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Outline

- The role of the Higgs boson in Standard Mode| ~— !mmaeze

- Short history of discovery for Higgs boson at LHC

- What we learned in a decade since discovery
- Mass measurement

- Coupling and cross section measurement
- Width measurement

- Higgs self-coupling measurement

- Summary and Future
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A Higgs boson and the Standard Model

Higgs boson was the last
undiscovered particle in the SM
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rces

19 unpredictableparamete?s in the SM
15/19 parameters are related to the Higgs
boson!!
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SM Lagrangian
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SM Lagrangian

Higgs potential

V() = 12¢Tp + A(¢Tp)" + - (12 <0,1>0)

Expand around new vacuum ¢ = \/_E(v 2 h)

V($) ={w2R2[+ hoR® + L AnY+ -

Higgs mass term Higgs self-coupling

mp, =+ 24v% =/ -2u? H----- Q’/
Potential parameters are unpredictable
< Higgs mass is unpredictable

=>» Need to measure experimentally!!

N
N
)
N
=
(9]
©)
-




2022/9/28

SM Lagrangian

Describe Gauge boson mass term and interactions
(Electroweak symmetry breaking)

mass term

2_ gv.Z 3 1 g2_|_glz
1D, 9| = )W wH +§< V) ZuZ"
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W/Z bosons acquire mass by vacuum shift 0>v
(y keeps massless)
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SM Lagrangian

Interaction between Higgs and
Fermions (Yukawa sector)

Describe fermion mass term and Yukawa interactions

Fermion (charged lepton/quark) mass is given by

proportional of Yukawa coupling in the SM
1

7z
However, Yukawa couplings are just parameters in SM
= Can’t predict fermion mass

=>» Different Yukawa coupling makes "generation” of
fermions
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- LHC (Large Hadron Collider) is proton-proton collider 3 50 — e E=isTey -

. O C ]
located underground in suburban of Geneva S a0- £
met | st | mez || wes. [
7TeV 8 TeV 13 TeV 13.6 TeV 3 EL
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~25/fb ~140/fb ~10/fb (Just started!!)

= ~0.6M Higgs! = ~8M Higgs!!

Multi-purpose 41 detector



LHC-ATLAS experimental conditions

Run: 349114
Event: ?]64454 2

EXPERIMENT

In Run2 13 TeV condition

~30 Pile-up events on average
= Experimentally severe
condition to identify interesting
events

= Many efforts to mitigate pile-
up effect

ATLAS Event display in
2018 data

28 pileup on top of Z2>up
(red lines) events
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Higgs decay branching ratio

- S L BN B0 sus s e - Higgs boson decays to other SM
e F -, i particles
S5 r 18 _
g - Observed Higgs mass(~125 GeV)
L0 & B Is experimentally really good
s _ : - Higgs boson is able to decay
ot - various particles
102 = =» Property measurement with
= - " E different decay modes
- . - H>bb decay mode is dominant
10° =
- m N
, 58% 21% 8.2% 6.3% 2.9% 2.6%
7 .
108900 '12|o'\1ci10' 60 '180
M, [GeV] 0.23% 0.15% 0.022%
a i . w . b/t 4
o < e < T .< H == w H == tb/t
w t/b/t
b/c T/ w/z vz vz
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Higgs Production at LHC

- Gluon-fusion process is dominant at LHC (Gluon collider!!)

g T I —05:0=0 I T l T I l T I T T 17 ' | 5 B B | I LI I | Y Y AL ' g W/Z
t/b/c =10%E M(H)= 125 GeV_ =3¢
H = E W) o £
t/b/c A W Deeeeee s H (N3LO QCR= MO = 18
I+— — _ypp - /— ¥
tiblc = — =2 10 e

L Ll

T T

L L 1L

t/b

—~ o
VBE 79, ttH ~1.4%

- Higgs physics strategy is built by the combination of production and decay (can
not observe all Higgs events experimentally!!)
» Lots of QCD background, not triggerable, detector coverage...




