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After the Higgs discovery the overall goal is precision

EM Calorimeters: 0/E = 10%//E ¢ 0.7%

excellent e/y identification Prescision Muon Spectrometer: o/p;=10% @ 1 TeV

measurements to search for deviations from the SM good energy resolution (e for H 1)

fast trigger response
good momentum resolution
(e.g. A/Z = uu, H— 4u)

predictions.
The 13 TeV Run 2 dataset enabled several new Higgs
boson measurements in different decay channels and

Hadron Calorimeter:
O/E=50%/VE ¢ 3%

good jet resolution
good missing Et resolution
(eg. H— 1Y)

production modes, interpretation in various BSM
frameworks:

Inner Detector:

Si Pixel & strips; TRT
o/pr=5-10"* pr 4 0.001

good impact parameter res., i.e.
o(do) = 15 um @ 20 GeV

(e.g. H— bb)

« Unprecedent precision levels of the Higgs boson
Magnets:
prOpertieS Solenoid (inner detector): 2 T

Toroid (muon spectrometer): 0.5 T

« New Physics investigated in several BSM frameworks
* Searches for rare decays lead to first evidences
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measurements of the Higgs boson
properties performed by the ATLAS
experiment with Run 2 dataset (~140 fb!
of good pp collision data) ...with a first : ]
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The Higgs boson ...
Mass

CP structure

Width

Couplings

Simplified Template Cross Section

Fiducial, Differential and Total Cross Section
H—Zy decay

Invisible decay

Self-coupling

Giada Mancini (LNF INFN ) BSM23



Production and decay modes —
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The Higgs production at LHC can occur through the following mechanisms:
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Decay channels:

*  H->ZZ*->4l: pure channel but very low statistics (BRy.. z+..q~ 2 + 10#)
*  H->yy: simple final state but low BR and large background

¢ H->WW?*->lvlv: good sensitivity but low mass resolution

«  H->bb: huge bkg, best accesible via VH production

¢ H->t1: very large bkg, best accesible via VBF and boosted H production

¢ H->Zy & H->pp: low BR

100 13125 128 Tod 125 126 127128128130
M, [GeV]
Giada Mancini (LNF INFN) BSM23

ggF: is the dominant production mode,
o88F/cTOT = 87% @ 13 TeV.

VBF: whose signature is characterized by
H+2jet forward, oVFF/cTOT = 7%, @ 13 TeV.

VH: whose signature is composed by a H
associated to a W or a Z boson,
oVH/cTOT = 4% @ 13 TeV.

ttH-bbH: in which the H is associated to tt-
bar/bb-bar pairs, c!H+bH/GTOT = 29, @ 13 TeV.

CERN YR4: arXiv:1610.07922v2
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Evolution

LHC

HL-LHC

13 TeV
splice consolidation cryolimit
7 TeV 8 TeV button collimators interaction
—— R2E project %\‘

2016 2017

13.6 - 14 TeV

13.6 TeV
Diodes Consolidation
LIU Installation HL-LHC
inner triplet
Civil Eng. P1-P5 pilot beam radlatlon limit installation

2019 2020

2023 2024 2025 2026 2027 2028 2029 ""I"“

energy

High Luminosity LHC
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125.09 + 0.24 (£ 0.21 £ 0.11) GeV
'y <22.7MeV @95% CL
SM Higgs JF = 0*+*

Beginning of Precision Era...

Precise measurements of Higgs mass, width,
couplings and differential XS

More stringent constraints on anomalous Higgs

First as function of Higgs and jet kin( vgg%bles boson couplings with other SM particles
Results in terms of p= ﬁ Interpretation of the results in different theoretical
and , o, , I framework (EFT, PO, etc.)
Kj = (osor ~Tsw ...walking towards higher energy and higher

luminosity!



