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SM Higgs Lagrangian after symmetry breaking

_ A
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‘ ATLAS and LHC operation £ mr™ . ce
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=100

o ;_ [ ]Good for Physics
139 fb~! of good quality pp collisions at 13 TeV € 80
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ATLAS Online, 13 TeV JLdt=1 46.91b
2015: <u>=13.4
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Month in Year

500

Recorded Luminosity [pb “/0.1]

100

uoneIqIed 6172

C ] 2016: <u> =251
400 [ 2017:<pu>=237.8
C [ 2018: <u>=36.1
C [ Total: <u>=33.7
300— .
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Good for physics: 95.6% (139 fb1)
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‘ Higgs boson mass

» Fundamental parameter
> Higgs couplings calculations

> Precision global fit of the Standard
Model

» ATLAS
> Run | combination: 0.33% precision

> Run 1+ partial Run 2 analysis: 0.23%
precision

Phys. Lett. B 784 (2018) 345

]
ATLAS

Run 1: s =7-8 TeV, 25 fb™', Run 2: \s = 13 TeV, 36.1 fb™
Run1H—4 ——e—
Run1H-yy
Run 2 H—4! ——

Run 2 H—-yy '—°|——'
Run 1+2 H—4l

Run 1+2 H—yy

- Total

Stat. only

Total  (Stat. only)
124.51+ 0.52 ( = 0.52) GeV

126.02 + 0.51 ( = 0.43) GeV
124.79 + 0.37 ( = 0.36) GeV
124.93 + 0.40 ( = 0.21) GeV
124.71+ 0.30 ( = 0.30) GeV
125.32 + 0.35 ( = 0.19) GeV

Run 1Combined ——i 125.38 + 0.41 (= 0.37) GeV
Run 2 Combined —— 124.86 + 0.27 (= 0.18) GeV
Runts2Combined e 124.97 2024 (+0.16) GeV
| ATLAS+CMSRun1 S 125002024 (=0.21)GeV
e b by ey e e by

123 124 125 126 127 128
m,, [GeV]
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arXiv:2207.00320

‘ H — 7Z7* — 4¢ new measurement 139 fb~!

» Improvements

> 4 momentum scale precision down to 0.05%

» 4 momentum resolution precision down to 0.1%

> ML discriminant, m,, resolution estimated per-event (quantile

regression NN)

= Combined profile likelihood fit of m1,, and

DNN
» my = 124.99 £ 0.18 (stat.) £ 0.04 (syst.) GeV

> 0.15% accuracy!
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http://www.apple.com/uk

‘ H — Z/*% — 47 Run 1 and Run 2 Combination

s my = 124.94 £ 0.17 (stat.) £ 0.03 (syst.) GeV
> 0.14% accuracy (limited by statistics)

ATLAS — ;otalo |

* tat. Only

vl_é 3 3ZT§V, T;g4f:a’1 (5 Sys. Only
_4e = | 12451+ 0.73 (£0.73 Stat-;
i 2u2e ll—E—l 125.33 + 0.50 (= 0.49 Stat-;
i 2e2u I—Ii—| 125.01+0.29 (x0.29 Stat-;
_4u i—il—l 124.93 = 0.29 (+ 0.28 Stat-;
i Combined |—||1—« 124.99 + 0.19 (x0.18 Stat-;
[ R 12494 =018 (= 017 Stat)

123 1‘2|’4 """"" 155 ..... 126 ‘‘‘‘‘‘ 1'é'7‘ )

m,, [GeV]
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Higgs boson

couplings

combination

Long list of channels

used

Nature 607, 52-59 (2022)

Decay mode Targeted production processes £ [fb~!] Ref. Fits deployed in
H— yy g9F.VBF, WH,ZH,(TH,tH 139 31 All
H—ZZ goF,VBF, WH + ZH,fiH +tH 139 2 Al
{TH +tH (multilepton)  36.1 39 All but fit of kinematics
H—> WW ggF.VBF 139 2 Al
WH,ZH  36.1 30 All but fit of kinematics
(TH +tH (multilepton)  36.1 39 Al but fit of kinematics
H— Zy inclusive 139 32 All but fit of kinematics
H — bb WH,ZH 139 3334 Al
VBF 126 5 Al
(TH+tH 139 3% Al
inclusive 139 37 Only for fit of kinematics
H- 17 goF.VBF, WH + ZH,fTH +tH 139 38 Al
fTH +tH (multilepton)  36.1 39 All but fit of kinematics
H — up ooF +TH + tH,NBF + WH+ZH 139 40 All but fit of kinematics
H—cé WH+ZH 139 41 Only for free-floating «.
H — invisible VBF 139 42 x models with By & Biny,
ZH 139 43k models with By & Biny,



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

H i ggs b 0 S o n ATLAS Run 2 e Data (Total uncertainty) Syst. uncertainty I sM prediction
-5 5 10

H T T T T T T T T T T li@l_i T T T T 1
u | 1I ] |I 1
couplings = ’%‘ i T
combination |[EisHIE A 5| +
VBF h é HH
WH I?I H&AH o e B-m —&—
. ZH I*l &4 e
Direct measurement I I B e TR
bb ww TT V4 144 o
of o X BR o x B normalized to SM prediction

Good agreement with SM expectations (p-value 72%)
Improved precision:
Cross section: 7-12%

Branching fractions:10-12%
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"""" LI I L L I L I L B |
+ w Frr T L L
- E ATLAS RUI’I2 <+ Observed best fit ]