Summary of Higgs physics strategy

- Clean (bosonic decay) modes contributed to the discovery!!
(Discovered by ggF process)
- Contribute to various property measurements as well
- Fermionic decay modes are particularly important for Yukawa measurement

) @ Discovery

Mass
Cross section
Coupling

gg F Discovery d @ Discovery
Mass

Yo Cross section .
VB F measurement Coupling @ Cross sgctlon
Spin/CP, width Coupling

Ytau
Cross

section

> D> D> D

X D X X

VH(WH/ZH) measurement JAN Spin/CP, width O Spin/CP CP
TSR measurement
ttH O O A ©
For example:

o(ggF)*BR(H->bb)*Lumi(Run2) = 55.7pb*0.58*139000/pb = ~4.5M event (not triggerable)
o(ggF)*BR(H->yy)*Lumi(Run2) = 55.7pb*0.0023*139000/pb = ~18K events
o(ggF)*BR(H->pu)*Lumi(Run2) = 55.7pb*0.00022*139000/pb = ~1.7K events




Higgs Discovery at Run1 (2012)

- A Higgs boson was discovered in 2012 in ATLAS and CMS experiments

H2>vy

Events / GeV

Data - Bkg

Excellent mass resolution

H>ZZ->4l

» Excellent mass resolution ~1-2% <« Higher event yield but large

H>WW->2|2v

o(myy)~1% =» Narrow mass peak . Branching fraction is very low.
~0.02%

can be observed on top of large
background
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Clean background (good S/B)

e Data .
Background zz"
Background Z+jets, tt
Signal (m, =125 GeV)
Signal (mH=150 GeV)
Signal (mH=190 GeV)

2y Syst.Unc.
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\s =7 TeV: [Ldt = 4.8 b’
Hs =8 TeV: [Ldt = 5.8 b
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ATLAS Preliminary

H—zZ") -4

Events / 10 GeV

200 250

m,, [GeV]

Significance(local) 3.40

@125 GeV

variety of difficult backgrounds

m

to neutrino in the final state
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ass resolution ~10 GeV due
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B - Data %< SM(sys@stat) |
B ATLAS v B wzzzwy
— \s=8TeV,[Ldt=5.8fb" [J& [ SingleTop
© B Z+jets [] W+ets
H-WW —evuv/uvev + 0/1 jets [ H[125 GeV]
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Significance (local) 2.8c
(2.30 exp.)@125 GeV



Higgs Discovery at Run1 (2012)

gAY July 4th 2012
H->

Combined results: the excess

Observed ~ 50 excess [EEqui™e=
around 125 GeV
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..." Excess seenin both
o WA 2k N ——— 33 . | = 7TeVdata(3.00)
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150 B
m, (GeV] m, [GeV] ’ .~ = 8TeVdata(3.80)
L o near the same mass 125 GeV

Maximum excess observed at my = 126.5 GeV

Local significance (including energy-scale systematics) 500

12 et ) 10
Probability of background up-fluctuation 3x107 : NGO A2) 308 0041120 120 190

: Higgs boson mass (GeV) ~= SM (sys @ stat)
Expected from SM Higgs m,=126.5 : WZ/ZZWy
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2013 Nobel Prize

The Nobel Prize in Physics 2013

@® Nobelprize.ora
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Higgs Measurements in 10 years

- Higgs discovery provides rich physics topics
- Higgs boson properties have been measured for ~past 10 years
- Show highlights of the resent results up to LHC-Run2

Coupling to the SM | Higgs Potential,

(boson and fermion) Self coupling

\d

BSM Higgs Search Cross-Section
Rare/Exotic decay (Differential)