Higgs Boson Mass INFN

Laboratori Nazionali di Frascati | |

H—Z77*—4] and H—yy are the most sensitive channels

Clear signature final states

High mass resolution 1-2 % T

®  800F
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o 300 \
. . . . @ g NN\ it
Rl - \ A T nues
-> H->yy great improvement in photon energy scale calibration 3 200 it L
Q 100 ‘Wo’o‘o‘c‘u’o‘o’u‘u‘o‘o’o‘u‘o‘;’o’i’l'0’0’3’3't’o'o‘o’o‘o’:’n’o‘o’:’o’o‘o’:’o’:’o’ﬁo‘:’o’o’o’:‘a'0‘t’:'n’t’o’:’o’o'o'o‘u‘o‘;’o‘o‘o’o’o‘o‘o‘o‘o’o‘o‘o’o’o‘o‘t’t‘o’o‘t‘u'oWo’:’t’n’u'oWu‘oWo'~’t’o‘o’n’t’o‘o’n’t’o‘o’o’o‘o'o’o’:’o'ii‘
S 0 BRI
ATLAS: Results @ 140 fb! (+Run1) § piiriiiiiiiiid
T ¢ ¢ 3 &€ ¢ 5 3 & 2 g g B O
my; = 125.11 + 0.11 (+ 0.09) GeV BEEEEEEE N
5§ 3 &8 6 5 2 § 5 806 5 9
T T T T T T T T T T T T T T T T T T T T T T (; q:, 3 > a > g % d © C:)— °
| | [ | [ [ © = © G
D o
ATLAS le4 Total | | Stat. only | Combination
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(052 S OTE (s=13Tev, 140! e Background E
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- * (011) .g1 400 E Hoyy = Signal + Background 1
Run2 H — 4¢ 124.99 + 0.19 (+ 0.18) GeV 21200: All categories =
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arXiv:2308.04775 m.., [GeV]
v
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BSM hints in the Higgs sector —

Looking for:

. Modifications of the coupling with vector bosons (HVV) and fermions (Hff)

via coupling modifiers (k;): parametrizing production and decay,

coupling modifiers as multiplicative factors, narrow width approximation

, 1 2 _vimJ 2 _ SM
o; - BR' = (k) - T (&) where Ki = I /FSM Kj = O-j/o-j
1_‘H -> k=1 refers to the Standard Model case (SM)

* Interpret the results in terms of anomalous Higgs boson couplings
BSM effects in the Higgs sector can be probed in an Effective Field Theory (EFT) approach
assuming some high scale of NP (A) adding higher dimension BSM operators to the SM

Lagrangian (SM reproduces the low-energy limit of a more fundamental description)

-> New physics at high mass scale introduces new

_ —_(6)}H(6)
Lppr = Lsm + Z G Vi types/structures of Higgs boson couplings, which change the

Higgs boson kinematics with respect to the SM

Wilson coefficients
Giada Mancini (LNF INFN ) BSM23
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Use of observables optimized (e.g. OptimalObservables, OO) to discriminate different CP

hypothesis -> Rate (e.g. signal strenght, = (s BR),,./(c BR);\,) cannot disentangle anomalous

- - | .
CP-even or CP-odd effects, observable shapes does! ArXiv:2304.09612
— I O B A B
} [ ] .
. . =  o5[ ATLAS -« Exp. Comb — Obs. Comb _] ATLAS e E’:ee::':s':is’;ss
HL L Vertex Studled ln the VBF Z E Vs=13TeV, 36 - 139 5" ... Exp. H>yy — Obs. Ho vy E E:—:SZTE:/Q:J)‘ Cm] gbsewed:zlal—gnly
° K ] SMEFT CP-odd couplings
production and H—»ZZ* decay 2R B oo -
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. Summary EFT Coupling CP_Odd E = o ] d Ea— x10 0003 [-0026,0025]
Constraint 95% CL5:_ ................. RN \ "______________‘5':."' ................ . f : 076 (12175
e . : ¢, ?,_._] 0.083  [-0.84,0.83]
B T e St 2 NG~ T g,| e, oo [099,059]
-0.15 -0.1 005 O 0.05 0.1 0.15 ‘ ‘ ‘

