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Introduction

It was a long journey until the Higgs boson discovery happened...

ym maldtT
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Entries 64
...In Spring 2012 the group that was working on the Higgs search 8 F hean 2401
in to ZZ decay channel were all depressed about no Higgs signal E 8
present in the 4 leptonic final state. Around March-April there 75 :': :A;bai;:bn:::“mm
was already some exciting about a Higgs signal at ~125 GeV. S I L 1 M Hoge Sl 125 G
A small team of Italian people (of which several LNF 5F- ’
people) where performing the analysis...and finally in 18 June 45_ 3l
2012 they got 2 candidates in the same run! 3§ | |
Crossing fingers the Data Quality for muons of this RUN was 25_ [ i
immediately checked: quoting a mail subject "So BONI”! (They - .
are good”!) 1= i J\_*::: P *

% ""100 200 300 400 500 600

event run Z1 Z2 M4mu M4muConst M4.Ll [GeV]

64671324 204763 939475 61.554 220.332 218.564

71902630 204769 86.3396 31.5661 124.088 125.09
82599793 204769 84.0118 34.2066 123.252 123.471

the mighty run
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The Higgs boson @ LHC

Production Mechanisms

gluon-gluon
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Decay Channels

H—>ZZ* -4l (I=e,pn) very good S/B ratio, high
mass resolution = visible BR = 0.012 %
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Example of H>ZZ*—>4u

The GOlden ChannEI event with hit on the NSW

ATLAS

EXPERIMENT

Final States: 4y, 2 2e, 2e2y, 4e | | “; Run: 437711

Event: 1155602798
2022-10-22 03:09:27 CEST

* Fully leptonic final state lead to a very clear

signature of the event Optimal final state to measure Higgs boson properties
* Very good mass resolution thanks to the excellent * Differential Cross sections
lepton reconstruction performance * Production Cross sections
* Couplings

* Very good Signal/Background ratio: S/B ~ 2

e despite the low Branching Ratio, it makes this
channel clearly identifiable

* Spin/CP
* Mass



H—>ZZ* >4l decay channel 3 T

C Vs=13TeV, 139 o

*

Event selection and background estimation
techniques used for Full Run 2 analyses as results
of several years of studies and optimization work

Event Selection

Quadruplet selection

* Same flavour and opposite sign lepton pairs e Common vertex

* Lepton separation: 4R(l,I')>0.10
* ps(electron)>7 GeV, py(muons)>5 GeV .
* 3 leading leptons: p;>20, 15, 10 GeV
* Mass requirements:
e 50<m,,<106 GeV; my, *<m,,< 115 GeV;
J/Y veto: m>5 GeV

M= 12 GeV if m,<140 GeV and rises linearly to 50 GeV for m, = 190 GeV.

Background processes

ZZ* non-resonant production (irreducible component)
* Previoulsy estimated from MC. Full Run2
estimated from data defining m,, sidebands:
[105,115] GeV + [130,160] GeV

tt and Z+jets (reducible component)
e Estimated from data-driven technique

100

80f-

Lepton isolation 600
Impact parameter d, cut a0f
/ 20;—

Primary Vertex

m,, sidebands for ZZ* bkg estimation

Events/2.5 G
RS
o o

0

doi e

7

[ Higgs (125 GeV)
Il 2z

B Zjets,
%44 Uncertainty

tXX, VVV

¢6 (020T) 08 D °[ "SAyd In3

CR with inverted lepton isolation

90 100 110 120 130 140 150 160 170

m,, [GeV]

criteria for llup bkg estimation

Events/4 GeV

tXX, VVV (very small component)

2 prompt leptons (Z) + 2 leptons from

hadronic decays (b- or c-quark): different

estimation for llup and llee

* Control Regions (CR) defined inverting
or relaxing on event selection criteria
- transfer factors to extrapolate the
contribution in the signal region
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Fiducial Cross Sections measurement

The idea is to provide cross section measurements in the most model / Total Ph S \
independent way o ase opace

* Fiducial phase space definition based on detector and analysis
selection acceptance to minimize the extrapolation effects. The
fiducial cross section agf;4 + BR is defined as:

Detector/selection
Acceptance

Orig - BR=0pr-BR - A 4 = Nriaucial
where: Niotai
BR = Branching ratio
A = acceptance

\ Fiducial Phase Space/




Fiducial Cross Sections measurement

The idea is to provide cross section measurements in the most model / Total Ph S \
independent way o ase opace

* Fiducial phase space definition based on detector and analysis
selection acceptance to minimize the extrapolation effects. The
fiducial cross section agf;4 + BR is defined as:

Detector

N, .