I I - X
I g gs - 1151 [ Observed 68% CL
E Observed 95% CL
F,.._._| A TLAS RU n 2 1.10F AL SM prediction -

Couplings

= 1.05F =
- Leptons Quarks F

Sy g C 1.00F
Combination e ﬂ y } 095~

r-----4 =
Force carriers Higgs boson | 0'9()? 7_
S :
K-framework R , 1 oo o
----------- Pl === mmm = 0.95 1.00 1.05 1.10 1.15
B —e— B,,-5,-0 | Ky
T --m- B, free, B, 20, Kk, <1
Best ATLAS limits in the e ——— SM prediotion i
1= Parameter value not allowed
BR to invisible modes | D — :
PR S T SN NS S T S N U ST | TR | PRI R | P SR B SRt | PR |
> Bl,nv < 0.13 @ 95% CL 0.8 1 1.2 1.4 1..6
: 68% CL interval
> (expected 0.08) L

0.05 0.1 0.15 0.2
95% CL limit 16




Cross section
different
kinematic

regions

Proving larger
kinematic region at
high pT!

Combined p-value:
> 94%

ATLAS Run?2
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1
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Higgs Rare Decays
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Eur. Phys. J. C 82 (2022) 717

q(l) H

‘ Second generation: H — cc

» Rate could be enhanced by BSM physics

» Extremely challenging: huge backgrounds 9 W,z
% 300?‘ IAi-LIAIé T T 7T | L | LI | T T 7T | T T T | T T T | I-7
i _ _ _® - —o— Data .
» 3 different channelssWH — fvcc, ZH — £€cC, ZH — VUCC 2 s5f B=137V 1300 W VHC 8 (=)
= - 0+1+2leptons Il VZ(— c?) (u=1.16)
e e 2 T 2c-tag, All SR I VW(= cq) (u=0.83) -
ATLAS {5=13 TeV, 139 fb E 200~ XY B-only uncertainty —|
3 - — SM VH(—> ¢T) x 26
» Observed (expected) 95% CL limit: —Total  —Stat (Tot.) (Stat, Syst)| 2 =
o) ]
26 (317g%) g ;
g ]
» VW(cq) observed (expected) VZ,Z -G vlont 116 0% (w032 .03 @ E
significance 3.8 (4.6)0 1
» VZ(c) observed (expected) 1
VW, W — ¢ +0.25 +0.11 +0.22 C ]
significance 2.6 (2.2)o 9 ke 083 i (%155 A I P R N B P B I
N L 60 80 100 120 140 160 180 200
-1 0 i 2 3 4 5 6 7 m,; [GeV]
u

19



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/

‘ Hecc and Hbb vertices

» Rare decays sensitive to Hcc or Hbb vertex

» Direct and indirect contributions

» Could be enhanced due to BSM physics

= No signal observed —imposed limits on BR

Events /5 GeV

Data/Model

e L
25003 Region: GR ATLAS Preliminary -
[ Y(nS)y Analysis ]
[ Pre-Fit 1
2000 t Data Vs=13TeV, 1396
L Exclusive Background ]
1500 —
F e . Inclusive Background N
1000~ -
C . ]
500~ o o -
C ’
1.5F + 4
ST L LTS ST T TY S e I Yoy T1 I ye LAE 302 At P
10 : A A R TN R AL N
L PR PR T NT RT SO S NN S ST SR NI S R

50 100 150 200 250 300
Myuy [GEV]

I/ J/¥
H
------ H
v
Y
BR (H—Yy) ~9x10-8
BR (H—»J/y) ~3x10-6
95% CLs upper limits
Branching fraction ox8B
Decay | Higgs boson [ 107# ] Z boson [ 1076 ] Higgs boson [fb] | Z boson [fb]
channel | Expected Observed | Expected Observed Observed Observed
0.8 0.3
Jlyy 1.9705 2.1 0.675 1.2 12 71
3.8 1.3
v (2S)y 8.55% 10.9 2.9%% 2.3 61 135
1.3 0.6
Y(1S)y | 2.8%% 2.6 1.5%5 1.0 14 59
.6 0.8
Y(28)y | 3578 4.4 2018 1.2 24 71
Y(3S)y 3.1’:(1):3 3.5 1.9’:%:% 23 19 135
20



Phys. Lett. B 812 (2021) 135980

‘ Second generation: H — putu~

= \Very small BR and large backgrounds 3 7O s T T
o - _ ]
« Dedicated BDTs trained for different production modes (20 & 800 Vs=13TeV, 139" " Signaipd
; ) ) % 500 H — uy, In(1 + S/B) weighted - Bkg. pdf —
categories o - ]
w400 —
» Using muon and jet kinematics E 3002_ _i
« Simultaneous fit to 1,,,in all categories 2 2005 E
100 —
u Slgnal Strength' % E ' : " : ' : : l } =
= 2 s
. — + +0.2 ‘P . + * + |
p=12%06 (star)*0? (syst.) oo 4 - ?ML&L byt bt
» Observed (expected) significance: 20 (1.70). QTR
L 110 115 120 125 130 135 140 145 150 155 160
» Upper limit: m,, [GeV]

« BR(H — up) <47x1074=22%xSM

21


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/

Phys. Lett. B 809 (2020) 135754

z Z
w Z
H —> Z}/ H---- q H——-—W w H{i}ﬁi
q W 2
« Ratio BR(H — Zy)/BR(H — yy) = 0.69 £ 0.04 e :
80F Vs = 13 TeV, 139 fb” —

sensitive to new physics (composite Higgs, SUSY, ...)