05 0 05 1 15 2 25

Phys. Rev. Lett. 131 (2023) 061802 d Parameter value

Hff vertex studied in the S [anas | /S —
. o Vs =13 TeV, 139 fo~! Al A = C - %S = 9116° (68% 7
ttH/tH production and s 4] 5 TpATAS T O onoem o0
C 1 ' F Vs=13Tev, 139" ...... Expected: ¢ = 0428° (68% CL)
H—77 decay : 120 6L : E
1 7 E 7
. . . - i 5 =
+ using decay via ttH with H->bb : 19 . N\ 30 3
limits on k,cosa and k;sina o 20 3 4E E
. . . - ' 3 =
* Limits on CP mixing angle in 4L L
H—7t decay - o 2 N BE
20 & Best fit: ar=11°, /= 0.84 /= =
[ SMOPevena-0x-1 ST S T

S & oo . 0780 60 40 20 0 20 40 60 80
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JrXiv2303.05074  oosa Eur. Phys. J. C 83 (2023) 563 ¢, [degree

Giada Mancini (LNF INFN ) BSM23
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SM Higgs width I'y=4.1 MeV — experimental resolution O(1-2 GeV) are too small

to allow direct measurements

Indirect measurement from the ratio of the on-shell / off-shell Higgs boson production

2 2 2 2
o-on-shell N 8ogH8HzZ off-shell - 8ggnEHZZ — L' __ Hoff—shell
H—ZZ —H—-ZZ SM
88—t = muly 88 m2,, I Hon—shell
:<\ ;\\\\‘\\\\‘\\\\\\\\\\L‘_\\\-\‘\\\n\‘\\\\
H—ZZ*— 41 and 212v channels performed I= fg ATLAS oy
: . ! = On + Off-shell combined — - Exp-Stat. only
this measurements with full Run 2 dataset (613 TV, 130 ~ Epsys
L Obs-Stat. only: 1.1tg'§ Exp-Stat. only: 1.0 tg'z
14 obs-sys: 11707 Exp-Sys:1.0°07

ATLAS: U off-shell = 1.1+0.6 (33 O')

First evidence of off-shell
Higgs boson production

ATLAS: FH = 4.5+3‘3_2.5 MeV

of
0O 05 1 15 2 25 3 35 4

arXiv:2304.01532 /)
Giada Mancini (LNF INFN ) BSM23
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Consider contribution involving a point-like gluon-gluon fusion and a top loop induced ggF.

Lsverr D Lgy + Lm0 ‘

g:H g

mg _
=— CtT”H + cgmGﬂvG’“' (CP — even)

Z
2
my <H
+ zc,—ty5tH + cg G ,G*” (CP — odd) 7
32n?
g
Oxx = log Ps NN multiclassifier trained against Signal (Pg), interfering bkg (gg->ZZ, Pg), and non
NN =19210 5 p
Pg+P . .
BTN interfering bkg (qq->ZZ, Py;)
L e O A s e}
SR L L L 6 . ) Data JE— FSBI E 9—03 LA L R R L B L B B L L B B B
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L 10 e oy o e c=~0010'4F @0s%0r. 4 10 F o6 =0.005%50,f @95%CL. 0.2 13 Tev, 139! T Beaswer
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Giada Mancini (LNF INFN ) BSM23 ATL-PHYS-PUB-2023-012
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Production cross section and decay branching ratio are a way to probe the strength of

the Higgs boson coupling with SM particles and possible BSM effects

After 10 years from the discovery both the experiments provided the combined

measurements of its couplings.

A detailed map of Higgs boson interactions by the ATLAS

experiment ten years after the discovery
Nature 607, pages 52-59 (2022)

ATLAS Run?2 le4 Data (Total uncertainty) 2] Syst. uncertainty I sM prediction
T T T T T T — _|5 ll) ? 1|0 T T 1
tH HEA
X% S
ttH I-!-I o
ggF+bbH s P [ | _
VBF h ¢ i
WH &2 - &
@ —%—
ZH I ¢ I L1 I I [ I I I L1
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 01 2 3 4
bb ww TT 2z YY Hu