. e — . . fiducial .
Ofia * BR = 0o *BR - A 4= ST Reconstruction
where: total
BR = Branching ratio

A = acceptance
* Correct for detector level effects, efficiencies and resolution, defining ] ]
the correction factor entering in the fiducial cross section extraction: \ Fiducial Phase Space/

Ng;onal
Ofia - BR = 0
F ° Lint . ]
N It is possible to unfold the
where: _ WNreconstructed . L .
= integrated luminosity Cr = N awetan - .reconstructed dlstrlbu.tlon of a
C; = correction factor given observable to estimate the

Ngignat = NUMber of signal events extracted fitting the observable able to

truth-level spectrum
discriminate signal vs background.



The Higgs boson Differential Cross Sections

For differential distribution the number of

First differential cross section measurements
performed in Runl investigated six observables

Higgs kinematic variables

p;*: perturbative QCD

y¥: parton density function

ms,, cosf*
CP—sensitive

events is extracted from a template fit on
the m,, distribution in each variable bin.
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The Higgs boson Differential Cross Sections

Full Run 2 provided 19 differential and 8 double-

differential cross section measurements

m,, template fit in each variable bin
Eur. Phys. J. C 80 (2020) 942

Higgs kinematic variables

Jet — related

coupling

p: perturbative QCD, light quark

variables

Nietv: My Anjj: different

y*: parton density function

production mode

CP—sensitive

Mm,,, cos8*, m,,, cosB,, cosh,, P,d.:

p¢L, p¢%: quark gluon
radiation

2D differential
distributions

vertex

pr*vs Nietss ly*l, pd p
pPtvs p%, vt

pr* vs my,; : QCD
resummation effects

m,,ms,: modification HZZ

4l+j
-

jet activity

41+j 4|+2j 0
P P, My My

A@;: CP—sensitive

Increased sensitivity used
to put constraints on
possible anomalous
Higgs boson couplings
interpreting the results in
different theoretical
frameworks
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Interpretation of Differential Cross Sections

* Higgs coupling to light quarks (e.g. charm) may be possible to
constrain without direct measurement

p;" is sensitive to the Yukawa coupling of the charm, bottom quark
— constrain the charm coupling from the bottom

* non-SM values of the coupling modifiers x_and k, are

investigated

This interpretation has been performed also on combined differential
cross section measurements of the Higgs p; between H->ZZ* -4l and
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Anomalous couplings can modify
also the cross section and BR

Anomalous couplings can
only modify the p;" shape
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Interpretation of Differential Cross Sections

Eur. Phys. J. C 80 (2020) 942

Pseudo-Ob bl vy ———
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Interpretation of Differential Cross Sections

Eur. Phys. J. C 80 (2020) 942

Pseudo-Observabl e
seudo-Observables Eoipmas | mll
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Interpretation of Differential Cross Sections

JHEP 10 (2017) 132

* | ATLASPreiminary o o | . <
. . . ;H—>ZZ" _’:illmmaiy&‘@ 36.1 fb_1 ﬂma_rygs%oLObs ° N":
e Scenarios that assume lepton flavour universality already 15 R X g 7 e
. . .. . . : —N 6 , 6
studied with early Run 2 statistics: with full Run 2 limits 5 04 ;
improved ~ 20-30 % o 4
. . . . 3 I 3
e Lepton Flavour Non — Universal scenarios investigated for the 2 X
first time with full Run 2 statistics = limits O(5-10 %) R \ 1
: L. B U WU WAR——
* Good compatibility with projections! 3 R W
Eur. Phys. J. C 80 (2020) 942 *

