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Higgs boson has been found for more than 10 years, yet there are still a lot of unanswered questions
* Precision measurements of Higgs boson properties

» Search for Higgs decays into 2nd generation fermions, and rare decays
« Higgs measurement in high p, kinematic regions

The Higgs boson plays a key role in exploring the physics beyond the SM
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Higgs production and decay modes
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Cross-section and xk-framework

* Provided multiple measurements of the various production modes in the different decays channels
* We can interpret in a coherent way to probe for possible BSM effects

K-framework
» Use a set of coupling strength modifiers « to express modification
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Ky 1s related to the total width of Higgs boson, including self-coupling and invisible decays

Nature 607, 52 (2022)
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Beyond total cross-section measurement

° ° [ b A
Fiducial and differential cross section measurements

* Done in specific phase space regions

e Measure cross section in bins of some observables TN
* The shape information provided by differential cross sections / \ BSM?

can be exploited for a range of further interpretations
SM

>
Simplified template cross-section (STXS) rr

* Done for each production mode
* Define regions by the specific kinematic properties of the Higgs boson and associated jets, W or Z

* Design a simple template but sensitivity to deviations from the SM predictions
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Search for beyond SM effect — EFT interpretation
Standard Model Effective Field Theory (EFT)
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Differential cross-section measurements

Indirect constraints of Yukawa couplings
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H — WW#*

ool and VBF production, evuv final states

» ggF probes couplings to heavy quarks
« VBF probes couplings to W and Z

,
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VBF and #H production, H — bb

VBF + photon VBF production
Explore Hy production ’
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Higgs coupling with leptons
H — tt STXS, without V(lep)H production
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Slgmﬁcance 4 2(3 6)0

Phys. Lett. B 812 (2021) 135980

700 ATLAS e Data
600 Vs=13TeV, 139 fb™ —Total ?df f
5000% H —> uw, In(1 + S/B) weighted — Signal pd

--- Bkg. pdf
400

300
200
100

110 415 120 125 130 135 140 145 150 155 16
m,, [GeV]
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| T T T T | T T T T | T T T T | T T T T | T T T T | T T T T |
ATLAS {s=13TeV, 139 b H — uu
e Total Stat. [ Syst. SM Total Stat. Syst.
VH and ttH categories | = | 50 £35 ( £33, £1.1)
ggF 0-jet categories —&— 04 £16 ( £1.5, £0.3)
ggF 1-jet categories —e 24 £12 (£1.2, £0.3)
ggF 2-jet categories |—o— 06 =12 ( £1.2, £0.3)
VBF categories I|—E—| 1.8 1.0 ( £1.0, =0.2)
Combined H 12 206 (206, 107
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 |
-10 -5 0 5 10 1 5 20

Signal strength
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Evidence of H — Zy and Y€ + y decay

