
Muons: || < 2.7, pi*d > 27 GeV, p5™'ead > 15 GeV (except VH 3-lepton)
Fit Region 110 < my, < 160GeV
Tets pr > 25GeV and |n| < 2.4
‘ or with pt > 30GeV and 2.4 < |n| < 4.5
ttH Category at least one additional e or u with pt > 15 GeV, at least one b-jet (85% WP)
VH 3-lepton Categories  p3****d > 10 GeV, one additional e (1) with pr > 15(10) GeV, no b-jets (85% WP)
VH 4-lepton Category at least two additional e or u with pt > 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)

Yanlin Liu 22
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ttH Categorization

- : § amas o smuien
 Target semi/dileptonic decays of =~ & 7 fomose —soumae
the top pair § %= -
. . S osf 7

> &eg(élég;r;% >1 extra e/p and =1 b- b 1 tH Cate.

» | R
. . . 2 | ]
» Two highest-pr muons with opposite " |

charge as the Higgs candidate 0701702703 04 05 06 07 08 09 1

« BDT trained to distinguish ttH

> AR AR AR AR AR LR AR RN RN AR
. O ATLAS Data
signal from all backgrounds 0 L VA
. *g Diboson
(ttbar, ttZ, diboson, etc) s -4 B
B Z+Jets

» Training variables: py of e/,
invariant masses of leptons/tops, as
well as jet and b-jet multiplicities,
and Hp

— ttH-pu x 5

W
—
7 N =1 | =

110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
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VH Categorization

« Target WH/ZH in leptonic decays: requiring 1/2
additional leptons apart from the dimuon pair

« Two BDTs trained for 3-lepton and 4-lepton cases using
invariant mass and angular variables of lepton systems

as well as EF*SS and jet multiplicity

@ 10° - - o 10° — . —
S ATLAS ¢ Data = ATLAS ¢ Data
ke Vs =13TeV, 139 fb'! Bkg. simulation AT v/s=13TeV, 139 ib" Bkg. simulation

10*} 3-lepton inclusive WH, H—s e x 50 1 103 4-lepton inclusive —— ZH,H—uu x 50 1

selection selection
—— ZH, H—pp x 50 WH, H—pp x 50
_ Other Signal, Other Signal,
10°F Hopp x50 1 10°r,. H—>pu x 50

2 Cate. for 3-Lep

g
102} ® T Seee e N
: P P g

\\\\\ 1 Cate. for 4-Lep

ARRY SN
\*\ *
SN ANN
NN

10t S S| 100

v

AN\
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VBF/ggF Categorization (1)

« Events not selected into ttH or VH are classified into o-
jet, 1-jet and >2-jet regions
» Veto events with any b-tagged jet or extra muon
 Inthe 2-jet region, first a BDT trained to disentangle
VBF signal and background: 4 VBF categories defined

« 3 BDTs (ggF&VBF signals against bkg.) trained in each
jet-multiplicity region to categorize the remaining
events: 4 ggF categories defined based on each BDT

 Training variables: pT Vs €080, pr and 1 of jets, p % j,
yJJ’ A(I)J_],]J]J.) m_]_]’ etC
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VBF/ggF Categorization (2)

8 AL 2 T T
g O7F so1aTev, 13g ot — VBFHowksmuatoni & 045 g Lopl g —— Ver H"””S”“”'a“mj
— C . —— ggF H—uu simulation 7 — F — ggF H-pu simulation J
CC> 0.6:— 2-jet —— Bkg simulation i g 0'355_ 2-jet —— Bkg simulation ]
S .1 VBF 18 o8 ggl 2-jet -
© C . © r
g L 1 £oost 2+ There are four
o ] 0.2~ 3
03 ERS i groups of
F . 0.15 - .
0.2- 1 ok E categories: VBF,
0.15— —Izbl _ 0.05;— ggF_2Jet, ggF_lJet
0102030405 0607 0809 1 010203 040506070809 1 and ggF—Ojet
0 0%
VBF agF
Eozsl amas | —baa o Eo2eE T T
D [ Vs=13Tev, 139" — VEF Hownsimulation | = 025 (5 _ 13Ty, 139 fo! —— VBF Houu simulation ¢ Il’l eaCh gI‘OU.p,
— r . ggF H—pu simulation 7 — E . ——— ggF H—pp simulation J
8 0.2 et —— Bkg simulation — o 0-18;_ 0-jet —— Bkg simulation E f ]
s 1 Sode = our Categorles are
S T F 1-iet 1 Sotar F 0-jet _ :
ors-| 855 1 o 551 O] defined based on
r ] 0.1 1 1
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- ] 0.061
0.05F 1 o004
z oo ,
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GO 0.102030405060.70809 1 0.102030405060.70809 1
o 0O
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Signal Model