Higgs Mass measurement

= ETIrTLe R TR [ L R
n O] ATLAS [éﬂ Egtg boson (125 Ge V)
- Higgs mass is one of unpredictable parameters 312°j?ﬁ3%§v.7;94f!,-1 o
i) - ; B Zijets, ti E
. . GC.) 100 5 W Uncentainty 7]
- Measure using excellent mass resolution channel & | Ver, :
i Wig ]
(H>vy, H=>ZZ->4l) b th £ u,j‘j?peak
. ; “n2
- ATLAS recently measured mass in 4l channel 40f 1
- Use Neutral Network to discriminate signal from 20f
baCkground 0 110 120 130 140 150 160
- Predict uncertainties (detector region, e or y, m, [GeV]
kinematics) event-by-event pr— L
2 Multi-dimensional fit (my vs NN score, uncertainty) ~ |s-mae =
124.99:0.18(stat)+0.04(sys) GeV DU N
0.15% precision!! still statistically dominated B womse
Systematic Uncertainty | Impact (MeV) [ »—:l—u 12493 £0.20 (025 aL)
Muon momentum scale +20 _Combined |—l—| 124.99 +0.19 (£0.18 Stat.;
Electron energy scale +16 "F“ """""""""""""""" Qi o-ooooooomnessessasnine (‘+' """"" “)
Theory +13 e T e B
123 124 125 126 127

c.f. CMS (Run1+partial Run2) 125.38+0.14 GeV my[GeV]
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I I meaSUI emen = ATLAS oo -
o 35 /s = 13TeV, 139 b Uncertainty -
-~ = T H—»rr(OQSxSM)
@ 30 __AII Boost SRs AR
& = Other backgrounds
@ 25 [ 1 Misidentified T

- Provide an unique opportunity to access
tau-Yukawa coupling
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- Observed H->11 signal b. > 50 in Run1

- Events are categorized by the tau decay mode and Higgs
production channel

Data — Bkg

50 75 100 125 150 175 200

Tau decav mode Higgs production — mi™C [GeV]
TiepThads ThadThads TiepTiep X 9gF(pr>100 GeV) E 160 | IATI'-ASI o ) ’ IDL‘IaI - IE
T HLE ® of e e oo
§ 120 - = OthteTrTbackgrounds

[1 Misidentified T

L

- Measured VBF cross section

0.197%0.041pb (SM pred. 0.220+0.005pb), 5.30 (6.20
exp.)

- Measured ggF cross section

2.65+0.85pb (SM pred. 2.77%+0.09pb), 3.90 (4.60 exp.)
=» Consistent with SM

50 75 100 125 150 175 200
mMMC [GeV]




ATLAS, /5 =13 TeV. 139 fo”, Hup

H->pup measurement i

100

107! . 3
- H>pup is an unique opportunity to study 2nd 102} ol
generation lepton Yukawa coupling - _‘_l_ ]
- BR is extremely small (0.022%) c 1.0
o . &ors
- Mass resolution is good (~3 GeV), but background is é
huge (DY Z->pp tail) 8 05
. . : £ 0.25
- Crucial to extract better S/B region in each production @
mode using Machine learning technique (BDT) S e E e ERRGEIERERS TS
ekt d Eoda L B
g O Amas T +Data 7 §C22522383228222 77
~ 600 Vs=13TeV, 1391b" —Totalpdf ~ — £ 8 2 B 2 3B 2
2 500f& H — pp, In(1 + S/B) weighted :g:?grfi')dpfdf = > & s &
:>j 4005_ 3 Analysis Categories
2 300 - . -
S b 7 - Observed significance
= = =

2.00 (1.70 exp.)

- Upper limit on BR(H>puu) < 0.047%
110 115 120 125 130 135 140 145 1éomp:t';ée\1/;30 c.f. CMS: 3.00 (2.50 exp.)

Data - Bkg.




H->bb measurement

- Measurement of bottom Yukawa coupling

|||||||||||||||||||||||||||||||||

I VH, H —>bb(u 1 02)_
[ Dibos: E
I Z+jet

[ To p

Bl W+jets
Uncertainty B
===+ Pre-fit background ]

10° F13Tv139fb
2 leptons, 2 jets, 2 b-tags

- Dominant branching ratio (58%)

104

Events / 15.0 GeV

- VH channels are most sensitive (difficult to trigger ggF/VBF
and background is huge)

— VH,H >bb x40 3

\ E
i I‘ 10
z ,
P L A USRS e
| EO.SE— IIIIIIIIIIIIIIIIIII -I+-.‘.,-q—_0_:
*
- Triggered by Z->vv(MET), W=>lv, Z->I Main backaround