On shell Z +y

ATLAS Run 2 results
o Signal strength:u = 2.OJ_F(1):8

 Significance: 2.2 (1.2)o

» Upper limit: 3.6 (2.6) times c°/

ATLAS + CMS
 Signal strength:yy = 2.2 £ 0.7
* Significance: 3.40

Low mass £+ y

E weights / GeV

» Higgs decay to low mass dilepton system and a photon

« Require m,, < 30 GeV

 Signal strength:uy = 1.5 0.5
 Significance: 3.2 (2.1)o

19.02.2024

2 weights / GeV

ZW—Bkg

t \WY%
H---- t H---- W H---
t \WY%
W v
Phys. Lett. B 809 (2020) 135754 N y
- ATLAS .
801~ /s =13 TeV, 139 fo! — Phys. Rev. Lett. 132 (2024) 021803
B All categories 7] % il LA UL SULLANLANLI NNLALANLANL R NNLENL N BN B
708 In(1+Sgg/Bgg) weightedsum 1 & | ATLAS and CMS ’
- 1 o 0 LHCRun 2 ¢ Data B
60 ] § 50 I_ In(1 + S/B) weighted —— Signal + background _:
B ] g - ---- Background .
C 1 2 F ’
50; — % 40— —
B ] © - ]
| —e— Data - = ~ 1
40— — Sig+Bkg Fit ] 30~ =
INEEPEEE Bkg B N
E. P | | | | 20 . ]
4:_‘ i ‘ i ‘ i ‘ i ‘ ‘ — [ I l l l l I l l l l I l l l l I l l l l I l l l l I l l l l L
2f_ _f g‘) 2 L I L I L I L I L I L I L I _I
0] e SRR N ]
2} + + + E 5‘|3 of -
E L1 1 l | l | l | l | l L1 1 XT CDU : :
115 120 125 130 135 140 145 _2_ I l l I l l l l I l l I l l I l l l l I l l ]
m,, [GeV] 115 120 125 130 135 140 145
mzy [GeV]
30_""I""I""I""I'"'I""I""I""I""I""_ L L A s B B N S S B T T T T T T g
' . g::gm . ] ee resolved VBF-enriched : - =
25k SN ] |
¢ o gy Sig (=19 ee merged VBF-enriched I —— £
- I r~
20; uu VBF-enriched = 2
15F ee resolved high-p_ ———— I;
105— ATLAS _ ee m.erged hlgh-th E = 22
5F Vs=13Tev, 139 o™ 4 uu high-p_ | Te— ©
B In(1+ Ss/ Byy) Weighted sum B ce reso|ved IOW_th : L ATLAS R
| Is=13TeV, 139 fb™ S
ee merged low-p,  —=e— < Totalunc. | [
uu Iow-pn -;—-— m Syst. only -
Hl_}Y*YelllY gl?bal fit | | :_T_I | | | g
110115 120 125 130 135 140 145 150 155 160 8 6 -4 2 0 2 4 6 8 1o/n
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Higgs boson decay to invisible final states

 In the SM, the branching fraction to invisible final states 1s ~ 0.1%
H—- Z7% - 4v
 Invisible Higgs decay acts as a portal between dark sector and the SM sector

SM 2
2B, K

1 - Binv

KIZ{ (K’ B inv) =

 All production modes are considered

1 | | ! !
ATLAS — Observed
Vs=7TeV, 476" ... Expected
Vs =8 TeV, 20.3 f5" R

s =13 TeV, 139 ft' [ Jx20

Combined Run 1 and Run 2 results:
« Observed branch ratio By_,;,, = 0.04 = 0.04

e 95% CL upper limit of By_,;,,: 0.107 (0.077)

95% CL upper limitonB,,_, .,

o
Ww-llllllllllllllllllllll
£€96.¢€1 (€20c) Zv8 9 'HoT 'sAyd
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Conclusion

« Many measurements and searches are
presented from the ATLAS Run 2 data

1l
HB,HW,HWB,HD,tW,tB

CHG

r"" ° ° ° 3 ° -“
H — yy  High precision differential
H— 77 XS and STXS o
H—-> WW oW
Toward high precision e
H — bb gnp CbH
CiG
Higgs-top coupling (1zH)
H — TT CE]B,HW,HWB,HD,tW,tB
\, o 03
HB,HW,HWB,Z%]I‘W,tB
H—> 2y e
H — cc . Chs i, Ht gt
To be discovered %
H — UU Coqal

[4]

) i
BSM and new physics searches gg:
 Interpretations with k-framework and SMEFT i
No significant deviation 1s found cﬁ,l,Hd,Htg[,ﬁm
« The first Run 3 measurements are presented, o