All categories ]
In(1+S44/Bgg) Weighted sum ]

= Improved lepton/photon identification

Z weights / GeV
~
o

» Constrained kinematic fit Z — £ improves
invariant mass resolution by 10-14% - e Data

. . . 40 — Sig+Bkg Fit

= 6 exclusive events categories depending on lepton 5
. . 2 4F
flavour and event kinematics 2 2z
3 g

« BDT to separate VBF events N:§—||x||++—

_ _ _ 115 120 125 130 135 140 145
» Combined fit for all event categories to m,, Mz, [GeV]

p=20%09 (star)Ty; (syst.) = 2.0% 59
Obs (expect) significance: 2.26 (1.20) 20


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/

‘ H— y*y > ¢y

= Sensitive to CP violation in the Higgs sector

» Dedicated trigger and reconstruction techniques for low pt
lepton pairs

» 9 event categories with different S/B

» First evidence observed: Obs(exp): 3.26 (2.10)

M =15+0.5=1.5+0.5 (stat.) D% (syst.)

2 weights/ GeV

2w — Bkg

Phys. Lett. B 819 (2021) 136412

" mff < 30 Gev

) ee—

UL I U R I I
-- Bkg

o5k -~ Bkg+H-yy _-
— Bkg+H—>1yy +Sig (u=1.5)
L ¢ data
201
151
10f
[ ATLAS _
5L Vs=13TeV, 139 b o
In(1+ S,/ Byy) weighted sum 1
| | | [ | | |
4_""|"-'|""|"-'|""|'"w'”w"-w'-'w""_
o t
OFeL— P .
¢
_2}....|+...,|..+..|....|....|....\H..l....l....l....!
110115120 125 130 135 140 145 150 155 160

my,, [Gev] 23


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

Search for exotic & LFV decays




Phys. Rev. D 105 (2022) 012006

‘ Exotic decays H — aa — bbuu

~0
— . 1 o
H — bb + EY’Z’”SS __H_ X1 » Intermediate pseudo-scalars

X~g b ’:?_ AN L L LA L L I LA L I L L B
PN = 0.00141— ——— Observed 95% CL upper limit ]
JHEP 01 2022 063 a - g C ATLAS — — Expected 95% CL upper limit ]
_ 1 0.0012~Vs = 13 TeV, 139 b M Expectd it ¢ 1o -
- xpected limit (£ 20 i
= L B o e e B b & 0.001 —— Observed 36 1" =
=N 16-ATLAS - SM ZH (Z— lI) cross section _] T - Expected 36 fb ]
g 1+mx,m =10 GeV, 80 GeV 3 I 0.0008|— —
-;:,_014_ \s=13TeV, 139" _y m " m-=10GeV,65GeV o ' ]
w Y- 95% CL ObS Limits —m— m,’ m* =10 GeV, 95 GeV — B
+ F %% ’ = 0.0006} - —
I8 012 —h— m%,mx2=10GeV,110GeV = =
2 0dep —5— m,,m>=20GeV,80 GeV - ]
- 0.1k —o— m/, mx?=30 GeV, 80 GeV = 0.0004 -
T - ___ ________ I_ 2' L : :
T 008F E 0.0002_ -

T 0.06 = s

£ . o L 45k

Soo :

0.021— - B

r . ’ 60
oL ! | Ll 1 | - m, [GeV]
20 30 40 50 60 s 70
m, [GeV]

» 3.30 (1.70) local (global) excess observed at

» Limits in cross section/BR as a function of m_, m_
X, X%, m, =52 GeV


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/
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0.05

95 % GL upper limit on 6(gg — H — Z Z, — 4l) [ib]

‘ Exotic decays

47

ATLAS
Vs =13 TeV, 139 o'

H —

— Observed
---- Expected
[ Expected £ 16
[ JExpected 2 ¢

d

95 % CL upper limit on o(gg -» H — ZZ — 4l) [fb]

o I o o =
o ES o © - [N

o

H—-Z7Z,- 4¢

R R
ATLAS
Vs=13TeV, 139 fb
—— Observed
Expected
[ Expected 16
[ ] Expected £2 ¢

95 % CL upper limit on o(gg - H — ZdZd — 4y) [fb]

HDBS-2018-55

Zq

Z,; = dark photon
S = dark Higgs boson

o
w

0
7/ — Observed | ATLAS
025 7 ... Expected {Vs=13TeV, 139 o
Z-E tod = 1 4y final state
7 xpected = 10
0.2

0.15

0.1
0.05F
0 C 1 1 1 I 7
20 30 40 5060
m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-55/

‘ Lepton flavour violating Higgs decays searches

= Limits on the Yukawa couplings

Phys. Lett. B 800 (2020) 135069 Phys. Lett. B 801 (2020) 135148
—10™
>
1072k
107
1 0_4 F @
11 (AT A 10—6 10—5 10—4 10—3

AW

ne

27


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
https://arxiv.org/pdf/1907.06131.pdf

‘ Searches for Higgs decaying to invisible particles

» \/BF channel

arXiv:2202.07953

95% CL limits on BR(H — inv):

Expected =2 o

% ofSF with B,,, = 0.15

Observed Expected +loc -lo +20 20
0.145 0.103 0.144 0.075 0.196 0.055
= 1.5 - : S

% Limit as a function of ATLAS 4
g | Vs=13TeV, 139 fb” |
@ K. the mediator mass Limits at 95% CL ]
Lz< 1h VBF with SM Higgs couplings |
g] .
°© —— Observed T
----- Expected N
I Expected 10 1

» /H associated production searches

» Interpretations for different models

Phys. Lett. B 829 (2022) 137066

('\‘_‘ (. T T T T LI I T T T T LI | I_L
E L .