* Require 2 b-tagged jets Z+jets(0/2 lep), W+jets(0/1 lep)
- Select high p;" to enhance S/B ttbar, single top(0/1/2 lep)
0-lep 2 bejet 75 < prV < 150 diboson(0/1/2 lepton)
ep R , 0 R 150 <pr <250 => Utilize machine leaning to
2-lep J J 250 < pV . . .
il discriminate signal




H->bb measurement

- Measurement of bottom Yukawa coupling

Final discriminant (BDT output)

1 IIIIHI 111

T e e
ATLAS —o— Data
\s =13 TeV, 139 fb” I VH, H - bb (1=1.02)

Diboson
1 lepton, 3 jets, 2 b-tags —

T T T T
ATLAS —o— Data
VH,H — bb (1=1.02
Ys=13TeV, 139 fb" I VH, H = bb (1=1.02)
’ [ Diboson

— 0 lepton, 3 jets, 2 b-tags t
p;’ > 250 GeV I Single top

Il W+jets

B Z+jets

ELe L el ™TT TTT L LA e el
ATLAS ; 3::‘“ bb (1=1.02)

¥ y — p: B a—
\s =13 TeV, 139 fb ! Diboson
D 2leptons, = 3 jets, 2b-tags g 7,jets

pY > 250 GeV I Single top pY} = 250 GeV [ Top
Multijet [] Uncertainty
Il W+jets -+« Pre-fit background
Uncertainty Il Z+jets = VH,H — bb x5
Pre-fit background 3 Uncertainty
— VH,H - bb x5 : «+=+ Pre-fit background
: —VH,H>bbx10

Events / 0.25
Events / 0.25
Events /0.25

Data/Pred.

Data/Pred.
Data/Pred.

A P LI A=

. L L1 L1 L1 L1 L1 . L1 L1l L1 L1l T B, g
-1 08 06-04-02 0 02 04 06 08 -1 08 06-04-02 0 02 04 06 038 -1 -0.8 -0.6 -0.4 -0.2 0 0 2 0 4 0 6 0 8 1
BDT,,, output BDT,,, output BDT,,, output

Signal can be enhanced in the high BDT output score region
S/B > 1 in 2 lepton highest score bin

2 b-jet+1jets P El S U S [Tlc B8 1€c
250 < p7V : . :
oV < pr discriminate signal
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o 250[~ {513 Tev, 139 b B VH, H = bb (1=1.17) — N

. Signal strength p = (0xBR) J(GXBR)gy = 1z = Top pton) - “
g gtn y = measure SM g oooL 2+3ets, 2 b-tags i E
qC, — Dijet mass analysis [ Single top —
TT T T[T T T T [T T T T[T T T T[T T T T [TTT7T [TT T T[T T T T[T T T T [TTT7T (?) | Weighted by Higgs S/B -w'l:iets :
ATLAS VH Hs bb /s= 13 TeV 139 fo B 1500 B Z-jets .
z B [ ] B-only uncertainty
— Total — Stat. 2 B o \Ijl:-:i't bat;légro:nd .
Tot. (Stat., Syst.) = ook S T B
WH Fo 095 758 (Toies 08 ) i i
S0~ ]

. - +0.25 +0.17 +0.18

ZH ’x '=¢* 1-08 _0.23 (__017 ,__015 ) g) T l 17T I T TT I LI I LI I T 17T I T 1T I 1T I T T I T4
2 10 g
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Comb 8 &L ]
omb. - 0.18 012 +0.14 n ]
e 1.02 jo17 Co11’i013) - 1
v by be v bvv s bvwn o by by b Lo s buway = 7
005 T 15 225 3 35 145 5 . T :

i ] N

n n n ubb - I 11 I | I .| I L1 1 I L1 1 I L1 1 I | .| I L1 1 I | I | l -3 8

S|gn|f|cance VH 40 60 80 100 120 140 160 180 200 .

. My, [GeV] %

WH: 4.00 (4.10 exp.) -

Cross-check in my,, fit

ZH: 5.30 (5.10 exp.) 5.50 (4.90 exp.)

VH(WH+ZH): 6.70 (6.70 exp.)