. . 02— 7 T T ]
* Signal shape dominated by $ o1ar ATLAS Simulaton 2
. - - Vs=13TeV, 139 b .
detector resolution 201 E
5 0-14¢ : . , E
* Double-sided Crystal Ball 2 020 T e
3 : < 1= — Signal mode — Signal model
function used to model signal = & -Semree oy
» Gaussian core and power-law 0.06 Tea=30CV T =206V 3
tails on both sides gg:‘ o E

« MC spectra created by O N LTI B R F o

summing over all production My, [GeV]

modes in each category
> Relative normalization from SM

assumed, negligible differences
observed between modes

The signal fitting is performed
for each category
Crystal Ball width ranges from

2.6 t0 3.2 GeV
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Background Model

* A “core function” multiplied — Frewf FE s e
by an “empirical function”is  guwd X, @ndt-dsresm  —Somin -
used to model bkg. shape oo

» Core function: a leading-order 3388:
Drell-Yan line-shape o |4
convoluted with a Gaussian S 4af
function mimicking detector e
resolution effects g oo ;
> Emplrlcal fU..HCthpI used to 50-99181% 115 120 125 130 125+14o 1:5 150 155 1550
correct for distortions of the My, [GeV]
mass shape and smaller Potential background mis-
background, either a Power modeling considered as
law or Epoly function systematic uncertainty

(“spurious signal” referred SS)

Yanlin Liu 28
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H-> uu Results

A simultaneous maximum-likelihood fit performed
to the observed m,,, spectra of in 20 categories

* The measured signal strength 1is:

Combined u = 1.17 4-0. 58(Stat.)ig' ig(sys.)

+0.13 +0.07
0 08(theo.) 1+0.10(SS) 0. Og(exp.)

» Results are statistical uncertainty dominated

= 1.17 +0.58(Stat.)

* The observed (expected) significance is 2.0 (1.7)o

Two papers during Run 2: Phys. Rev. Lett. 119 (2017) 051802
(Editors’ suggestion) and Phys. Lett. B 812 (2021) 135980
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.051802
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Reported by CERN Press Release

%ﬁw ABOUT NEWS

NS

News » Press release » Topic: Physics

Voir en francgais

CERN experiments announce first
indications of a rare Higgs boson
process

The ATLAS and CMS experiments at CERN have announced new results which show
that the Higgs boson decays into two muons

3 AUGUST, 2020
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https://home.cern/news/press-release/physics/cern-experiments-announce-first-indications-rare-higgs-boson-process

HH =2bbzrrand HH Combination
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HH Production

+ SM non-resonant HH: 679" = 31.05 fb, 0};5F = 1.73 fb

» Direct access to Higgs self-coupling and potential

8 H \\L\ e _/_'/ =
. 1
Ka g H
O U . -
H V. .
o H
ol
8 H P

« Various BSM theories predict heavy resonances

decaying into HH
. . . g 0N h
» Narrow width approximation e
» oHDM as benchmark model A T <!
9 \QQQ o

M 5/23/22 Yanlin Liu 32




bbzt Final State

HH Branching Ratios Di-t Branching Ratios

bb ww T ZZ %%

bb

ww 4.6%

939
%

0.34
%

T I 7.4% l 2.5%

—_—

ZZ 3.1% | 1.2%

0.26
%

Ky

« bbrtt: 7.4%, 3™ largest BR, relatively clean signature
compared to other channels with higher BR

» Performed in two channels depending on t decay: y,,4T.q
(42%) and T,,qThaq (45.6%)

5/23/22

Yanlin Liu 33




Event Selection

» Signal signature: two b-jets (DNN-based tagger, 77%) and
ThadThad/ TlepThad With Opposite charge

ThadThad 2 hadronic t Single or Di-tau Trigger (STT/DTT)
TlepThad SLT 1 hadronict + 1e/u  Single lepton trigger (SLT)
TlepThad LTT 1 hadronict + 1e/u  Lepton+tau trigger (LTT)

« Trigger-dependent thresholds on e/u/1,,4 and jets

* e/uveto applied for 7y,,g7y,,4; €xactly 1 e/p for 7y, Th,q

MM

« mMMC 5 60 GeV for all channels; my;, < 150 GeV applied for

TlepThad
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Background Estimation

* ttbar with true 1;,,4: shape from simulation,
normalization determined in the fit

* 7 + heavy-flavor: shape from simulation,
normalization from a dedicated Z(—>1l)+heavy-flavor
control region in the fit

