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m The Higgs field is a necessary element of

the SM

O regularises the theory at the TeV scale
O gives mass to all fermions
O gives mass to W and Z bosons
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The scalar sector of the standard model

V(®TD) = —p2dTd + \(DTP)?

m Gauge sector: electroweak and strong interactions

explained with local gauge symmetries :

- —T
,/

S SU(3) x SU(2) x U(1)

- \\ m Scalar sector: complex scalar doublet of fields
. subject to potential with VEV = 0

m Spontaneous electroweak symmetry breaking :
Brout-Englert-Higgs mechanism

0 3 of the 4 components of @ become the W and Z masses

Im{p)

Re(¢d)

r

.

~

Additional d.o.f.

0 the remaining component is the Higgs field
0 fermion masses via Yukawa interactions

(

= W and Z polarisation

.

~\

Quantum of the field
= Higgs boson

mi; = 2 v = 2u°

A unique type of mechanism in HEP
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Higgs boson interactions

Higgs field
mf = 2Av* - 1~ 0.13

1 1 . .
o AM = 2 2 since mu ~ 125 GeV (Higgs obs.)
LBEn = 9 Y HaﬂH 9 (2)\0 ) H and v ~ 246 GeV (from Gr) Mass of W/ Z
_ 5 9% 9 ) 5 HWW, HZZ
gUN? e . L9097, - H\" interactions,
T ? W Wu | 2 A A v 14 3 strength m%,
3 )\ 4 )\ 4 : C A
+ MWH" A H U Cosmological constant. Note that this is 54 .,
I : .
A A orders of magnitude larger than the upper bound -
from observations N

EYukawa — Z m (’&LwR + &RwL)

( H ) Fermion masses
f

1 + ? Hff interaction with strength « My

We need a precise measurement of all these interactions to characterise the Higgs boson
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Smaller cross section

Higgs boson phenomenology
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We can access a variety of production and decay modes
spanning few orders of magnitude
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|HC and the ATLAS and CMS experiments

m The CERN LHC is designed to deliver pp collisions at /s = 14 TeV and £ = 1034 cm2 s-1

m ATLAS and CMS are the two general purpose, nearly hermetic detectors, designed to trigger,
identify and measure the particles produced in collisions occurring every 25 ns
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LHC operations

R. Salerno, EPS 2025

CMS w2010, 7 TeV, 45.0 pb~ on-going
400 -------------------------------------------------------------------------------------------------- = 201 1 . 7 Tev' 6.1 m" T RN AR R AR AR AR AR AT AR R A R RN E AR IR R AR RN AR

m— 2012, 8 TeV, 23.3 fo™’
350 w— 2015 13 TeV, 4.3 fo™'
2016, 13 TeV, 416 th™
BOO fovvererreeeerssseeessseesessssseesssssssssnss eesssmssessssessessssesessessmsensesesnnee| === 2017, 13 TeV, 49.8 fb~'
w— 2018, 13 TeV, 67.9 b~
250 m— 2022, 13.6 TeV, 41.5"" /

w— 2023, 13.6 TeV, 32.7 b
m— 2024,13.6 TeV, 1222 fo™ /

medootov, 22z S
150

Run-1 7 Run-2 Run-3
7,8 TeV / w— 13 TeV 13.6 TeV
2010 2011 2012 2015 2016 2018 2022 2022 2024 2026

Total integrated luminosity (fb™)

Observation of main
production and decay
modes

Precise Higgs boson

Higgs boson

discovery characterization

Cumulative nr of

Higgs bosons o o
produced in each ~650 k ~8.5 millions ~29 millions

exp.
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Characterising the Higgs boson

Higgs boson

New physics

Mass, width, CP Couplings Cross sections
searches

Precision

If- lin
measurement Rare decays Self-coupling

Differential
m A broad experimental programme by the measurements

ATLAS and CMS Collaborations
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\Vlass measurement

| | | | |
ATLAS e Total Stat. only | Combination
Run1: /s =7-8TeV,25fb~!, Run2: \/s = 13 TeV, 140 fo—!