H->cc measurement

- Charm Yukawa measurement

- Small branching ratio (2.9%), huge SM background

= Super difficult measurement at LHC

= Similar analysis strategy to VH(—=>bb), but dedicated c-
tagging has been developed

Events /10 GeV

Data/Pred.

ATLAS
Vs =13 TeV, 139 fb"

SR, p: > 150 GeV

LI [N L S N B B B B

0 lepton, 2 jets, 2 c-tags

ZH->vvcce

LA B AL B

—e— Data

—— Signal + Background
I VZ(- cC) (u=1.16)
I VW(- cq) (1=0.83)

VV Bkg
top(other)
top(b)

B W+hf

o Wamf
WaIf

B Z+hf

e Zemf
Z+lf

I VH(— bb)

LI L

[] Uncertainty
= SM VH(- cT) x 300

S S R J_
:_llllllljlllllllllllllllllllll :
60 80 100 120 140 160 180 200

m, [GeV]

Events / 10 GeV

Data/Pred.

TLAS
s=13TeV, 139 1"

71 D]

SR, p: > 150 GeV

IIIIIIIIIIIIIIIIIIII

LI L L B I R

1 lepton, 2 jets, 2 c-tags

WH-Ilvcc

L e m m
—e— Data

—— Signal + Background
B VZ(- cC) (u=1.16)
I VW(- cq) (u=0.83)

top(b)

B W+hf
o Wamf
W+If

I VH(-> bb)
[ Uncertainty
= SM VH(— ¢CT) x 300

T T

top(other)

multi-jet + other

LI L

IlII|IIII|IIII|IIII|IIII|IIII|II[||II[I|IIII|

Er 1 rrrr T

T T l T T ] l_-
:_l 1 I l T l o l L ! § l Ll [ I =
60 80 100 120 140 160 180 200

m [GeV]

Data c-tagging efficiency * total uncertainty

Events / 15 GeV

Data/Pred.

80

70

60

50

ot
»

s
ATLAS

LN B B B S B B S S S S S S B S B R

Vs= 13 TeV, 80.5-139 fb”'

VH, H— ¢C 27% c-tagging efficiency working point
DL1, c-tag + MV2 b-tag veto

—c-jets —b-jets —light-jets

nnnnnnnnnnnnnnnnnnnnnnnn

— T
ATLAS

Ys =13 TeV, 139 fb”

2 lepton, 2 jets, 2 c-tags

SR, p: > 150 GeV

[lllllllllllllllllll]

—e— Data

—— Signal + Background
B VZ(- cC) (u=1.16)
I VW(= cq) (u=0.83)

VV Bkg
B Z+hf

e Z+mf
Z+If

tt + others

Il VH(- bb)

w—= SM VH(— cC) x 300

ZH~=>llcc

[ Uncertainty _I

—_
_ O
T

== IR | I

—0—’ ]
| I A BT N N

100

No significant H->cc signal is observed

120 140

160 180
m,. [GeV]



AL IS L) ER N B EN e B L I EL L PR
ATLAS
0.4 i
Vs= 13 TeV, 80.5-139 fb
0.35( VH, H— ¢t 27% c-tagging efficiency working point
0.3 DL1, c-tag + MV2 b-tag veto
—cC-jets —b-jets —light-jets

H->cc measurement

- Charm Yukawa measurement
° ”

Ll 111l

cy = total uncertainty

_lllllIIIIIIIIIllllllIIIIIIIIII

- ATLA —e- Data

. {s=13TeV, 139" I VH(> ct) (u=-9)
4" 0+1+2 leptons I VZ(- cC) (u=1.16)
- 1+2 c-tags, All SR [ VW(- cq) (1=0.83)

Weighted by Higgs S/B B-only uncertainty
— SM VH(—> ¢B) x 26

I T T T I T T T l T T T I T T T I 1 T T I T 1 T

ATLAS S ERT
\5=13 TeV, 139 fb’ 2
VH, H - ¢t

0 lepton
Exp.= 40 x SM
Obs.= 35 x SM

1 lepton

Exp.= 60 x SM
Obs.= 50 x SM

IIII‘IIIIIIIII

2 lepton

Exp.= 51x SM
Obs.= 49 x SM

Events / 10 GeV (Weighted, B-subtracted)