Vector Contact Terms Axial Contact Terms Linear EFT — inspired Contact Terms
’}0-25?*”w”w””w”w”:xé*;;_tx”w*‘@ o 0-1kHw*”w*”wmw*”wmw”B*ij”w”w”: N 25 T T T T R AR AR AL AR DA SRR AR
o 02iATLAs _____ Best it | Ko ATLAS * Best Pl ] “ [ ATLAS Ot Best it ] 08| ATLAS  * Best it .
W "t H -7z > 4l — 95%CL. 1 I FH-ZZr >4l — 95%CL. . 2FH—ZZ" -4l — 95%CL. E [ H—Zzz" >4l — 95%CL. 1
N F Vs=13TeV, 139 b * SM ] $0-06 {5 - 13 Tev, 139 b * SM - F Vs=13TeVv, 139 b * SM 1 F Vs=13TeV, 139 b * SM .
& 0'15;Best Fit p-value: 0.73 é @X [ Best Fit p-value: 0.86 ] 1.5 Best Fit p-value: 0.64 - 0-6*BestFitp-vaIue: 0.66 -

. ] 0.04F - B ] i i
01~ E B ] 1 ; i ]

F 7 0.02— ] . ] 0.4 |
0.05F { ob- E 0.5 - L i
0; * —0.02; « 0; 4 0.21- i
-0.1F ] ~0.06 E wa - i 1
: . -0.08F . r 1 -0.2 —
_0'1%1HUHHHHMHLMHHHHMHHH o b b e b v b beren b g 15 b b b b b b b I
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 —-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 -05 -04 -03 -02 -0.1 O 0.1 0.2
(SZ”L - SZ”R) (SZHL = SZHR) EL

13




Interpretation of Differential Cross Sections
Pseudo-Observables Prospects

Constrain PO using also EW production modes - probe new PO Ky, Kww €zus €241 Ezurr Ezdrr Ewul
arXiv:2304.09612
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”"\lector Contact terms”

* VBF: double-differential distribution on p{! vs p{? to access the F(q,?d,?)
* ZH (or WH): differential distribution of p;Z or m,,, ~ g2

— Define fiducial volume targeting specific production modes can
improve sensitivity

* Already done in H>ZZ*-4| with Run 2 data to perform a fiducial VBF
measurement applying a selection on 2-jet events on m;; and An;;.

e At the moment statistically limited (~40% of uncertainty)

Projections with decay only PO @ 300 fb!

“Axial Contact terms”
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*  SMvalues
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arXiv:1512.06135

Prospects for Higgs PO in EW

production @ the HL- LHC
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H—>ZZ*->2e2u event

The Higgs boson @ 13.6 TeV

j

LHC collisions re-started in 2022 at 13.6 TeV EZZ —\E *

£ 60 — o miuy E
First measurement of the Higgs boson ; 0 = E
production cross section @ 13.6 TeV 5 zz :
performed in the H>ZZ*—>4l and H>yy 0 *
decay channels with about 30 fb'! " / 3
Eur. Phys. J. C 84 (2024) 78 30 Pt o oct
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The Higgs boson production cross section

Run 1

Production Cross sections are a way to probe the strength of the
Higgs boson coupling with SM particles and possible BSM effects

Simplified Template Cross Section (STXS) framework define
exclusive regions in the Higgs phase space of the Higgs
production processes, based on the kinematics of the Higgs and

of the particles/jets produced in association: p;"e, N, my, p;"
* Criteria: -- >2jets |—
* Minimizing the dependence on theoretical uncertainties —»_—[
* Maximizing experimental sensitivity also to possible BSM
effects o> H £ —| " Lowp™ |
» Different STXS Stages definition, corresponding to increasingly fine VH { J Highp, ¥
granularity qq->Hév *| Very High py"2 —|

* Not all the analyses are sensitive to all the STXS bins

Reco-level categorization in each analysis, in which the -:ﬂ tH bbH
measurement is performed, as close as possible to the Particle- — Highp" |
level categorization > minimize model-dependent extrapolation

16



The Higgs boson Couplings

Production cross sections can be used to put constraint on the

Higgs boson couplings modifiers.

ggF
VBF
VH
ttH

Inclusive

Parametrizing the cross section as
function of the k we can extract
constraints on the relative
modifiers, based on the
assumptions behind

220/ L
ATLAS 224} ——
H— zZ* - 4l Zg| e
{s=13TeV, 139" ox|
Production Mode - |yH| <25 1 T2 77 T T8
NN,
—m— Observed: Stat+Sys SM Prediction
: - -value = 91%
[m] Observed: Stat-Only p-value /o B[] (G'B)SM [fo]
E.é 1120 £ 130 1170+ 80
= 110 £ 40 92.0+2.0
+61 +2.7
- 75 4o 52.44‘g
26 1.0
2615 15.47 70
m 1340 £ 120 1330 + 80
i ! ! ! !