Total (Stat. only)
Run1 H — vy o | 126.02 + 0.51 (+ 0.43) GeV
Run1 H — 4/ I ® l 124.51 + 0.52 (+ 0.52) GeV
Run2 H — vy —eo—i 125.17 +£ 0.14 (£ 0.11) GeV
Run2 H — 4/ |—o—|| 124.99 + 0.19 (+ 0.18) GeV
Run1+2 H — v 125.22 + 0.14 (+ 0.11) GeV
Run 1+2 H — 4/ 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined : ® 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I—OI—I 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined I—l—l 125.11 + 0.11 (+ 0.09) GeV
N I L ‘ | [ N I
123 124 125 126 127 128
my [GeV]

m High resolution H—-ZZ—4¢ and H—yy channels

m Relies on the excellent detector performance in lepton/photon
energy scale determination and calibration

Higgs mass measured with a precision below 1 per mille
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CMS 138 fb' (13 TeV)
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Higgs boson width

gz g2 Determination from off-shell vs on-shell production possible
_shell geHSHZZ ; ‘o]
Lineshape fit from H—ZZ—4¢ O oHmzze ~ = with much larger precision
113 Te 2 52 Done in H—=ZZ—4+¢, H=WW and in ttH/tttt combination (off-
/A LELMIEALA off-shell N 8 geH8HZZ .
; § go—H* 77 (2my)> shell ttH*(tt) )
0.6 —
X I On-shell T, fit -
- T P T T - 20 CMS Preliminary 138 fb™" (13 TeV)
E N ATLAS - = | — Observed | e agee7 pey
: O s T 13 Tev, 140 1o — CE))E’S sgsl' ; S | (E)fpecteg =397 MV
) B 175 P = N | Mh=4.1%2 MeV
O . —-= Obs NSBI stat-only . S S
| 68%CL__1 15.0 --—- Exp NSBI stat-only 7 151 _
T E 12.5 ~/—; :
- 10.0 7 i H-2WW
_E 7.5 '(L
95% CL 5.0 |
T ' 511
0.7 0.8 2.5 \ /
0.0 \
OOL\qu/H m 0 0
Fom(H)=4.07 MeV [ =43/ MeV [ =3.9"27 MeV o (MeV)
Direct determination from —1.9 —2.2
resonance lineshape is limited by
detector resolution Higgs width measured with ~50% precision
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Higgs boson in action

- ) I L AL A I B R
£[¢  E ATLAS Preliminary <
by —  (s=13TeV, 36.1- 140 b’ =
- | my=125.09GeV, ly, | <25 |
E“oc% o $ «o=x,p, =82% _
— K is afr rameter, = 90% — . .
< F ' e P - = Couplings to weak bosons and 3rd generation
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1072 == Leptons Quarks =
= v v [ u = o test EWSB
- d|s B - 0 test Yukawa interactions
10_3 — Force carriers Higgs boson — . "
— — ]
: T, milE Starting to approach the second generation
[ N AEE | Lol | Lo |
¥> 1.4__LIII | | II#III' | | IIIIII| | | IIIIII| I__
S 1.2F | —
MLL 1 - s ; . g i _
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_IIII|" ] ] II],LIIIl ] ] IIIIII| ] ] IIIIII| ] :

pp 1 0 . nature of the mass of fundamental particles

Particle mass [GeV]
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Completely charting production and decay ...

tH

ttH
ggF+bbH
VBF

WH

ZH

ATLAS Preliminary

(s =13TeV, 36.1-140 fo ', m, = 125.09 GeV, ly | <2.5, p_ =84%

5 0
I I

Fe{Data (Total Unc.)

5 10

] syst. unc. I SM prediction

. 3 ;
T e | s . =
o o | el || | fe| | [
| | e | |

o x B normalized to SM prediction

m Charting individual

production and
decay modes

m All measurements In

agreement with the
SM

November 26th 2025

Luca Cadamuro (IJCLab - CNRS/IN2P3)

Overview of Higgs boson results



... toan amazing level of granularity

CMS preliminary 138 fb~! (13 TeV)
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Simplitied template cross sections

m Detector response and reconstruction
different depending on the decay channels
— difficult to simultaneously exploit
(requires unfolding, some incompletely
reconstructed final states, ..)

m Use Simplified Template Cross Sections
(STXS) as cross section in specific regions
of the production phase space

Precise combined characterization of the Higgs

boson over a broad kinematic regime

Ratio to SM

CMS Preliminary 138 fb~! (13 TeV)
| | | |
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Ditferential measurements