 Single Higgs and other processes: estimated from
simulation

« Jets =2 fake 13,4 background: estimated with data-
driven approach (shown in next three slides)
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Fake 1y, Background in 7.,7},,4

mep, < 150 GeV MJ CR: Anti-Iso tt CR: msp > 150 GeV
ID SR A ? ? 1D
Anti-ID SR Template A * FF ;g * FF,; Anti-ID

FFoomb = ™™m3 X FFMmy + (1 —rMmy) X FFg

True-Thad-vis Subtracted

ID: pass loose tau ID

gy (Esaction: Gismulul-js Anti-ID: fail loose but with RNN > 0.01
events in the template

« Fake factor (FF) derived for ttbar and multi-jet separately
» Split in 1/3-prong and derived as a function of 7,4 pr

« Combined FFs applied to scale Anti-ID SR template to
obtain fake 1,4 background in SR
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Fake 1,.,4 Background in ty,47},.4

 Different methods used for ttbar and multi-jet
» multi-jet: both 7,4 are fake, FF method used

> ttbar: predominantly only one reconstructed is 7},,4 fake,
scale-factors method used

OS, 2 b-tagged jets SS, 1 b-tagged jet SS, 2 b-tagged jets
ID SR A ID
f < >
* TF 1—2 b-tags
Anti-ID SR Template s FF1 b-tag Anti-ID

FF = FFl b-tag X TF1—)2 b-tags

Non-multi-jet subtracted

For multi-jet, FF derived in 1 b-tag same-sign CR
Transfer factors (TFs) derived to account for extrapolation
from 1 b-tag to 2 b-tag events
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Fake 1,.,4 Background in ty,47},.4

ThadThad SR

(simulated corrected)

TlepThad, tt CR

(from template fits to the m)V distribution)

tt with fake-Thag-vis
(simulated)

« Fake 1;,.4 from ttbar estimated using simulation

 Scale Factor (SF): used to correct 1,4 misidentification
efficiencies; determined by fitting the m?’ distribution of
MC to data in ttbar CR from 7y.,71,4 SLT category

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

Yanlin Liu 38
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Non-resonant Signal Extraction

« MVA trained to separate SM signal and total background
> ThadThad: BDT; TjepThag: neural network

> Input variables: myy;, my,, mMM¢ AR(b,b), AR(t,1), EFVSS,
Ad(lt,bb)...etc

» Output scores used as final discriminant

= DT e I B L I I I I I R B 109 ’8 R e o L  RAEEEEEEEE R R
i ATLAS Preliminary i g;'aH " - S . ,F ATLAS Preliminary . gm 4 i S 10° ATLAS Preliminary . ::ﬁu " i
% 46l 15=13TeV, 139 fb" - at exp. limit o 10°FE (s=13Tev, 139 fo" — at exp. limit > \s=13TeV, 139 fb" - at exp. limit
2 10 Top-quark 2 Top-quark 2 Top-quark
& Thad®had Jet — 1, , fakes (MJ) & 107 Tiepthas SLT Jet — 1,,, fakes & 10° = Tlephad L Jet — 1,,, fakes
u>_| 105 Signal Region Z — 1t + (bb,bc,cc) Lﬁ Signal Region Z — Tt + (bb,bc,cc) u>_, Signal Region Z — 7t + (bb,bc,cc)
Jet — 1, fakes (tf) 10° B Other , I Other
B Other s SM Higgs 10 SM Higgs
10* SM Higgs 10 Y Uncertainty Uncertainty
Uncertainty 1 Eaet -+« Pre-fit background 103 R di al ZE R, «+«+ Pre-fit background
10° -+ Pre-fit background 10 e
103 102
102
10°
10
10 10
1 1 1
E‘ 15: T T T T B B B S | -g 15_ T T T “‘lli\‘ -g 1-55" T T T RRRRY NN €
& 1:_.. . \‘\\n.\\\J\\\\.\\\\Q\\\\Q\\\\‘\\\\k\\\*\\\\ \\\\}\\\\\#\\\\\ \1 & 1:_‘ o o o © -0 -® ‘6“‘.“\‘.\\\‘\\\*\\\\\\ \x+\\\§ 2 & 1__.. L@ B g o \\*\\\\i\\\\\\\\\\\\$§\l§
%05’”. P T AT T T BRIl b R T %0%‘m.,m...|‘..\H“\“H\,...l...|mmm3 %O 17
o Y21 08 -06-04-02 0 02 04 06 08 1 o % 0.1 02 03 04 05 06 07 08 09 1 o % 0 102 0. 3 0. 4 0. 5 06 07 08 09 1
BDT score NN score NN score
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Resonant Signal Extraction

,E ATLAS Preliminary — X at exp. limit
\s=13TeV, 139 b m, =500 GeV
Top-quark
Jet — 1, , fakes
Z — 1t + (bb,bc,cc)
B Other
SM Higgs
x] 5 Uncertainty
o

To1020)

v

Events /0.09

X2

« Parametrized neural networks (PNN) eoee e t\\\*\\ﬁ\?f
050‘ 0170203 04 05 06 07 08 08 1

used as discriminant | RN, =500 G0V) wore

Data/Pred.