IIIIllIlIIIIllIIIlllIIl

Combination
Exp.= 31x SM
Obs.= 26 x SM

llllllllI[lIlIlllllllllllIlllIl lllllll]lllllll

60 80 100 120 140 160 180 200 40 60 80 100
m,; [GeV] 95% CL limitonpu
VH(ct)

CMS recently developed boosted H->cc tagger: 14.4*SM (7.6*SM)

T V oU ol U 0 ¥ 160 1ol 20U = 60 80 100 120 140 160 180
m. [GeV] m.. [GeV] m.. [GeV]

No significant H->cc signal is observed




Higgs Combination

- Analyzed many production and decay modes
=» Statistical combination of all channels to obtain the most precise

measurements
ggF v v v v v v -
VBF v v v v v 4 -
VH(WH/ZH) 4 A(partial data) v v v - v
ttH v A(partial data) A(partial data) ¢ A(partial data) - -
tH v A(partial data) A(partial data) v A(partial data) - -
q W/iZ b t ble T/ W/Z
w H H wmm——— < H ==ee=- < H === -<
g H blc T/ Wiz
t/b y %
w tb/c
..... H H == w H == tb/t

W t/b/t
t/b v/Z v/Z




Higgs combined Results ~Production/Decay~

- Main Production channels and decay modes are already
observed in Run1 and Run2 data

o= 102 3 & 1e 3
2 E E S Ewm— 5
= B ATLAS Run 2 1 5 F - ATLAS Run 2 -
Q2 - | = - e 3
3] o401 o
i z 5 f - :
o N . S - 2|
o B 01072 5 .

E —— T 3 z 1 Start accessing

- _§ Data (Total uncertainty) T = - § Data (Total uncertainty) —— % . rare pro duction

Pl [Z18yst. uncertainty | 107 E []Syst. uncertainty = dd d
19 = [ SM prediction B B SM prediction % 3 an eécay mode

= } ! ! % ] - . | , ; | ]
% 15 % ~+' —10 s " T T T 1 I 3 3

i ZZln w 1.2+ Z2 —
*g L Z -+ —0 2 4l — —2
g [ ] 2 o
o 0.5 | | I A J-10 g . 1

ggF + bbH  VBF WH ZH ttH tH ' L ' L L

; bb  Www T 7z vy Zy MK
. _ Production process o . o Dacay mode--
50 50 50 50 50 50 56, 50

e e R s T

7% 13% 23% 22% 24% ~70% 15% 12% 12% 1% 10% ~100% ~60%

No any significant deviation from SM (10-20% precision for main channels)



Higgs combined results ~Coupling~

- Measured couplings between Higgs

boson and SM particles

(k-framework: k = gmeasure / gSM )

|

g Z , o(p > VH)-BR(H - bb)
g H“( T k',;sz osMm * BRsy

\ ° J

» Coupling modifier ki, Ky, K, K, Ky, Kz (K¢)
(measured coupling normalized to SM)

- Precision is 7-11% for top, W/Z,
bottom, 1, ~30% for p

 Yukawa coupling works well in 102 different
scale (O(100 MeV) ~ O(100 GeV)!!

- Higgs boson builds generation of quark and
lepton

[Yp &Y, Y.< Yp« Yy ]

me
vev o VKvvay

Kr

>

KpOr K

10~

10~

10~

107
1.4

0.8

I Ke =Ky

]lllllll I IIIIIIII I Illlllll [ IIIIIIII

IIII T T IIIII]
ATLAS Run 2

+ K. is afree parameter
SM prediction
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Leptons

Quarks

IIIIIII | IlIIIlIl

ve v ] v ][ v [N -

/ B on:E
P Force carriers Higgs boson B
= l o3 | d T| 7 =
_Ji.il_ — e —————— =
:‘ ~30% ~7% ~11% ~6% ~7‘Z%
‘s L = § $

: i { ? :
Eoiiil® 5§ ¢ Wil M W R Ll =

107" 1 10 102

10°  Particle mass [GeV]