CMS 138 fb~! (13 TeV) CMS 138 fb~1 (13 TeV)
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Rare decays : H—Zy

m Extremely rare loop-induced
process : BR=1.5 X103 1In

N

=
=
=
=
=

the SM t W .
0 plus Z—ee/uu BR for the - Y
experimentally accessible -
final state g ?: ATLAS and GMS ' —f 60;_ ,li\l'-ll'l(.:ARSu ﬁn2d CMS _
m 3.4 o evidence from | 161 FHE S :gLL:S+CMS _ © In(1+S/B) weighted i 2;t§a|+background _E

-- Background

ATLAS+CMS combination 14 o ATLAS

12}

Weighted events / GeV
@)
o
I

m Excess with respect to the
SM : 1.9 o deviation

O tension reduced in new
ATLAS Run 2 + Run 3
analysis (2.5 o standalone
significance) o

10}

nNn A OO 0

o
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The second generation : H >y
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Evidence by both ATLAS (Run 2 + Run 3)

and CMS (Run 2)

Luca Cadamuro (IJCLab - CNRS/IN2P3)

Overview of Higgs boson results

m Extremely rare BR (H—=uu) ~2x10-4

m [rreducible Drell-Yan background

m Keys are excellent bkg description, mass
resolution, extensive categorization

ATLAS Run2:Vs=13TeV,140fb"  Run3:{s=13.6 TeV, 165 fb’
H — uu —e— Total Stat. == Syst. | SM Total Stat. Syst.
Run 3 ttH categories Io% 1.3 £35 (34, +1.1)
Run 3 VH categories —e 31+43 (41, £1.3)
Run 3 VBF categories —— 0309 (x09, £0.2)
Run 3 2-jet categories —o— 3313 (1.2, +£0.6)
Run 3 1-jet categories —— 1312 (1.2, +04)
Run 3 O-jet categories —0— 20 13 (1.2, £0.5)
o CombmedRunz ................................. _E_ ............................................ 1 2106(106 ..... tgf)
Combined Run 3 .- 16 0.6 (g0, x02)

14 +04 ( £04, £0.1)

Combined Run 2 + Run 3

Signal strength
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c jet rejection
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Intermezzo : ML usage for particle physics

CMS Simuiation Preliminary
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m Modern machine learning techniques are rapidly and
extensively being deployed at all levels of the analysis
chains

object identification

calibration

sighal and background separation
bkg estimation

O 0O O 0O

[

m Same trend in both experiments, often a key driver in the
improvement of the sensitivity of the results

Extensive application of ML is drastically improving

the sensitivity of the results
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The second generation : H—cc

m Extremely challenging process : rare (BR ~2.9%) and high contamination from QCD processes : highly
performant charm flavour taggging is key

m Highest sensitivity VH production (trigger and reject backgrounds from V) and recently ttH

~ BT T CMS Supplementary 138 fb™' (13 TeV)
1 & , Z A L L B
> 4F ATLAS . = ¢ Observed 68% expected
i’ 355_ \‘EH,::IineB\//ég‘m fo _§ ----- Median expected 95% expected
! - 95% CL Intervals: . . TR
3 Observed: [-4.2, 4.2 4 Combined ; Run 2 sensitivity
2-5;_ - - Expected: [-4.1, 4.1] _; gzz gg i ® arOund 5_1 O X SM
ot 95%CL. N = ) ’
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3 E Exp. 87 P Value of the charm
1= = o | :
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- | | ‘ | | A ' | | - oXp. 7.9 !
% 6 4 =2 o0 2 4 6 8 Obs. a4 1 e
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A
o

95% CL upper limit on gy
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The selt-coupling
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The self-coupling is directly connected to the
shape of the scalar potential
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Why is it important?

The shape of the scalar potential connects to many open questions of particle physics and cosmology

The evolution of the self-coupling with 006 T 180
the energy scale may imply a N\ e 124 GeV ' Instability
ips . i \ m; = . e i i
potential 3 j | |
= 002F L
Our ] - ~
o 0.00 <
vacuum = . .
? s =
° s —0.02 - o
Metastable = ' _ 1707 1012,
_0.04 - m; =175.GeV
—0.06 | I VLl g ) I Absolute stability
Nature ReV.PhyS. 3 (2021) 9, 608-624 102 104 106 108 1010 1012 1014 1016 1018 1020 16% | PRL 115 (20:' 5)20, 201 802 | | | | | | | | | |
RGE scale u in GeV 20 125 A 13% v 135 140
H, &€
m Metastability or the Universe
ﬂ m EWSB phase transition and link to baryogenesis

m Cosmological constant
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https://doi.org/10.1038/s42254-021-00341-2