A e Data
, ;ydTLAS Prellmlr:ary — X at exp. limit
{s=13TeV, 139 fb" m, = 1000 GeV

Top-quark
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-016-4099-4.pdf

Uncertainties

Uncertainty source Non-resonant H H
Data statistical 81% « Breakdown of the relative
A 5490;’70 contributions to the unc.
It an + normalisations o . .
MC statistical 8% in the extracted signal XS
Experimental  Data statistic unc.
Jet and ET™® 7% )
b-jet tagging 3% dominated for now
Thad-vis 5% . . .
Electrons and muons 2% Leadlng SYS. sources.
Luminosity and pileup 3% » MC statistical unc.
Theoretical and modelling
Fake-Thag.vi 9% » Theory unc. on top and
Top-quark 24% smgle nggs processes
Z(— t1) + HF 9%
Single Higgs boson 29%
Other backgrounds 3%
Signal 5%
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Resonant HH->bbtt Results
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ATLAS Preliminary

{s=13TeV, 139 fb
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I IIIIIII

95% CL limits on ¢ (pp — X — HH) [fb]

Observed (expected) upper limits: 920-23 ftb (840-12 fb) depending
on the mass region
Local (global) significance for 1 TeV is 3.00 (2.00)
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Results

10°}

102}
- Observed: Ky € [-2.4,9.2]
L Expected: Ky & [-2.0,9.0]

101 .......................

B A e e S S
2 ATLAS Preliminary —— Observed limit (95% CL)
% [ Vs=13 TeV, 139 fbo I“:“I EXpeCtej :!m!t 1915% CL) -
L - HH— bbTt*T- Xpecte !m!t_ o

L g 1 Expected limit £20

= - E== Theory prediction

‘-g 7,’\3 SM prediction

o

nnnnnnnnnnnnnnn

-10

Observed (expected) limit at 95%
CL: 4.7 (3.9) x Ogy

4x improvement over 36.1 tb
result (12.7 x ogy)
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Observed (expected) constraint
On K): -2.4 <K <9.2(-2.0 <K <
9.0)
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http://cdsweb.cern.ch/record/2777236
http://cdsweb.cern.ch/record/2786865

HH Combination

Performed statistical combination for different HH
analyses to maximize sensitivity to HH production

Resonant: including bbtz, bbyy and bbbb

Non-resonant: including bbzt and bbyy
» bbtt outperforms at around x, = 1 due to more boosted signal
and higher BR, while bbyy outperforms at high «, values due
to high acceptance
Systematics correlated where appropriate (like
luminosity, flavor tagging, signal theory uncertainties,

ete)
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Resonant Combination Result

S L l T I I 1 1 I I 1T T T 17T 1T T7 II 1 I
= 10 ATLAS Preliminary E
T - Vs =13TeV, 126 — 139 b~ .
T B pin—O 7]
o ; —— Observed limit (95% CL)
©10°F —--- Expected limit (95% CL) =
i [ Comb. exp. limit+ 10 ]
I 1 Comb. exp. limit + 20 i
102 =
d :
1 -]
10°E _ boob bbzz E
. — ppt+t- dominates ]
S bBYY .
100 —— Combined bbbb =
F oo ! ] ] [ Omllr}alt?sillll ] L3
200 300 500 1000 2000 3000

mx [GeV]

No statistically significant excess found, largest excess at 1.1
TeV: local (global) significance is 3.20 (2.10)
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Non-resonant Combination Result

(I)bserved
Expected
[ Comb. exp. limit+ 10
[ Comb. exp.limit+2o0

ATLAS Preliminary
Vs =13TeV, 139 fb~1
OguF +ver = 32.78 b

Obs.  Exp.
bbTHT- \ 46 39 -
bbyy \ 4.3 57 -
Combinedf- [ ] 3.1 3.1 —

1 10
95% CL upper limit on signal strength

OggF +veF (HH) [fb]

Obs. (exp.) limits: 3.1 (3.1) x ogy

The best constraints on HH signal
strength and x; to date! ‘
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o= -1
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[ Comb. exp. limit +20
E== Theory prediction
7% SM prediction