more studies with Run 3 are ongoing

19.02.2024

" ATLAS Preliminary

® Best Fit

Higgs measurements play an important role in s

Parameter Value

ggs
_ - 68 % CL
V/s=13TeV, 36.1-139fb~" 95 9% CL EW
SMEFT A =1 TeV — linear
linear+quad.
,,_..l_,_
Lo b I I [ |
-0.04 -0.02 0 0.02 0.04
T T T T T T \\J#J\ T I I
JF._
,,,,,,,,, ‘ _— — = =
N T T T T N N
-06 -04 -02 O 02 04 06
“‘\“‘,LL“-‘.,LL“““““‘
—_———— -
—_—— — -
,,,-+,,
— —— |
,,,,,, -—1
L1 | [ | TN S T T BN R T
2 — 1 0 1 2
T t o — L T T
- ,4+,,,
- . ]
77777 ¢ |77777 | | ! | 7\7
L1 L1 L1 | | 70'\4 70\'2\ 9\ \0'2\ \0"\‘ | | | |
-15 —-10 -5 0 5 10 15 0 02 04 06 08 1

expected fractional
contribution

Constraints on Wilson coefficients from the
combined ATLAS analysis

Weitao Wang, LLWI 2024
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Higgs boson production and decay

 All the main Higgs boson production modes observed with > 5¢
 All the main decay modes are also observed

W/Z

19.02.2024 Weitao Wang, LLWI 2024 16



Compatibility of the correction measurements

Nature 607, 52 (2022)

ATLAS Run?2 le4 Data (Total uncertainty) Syst. uncertainty "7 sM prediction
| | | | | | | | | _|5 (l) 5| 1|0 | L
tH | Hi—
s, 1 ] l l 1
DI I % I | I g I | I
ttH ‘ |.I.| o
ggF+bbH P @ " .
VBF b ﬁ = .
WH I?i T om - ——
H#H &
ZH |$| e e
] ] ] ] ] ] ] ] ] ] ] ] | 1 1
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 0O 1 2 3 4
bb ww TT ZZ Yy U

¢ X B normalized to SM prediction

The p-value for compatibility of the measurement and the SM prediction is 72%

19.02.2024 Weitao Wang, LLWI 2024
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Fiducial and differential cross sections

Fiducial cross section measurements Full phase space

 Fiducial region: defined to closely match to
experimental acceptance

o Experimental |
* Reduce model dependence by avoiding the \. reconstruction A

extrapolation to the full phase space

Differential cross section measurements 2 A
* Measure cross section in bins of some observables:
H
P71 Vel Nigs -
7~ \

* The shape information provided by differential cross sections \ ,

can be exploited for a range of further interpretations \\B\SM

SM
= >
pT 9 | yH | ) ]\Get

19.02.2024 Weitao Wang, LLWI 2024 18



STXE stage 1.2

[ ]
pg [0, 200] p¥ [200, co]
|
[ ]
= 0-jet = 1-jet > 2-jet
Pr [
0 [ |
mj, [0, 350] mj, [350, OO]
10 Py m;j
’ EETI N
60 700
0.15
120 10000 iy pir
1500
200
0 25 oo Hjj [o%e)
Dr 0
Stage 1.2 - = V(— leptons) H
[ |
q7 — WH qq — ZH gg — ZH
Py
0
75
250
400
w . . .
O-jet 1-jet > 2-jet O-jet  1-jet > 2-jet O-jet  1-jet > 2-jet
19.02.2024

b7
200

300

450

650

Stage 1.2 = VBF+V(—qq)H
[ I ]
= 0-jet || = 1-jet > 2-jet
|
[ ]
m;; [0, 350] m;; [350, oo]
my;; I
0 - ' I
E Pg [0, 200] Pg (200, oo]
60 mj;
350
120 , -
! 700
350 '
0 25 L. 1000
Pr
1500
o *
Stage 1.2
pr
0
60
120
200
300
450
o
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EFT CO efﬁCientS Wilson coefficient Operator