HH searches

m Direct access to AynH via HH
production in a variety of final states

m |nterference effects : signal
distributions have a strong

5 -
dependence on A HH production at 14 TeV LHC at (NJLOinQCD ] 0.15|- = — Iboxf
\\\\\\\\\\\\\\\\ M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) | i — Interference « x,
e g Phys. Lett. B 732 (2014) 142 | i |
m Extremely rare process (~1/1000 wrt ; ity o — Iangef
. . . : § 0 | SM HH production
single Higgs cross section) | ~ T
0 studied via the combination of several
Q P e T —
HH decay channels (bbbb, bbzr, bbyy, g 0 -
1 =
. . '_(U‘
bbWW, multilepton final states) 12 005 e
| . | | E | | 1= _01L Kr = AHHH / AHppSM
'4 ° N b ° ! ? ° * 0 50000500
Mhsm m, ., [GeV]

Luca Cadamuro (IJCLab - CNRS/IN2P3) Overview of Higgs boson results November 26th, 2025 & .




HH results

< 8_I | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I_

ATLAS and CMS Preliminary "* 2 S [ ATLAS and CMS Preliminary T ATLAS O

LHC Run 2 e Y ' 7 LHC Run 2 — OMs

VS =13 TeV ] Expected +20 - Vs =13 TeV Combined

oM. or(HH) = 32.8 fo -+-- Expected (ugpm" = 1) 6:_AII other K fixed to SM : E::.: 25;‘3 C(3:|-L[[—_(1-731 ,6 6-71]] g

N .. : " B

(WAE™Y = 0) (UAs™Y =1) S i ]

| s AN {95% CL-

CMS|- i ¢ 3.5 2.6 3.6 - / -

| 3 —

i i ol _

ATLAS| ek 2.9 2.4 3.5 - -

] i A 68% CL -

Comblned O : | | | I | | | | \r\\\\ I | | | | I:

-2 0 2 4 6 8 10

KA

[ I | I I | I | .| I 1 1 | I | I | I | I | I | I I | I | .| I 1 1 | I 1 1 | I [ . . .

S S AN R R 17 m ATLAS + CMS Run 2 combination achieves 2.5 x the SM

95% CL upper limit on HH signal strength uyy

m Evidence for HH at the Run 3 is possible!

HH will be one of the key parts of the LHC Run 3 physics programme
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Higgs boson for new physics searches

Direct searches Spe:i;'ic UV-complete Low-energy expansion if theory
modeils scale beyond direct LHC access
. ¢
= Direct search for extended scalar Loirr = Loy + Z SO0+ -

sectors or new particles that couple

with the Higgs boson m SM Lagrangian expanded with dim-6 operators

0 2499 operators! Symmetries + eigenvector combinatons

CMS Preliminary 35.9-138 fb" (13 TeV)
« 60 ATLAS
C 50 hMSSM Observed
£ 40 exclusion 95% CL Vvs=13TeV, 139 o', my = 125.09 GeV SMEFT A = 1 TeV
10 - EEEE Linear (obs.) E E : E 10.32
30 EXpeCted Linear+quad. (obée;.)
exclusion 95% CL '
20 = h(125)

) 13.2

EPJC 79 (2019) 421

H/A — Tt 110 8

Symmetrized uncertainty (o)
) =) > R
o
]
I
| |
Probed Scale (A/\/c) [TeV]

| | I
N w N - ©
T ‘ T T HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T 1 17

10 JHEP 07 (2023) 73
! H— 2Z |22
© HIG-24-002 O
S S o
3 = : el 5 .
4 H/A — SE 5| A I R N . -
3 arXiv:2507.05119 § 5 ’ * * * * . + 4 | e BestFit
H— WW g5 o i *ﬂ —r it 4 * T b—| e
2 HIG-20-016 88 | T *T T T o
H— hh [resonant only] E qé 2y o
Phys. Rep. 1115 2Nt :
’ ‘ 200 | (2025) 368 g ] : ; :
130 1000 2000 *35.9fb" %ﬁ«y@&%@ S SYSSY WY Yy ¥y & ¥
2> 2 2 z
m, [GeV] © =SS TS

The Higgs boson is a powerful and versatile probe for new physics
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) LHC
Run 1 é é Run 2 é
U pg rad e Of th e LH C glal(i:ch(;nc?o:nsolidation mi‘g:ine:
planned to start after N s T
the LSS E ] n_omirTaI ‘_
75% nommal; : luminosity
. . luminosity: L
[]
expect first beams in — T o N