G x B normalized to SM prediction

p-value = 72%

Giada Mancini (LNF INFN ) BSM23

analyses are typically
grouped per decay mode,
with few exceptions when
more decays need to be
grouped together to increase
statistics (ttH)

di-boson modes (yy, WW)
sensitive to all production
modes (ZZ) only to ggF due
to low stat, fermionic modes
sensitive to VH (bb) and VBF

modes (TT)



Higgs Boson Couplings
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Results interpreted in terms of Higgs boson coupling strength multipliers x in multiple scenarios

* coupling scaling with particle mass nicely verified by experiment

RN T T TTTI
ATLAS Run 2

I Ke=K;

¥ «_is a free parameter

SM prediction

b

Leptons Quarks
’ - ]
Force carriers Higgs boson
o o[- AN
11 I 1 1 1 1 1111 I 1
TT TTTT

- 1 ; 3 i] i 1

-_Illll 1 1 I|'III| 1 {I IIIIIII 1 1 IIIIIII
107" 1 10 10?
Nature 607, pages 52-59 (2022) Particle mass [GeV]

Coupling with quark charm
ATLAS: k. < 5.7 @ 95% C.L.

Giada Mancini (LNF INFN )

mg

JHIT = VRV
m2
JgHVV = VEV

Universal coupling strength modifiers ky
(vector bosons) and kg (fermions)

LL T I T T T T I T T T T I T T T T I T T T T
~ 4 Observed best fit
1.15 ATLAS Run?2 [ Observed 68% CL
Observed 95% CL
1.10

¥ SM prediction
1.05

1.00
0.95
0.90
0.85
0.80

0.95 1.00 1.05 1.10 1.15

Nature 607, pages 52-59 (2022) Ky
Bsv3 A
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VH, H—Dbb (all hadrons)

VH, H-WW*
ownXBroww = 0.13 7008 o7 (stat.) 7005, (syst.) pb
O-ZHXBH—>WW* =0.31 +0'09—0.08 (stat.) + 0.03 (syst.) pb

First measurement of the VH is performed

T T T T T T
ATLAS Preliminary tei Total
Vs=13TeV, 139 fb™' [ Statistical Unc.
VH, H -» WW* [] Systematic Unc.

| SM Prediction

in the fully hadronic final state
Significance(VH) =1.70
O-VHXBH—>bb =33+15 (stat.) +1'9_1.5 (syst.) pb

in agreement with the SM prediction

Total ( Stat., Syst.) SM Unc.

wh |

+0.32 +027  +047 :
045 "0 (ozss —01s ) © +£0.03

+0.53 +050  +0.18 1
! .'l 164 “o0 (oass 015 ) | 005

ZH
VH 0.92 0% (0%, 01 +002 E 600 ATLAS Preliminary VH — qgbb ¢ data EVH 1 OtherHiggs
' w fs=13TeV, 137 fb” Post-fit Vijets VWV top
! ! ! ! ! ! ! | | £ [multijets ./, Uncertainty
0 05 1 15 2 25 3 35 4 45 5 S
(0 x By, ww) ! (6 x By, )
M SR:450 < p! < 650 GeV SR:p!!, > 650 GeV
18 T T T T T 1
16|~ ATLAS Preliminary m= Combined 1-POI | :
/s =13 TeV, 139 fb’! — 2¢ DFOS ;
14— VH, H — WW* == 27 SS — !
12— mon 8 — ;
10 [
8 PR S N
6 2 60 i#ﬂ,* 100 - +++
=2} 40 =
X 50 —
A B 28'+ i B f m’*hﬁi}h b
AoF | Rt T
B + . —50§—
2 -40 T00 E T00 150
0
ATLAS-CONF-2022-067 0x BRy . ww /(0% BRy . wwr)gyy ATLAS-CONF-2023-067
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STXS framework defines exclusive regions in the Higgs phase space of the Higgs production

Higgs Boson Simplified Template Cross Sections (STXS) l

processes, based on the kinematics of the Higgs and of the particles/jets produced in association