19.02.2024

Wilson coefficient Operator
Cr (H'H)® G (Q1,Q)(@"q)
CHO (H'H)O(H' H) Con (QT"%,Q)(aT"+"q)
abc ~av ~bp ~cu . .
‘e Fre GG, ooy (Q0",Q)(@'" )
IJK Iv J K
C e W W PW o — i  ira
v - g Cog (Qo'T"4,Q)(q0"T"+"q)
c H'D*H) (H'D,H ~ . .
HDD ( ) (#'D.H) . (@0 7,9)(a0" ")
HTH A Apv -
CHe e i () ")
CgnB H'HB VBLW — o
Lo Ctu (I, 1) (a5 )
c gtaw!l wir -
o o A (i,1) (" d)
CHWB HTT HWMUBHU ® B 3
" Ceg (tT%y,t)(dT*~"d)
1 t
CHI,11 (H ZDMH)( ") C(Q)u (Q,Q)(@y"u)
(1) b5
o t -
CHZ ,33 (H ZDMH)( 37ul3) ng (Q,Y Q)(d’y“d)
o
3) + I 7 I
C HYWiD H)(l,7~"1 _ _
CH1,22 (H ZDLLH)( 27 V) 1) - gl
) B L) Ctq (@7.9) (")
C 7 Ty
HI,33 I 3 3 (®) — Tha
; o Ctq (@T"y,q) (T ~"'t)
CHe,11 (H'iD ,H)(e1v"ep)
T
CHe2 (YD H)(exr"es) CeH22 (H'H)(lye,H)
CHe,33 (H'i'D , H)(E57"es) CeH,33 (H'H )(lsegH )
= _
CHg (H'iD ,H)(@"q) CuH (H'H)(gY,}ull)
S -
iy (#' D H)(ar'+"q) CtH (H*H)(@Ht)
H —
CHu (H'i D\ H) (7" u,) Cor (H'H)(QHY)
CHd (H'i D\ H)(dyy"d,) o Qo TAY G,
(1) T'<_> S n
C H'41D H _ ~
HQ ( (’; m (@Y Q) Cow (Qa“”t)TIHW,fl,
3) =gl ~ T
CHQ (H D H)(QT ’YNQ) CtB (Qo_,ullt)ﬁB/“/
CH (H*zD JH) (Bt
CHyb (HT@D H)(by"b) Cl1,1221 (l_1%l2)(l_27ul1)
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Observed value and uncertainties of EFT coefficients

Parameter Value Ttot Ostat Osyst Oyst a;;iig a;;]tokg
CoF 22 —0.0002 0.0028 0.0026  0.0009 0.0006  0.00049 T 000s
Cort 33 0.019  0.016 0.011  0.011 0.008 0.006  0.005

cH, 0.039  0.040 0.034  0.021 0.015  fopos  0.012
Cory 0.055 10058 T0015  “0.037 Too2z 0015 Tgios
e 0.0003  0.0039 0.0029  0.0026 0.0013 0.0021  0-0013
e —0.07  0.38 029  0.25 0.13 0.1 0.18
e 5.5 7.1 5.8 4.00 271 128 1.6
e gn 0.0048  0.0043 0.0034  0.0026 0.0017 0.0015  0.0012
en - 4 ~0.042  0.041 0.037  19:01° 0.014 19006 +0.006
en g —047  0.62 0.51  0.35 024  0.20 0.16
el —0.14  0.34 0.29  0.19 0.16  0.09 +0-08
el 3.7 3.9 3.3 2.1 1.6 0.9 1.0
el 1.8 8.5 7.2 45 3.4 2.2 2.0
el 4.8 9.8 8.2 5.2 4.0 2.5 2.2
el —0.65  0.84 0.64  0.54 0.31  0.17 0.41
el —0.05 3.7 2.8 2.4 094 0% 2.2
itk 86 Lg%t B U o LS B
L 013 o Toaz Lo Toz0 Loz Lotz
el —0.349 1.1 0.76  0.74 0.44  0.38 0.46

19.02.2024
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VBF WH pro duction arXiv:2402.00426

« To determine the ratio between Higgs coupling to W and Z : Ay, = ky, /K,

 Based on other results, | Ay,| is constrained around 1, but the sign is not determined
» The interference between the two diagrams :
 Destructive for SM, but constructive for negative Ay,

q q
W+
V4
V4

q q

......
~.