S, t-.. B(H —inv)<0.16 ATLAS —
S 10—40 I : o 4 —
2 B All limits at 90% CL Vs=13TeV, 139 fb 7]
1 | |
c - |
$ 042 - —
H
¢) — -

10744 — —
1074 1= —
— Observed limit Other experiments |

— $55455%% Higgs portal Scalar WIMP - XENON1T MIGD 2020 -

48 | MWW Higgs portal Majorana WIMP - =+ = - . = DarkSide-50 2018 ]
10™ £ LUX 2017 -

....... PandaX-11 2020

— e e XENON1T 2018 —

10—50 L MR A ! L ||||||2 1 Lo |||3
1 10 10 10
Mywe [GEV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
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Di-Higgs production




Higgs self coupling

1 1
» Determine the shape of the Higgs potential Emhh2 + A3vh’ + ZM:“
» Di-Higgs production

9 090909090999

"
ggF(pp — HH)=31.05 +1 ? 1 fb

/

oM (pp — HH) = 1.72 +0.4 fb

30



‘ ATLAS HH combination

« Using bbbb, bbyy, bbrt

Channel Integrated luminosity (fb!)
HH — bbyy 139
HH — bbtt 139
HH — bbbb 126

= 95% CL observed (expected) upper limit on HH

production:

» Using VBF channel extracted 95% CL limits on K5yt .1 < kyy < 2.0

Koo =

GHH
gg8F+VBF

— = 2.4 (2.9)

6ggF+VBF |SM

ATLAS-CONF-2022-050

ATLAS Preliminary
Vs =13 TeV, 126—139 fb-"
Ogot, ver(HH) =32.7 fb

—— Observed limit

 Expected limit
(MHH =0 hypothesis)

[0 Expected limit +10
[ Expected limit +20

Expected limit
(SM hypothesis)

Exp.
. Obs. Exp. (SM)
bbyyl * - 42 57 7.1
bbT* T |- * 47 39 49
bbbb| * i 54 81 92
Combinedi~ 24 29 40
Ll | ST T ST T T T N T T T A M T T

0 5 10 15 20 25 30

95% CL upper limit on HH signal strength uyy

31
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Higgs self-coupling

» Single Higgs production affected by &, via NLO EW corrections

H g t=

// \\ \\\}I
é s \
H----- 5 trr-m- H tA |
/ Vs
\\\ 4 JH
H g &
g v Qo ———¢
Hl
[}
LA o Y W S
N EH A ﬁ)\ H
H e H)|
I{,\\\
- -
9 \QQQQQ) i
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‘ ATLAS HH+H combination

» Using bbbb, bbyy, bbtt and single Higgs measurements

Channel Integrated luminosity (fb™!)
HH — bbyy 139
HH — bbrT 139
HH — bbbb 126
H — vy 139
H— ZZ* — 4¢ 139
H— 11" 139
H — WW* — evuv (ggF,VBF) 139
H— bb (VH) 139
H — bb (VBF) 126

H — bb (ttH) 139
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ATLAS-CONF-2022-050

u u O L L L B L N
ATLAS HH+H combination 7@z ™ =zt
[ Vs=13TeV, 126—139 b’ == 95%CLHH+H
1.3 Al other k fixed to SM e ]
- Observed —— 68% CL HH ]
B ==+ 95% CLHH B
o . 12__ Y¢ SMprediction ]
95% CL observed (expected) limits S G BestitHH+H
: 1.1 | TN -
» Assuming all other SM Y \ ]
_ SN / ]
couplings: =\ / ]
-04 < k3 < 6.3 0.9F ' ]
—I 1 1 L I L 1 1 1 I Il L L | I 1 ' Il L I L | L 1 [ Il Il L I—
(=19 <ky <175) -1 50

K

e - 2 VTS rretmvary T sedemmen |

= No assumptions in other couplings [ ATLAS Sreminay T sciran ]

1.3 Allother  fixed to SM T

I Expected SM o%
-13<ky<6.1 - ooy

Y% SM prediction

( _2.1 < K/l < 7.6) g __—'{i\BestfitHH+H



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

A
Z sy =D,H'D,H — (y;Hipy; + h.c.) + pH'H — E(HTH)2
Bosons Fermions Higgs potential
1

1 h recr 4 I 1
(my, WHW, + Emgzﬂ’zﬁ)(l + ;)2 - Z my ff(1 + ;) Em;%hz + A3vh> + Z/I4h4
f

CP Structure of Higgs Couplings




Searching for CP Violation in the Higgs sector

= Barion asymmetry of the Universe: still a mystery

= Combined results demonstrated H to be mainly CP-even scalar

> There is still room for CP violation in the Higgs couplings

d
» Extend SM Lagrangian = o, _ Loy + Z c (d)
Ad—4

» Effects: 2
o~ | Msy+ Mcp_paal” =
> Rates: don't allow to separate CP-even/odd
| = [ Mspg)*+ | M cp_oaal’
> |dentify CP-odd observables SM CP-odd

- Angular variables

+2Re( M M cp_oaq)

- Optimal observables

2Re(M G0 cp_paa)
| M gy

00 =
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T
ATLAS
Vs =13 TeV, 139 fo'
m,, €[118, 132] GeV
TT+TL+LT
—+- Data

VBF (SM)
[ Total bkg.
. Syst. Uncer.