2030

Increase of the instantaneous luminosity by ~5 w.r.t.
design values

3 ab-1 during a decade of operations

A very challenging programme of upgrades of ATLAS
and CMS is ongoing

O new trackers, timing information, upgraded barrel
electronics, new endcap calorimeter (CMS), upgraded

trigger systems

High-Luminosity LHC

High

LHC

Run 3

D2 2023 2024 | 2025

Machine:

o 14TeV

Luminosity

1 3.6 Tev installatio n Energy
xp: 5x nominal
2x nominal Upgrade Fhase? luminosity  instan.
: luminosity : luminosity
-
4 integrated
450 fot 3000 fbo-1  eorated

Unigue possibility for high precision
Higgs physics

The success of the HL-LHC physics
programme depends crucially on the
success of the upgrade projects
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Prospects for HL-LHC : Higgs boson couplings

(s =14 TeV, S2, 3 ab' per experiment

Total ATLAS+CMS
StatlSt_lcaI Projections ESPPU 2026
—— EXperimental
S Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
Ky =_ | | 1.8 07 09 1.3
Kyw =— 1.6 0.7 06 1.3
Ko, &= 1.6 0.7 05 1.3
Kg  — 24 08 0.7 22
Ki = 3.4 08 09 32
Kp = 36 1.2 1.2 3.2
K = 1.9 08 07 15
Kpt — 3.0 27 09 1.0
KZy 6.8 59 1.6 3.0

0 0.02 0.04 0.06 0.08 0.1 0.12

Expected uncertainty

m Projections of current experimental analyses
extrapolated at 3000 fb-1

O consider reduction in most experimental uncertainties
0 consider 50% reduction in theoretical uncertainties

m Most couplings will be constrained at the level of 2-4%
0 for the H—cc coupling, expect to be sensitive to values 1.5
times the SM prediction

m Dominated by theory uncertainties in most
measurements

0 challenges ahead for the whole HEP community to optimally
exploit the HL-LHC data aset
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Prospects for HL-LHC : HH production

1.2
G 1 1 1 1 1 1 1
= ATLAS + CMS Projections ESPPU 2026 Lol
(;j 20 Vs =14 TeV, S3, 3 ab™! per experiment ]
~N All other couplings fixed to SM 0.8r
| 68% CL k3 €[0.74, 1.29] _
S 0.6
15 i =
—— Combination 0.4t
—— bbT*T"
S b[)yy 0.2r
107 —— bbbb '
Multilepton 0.0
bbll —~ 0.2t
. A5,
N 0 i = 0.1
_____________________________________ 95% CL O
| 0.0
_________ NN\ _____________6_8_°/o_§|—_ § 0.1
90.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 —-0.2
K3

ATLAS + CMS

Projections ESPPU 2026
Vs =14TeV, S3, 3 ab™! per experiment

SMEFT 6
" lo Uncertainty
ks €[0.74 — 1.29]

HH-driven
1o Uncertainty
ks €[0.74 — 1.29]

— SM
~—- SMEFT 6, k" = 1.66
SMEFT 8, k" =1.69, k""=5.4
—-- Log. Potential, k" =1.57
Exp. Potential, k§"" =1.99

o,

#'l

SMEFT 6 HH-driven
20 Uncertainty 20 Uncertainty
SMEFT 6 HH-driven
1o Uncertainty 0 Uncertainty
0.6 0.8 1.0 1.2 1.4 1.6

Direct access to the shape of the Higgs potential
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1.8

m EXxpect 7.60
significance for
SM HH production
(ATLAS+CMS)

m Expect -26%/
+29% precision on
the self-coupling
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Conclusions

m The Higgs boson is the cornerstone of the SM, and its study is at the center of the ATLAS and
CMS programmes

m Impressive advancement with the Run 2 and early Run 3 data sets
precise determination of properties and couplings

rare decays

differential cross sections and STXS

self-coupling via HH

0O O O 0O

= With the Run 3 ending in 2026, we will have an unprecedented data set to achieve the most
precise results

0 H—uu, single-experiment H—Zy evidence, possibly combined ATLAS + CMS HH evidence
O progress is much faster than anticipated!

m Ultimate precision at the HL-LHC

0 2-4%-level determination of most couplings
0 Sensitive to kKc = 1.5

O Single-experiment observation of HH and ~30% uncertainty on A
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