—— bbyy ]
— bbt*t™
= Combined 1

L Observed: k) € [-1.0,6.6]
| Expected: k\ € [-1.2,7.2]

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

Obs. (exp.) constraint on k;: -1.0
<K <6.6(-1.2<K,<7.2)
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Reported by CERN Courier

CERNCOURIER | s s
high-energy physics

Physics v | Technology~ | Community~ | In focus | Magazine

HIGGS AND ELECTROWEAK | NEWS

Extending the reach on Higgs’ self-coupling

11 March 2022

HH+H combination aiming for Higgs Symposium: expected to
provide the most sensitive results on k;, and k., (VVHH coupling)
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https://cerncourier.com/a/extending-the-reach-on-higgs-self-coupling/

* 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 achieved at ATLAS

« The LHC Run 3 will provide more room for exploring
the Yukawa couplings and HH processes

» Possible evidence for H>uu at ATLAS, observation combining
ATLAS and CMS analyses

STAY TUNED ™
FOR SOME =
EXCITING NEWS... S % 0% 0% R A4S & A

EHLTaRE A8

Yanlin Liu
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Particle Identifications at ATLAS

Muon
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The main final-state
particles used for the
physics analysis:
electron, muon, tau,
jet, b-jet, and missing
transverse energy E7UsS

Different types of
particles interact with
certain sensitive sub-
detectors and give
different responses in
the experiments
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0.1

Normalized Events
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https://link.springer.com/article/10.1007/JHEP04(2014)004
https://arxiv.org/pdf/1501.03157.pdf

Fitting Procedure

A simultaneous maximum-likelihood fit is
performed to the observed m,, spectra in all the
categories

 The likelihood model is parameterized into k, and
a, which are the parameters of interest in the fit

« The parameters of the background model and
background normalization in each category are left
free in the fit

 All the systematic uncertainties are considered as
nuisance parameters in the fit

Yanlin Liu 53
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Background Rejection and CP BDTs

c 1||||||| TTTT[TITT[TTITT] - 2 3] G B L L L L B L LB L BN N NN NLELELELE LN R
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£ 1 @ o ATLAS
50 s 5 fs=13TeV, 139 fb'
@ 8
o 410%5 £ ® Data
S 0.8 ] ° 8
o ] S L 0. — SM ttH + tH
S 7] 3 =====90°«k =1ttH + tH
s 0.7 - (C t
[
I —
06 n --'----.:-.-’Ie& .‘
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0.5 10 Hadronic Bkg. Rej. Discriminant
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Hadronic Bkg. Rej. Discriminant Hadronic CP Discriminant

The BDTs from Had region shown here as an example;
contours contain 25% and 50% of the events
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Event yield

MC/Fit

ttH/tH (H~>yy): Yield Parametrization
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Systematic Uncertainties

 This analysis is dominated by statistical uncertainties
of background events. The impact of systematic
uncertainties on the results is found to be negligible.
The main systematic sources:

» Parton showering for ttH, tH and ggH (Pythia vs Herwig), <
10% in the most sensitive categories

» For ggF, VBF and VH, a 100% theoretical uncertainty in the
modeling of the radiation of additional heavy-flavor jets
applied

» Experimental uncertainties from luminosity, trigger, lepton,

miss

photon, jet, b-tagging and E7
» Bias from potential background mis-modeling

Yanlin Liu 56
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Inclusive Data Spectra
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== Signal + Background
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Events and PDFs are weighted by In(1+S/B) of each
category, where S and B are calculated in the smallest m,,
interval containing 90% of the signal
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Expected event yield
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Intermediate Categories
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Even-like Categories
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Display for a ttH(-2>yy)-Like Event

AN
EXPERIMENT Nt

Run: 331742 \ ~
Event: 1873900334
2017-08-04 21:48:42 CEST
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H->uu: FSR Recovery
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Fraction of Events
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VBF/ggF Categorization

 Training variables used:
» o-jet: py*, y,, and cos6*

> 1-jet: 0-jet variables + pT » Nips AcI)Jl uu and Nt

track
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Categorization Performance (1)

Category Data Sam S B S/NB S/B (%] o [GeV]
VBF Very High 15 2.81 £+ 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 + 2.1 325+ 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
VBEF 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 18 311 79 £ 15 90 + 50 18320 £+ 90 0.66 0.5 2.9
2-jet Low 36 409 63 + 17 70 £+ 40 36 340 + 140 0.37 0.2 2.9
1-jet Very High 1097 16.5 £ 2.4 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 + 100 0.67 0.4 2.7
1-jet Low 73 459 125 + 17 150 &= 70 73480 + 190 0.53 0.2 2.8
0-jet Very High 15 986 59 + 11 70 £+ 40 16 090 £+ 90 0.55 0.4 2.6
0-jet High 46 523 99 + 13 120 = 60 46 190 £ 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 £ 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 1.45 4+ 0.14 1.7+ 0.9 41 £ 5 0.27 4.2 3.1
VH3LM 358 2.76 £ 0.24 3.2+ 1.6 347 £ 15 0.17 0.9 3.0
ttH 17  1.19 £ 0.13 1.4 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
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Categorization Performance (2)