‘ Vector Boson Fusion H — yy

In(1+S/B) weighted events / 1.0
I|IHI|HII[IIII|IIH|IIH|IHI|IIII|
llHlI|HIIIIIII|IIH|IHI|HIIIIIII|

= /VH coupling

« Combination with H — 77(36.1 fb~!, 00)
= Results compatible with SM

1o VBF (SM)
F i .iVBF (d=0.06)

E ITIVBF @=-0.06) enf-rm— {
E | L

Data - bkg.
e

> Most stringent limits in HVV CP-violating couplings

. . . ATLAS == Exp. Comb = Obs. Comb
First time 25¢
e — T Vs=13TeV,36-139f6" ... Exp.Hoyy — Obs. Ho vy

&- 95% (exp.) 95% (OM) 20: <« Exp.H— 1t = Obs. H— 1t

2 x ANLL

d:(inter. only) [-0.055, 0.055] | [-0.032, 0.059] HIGZ basis ot
d (inter.+quad.) [-0.061, 0.060] | [-0.034, 0.071]
dfromH — 171 - - 10F
Combined d [-0.046, 0.045] | [-0.034, 0.057]

95% CL5

¢y (inter. only) [-0.94, 0.94] [-0.53, 1.02] I
cp (inter+quad) | [-0.95,095] | [-0.55,1.07] Warsaw basis o
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‘ CPin H — 77 coupling

= Probe Yukawa coupling Hrt

> CP-odd contribution can be present at tree level

» Parametrisation

» CP mixing angle ¢, reflected in the directions of the decay

products

= Signed acoplanarity gfckp

» Several analysis regions per channel

m _ : _.
LHrr = ——k(cOS ¢ TT + sin ¢ TiysT)H
%

2

T *
AUy o0~ = 1 - b(E+)b(E—)E COS(()DCP - 2¢‘r)

ATLAS-CONF-2022-032

) L
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‘ CPin H — 77 coupling

» Disfavour pure CP-odd signal at 3.40

> Results statistically limited

» Expected: ¢, = 0 =

» Observed: ¢,

9+

E

2
1.8

1.6
1.4/
1.2f

0.4f

0.2

LS
0.8
0.6]

CTrrrrprrryrrrprrrprrrprrrprrrprrryr]

— 4 Best fit —1o
C ¥ SM 20

— i \
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- ATLAS Preliminary
- Vs=13TeV, 139 fb”

o b b b b e e b b L
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-80 -60 4020 0 20 40 60 80
¢, [°]

Events

Data / Pred.

ATLAS-CONF-2022-032

103lIII||Vll|lIIIIYVVIIIIIIIIYVV'I.I__

ATLAS Preliminary @ gata (besti) -K'A—rgr (tﬁ_st‘-jﬂt) 3

I Z—x (best-fi isidentified t |

(s=13 TeV, 139 fb" g Other backgrounds— H-vr (p_=0°)
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Phys. Rev. Lett. 125 (2020) 061802

‘ Spin/CP in associated 17H/tH production (H — yy)

L, S = {w_th + isin(a)ys| lﬁt} H

1%
CP-even (SM)
» Semileptonic and hadronic channels

» Event categories based on background rejection BDT and CP BDT
trained to separate CP-even/CP-odd components

» Simultaneous fit to all event categories

» Measured ttH rate:

U= 1.43fg:gi’(stat.)fgﬂ(sys.)

. |a| < 43° @95% CL

» @ = 90° excluded at 3.90 (2.50)
observed (expected)

N
]

= T L B B I
. [ —T - Best fit X sM
2150 .20
B 36‘“. ----------- A
05~ 3
= 3
-0.5 ]
b oamas T E
-1.5 {5-13Tev, 139"
E Ll

Cl.v
15 -

-0.5
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ATLAS-CONF-2022-016

‘ Spin/CP in associated /H/tH production (H — bb)

= Signal regions defined based on jet multiplicity, b-tagging conditions, number of boosted top candidates

» Reconstruction and background rejection BDTs trained per region

» CP observables

by = (p1 X 1) - (P2 X )
2_

P11 P2l

pips
by = ——2
|p1llp2|

= Results:
> Assuming SM BR:

_ o+55° ’r _ +0.30
@ =113 k) =0.83+0:30

» Data disfavours pure CP-odd at 1.2¢

K} sinoa

o
llfll\llllllfllfllllflll

-3

| ATLAS Preliminary
- Vs =13TeV, 139 fb™"

% Bestfitt =117, k,=0.83

% SMCP-even: a=0",k;=1

CP-odd: or=90", k; = 1

IllllIIIIII

N
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w
o
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Conclusions

= The Higgs boson provides an optimal ground to probe the SM predictions and
search for new physics

» Qutstanding performance of the LHC and the ATLAS detectors allows for an
extensive Higgs Physics programme

= Selected recent results on the measurement of the Higgs couplings were
presented

> Increased precision and refined Run-2 data analysis

> Overall agreement with the SM prediction
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‘ H — 7Z7* — 4¢ new measurement 139 fb~!