* separate measurement and interpretation steps to reduce in a systematic fashion the theory
dependencies folded into the measurements (dependence on theoretical uncertainties and on the
underlying physics model)

« provide more finely-grained measurements (and hence more information for theoretical
interpretations) while at the same time allowing and benefiting from the global combination of the

measurements in all decay channels

. Maximizing experimental sensitivity also to possible BSM effects
IEETET V (lep)H
Pl < 200GeV Hty, pY¥ < 75GeV
> 2jets
Hitv, 75 < pl¥ < 150 GeV
qq — Hlv

Hev, 150 < p¥¥ < 250 GeV

gy < 350 GeV m;; > 350 GeV Hey, pi¥ > 250 GeV

Pl < 200GeV

pp — HUL

i

Giada Mancini (LNF INFN ) BSM23



Higgs Boson Simplified Template Cross Sections

ATLAS Run2

2 [} 2 2 BuspTH £ 3
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00 10 200 0 60 120 200 20 120 200 0.0 10200 300 450 ©
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I Data (Total uncertainty)
Syst. uncertainty * !
== SM prediction
br— 3 1 . T
N 2f E b S
» i : 500 sof- E

ol T - - - C ]

L - - 5 :{ 4 _I_ o

= | L 1
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=} 102 [ _; (o] 3 - E (=] o
g T bl 2y ] 10" - E 100 - T 4 500 ¢ -
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Giada Mancini (LNF INFN ) Nature 607, pages 52-59 (2022)  BgM23
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ATLAS

Joint
measurement of
36 regions
combining the
results in the 5
observed decay
channels (bb,
WW, tt, ZZ, vy).

Good agreement
with SM:

p-value 94%

y.
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The modifications to the tree-level Higgs boson couplings to fermions can be

generated by dimension-6 Operators of the SMgpr Lagrangian:
 Constraints can thus be inferred with a SMEFT interpretation of the combined measurement
of production and decay rates and STXS

 Constraints are set on a rotated basis wrt the Warsaw basis to maximize the sensitivity

ATLAS Preliminary

Vs=13TeV, 139 fb~', my = 125.09 GeV SMEFT A =1TeV
e |
10 E W Linear+quad. (obs) 0.32 =
E [ Linear+quad. (¢ @
£ 10of TG
g F >
@ § =
S ©
S 10 1a2 2
8 E 3
N [ O
3 3
g 107 110 8
£ F a
s §
%) L
1078 132
T 40 - Psw = 98.2% |
o r : ]
) [
2 > ]
85 2f b
3 8 ® Best Fit
15}
g5 o —68%CL
- ° 4* 4+ 4+ * T ....... 95 9% CL
L0 + * |
o N '
58 -2|
&€
3,0 b
Ey ‘4§ ;
LS LS 00,0606, L0000 L0099 S 94
@,?%@,51,&066 3 WL L L 'Si) «%} »55) e&/ v,\3’/ e&/ v)&/ /;-&/ A /;.&/ %6 ,5%//
SSS

Giada Mancini (LNF INFN ) BSM23 ATLAS-CONF-2023-052 A



Higgs Boson Fiducial Cross Section - ‘

Events/Bin Width [1/GeV]

Giada Mancini (LNF INFN )
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The fiducial phase space is based on the detector acceptance and is defined to

minimize the extrapolation effects and mimic the detector & analysis

acceptance

Most model independent way to study the properties of the Higgs boson
Reduce sensitivity for BSM effects compared to dedicated analyses
Observable sensitive to: Higgs boson production kinematics, associated jet
kinematics, decay kinematics (both in production and decay) e.g. to probe fiducial phase space
spin-CP of the Higgs boson and allowing to scrutinize the SM Lagrangian

structure of the Higgs boson interactions
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Higgs Boson Fiducial Cross Section: H->WW*
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o4 = 1.68 +0.40 fb = 1.68 + 0.33 (stat) + 0.23 (syst) fb.
VBF

The sensitivity of differential distributions to several
dim-6 operators is studied in order to put constraints
on the wilson coefficients investigating both CP-even
and CP-odd anomalous interactions of vector bosons
with the Higgs field
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Combine the results extrapolating to the full phase space (larger theory uncertainties)
— sensible reduction of the statistical error