Eur. Phys. J. C 80 (2020) 957 \ o Bl(cB),,

Universal coupling strength modifiers , 0.4
(vector bosons) and k; (fermions)

tH

itH

ggF+bbH

VBF

WH

ZH

After 10 years from the discovery ATLAS
provided the combined measurements of
Higgs boson couplings with other SM particles

o
N

ATLA S Run 2 e Data (Total uncertainty) Syst. uncertainty - SM prediction
T T T T T T T f ? ? 1|0 T UL
o H -5 :
i R T B
o e
I L +
. . P ;
2 o &
i &
. 2 — i
! ! L1 ! ! L1 ! ! ! L1
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 012 3 4
bb ww 4 Yy HU
¢ x B normalized to SM prediction
L 2_4k[ T T 1T [ T T 1T [ T T 1T [ T T 1T [ T T 1T [ L
C ATLA S + BestFit ]
2.2 I Observed 68% CL =
E H—ZZ" - 4l Observed 95% CL 1
E Vs=13TeV, 139 fb" *  SMvalue ]
1.8 [ Best fit p-value = 0.75 .
1.6 =
1.4F .
1.2F =
1 =
0.8 =
> 06- |

vev

m,

me

vev

Kg

Generic parametrization with coupling
strength modifiers for W, Z, t, b, c*, T and
U treated independently

|| T T T ||||||
ATLAS Run 2
i Ko =Ky

f K is a free parameter

107"

SM prediction

1072

IIIIII| T IIIII|T| T IIIIIII| T IIIII|'|_'|l_|_E

\

Leptons Quarks

--- [« I -
Lo [ < [ - N

Force carriers Higgs boson

IIIILL| | IIIIIII| L LIl

10745...| °t | ) IZI .. =
1T4F™T T T T T T T T
12fF ] -

i i H
wsb | L

| |

10™ 1
Nature 607, 52 (2022)

10 102

Particle mass [GeV]
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The Simplified Template Cross Section

Events

Huge optimization work done in Run 2 to define reco categories

Development of discriminants dedicated in each category

\ Events

Full Run 2 analysis
first use of Neural
Networks in place of
Boosted Decision

12

10

~ATLAS

rH—>ZZ" -4l
13 TeV, 36.1 fb™'

[ 118<m, <129 GeV
L VBF-enriched-p’T-Low

I
e Data

VBF
9ok
m VH
m ttH
. 77

tH+V, VWV
Il Z+ijets, tt
77, Uncertainty

I

| I B B B

!

05 1

Trees 2
0
-1 -0.5 0
- JHEP 03 (2018) 095 BDT, 4
AR RN R AR RN R RS RARRN RARRN RRRR
ATLAS ¢ Data
H- 2z >4l ver Wz
Vs=13TeV, 139 fb”' [ ggF+bbH | tXX, VWV
20 115 < m,, < 130 GeV VH M Z+jets, tt

2j with NN,,,, < 0.2

15

10

o i

77

WttH+tH 7 Uncertainty

i
3

0.8 1

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

>=1 leptons
(p;>8GeV)

my; [118-129] GeV

| Pre>30GeV |

Just counting

Oet || tet | [ m<120Gev | | m>120Gev |
Discriminant | | Discriminant | | Discriminant | | piceminant
BDT-ZZ BDT-1j BDT-2jVH BDT-2jVBF

—

—

..to this@ 36.1 fb'1...

...to end up with 12 reco categories with full Run 2!

ATLAS s - 13Tev, 139 fb-

Reconstructed event categories
Signal Region

p<10 GeV

0j-p#-Low
10 < ;" < 100 GeV
0j-p;#-Medium
— P <60 GeV
1j-p;*-Low
60 <p,* <120 GeV
1j-p;#-Medium

- - 120 < p;* < 200 GeV|
1/p;*-High

M=o N,=0
: SB-0j
N, =1

' Reconstructed event categories
. Sideband Region

i1

P> 200 GeV

i

1j-p,-BSM-like

i

m;>120 GeV, p;*' > 200 GeV|

2j-BSM-like

Production Particle-level STXS Reduced
Production Bins
Mode Stage 1.1
p.<10 GeV
- P, <200 GeV |= 1-jet 60 < p,*<120 GeV _
e
e - == .
2 2-jets
3 [ oy ]
+
! |p>200Gev
3 | auztpHon |
é 60 < m, <120 GeV. T
VBF m; <60 GeV or 120 < m, < 350 GeV/ K9d
T or m, > 350 GeV, p; < 200 GeV |
: [ aqztea-ver |
S m, > 350 GeV, p > 200 GeV
7 qq2Hqg-BSM
I