« Run 2 measurement, 139 fb~!

» Improvements

» 4 momentum scale precision down to 0.05%

» 4 momentum resolution precision down to 0.1%
» ML discriminant to separate signal/background

- P, 17 of the four leptons, kinematic discriminant

Un(| M yzz: |21 My

> my, resolution estimated per-event (quantile

regression NN)

my, [GeV]

Data/MC

91.6— Z—-uu

T . . T T

ATLAS Prellmlr_11ary -+ u()
9213 TeV, 33.3 fb

91.8—0.8 rad < o(1"**) <1.6 rad

< u(-) Uncorr.
-+ u(+) -+ u(+) Uncorr.
— MC Syst. uncert.

!
!
T
i

Lol ofl

T es 0 05 415 3 25

- ,’(ulead)

<+ Biased positive and negative tracks
-+ Corrected positive and negative tracks
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‘ H — 7Z7* — 4¢ new measurement 139 fb~!

9100_””|"”|”"|'"']'”'|'"'|."'D‘{""|"”|""_ % El L L L L ll“[)lalalll L 'E %’ :IllllllllllllllllllIIIIllIIIIIlIlIIIl‘IIIIlIlIIIll|:
S' i ':Lng 4 I Higgs boson (125 GeV) | O] 70 :_':7}92? 4 . Higgs boson (125 GeV) ] (Lg 803_ATLAS ¢ D.ata _f
@ fis=13Tev, 139 10" . {1 & [ Vs=13Tev, 13910 . W ; o FH—-ZZF >4 — 3
GC.) 80 115 <m, <130 GeV -Z+je’ts,tf — - 60 :_115<m4,§//130 GeV B Z+ets, - > 70F Vs =13 TeV, 139 fo™! |:|Background 4
> i 4 Uncertainty T .ﬂ o 4 Uncertainty 1 € C B
LU B B c L ] o F —
- 1 @ s0f 4 o 8o E
60 - L - . - ]
i ) 40 3 SoE E
- - . ] a0f- =
40 — 30_— - C n
i ] . ] 30F =
i i 20— -] E .
20— — C . 20 + =
2 10 = = d
- . 10—_+ + + +
00 01 02 03 04 05 06 07 08 09 1 01_ 3—5 OIIIIIII|IIIIIIIII|IIIIIIIIIIIIlllllllllllléllllllll
’ ’ ’ ’ ’ ’ ’ ) ’ ' 105 110 115 120 125 130 135 140 145 150 155 160
Dy o [GeV] m,, [GeV]
» Combined profile likelihood fit of m,, and Dy Systematic Uncertainty | Contribution [MeV]
Muon momentum scale +28
« my = 124.99 £ 0.18 (stat.) £ 0.04 (syst.) GeV Electron energy scale +19
Signal-process theory +14

> 0.15% accuracy!
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Second generation: H — putu~

» Very small BR and large backgrounds

» Dedicated BDTs trained for different production modes (20

categories)

» Using muon and jet kinematics

Events

Data/Pred.

10°
108
107
10°
10°
104
10°

110

09|

——————
ATLAS

s=13TeV, 139.0 o™ gf;f
I Diboson
Il Top
o, — H-pup x100
S . Syst. uncert.

LIS | HHIIIl 1 IIIIIILl 1 HHIIJ‘ IR - HHUIl Ll

A S I B
80 90 100 110 120

el v bv v by
130 140 150 160
m,, [GeV]

Bkg. composition  Signal composition

100_
107
102F
108}

-
o

0.75

it
o

0.25

-
o

0.75F

o
&)

o
o
o

e
o

Phys. Lett. B 812 (2021) 135980

VBF Very High

VBF High
VBF Medium

||||||||

VBF Low
2-Jet Very High

aatl
et

RN

2-Jet High

2-Jet Medium
1-Jet Low

0-Jet Very High
0-Jet Low

2-Jet Low

1-Jet Very High
1-Jet High

1-Jet Medium
0-Jet High

0-Jet Medium

Analysis Categories

SIVB
S/B
B (x10%)

ttH
VH
VBF

ggF

Zy*
Diboson
Top
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‘ Second generation: H — cc

» Observed (expected) 95% CL limit: 26 (31:132)
= VW(cq) observed (expected) significance 3.8 (4.6)0
» VZ(cC) observed (expected) significance 2.6 (2.2)o

L L A L

ATLAS s=13 TeV, 139 fi"

—Total — Stat. (Tot.) ( Stat., Syst.)

V& 2o Hoe 116 5L (5358
YW W= ed et 083 X (511%5%
........ v v b b by by

-1 1 2 3 4 5 6 7

w

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

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

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

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

ATLAS

VH,H —cC

0 20

Vs=13 TeV, 139 fb™

=10
[ Jx2
----- Expected
—— Observed

PRI T T T T N N NN

rrr~rprrr |ttt 1 Tt [ T 11T

40

60 80 100
95% CL limit on m,.