“, .
o, 2

~i . v
.....

0.5
3£ SM pred. A (21,71
VBF WH Higgs comb.
0 ® Best Fit @ Best Fit

Bl1cobs. --15exp. --1c obs.
_ 200bs. - 20exp. 20 Obs.
"~ 5oobs. 50exp. - 50 o0bs.

T | T T T | T T 1T | T T 1T | T 1T

3 TeV, 140 b
3 TeV, 36.1-139 fb"!

L | 1 1 1 1 1
-1 -0.5 0 0.5 1

A
N
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STXS H — ZZ%F

— 4Cand H — yy

Eur. Phys. J. C 80 (2020) 957

22-0f - )
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H — WW?* Cross-section measurement

« ggF and VBF production, evuv final states
« Simplified Template Cross Sections in a total of 11 kinematical fiducial regions

%4
g W*
I |
ggF production ggF

q/
q W VBF
Vg% H{
4 Combined
q %%
I | 0.5 1 1.5 2 25 3

VBF production oB / (o-B

H—-Ww~

ATLAS

[-e—{ Total
(5213 TV, 109 0" B sttitoal Une Phys. Rev. D 108 (2023) 032005
H— WW* — evuv Il Systematic Unc.
|

SM Prediction

Total ( Stat., Syst.)

it 115 o

SM Unc.

(3%, 0% o0 Oger " Brww+ = 120+ 1.4 pb

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

H— WW*)SM

ATLAS-CONF-2022-067

« VH production, vy & £vjjfinal states

L L I B B B B B AL L B = 1 T T T T T
o)
ATLAS Preliminary be{ Total 2 . .
Vs =13 TeV, 139 fb” B Statistical Unc. z 0.9/~ ATLAS Preliminary 68% CL
VH, H - Ww* [] Systematic Unc. % 0.8— Vs=13 TeV, 139 o’ —95% CL
I SM Prediction . Best fit
w o o7 VHH—-WW — SM68%CL |
Total (Stat, Syst.)  SM Unc. m
x 0.6 + SM
wH | e 045 "05 (g%, ais ) | =003 oﬁ 05
W 3 0.4
ZH I 164 Toge (o, Tore ) =005 0.3
| e 0.2
VH production VH 0.92 1030 (705, o1 ) | =002 .
p = 0.4
A I AR N B B R BT R B | | | | | | |
. . 0 0.5 1 1.5 2 25 3 35 4 4.5 5 -0.2 -0-1 0 0.1 0.2 0.3 04 0.5
4.60 significance
g (7 By} 10 By ey Oy X BRy _, ww- [Pb]
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H —- WW%* — evur differential cross- section

1 H
. Phys. Rev. D 108 (2023) 072003
q W T I T T ‘ T T T T T ‘ T T T ‘ T T T ‘ T T T I T
q/ ATLAS DExp. lin. DExp. lin.+quad.
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VH(H — bb) 0 lepton fiducial cross section

« H — bb : largest branch ratio but complex background
First fully fiducial measurement in H — bb + E;’f"” final state

ATLAS-CONF-2022-015

Based on Run-2 resolved VH(H — bb) analysis Eur. Phys. J. C 81 (2021) 178

Background constraint

1L channel constrains
top and W background
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2L channel constrains
Z background
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Good agreement with SM predication
Useful exercise in view of possible future fiducial
measurements in all VH channels
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Boosted H — bb channel

Phys. Rev. D 105 (2022) 092003

* Challenging channel but uniquely able to measure the highly boosted regime
= Reach pﬁ to1 TeV

» Reconstructed Higgs bosons with large Lorentz boost from single large-radius jets

» Mass of the large-radius jets ~ Higgs boson mass, used as final discriminant
e Main background: QCD Multijet
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ATLAS Run 2 Higgs cross-section results

ATLAS Run 2
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