Leptonic V decay

—_— .
- m, <120 GeV or p, < 200 GeV
N, =2

N, =0,p*>100GeV| :

N,
N,

0j-p;*-High

N,=1
: =2
: SB-2j =

: 25

N, 25 _-—_SB - VH-Lep-enriched
VH-Lep-enriched & .
ttH Hadronic| * i
ttH-Had-enriched oo
ttH Leptonic| : SB - tXX-enriched ~——

ttH-Lep-enriched

Reconstructed event categories

We started
from this...

Ny=0
P, <60 GeV
. _1 J-p-Low
: 60 <p,* <120 GeV | N, =1
. 1j-p,*-Medium
. p#>120 GeV
: __v—u#‘-High R
: Py <200 GeV
VBF-enriched-p -Low |<~—— m,> 120 GeV
p,/>200 GeV N s2
VBF-enriched-p/-High | <~————— ots 2
. m; <120 GeV
: __VH-Had-enriched'
. N, =5
: VH-Lep-enriched
ttH

. ttH-enriched

. 118 < m, <129 GeV
 t: VH-Had enriched is divided into p,* > 150 GeV

+and p,* <150 GeV sub-categories for tensor
* structure measurment
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Tensor structure of the Higgs boson Couplings

HC Lagrangian

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

ATLAS PN 1 STXS measurements give enough sensitivity to probe
H - zZ* - 4 i 1 anomalous Higgs boson couplings in EFT framework
{s=13TeV, 139 fb™ | — . —
e o 22 esor " "w.| ¢ Run1and early Run 2 results started from Higgs
o [ TSy P SIS Characterization (HC) model to put constraint on anomalous
0020 p*Hgh | ‘m 630110 550+£40 | i i - -
e o o e couplings with vector boson k,,, (CP-even) and k,,, (CP-odd)
gg2H-1-p""-Med . 170£50 11918 | ) .
au2hy-p7Hion | . o 2:¢« | ¢ Full Run 2 moved to SMEFT to put constraints on Wilson
S ) . w5 wses ] coefficient in Warsaw basis C**
qa2Haa-VH = 21+ 35 13870 | o
qazHaa VeF | . 10"y, 107675 | H->ZZ*-4l sensitive (d) J
e [ R R to just a sub-set of Lgrr = Lsm + Z N —L 0¥ ford > 4.
wl e SR those coefficients
_I1 6 “I é 3 4 é é 7I % k\ LI ‘ LI ‘ LI ‘ LI ‘ T \+\ ‘ \()\t\)s\e‘r\v\e\d\ ‘b\e\st\-‘\“t‘ L E
oBl(c:B),, O 5 ATLAS Observed 95% CL
. . . FH—-ZZ* - 4l * SM ]
Acceptance parametrization needed due to the selection cuts 4 s-1aTev a0t SM expected 957% CL~
80.25 S I o 1Bl 3;Best-fltp-value.0.88 j
s [ ATLAS Preliminary —SMm 1 £ . [ ATLAS Simulation F ]
§ 02; m =12GeV :EHB:? E g 1.6; Ho22" -4l CFreven 7 2 =
2 . [ E - C:z=1 ] é 1'4; Ec:;tasnzeev ~+CP-odd R ” ” E E
§ :_:" - CHB=3 ] % 12; funny 1; ?
E 0-155 ‘ % E sm=10 shapes 3
I 18 relatedto  F :
A : 1 g ] ~1F 7
; |5 | acceptance ~ f ]
0.05f- = effects —2F E
E == E _3 kl L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1l ‘ L1l l 11 \;
%10 20730 20 50 60 70 S 4 -3 -2-10 12

3
Chw

1 _
0 ={KsM [EgHZZZuZ” +gaww W, W ”]