Higgs combined results ~CoupI|ng~

St Lok I L LN LRI T Y B S RS [ SRS I BELEL BRI A B EZIEFTE RER A I LTI S |
- Measured effective photon, gluon z| ;
couplings as free parameters (loop Kw Al AR
d | a g r a m ) K, ———1— Leptons OuarkT-
14 u | c |
S L] L L I B IR - : -
Camas e o Kp| -t o oo
1.20F - 1325609, Zeev—l 3|g b2 . o gbse"vedlas"/" CL ’—: B Force carriers Higgs boson ]|
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Cross Section Measurement {

- Inclusive measurement
- differential measurement

ATLAS Run?2
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In high statistics Run2 data,

Differential cross section corner o

phase space (high-p;)

=>» Sensitive to BSM (even higher
energy scale than LHC)

=>» Effective field theory may reveal
BSM model if observe deviation

from SM
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Cross Section Measurement

- Differential cross section measurement in H>vyy, H>ZZ->4]

- gluon fusion p;™ shape is sensitive to k., K,
=» Constrain them
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ATLAS Work in Progress L qa->ZZ background
[ 139fb~! T

Higgs Width measurement -

- Higgs boson natural width : ';SM ~4.07 MeV m
- impossible to measure by direct measurement!

10}
_10—9,

- Measure Higgs width indirectly from on-shell/off-shell

-------
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Higgs

Higgs Self-coupling potential

Our

vacuum

- Is Higgs potential shape really SM-like?

- What’s the mechanism of EW Phase transition?

=>» Still remaining mystery in Higgs properties
=» Anomaly in the Higgs self-coupling? ~Higgs

- Need to observe Higgs pair production to measure
Higgs self-coupling(A) and understand Higgs potential

H 9 2999999999998 > Q®---------- H

9 2999999999990
. Kt
A e ----- o A \
H Y
. Interfere .
g H g 9999999999999 < ®---------- H

- DiHiggs production cross section is ~31fb at 13 TeV -
(1000 times smaller than single Higgs production)

Y4 3.1% 1.1% 0.33%

- 4b, 2b21, 2b2y final states are sensitive w | oaex



Higgs Pair Production Search

- At the beginning of LHC, we thought the observation of Higgs pair production is
impossible in LHC (even HL-LHC)

- Many improvements on the analysis (b-tagging algorithm and multi-variate analysis
using machine learning) =» Not a dream to observe Higgs pair production in Run3!!
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Summary and Future

- After Higgs boson discovery in 2012, ATLAS has measured the Higgs
boson properties as precisely as possible in various ways

- Major production and decay modes are observed in Run1+2 data
- Established the Higgs boson coupling to 3" generation fermion

- There are many many interesting Higgs measurements can’'t show today

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#Recent Results

LHC Todaw! ; HL-LHC

EYETS 136 Tev_ BEE 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation limit LIU Installati 2
7 TeV 8 TeV  hutton collimators ﬁ\rtsg;ggtion il inner triplet HiARe
e — R2E project regions Civil Eng. P1-P5 pibt beam radiation limit installation
ATLAS - CMS
experiment upgrade phase 1
am pipes nominal Lumi 2 nominal Lumi, ALICE - LHCb HH production
75% nominal Lumi upgrade - c observation?
/—' Observation? Evidence? :
luminosity EOITVE (o

We analyzed only 5% data of total data!! Higgs physics may open BSM door!!


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome

Backup




Tevatron Flying?

arXiv.org > hep-ex > arXiv:1207.0449

Search or Article-id

2022/9/28

High Energy Physics - Experiment

Updated Combination of CDF and DO Searches for Standard Model Higgs Boson Production with up to 10.0
fb-1 of Data

The CDF Collaboration, the DO Collaboration, the Tevatron New Physics, Higgs Working Group
(Submitted on 2 Jul 2012 (v1), last revised 3 Jul 2012 (this version, v2))