(cd)
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‘ Hecc and Hbb vertices

» Rare decays sensitive to Hcc or Hbb vertex

» Direct and indirect contributions

» Could be enhanced due to BSM physics

= No signal observed —imposed limits on BR

Events /5 GeV

Data/Model

2000

1500

1000

IIIIIIIIIIIIIIIIIIIIIIII

. —
L Region: GR
25001 egion: G

ATLAS Preliminary

Y (nS)y Analysis

Pre-Fit

4 Data Vs = 13 TeV, 139 fb”'

Exclusive Background

. Inclusive Background

IIII|IIII|IIII|IIII|IIII|III

R
200 25
m

M R
150

5

ey

H—py
H—oy

H— J/yy
H-wy(2S)y
H-Y(1S)y
H—Y (2S)y
H—-Y(3S)y
Z—py
Z—oy

Z— Jlyy
Z—y(2S)
Z—-Y(1S)
Z—Y(2S)
(

Y
Y
Y
Z—Y (3S)y

1077

arXiv:2208.03122

J/% J/¢
H
-------- H
Y
v
ATLAS Preliminary {s=13 TeV
T T IIIIIII T T IIIIII| T T TTTTIT T T TT :;2.3Ifb!‘llli

- 35.6fb" —
- 139 fb™! —
- 13910 —

139 fb! —

139 fo'! —

- 32.31b" —
o- 35.6fb" —
Bl o oo B8 Expected + 1o .

. 139 fb! —
----- Expected + 20

139 fb™! —
5 139 1" © Observed —

- 139 fb! —
1 lIIIIII| IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 11 11111

10°° 107 107 107° 1072
95% CL upper limit on Branching Fraction
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| H - zy

Phys. Lett. B 809 (2020) 135754

« Ratio BR(H — Zy)/BR(H — yy) = 0.69 £ 0.04 ! !
sensitive to new physics (composite Higgs, SUSY, ...)  cCategory u Significance
» Improved lepton/photon identification VBF-enriched  0.577(1.0*}¢) 0.3 (0.6)
_ _ o _ High relative pr 6Jrl . 6 (1. O+ ) 1.0 (0.6)
» Constrained kinematic fit Z — £¢ improves , e
_ _ . High pr; ee 47391027 1.7(04)
invariant mass resolution by 10-14% Low p, ee 3.9%2 s 8(1.027)  1.5(04)
= 6 exclusive events categories depending on lepton High pr; up 2,943 0 0(1.0728)  1.0(04)
flavour and event kinematics Low pr, pp 0.8 ; 0(1.03Y) 0304
Combined 20009 (10709 2.2(12)

» BDT to separate VBF events

» Combined fit for all event categories to m,

p=20%0.9 (stat)y; (syst.) =2

+1.0
'0—0.9

Obs (expect) significance: 2.2¢ (1.20)
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‘ H— Z7%

—~

<

~
C

N
1

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

IIIIIITITIII!\IIITIII

Frm T 1 1 1 17 I
:—ATLAS ----- Stat. Only

T | T T T T |
—— Combined

_4,,1,

H— ZZ* — 4l — 22

Vs =13 TeV, 139 fb — de

clov e b b by

coa v b b by

W/

0 !

1 | 1 1 L I | L 1 1 i | 1 1
124 124.5 125 125.5
my, [GeV]

(@)

— 47 new measurement 139 fb~!

A TLAS —— ;otalo |

* tat. Only

E =_1) az'riv,?agi:y‘ [0 Sys. Only
i 4e I—E—II 12451+0.73 (£0.73 Stat-;
i 2u2e I|—E—I 125.33 £ 0.50 (+0.49 Stat-;
i 2e2u »—I:—4 125.01+£0.29 (£0.29 Stat-;
i 4u I—i|—l 124.93 £0.29 (£0.28 Stat-;
i Combined I—l—l 124.99 +0.19 (£0.18 Stat.;
Cmmtez A 1249 £0.18 (+0.17 Stat)

T SR S ST

my, [GeV]

(b)
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Higgs width

On-shell and off-shell signal strength

gg—~H*—>ZZ
_ 9off-shell _ 2 2
Moff-shell = 5o x5 77 = Kg,off-shell * K7, off-shell
Goff—shell,SM
gg—>H—~>ZZ* IC2 K 2
__ Yon-shell __ ""g,on-shell ™Z,on-shell
lu‘OIl-Shell - gg—>H—>ZZ* - F /FSM
on-shell,SM H/% H

» INnCcludes H — 4¢ and H — 2£72v

-2In(A)

1T T T \ T T 1T LI

14 ATLAS

T H* —> ZZ — 41,212v
1213 Tev, 36.1 fb

[ Xgnv, on-shell = Kg/v, off-shell

T T T T ‘ T T T T | T T
----- Expected-Stat. only
—— Expected
----- Observed-Stat. only
— Observed

« 95% CL observed (expected) upper limit: g, oy < 3.8 (3.4)

» 95% CL observed (expected) upper limit: I'; < 14.4 (15.2) MeV
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| H - zy

Sources H — Zy

Luminosity [%]

Luminosity 1.7

Signal efficiency [o]

Modelling of pile-up interactions 0.0-0.2
Photon identification efficiency 0.8-1.8
Photon isolation efficiency 0.7-1.9
Electron identification efficiency 0.0-2.3
Electron isolation efficiency 0.0-0.1
Electron reconstruction efficiency 0.0-0.5
Electron trigger efficiency 0.0-0.1
Muon selection efficiency 0.0-0.6
Muon trigger efficiency 0.0-1.6
Jet energy scale 0.0-3.5
Jet resolution 0.0-15