1 -
_ a a,uv a /Aa,uv
[KHgggHggG G +tan @kagg8age Gy G ]
11
— ZK [KHZZz”VZ +tana/KAZZZ,,,,Z ]
1 1 W+ W_FV W+ W—uv X
e [KHWW v + tanakaww W, ] 0
JHEP 03 (2018) 095
; 141 T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T l
I | - 4
¥ 12;ATLAS + Best Fit .
LH—>ZZ* - 4l — Observed 95% CL
10[-13TeV, 36.1 fo” * SM {
BiKHgg =1, kgy =1 === SM expected 95% CL j
E Observed: licy,| = 0.5, Ky, = 2.9 E
6—Expected: k,, = 0.0, Ky, = 0.0 —
4 -
2 =
o -
-2 =
4 1
T 1 1 1 T
-6
\4%
* %k
CP-even CP-odd
Operator ~ Structure Coeff. | Operator Structure Coeft.
Ount HH gu, H cur | Oun HH gou, H CaH
Onc HH'GJ,GM*  cyg | Oys HH'Gp, G cy5
Onw HH'W, W* cyw | Oy HH*WI wel e
Ous HH'BWB"  cgp | Oyg HH'E,, B cyp
Ouws  HH'T'WL B"™ cuwp | Oy HH'T'WLB"™  cuwp
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Tensor structure of the Higgs boson Couplings

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

How to get rid of this?

22.0f —a—
ATLAS af :
H— 77" — 4] zz| i
Ys=13TeV, 139 fb’' wx| . i
Reduced Stage 1.1- |y | <2.5 T 7T s 1.'3N/N
—— Observed: Stat+Sys SM Prediction s
| [m Observed: Stat-Only p-value = 77% o-B[fb] (c:B)g, [fo] |
ggZH—Oj—p:rLow L] 170 £ 55 176 £ 25
qg2H-0j-pHigh | . 630+110 550+40 |
gg2H-y-p-Low | = 50+80 172425 |
gg2H-1-p""-Med B . 170 + 50 119+18 |
gg2H-1-p/-High | - 9118 20+ 4 N
gg2H2 | - 4075 127427 |
gg2H-p-High B - 382 15+4 N
qoeHag-VH | - 21+ 35 13870 |
qq2Hqq-VBF B : [ ] 150 t:z 107.6 tgg 7]
aq2Hqq-BSM - ‘ 0570 420+018 |
VH-Lep | - 2012 164+04 |
| [ » 25+% 154770 |
1 Il Il Il Il Il Il Il 1
1 0 1 2 3 4 5 6 7
c-B/(c-B)
SM

Acceptance parametrization needed du

8 0.25 S
5 [ ATLAS Preliminary —SM ]
= [ : —Cpg=-3 ]
S 0.2 § My min = 12GeV —Cyg=-1
2 N : =1 ]
§ L - C=3 1
£ C ]
S ]
< ok .. 1 ]
0.05- B -
ot ! ! Ll ! ! e |
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ATLAS Simulatio
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@ [ Acceptance
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n
—CP-even
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Decay STXS

Idea is to define STXS bins for
Higgs decay modes analogous to
the existing production mode
bins

Preliminary studies on a simple
fiducial selection on H—>4l which
guarantee Lorentz invariance,
lead flat acceptance for SM and
BSM Montecarlo simulations

CHB

o the selection cuts

"funny”
shapes
related to

1 acceptance

effects

T 1T TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT N TTT t
+ Observed best-fit i
bserved 95% CL ]

ATLAS
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Vs=13TeV, 139 b
Best-fit p-value: 0.88

— 1\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
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Events

Reco. fraction
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40— ATLAS Simulation Preliminary _
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- —— Events=523.43 forcHB =1 ]
25— ]
20— —
15— —
10— —
51— —
0.5 —
0.4 —
0.3 e
0.2~ —
0.1 -
0 . . . . . )
0 10 20 30 40 50 60

20 My, [GeV]




The Higgs boson CP structure

In Run 1 analyses aimed to assert that the Higgs boson is CP-even

Eur. Phys. J. C75 (2015) 476

ATLAS

—e— Observed
——————— Expected
B 0'SM+t1c
B 0'SM=2c
[ 10°'SM%3c
[ RS
I JSF 26
[CJJf+30
. 40r
30
20

10

-10
-20
-30

Ho>ZZ* > 41
[s=7TeV, 455"
(s =8TeV, 20.3 f5'

H—> WW* > evuv
(s =8TeV, 20.3 f5'