Interpretation of the differential distribution in different framework

LZ+yy Constraint on the Yukawa
+ direct measurements coupling to the charm quark
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Very rare decay! Important for probing the Higgs properties
and for validating SM/BSM theories
-> 6 categories (1 VBF and 5 lepton flavour and Zy kinematics)

Not observed yet, but...using full Run2 data both experiments

observed an excess

ATLAS: ug, = 2.0+1.0, local significance 2.2(1.2) o

Phys. Lett. B 809 (2020) 135754
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Combination
with CMS >
brings to the
evidence of 8
3.40! %
=

Usig =2.2£0.7

SM compeatibility: 1.9 o
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Higgs boson Invisible decays —

C
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Probe possible Higgs decay in WIMPs (Dark Matter candidates):

Presence of missing transverse momentum (E1™) in the interaction
SM expectation BR(H—inv) = 0.1% (given by ZZ*—4v)
-> Combination between all the signature investigated in Run 2 (+Run 1)

Istituto Nazionale
di Fisica Nucleare

Assuming that all extra contribution to the Higgs width comes from invisible decays:
ATLAS: BR(H—inv)< 0.107 at 95% CL (0.077 expected)
arXiv:2301.10731

95% CL upper limiton B, , .,
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Higgs Portal WIMP:
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Vectoryy model, o = 0.2

Other experiments:

:— - —— : Xenon1T-Mig
F coherent elastic neutrino-nucleus X(;anermg__ o DS50-MigNQ
C 1 — - Dss0-MigQF
L - - - - Pandax-4T
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using a specific model is possible to translate the upper limit on the BRs to a DM-nucleon XS

results are competitive with direct searches

Giada Mancini (LNF INFN )
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arXiv:2211.01216

Higgs boson self-coupling 4 is a fundamental ATLAS — Observed limi
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In LHC Run2 the enhancement of statistics allow to investigate Higgs boson properties,

performing precision measurements and probing its couplings with SM particles and
possible BSM effects

. All the measurements are in good agreement with SM expectations

«  Higgs boson couplings are measured with up to 5% level accuracy

«  Higgs mass measured with a precision at sub-permill level (110 MeV)
«  No hint of BSM effects or CP violation

«  First evidence of off-shell Higgs boson production

«  First evidence of H—Zy decay (Rare Higgs boson decays start to become accessible with

the increasing of the collected data samples )
«  First constraints on Higgs coupling with charm quark and on self-couplings

«  exclusion of null-self coupling could become accessible in the next few years

...and first measurement @ 13.6 TeV!

Looking forward for new updated results with full Run 2 dataset and new coming data at
13.6 TeV

Giada Mancini (LNF INFN ) BSM23 A
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A Thoroidal LHC ApparatuS

Inner Detector:

+ Silicon trackers (pixel and microstrip)
e Gas trackers (with measurement of the

transition radiation, TRT)

EM Calorimeters: 0/E = 10%//E ¢ 0.7% SOIenOld (2 T)

excellent e/y identification Prescision Muon Spectrometer: o/p;=10% @ 1 TeV

good energy resolution (e.g. for H = yy) Electromagnetlc

fast trigger response R
good momentum resolution Calorimeter:

(eg. A/Z =, H— 4n)
= = ' * Sampling Pb+LAr

Hadronic Calorimeter:

Hadron Calorimeter: o
S/E~BORITE & 3% + Fe+scintillator

good jet resolution e LAT technology
good missing Et resolution

(eg. H— ) Muon System:

* Superconducting

Inner Detector: thoroids

Si Pixel & strips; TRT . .
o/pr =5 10" pr & 0.001 * Precision tracking
good impact parameter res., i.e.
. o(dp) = 16 um @ 20 GeV chambers
oo (e.g. H— bb) . T hamb
Solenoid (inner detector): 2 T rigger cnampers

Toroid (muon spectrometer): 05 T
Giada Mancini (LNF INFN)