Category ggF  VBF WH ZH ttH

VBF Very High  6.6% 93.3%  0.0% 0.0% 0.0%

VBF High 12.8% 87.1%  0.0% 0.0%  0.0%

VBF Medium  21.3% 78.5%  0.1% 0.1%  0.0% o
VBF Low 34.8% 64.8% 02% 02% 00% < Signal decomposition
92.jet Very High 82.0% 15.7% 12% 1.0% 0.2% :

2-jet High 03% 160% 27% 18% o0s% Dy production mode
2jet Medium  80.7% 10.4%  54% 3.0%  0.5% in each category

2-jet Low 782%  6.6% 88% 4.9%  1.5%

l-jet Very High 78.2% 21.2%  0.3% 0.3%  0.0% .

1-jet High 88.2% 10.4% 0.9% 0.6% 00% ° The categories show
1-jet Medium 91.4%  6.1% 1.6% 09% 0.0% high purity in their
1-jet Low 02.4%  3.8%  2.6% 12%  0.0% :
O-jet Very High 94.1%  2.5%  14%  2.0%  0.0% targeted production
O-jet High 98.3%  1.0% 0.4% 0.3% 0.0% modes

0-jet Medium 9.1%  0.6% 02% 0.1%  0.0%

O-jet Low 99.5%  0.3% 01% 0.1%  0.0%

VHAL 00%  0.0% 01% 99.5%  0.4%

VH3LH 03%  0.1% 96.9% 2.6% 0.1%

VH3LM 42%  1.0% 80.8% 8.6%  5.3%

tEH 01%  0.0% 15% 04% 98.0%
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H-> nu: Background Model

« A “core function” multiplied by an “empirical function”
is used to model the background shape

» Core function is a LO DY line-shape convoluted with a
Gaussian function mimicking detector mass resolution effects

» Empirical function is used to correct for distortions of the
mass shape and smaller background

. (ap+aymy, +aym?, +...+aym¥)
< Power law function: m,,, " " o

<+ Epoly function: exp(aimy, +aym., + ... + aym},

 Spurious signal (SS) uncertainty: derived by using S+B
PDF to fit the pure background templates

» Fast-simulation DY used for ggF/VBF categories, while full-
sim non-DY bkg. samples used for VH/ttH categories
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Background Function in Each Category

Category Empirical Function max(SS/ 6S)[%] max(SS/Ssa)[%]
VBF Very High Epolyl -20.3 -34.8
VBF High Power( 11.7 20.0
VBF Medium  Power0 8.5 16.4 « All functions pass the
yBELow = Towerd 11.2 24 pre-defined selection
2-jet Very High  Powerl -13.3 -34.5 . . .
2-jet High Epoly2 198 412 criteria with SS values
2-jet Medium Powerl 19.8 40.9 under control
2-jet Low Epoly3 2.1 8.0
I-jet Very High  Epoly2 21.9 -53.4 .
I-jet High Epoly? 78 185 e Chosen functions are
I-jet Medium  Powerl 4.2 7.9 typically with less
I-jet Low Powerl 17.3 51.5
0-jet Very High  Powerl 19.2 50.9 degree Of free%dom
0-jet High Powerl -19.4 43.5 comparing with EPS
0-jet Medium Powerl 25.8 69.4 due to improved
0-jet Low Epoly3 -20.8 -100.4 d
VHAL Power| 20.7 230 procedure
VH3LH Epoly2 36.9 210
VH3LM Epoly3 33.6 276
ttH Power( 32.2 117
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Systematic Uncertainties on Signals

« Theory uncertainties:

» Branching ratio, QCD scale and PDF uncertainties on all
production modes

» Underlying event/Parton shower uncertainties on ggF/VBF
» Heavy flavor uncertainty: 100% on ggF, VBF, and VH yields
only in ttH category
« Experimental uncertainties:
» Muon momentum scale, resolution, and efficiencies
» Electron/photon scale and resolution
> Jet energy scale/resolution, flavor tagging, quark-gluon
tagging and E7**>°
» Luminosity, pileup reweighting, Run 1 LHC Higgs mass
measurement uncertainty
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For figure on the right, events and PDFs are weighted by
In(1+S/B) of each category, where S and B are calculated
within 120-130 GeV mass window
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H->puu: Results

el m T L Measured signal strengths
VH and ttH categories — o= 50 +35 (+33, +1.1) fOI' flve groups Of Categorles
goF 0-et categories F—@— 0ss16(+15,+03) | * Results are consistent with
9gF 1-jet categories —s— 24 +12 (+12, £0.3) the SM prediction
ggF 2-jet categories |—@— 06 +12 (+1.2, +03) . Compatlblhty between the
ZBr:btj LH 12 ;: i ;: ; ;j signal s’Frengths in the five
| | | | | 1' groups 1S 20%

1 1 1 1 1 1 | 1 1 1 | | 1 1 1 1 1 1 1 1 I | 1 1 I
-10 -5 0 5 10 15 20
Signal strength
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Display for a VBF (H-> uu)-Like Event

ATLAS

EXPERIMENT

Run: 281411
Event: 312608026
2015-10-11 18:40:58 CEST
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» Higgs trilinear self-coupling (k;) can be directly probed via

g H g 9999999999999 > H
AHHH
A - o A Y
H N
g 2009999990999 - H 9 4 - - — - H

* ¥ also can be constrained through NLO EW correction of
single Higgs processes

00000 ; t P v
_____________ . e H-----4 L _-H
t v e
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+ ggF HH cross section depends on k; and x;

g > i = = = e H g 9999999999990 -
\\ K\ //,
A Y A e o

g 2999999999999 < ®-----—-————- H

« Any (¥, , k) can be obtained via a linear combination of
three basis samples at different k, values with x, =1

o[/ 5 K2 399
sample(ky, ki) = ki || ki + 20 ~ 380" - sample(0, 1)

40 2
+ (ﬁm\m N %mi) - sample(1, 1)

2
K5 — KKt
+ ( 380 ) sample(20, 1)]
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« VBF HH XS depends on k., k; and ky

 Alinear combination of 6 samples with
different (x.,y, K, ky) values

 Rank 1 basis used

3
K2 l‘az\/h: Koy Ky K B4 TALD N
3
4K n 12 12ky/ K
( _ 2v _ *izvsﬂv"o\ + \5/ A) X o’(%,l,l)-i-
3 252
5k n Skoy Ky K K Rt
( 2L 2VEVEN V8>\_ V8>‘)X0'(1,2,1)+
( szf’vv + KovKyKy + Ky — "“?/"A) x (0,0, 1)+
3 2 oD
nzvn Koy Ky K D il 7
( _ 2V36V A \42 e \42 A ) X o(1,10, 1)+
29!‘»‘2\/"\2\/ SKoy Ky K 29"'%/">\ R%/Rg\
K’2V 5 = — & 4 3 X o(1,1,1)
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Triggers

° TlepThad channel
» SLT (single e/ trigger): priority is given
“+Lowest un-prescaled, isolated with p; 20-26 GeV
“*e: 60, 120, 140, 300 GeV supplementary non-isolated triggers
“*1: 50 and 60 GeV supplementary non-isolated triggers
» LTT (lepton+t trigger): checked if not passing SLT
%14 (17) GeV u (e) + 25/35 GeV medium 71y ,4

®* ThadThad channel
» STT (single 1,4 trigger): priority is given
< 80, 125 and 160 GeV medium T;,,4

» DTT (di-ty,4 trigger): checked if not passing STT
%2 medium 7,4 with pr > 35 (25) GeV + 25 GeV L1 jet
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Selection Criteria

Thad Thad Category Tiep Thad categories
STT DTT SLT LTT
e/ u selection
No loose e/u with pt > 7 GeV Exactly one tight e or medium p
pg > 25,27 GeV 18 GeV < pS < SLT cut
p# > 21,27 GeV 15 GeV < p’T' < SLT cut
€| < 2.47,not 1.37 < |n¢| < 1.52
In#| < 2.7
Thad-vis Selection
Two loose Thad-vis One loose Thad-vis
In] < 2.5 In] <2.3
pt > 100, 140, 180 (25) GeV pt > 40 (30) GeV pt > 20 GeV pr > 30 GeV

Jet selection
> 2 jets with |p| < 2.5
pr > 45 (20) GeV Trigger dependent pr > 45 (20) GeV Trigger dependent

Event-level selection
Trigger requirements passed
Collision vertex reconstructed
m,lﬁMC > 60 GeV
Opposite-sign electric charges of e/ u/Thad-vis and Thad-vis
Exactly two b-tagged jets
mpp < 150 GeV
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Signal Acceptance x Efficiency