H- vy
[s=7TeV, 4515
[s =8 TeV, 20.3 f5'

rtfl
l'l

JP=0r JP=0 2* JP

Z*JPZ* JPZ*JP

q— Kg
p<GDOGV p<125GeV  p < 3oon p< 125<3v

Test of fixed spin and parity hypotheses

e Using kinematic 4-lepton information

 JP MELA or BDT to discriminate different
hypotheses

* JP=0* compared with alternative spin
models - non-SM hypothesis excluded with
at least 99.9% CL in favor of SM Higgs boson
with Spin/Parity 0**

Investigation of mixing CP-even and CP-odd
state looking at HVV tensor structure
* First use of the Optimal Observables...
 EFT model based on Higgs Characterization

In Run 2 the focus is mainly on production modes
rather than decay only.

Entries / 0.08

2InA

o5 [ * Data

20 [ —JF=0"SM

30F

20

L ATLAS H—ZZ* > 4]
r (s=7TeV,4.5f5"
L Observed {s=8TeV,20.31t"
25 L Expected: -
""" signal strength fit to data
------- Expected: SM

151

L L B B I
ATLAS ]
" [l Background zz* ]
H—ZZ*—4l
T [l Background Z+jets, tt —
(s=7TeV,4.5fb"

[ PO {s=8TeV,20.3 fb"

0 0.2 04 0.6 0.8 1
JP-MELA Discriminant

- 68% C.L.
------- 95% C.L.
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The Higgs boson CP structure

Looking for signs of CP-violation in the Higgs sector arxiv:2304.09612

Study the coupling with vector bosons (HVV) both at production
level with Vector Boson Fusion (VBF) production and at decay
level in the H>ZZ*—4l decay

q

q

==

q

Z
Z
q

o

VBF - high Q2
process BSM
effects expected
to be higher

Use of observables optimized to
discriminate different CP hypothesis

Rate cannot disentangle anomalous
CP-even or CP-odd effects,
observable shapes does

— Matrix — Element based variable
called Optimal Observable (O0)

00, (c)

_ M0 = [Msyl® = [Mpsu(e)?

5
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Constraint on EFT CP-odd couplings
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The Higgs boson Mass

H->ZZ*-4l and H->yy are the most sensitive channels

Clear signature final states

High mass resolution 1-2 %

Main uncertainties: Electron/Photon energy scale and Muon momentum scale

Combination of the two channels and of the two runs lead to the most precise

measurement of the Higgs boson mass!

Phys. Rev. Lett. 131 (2023) 251802

12_||||||||||||||||||||
_ATLAS —— H—>ZZ*Run2

L —— H—->yyRun2
10-H->ZZ* H—> yy
| Run2:{s=13TeV, 140 5"

—2InA

Combination Run 2

------ Stat-Only

(o)
T T T

n
Q

a

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

4"
[ R RN DR !

ATLAS e+ Total Stat. only | Combination
Run 1: /s = 7-8 TeV, 25 b1, Run 2: /s = 13 TeV, 140 fb~?
Total (Stat. only)
Run1 H — vy } . | 126.02 + 0.51 (+ 0.43) GeV
Run1 H — 4¢ | i 124.51 £ 0.52 (+ 0.52) GeV
Run 2 H — ~y —e—l 125.17 + 0.14 (= 0.11) GeV
Run2 H — 4¢ I—O—II 124.99 + 0.19 (= 0.18) GeV
Run 142 H — ~y 125.22 + 0.14 (+ 0.11) GeV
Runi1+2 H — 4/ 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I—o:—l 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined e 125.11 + 0.11 (x 0.09) GeV
N [N T T R NS TSNS [ A T M T SO AN O SO NI S
123 124 125 126 127 128

my [GeV]

124.6 124.8 125 125.2 125.4 125.6
m,, [GeV]

m, = 125.11 £ 0.11 GeV

0.09% precision achieved on this
fundamental parameter of the Standard
Model of particle physics.
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Conclusions

The ATLAS LNF group has been involved in the Higgs boson analyses since the
very first searches aiming for its discovery and then to study its properties
focusing on the H>77* -4l decay channel

 Besides the many results that has been provided in this years, we aim to
extend the comprehension of the Nature looking for New Physics effects
and the most recent discovered particle is a good starting point to do so

 The enhancement of the statistics expected in the future LHC runs will be
fundamental to improve the precision of the Higgs boson measurements
and be more sensitive to any kind of BSM effect

Stay Tuned!
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