We combine results from the CDF and DO Collaborations on direct searches for the standard model (SM) Higgs boson (H) in ppbar collisions at the Fermilab Tevatron at sqrt(s)=1.96
TeV. Compared to the previous Tevatron Higgs boson search combination, more data have been included, additional channels have been incorporated, and some previously used
channels have been reanalyzed to gain sensitivity. Searches are carried out for hypothesized Higgs boson masses between 100 and 200 GeV/cA2. With up to 10 fb-1 of luminosity
analyzed, the 95% C.L. median expected upper limits on Higgs boson production are factors of 0.89, 1.08, and 0.48 times the values of the SM cross section for Higgs bosons of mass
m_H=115 GeV/cA2, 125 GeV/cA2, and 165 GeV/cA2, respectively. In the absence of signal, we expect to exclude the regions 100<m_{H}<120 GeV/cA2 and 139<m_H<184 GeV/cA2.
We exclude, at the 95% CL, two regions: 100<m_H<103 GeV/cA2, and 147<m_H<180 GeV/cA2. There is a significant excess of data events with respect to the background estimation
in the mass range 115<m_H<140 GeV/cA2, which causes our observed limits to not be as stringent as expected. At m_H=120 GeV/cA2, the p-value for a background fluctuation to
produce this excess is \sim1.5x10A-3, corresponding to a local significance of 3.0 standard deviations. The global significance for such an excess anywhere in the full mass range
investigated is approximately 2.5 standard deviations. We also combine separately searches for H to bb and H to WW. We find that the excess is concentrated in the H to bb channel,
appearing in the searches over a broad range of m_H. The maximum local significance of 3.2 standard deviations corresponds to a global significance of approximately 2.9 standard
deviations. Our results in the H to WW channels are also consistent with the possible presence of a low-mass Higgs boson.

Comments: Submitted to the Summer 2012 Conferences

Subjects: High Energy Physics - Experiment (hep-ex)

Report number: FERMILAB-CONF-12-318-E; CDF Note 10884; DO Note 6348
Cite as: arXiv:1207.0449 [hep-ex]

(or arXiv:1207.0449v2 [hep-ex] for this version)

TGSW 2022



Improvement of analysis

Light jet rejection - b tagging efficiency ¢ = 70%
ﬂJetProb 2010

Initial tagger based on track impact parameter

ﬂ IP3D-JetFitter/SV1 201 1
gger

Impact Parameter (IP) and Secondary VerteX&
Tagger combination based on MultiVariate method (MV)

ﬂ MV1 2014

MV tagger after IBL insertion at Run 2

H MV2c20 - IBL 2018

Deep Learning Neural Network tagger

H DL1r* 2019

|] Graph Neura‘ Ietwork tagger

* Variation in efficiency due to lower jet threshold and improved charm rejection

| 1 l 1 1 1 l 1 | 1 l 1 1 1 l 1 1 1 l 1 | 1 l 1 1 1 l | 1 1

Light jet rejection factor
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Higgs pair production

- 0(ggF~>HH): 31.05fb

8 GEEEE666Y—>——@——————- £ GEEEETE
. [
8 00000000»——<«—@——————- 1Y r‘6‘6'6'6'6'6'6-

o(VBF>HH): 1.73fb

1

|

%

do
dmun

200 300 400

Es , 8
s H ’ B 5 .:.: .
. Fi i
’ X : : - T,
-5 por o
LN % 0 300 400 500 600 700 800
e ™ m,, [GeV]
K

Signal enhancement o/ offf!

500 600 700 800

o 0.14p T T T T
5 - ATLAS Simulation
> 012 .
£ i /s =13 TeV
3 0.1 : ' iy = 0
f : —_— K, =2

muu [GeV]

Cross section
enhancement
depends on K

Minimum at k,=2.45



HH->4b analysis

- Highest branching ratio BR(HH—->41) ~34%

- Background is QCD multi b-jets =» difficult to model in MC

- Extrapolate from 2b+2jet CR to 4b SR using reweighting factor estimated

from NN in data-driven way

2b data
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HH->2b2y analysis

Events/ 2.5 GeV
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Single Higgs contribution

- Single Higgs production modes also have self-
coupling contribution via NLO EW correction

- K, dependence by a function of Higgs p+
- ttH has highest dependence

- Perform combined fit with single Higgs and HH
analysis =» Possible to constrain other coupling
parameters (K;) simultaneously
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Comparison with CMS

Pl ATLASs B CMS
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