« The acceptance times efficiency
for the non-resonant ggF+VBF
evaluated w.r.t. targeted 7 decay
modes

S 014 ATLAS Simulation Preliminary =t ]

P ThadThad: 4-0%, TiepThaa SLT: 4.0%, & oqof G=13Tev. 130" ~ Tegthag
TiepThag LTT: 1.0% FTY Iy T

» Around factor 2 improvement on £ oos- :
signal acceptance compared with § oos- N -
previous publication” oosf- N

* Driven by improved 002 "_j__/ ____________________________________________________________ E
reconstruction and identification °200 400 600 800 1000 1200 1400 1600

of Thad and b—J ets™* my [GeV]

*

**
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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

HL-LHC Projection

Significance [o] Combined signal
Uncertainty scenario bbyy bbt*t~ Combination | strength precision [%]
No syst. unc. 2.3 4.0 4.6 —23/+23
Baseline 2.2 2.8 3.2 -31/+34
Theoretical unc. halved 1.1 1.7 2.0 —49/+51
Run 2 syst. unc. 1.1 1.5 1.7 —57/+68

Uncertainty scenario

Likelihood scan 1 oo CI Likelihood scan 2 o CI

No syst. unc.

Baseline

Theoretical unc. halved

Run 2 syst. unc.

[0.6,1.5]
[0.5,1.6]
[0.2,2.2]
[0.1,2.5]

[0.3,2.1]
[0.0,2.7]
[-0.4,5.6]
[-0.7,5.7]
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http://cdsweb.cern.ch/record/2802127

K,-dependence of XS and BR
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Flavor Tagging Improvement

T T 17T | T T T I T 17T I T 11 | T 1T | T 11 | T 17T I T T T I_
| ATLAS Preliminary Simulation —— MV2(2018) i
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Likelihood-based calibration
provides >2x reduction in
uncertainties

I|IIII|IIII|IIII|IIII|IIII|IIII|III

L ATLAS Preliminary fs=13TeV, 139 fo"
[ b-jet Calibration with tt Events
— DL1r g, =70 % Single Cut OP

anti-k, R=0.4 EMPFlow Jets
—+—— Measured Scale Factor (total unc.)
Smoothed Scale Factor (total unc.)
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T Identification Improvement

CC) 1O4§\' ""I""I""l""l""l""E
B E ATLAS Simulation Preliminary -
T F 1 RNN ID shows 2x
PRSI _ .
z 10 = improvement compared
b - 1 with BDT
£ 10°g T Moved from “medium”
R 1 to “loose” WP
e Working points (1-prong) . .
10 o oo Per-tau efficiency:

----- BDT (3-prong)

m  Working points (3- prong) ﬂ 1'pr0ng: 75% 9 85%
o e s sl L 3-prong: 60% =2 75%

0.1 0.2 0.3 04 0.5 06 07 08 09 1
True t

o

had.vis €fficiency
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Variable

Thad Thad

MmHuH

MMC
Merr

Mpp

AR(T, T)

AR(b, b)

Apr(€, 1)
Sub-leading b-tagged jet pr
my

E'rrniss

PT™™* ¢ centrality
A¢({t, bb)

Ag (L, pT™™)

A (T, piss)

ST

NSNS

N NSNS

SN SNSSNSSNSNSNSNASNASNANNS

NSNS
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New Small Wheel

Wedge installation. at CERN
B ,1 ~ —

............. T T
the detector
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Two types of technology adopted
for triggering and precision
tracking: small-strip Thin Gap
Chambers (sTGC) and
Micromegas detectors (MM)
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sTGC Trigger Chain

Photo took from

a bench test

pad past UshLs euu
DS | [rippc J
1/pFEB | 2xGBT 1/sector
_/1/Secmr Trigger fibres > SLeocgtl%r )
TaPPrprocessor
3/sFEB A
on NSW rim for e
1/sector
fibre :
Trigger
MM ADDC _2/iayerjecto / /j oger
J i 'RT'\ y/
TTC
—
VMM | SCA
#VMMs per FEB: 1/FEB = FELIX swROD I ?
MM: 8 -
sTGC strips: 6 or 7 ReadOUt twin-ax\\ on Chamber
STGC pad-+wire: 2+1 ASIC \\ event
1/FEB \ GBT fibre monitor
ASIC Config | Rx-Tx
DCS calib-
L1DDC 3 Config
/layer/sector ration
ke
m== config/monit trigger
Front end boards == readout monitor Des
- trigger
,,,,,,,,,,,,,,,
F ' the tri hain (red |

ines) work for sTGC, and

responsible for the test/commissioning/debugging for the
router boards (in total 256 router boards are assembled for

two sides of the detector)
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