Jet pile-up 0.0-7.5
Jet flavor 0.0-11

Category u Significance
VBF-enriched ~ 0.571 (1.0*39) 0.3 (0.6)
High relative pr 1.63% (1.0f1:6) 1.0 (0.6)
High pr; ee 4759(1.0°2h  1.7(04)
Low pr; ee 3.9728(1.0°2)  1.5(04)
High pr; uu 2.9%39(1.0°28)  1.0(0.4)
Low pry M 0.8’_“2'6 (1.0*25  0.3(04)
Combined 20009 (10709  2.2(12)

Sources

Total cross-section and efficiency [%]
ggF Underlying event 1.3
perturbative order 4.7-9.6
PDF and a; 1.8-2.8
B(H — Zy) 5.7
Total (total cross-section and efficiency) 7.5-11

Category acceptance [%]

ggF Underlying event 0.1-11
ggF H pr perturbative order 0.3-0.4
ggF in VBF-enriched category 37
ggF in high relative pr category 21
ggF in other categories 10-15
Other production modes 1.0-15
PDF and a; 0.4-3.5
Total (category acceptance) 11-37

Signal modelling on ocp [%]

Electron and photon energy resolution  0.5-3.4
Muon — Inner detector resolution 0.0-1.2
Muon — Muon spectrometer resolution  0.0-3.4

Signal modelling on pcp [%]

Electron and photon energy scale 0.09-0.15
Muon momentum scale 0.0-0.03
Higgs boson mass measurement 0.19

Background modelling [number of spurious signal events]

Spurious signal 1.5-39

_ 0.4
pu=20=x09 (stat.)"3

(syst.) =2.0

+1.0
0.9

Obs (expect) significance: 2.2¢ (1.20)



‘ H—y*y =ty

= Sensitive to CP violation in the Higgs sector

o

» Dedicated trigger and reconstruction techniques for low pt lepton pairs

» 9 event categories with different S/B

LU L L L

ee resolved VBF-enriched , ==

ee merged VBF-enriched E ——

uu VBF-enriched ———

ee resolved high-p_ T —

ee merged high-th E————

s high-p_ y——

ee resolved Iow-th ——:—— ATLAS
dl ; {s=13TeV, 139 fb"

ee mergediow-p,, =% | -+ Total unc.

uu Iow-pTl : B = Syst. only

Horyolygebalft

-8 6 4 -2 0 2 4 6 8 10

oxB/(6xB)sy

2 weights/ GeV

2w — Bkg

Phys. Lett. B 819 (2021) 136412

" mff < 30 Gev

200

15

10F
 ATLAS
5F (s=13

30— LR I UL IR IREEREN
¥ -- Bkg
25L - Bkg+H—vyy 3
— Bkg+H—>1yy +Sig (u=1.5)
¢ data

In(1+ S,/ Byy) weighted sum

Obs(exp): 3.2¢ (2.10)

TeV, 139 b’ o

4
2
0

-2

AN ¢

1101151

20 125 130 135 140 145 150 155 160
my,, [Gev] 54
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‘ Vector Boson Fusion H — yy

= High statistics sample

= Using optimal observable (00)

> Calculated with the Higgs boson & VBF jets 4-momenta

> Symmetric distribution if CP conserved

» Simultaneous fit of m,,

» Interpretation in HIGZ /Warsaw basis

» Two BDTs used to separate gluon-
gluon fusion Higgs production and

continuous yy production

» Improve the results by a factor

of 5

arXiv:2208.02338

I
30- ATLAS
25
200
15§

101

In(1 + S/B) weighted events / GeV

L e LIS B B s

F Vs=13TeV, 1391’
CTT+TL+LT

¢ Data -
—— Signal+Background

,,,,, Total background -

Continuum background

:n P o e b b b ‘:
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2 T T e e e T R s SRARRRRAARN LY
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s 02 C 3
5 B r == SM ggF .
L‘I_i’ 0.155_ | 5_ Continuum background _
0.1 N N 3
C - S A 1
0.05F - 3
0- ----- I|: ....... I....I..-- ceiolersilo Ts r]. 10 |‘ i PN AR :"-4 AJlJE'l'i-ul.:
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‘ Spin/CP in associated /H/tH production (H — bb)

Signal regions defined based on jet multiplicity, b-tagging conditions, number of boosted top candidates
» Reconstruction and background rejection BDTs trained per region
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‘ ATLAS double Higgs combination

« Using bbbb, bbyy, bbrt

Channel Integrated luminosity (fb!)
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‘ ATLAS HH+H combination
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ATLAS double Higgs combination
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Table 2: Summary of x; observed and expected constraints and corresponding observed best fit values with their
uncertainties. In the first column, the coupling modifiers that are free floating in addition to «; in the correspondent

fit are reported.
Combination assumption Obs. 95% CL Exp. 95% CL Obs. value* 11
HH combination -0.6 <k3<6.6 2.1<k3<738 Ky =3. 1+12%
Single-H combination —40<k3 <103  52<ky <115 k3 =25%%
HH+H combination -04<ky;<6.3 -19<xk3 <75 Ky = 3.0t g
HH+H combination, , floating -04<k1<63 -19<k1<76 K= 3.013
HH+H combination, ;, Ky, Kp, kK floating -1.3 <k, < 6.1 2.1<k3<7.6 Ky = 2.33‘_(1)
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Spin/CP in associated H/tH production (H — yy
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» Semileptonic and hadronic channels

» Event categories based on background rejection BDT and CP BDT trained to

separate CP-even/CP-odd components

» Simultaneous fit to all event categories

» Measured ttH rate:
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