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INFN

A Gy = — l F FHrY 4 IWDV/ Electroweak (3 pars.) and QCD sector (1 pars.)

+ | Dﬂq) ‘2 Gauge interactions (0 pars.)
— V((I)) Higgs potential (2 pars.)

n 0 Yukawa interactions (fermion masses =>
V/ly l]l//] proton, neutron masses), CKM matrix and CP violation (13

pars.: 6 X m, + 3 X my+ 4 X Ocgy)

Out of 19 free parameters in the Standard Model Lagrangian, 15 are in the scalar sector

Higgs mass, Higgs self-couplings,
fermion masses, CKM parameters

1/2 of the SM Lagrangian is about Higgs!

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 2



&) [ The Higgs polential <L

"~ V(¢)in SM and beyond

Re(¢) 1.2

1 1 ATLAS + CMS l
V(H) = VO+ _m}%Hz_l_ AVH3+ _AHLI- 1.0r Projections ESPPU 2026 ‘_..-:l'-
2 4 Vs =14 TeV, S3, 3 ab~! per experiment ::II
0.8F — SM SMEFT 6 ..;"/
~—- SMEFT 6, kJ" = 1.66 igeupoc.%tzinfég] —7
172 —~ | SMEFT 8, k" = 1.69, k{'" = 5.4 - 5/
: § 0.6 ’ 3 min —' 4 ] HoH_dr?cveer?aint 7:I
' 3parametersiy i,/ . (ﬁg > vacuum exp. vajue R I Sl o L e D
" 0.4 3
2
: : : Mgy 0.2+
e Relationships between them are fixed in the SM: A =—=
2\/2 o.o%\:"—\i
g 0.2 | gg%itgrtainty | ;Iglﬁr:é/eergainty
o Characterizing the Higgs potential means measuring the H boson & o IoUncertainy = 1o Uncertainty
mass (1) and the strength of its self coupling (A) L DoE—
< -0.1
>
Test of the SM' —027%% 08 1.0 12 1.4 1.6 1.

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 3



ATLAS freee paramelte K INFN

Low energy measurements (muon decay lifetime) determine the vacuum expectation value v
of the SM

1 m/f my remains the only
T_ = Fu X v_ > free parameter of the SM!
Z T

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 4



&) Couplingd to gauge bodond (NN

\DMCID\z . minimal gauge invariant couplings

The SM determines the relationships between masses and gauge couplings:

Crucial test of the SM paradigm:

Consistency of these predictions at a quantum level with a scalar field ¢:
- loop effects in W and Z propagators

- Unitarity preservation in VV — VV scattering
=> direct measurement of the Higgs couplings to W and Z

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 5



LYuk B yljl/le/jR¢ ’ Wlth ¢ ~ H TV AReSy, Q. | Jv‘-.\/
© O
b, T, 14 :
Yukawa
R Higgs couplings
my .
b, V;j X _51']‘ Fermion masses
H V (i.e. masses of matter particles)

The Yukawa part of the SM Lagrangian determines the mass of the quarks and leptons

The SM though, doesn’t explain:
e Why the hierarchy of the fermion masses

e Why the hierarchy of the Yukawa couplings
e The rotation between the mass and flavour states (CKM matrix)

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 6



#%d,afzoa’tm&on at the LHC INFN

XPEI!TMENT 4 \\
. e About 28 million Higgs bosons produced by LHC during
gluon fusion Run2 + Run3
H

88 o Formy ~ 125 GeV awide range of production and
(CDJ decay modes accessible
N
D vector boson e Establishing each production mode and studying its
QEJ. fusion (VBF) properties
-
agaq
n | Higgs production
g W,Z assoc!ated cross sections
% production at my; ~ 125 GeV
A WH/ZH
. ggH
O
> - . tH

ttH associated \% —ZHttbeH
production WH

o [pb]
# Higgs produced during
Run2 + Run3i

VBF

Emanuele Di Marco

Les Rencontres de Noirmoutier 2/6/2026 7



Higgs decays (INFR

Decay channel Branching fraction (%)

b, T, it

—————}_[ _____
b, T, 1

H-> ff
W, Z

__———}{ _____
W, Z

H2>VV

bb 57.63 +£0.70
WW 22.00 +0.33

g8 8.15 042 _
: T 621 +0.09 H — bb dominant,

o 286 =0.09 but very challenging

______ 4 2.71 £0.04 .

vy 0227 -+ 0.005 at a hadron collider!
. Z’)/ 0.157 4-0.009
) SS 0.025 4 0.001

Uy 0.0216 = 0.0004

bb mf
) @ Yij X _51;;'
H>yy |4
&
) 7z Yy ZY
M2

vy X —
y

v " N

Emanuele Di Marco
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(5 Higga couplings in produclion and decay (NN

ggH VBF WH/ZH
g 7000000 v :
t,b Kv Kf
H- - — - H- -
g 000000
\Y f
j)
v, 2 NNANNNNY, L
W t,b
g%? H___HW W H__—Kjtb t,b
t,
® W t,b
t,b Y AVaVAVaVAVaVARRe'
g o000
Each Higgs coupling appears in several production and decay modes
8i . : :
K; = S;W: checking all k; = 1 allows over-constraint test of the SM Higgs
5

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 o



S0 LHC from Run. ! to Run 3 <k

600

CMS | 2|O1O,7TeIV,45.Opkl)“ | | | | ' ' ' I I I | ~ 540 fb—l

2011, 7 TeV, 6.1 fb™ /
2012, 8 TeV, 23.3 fb™

eV, 4.3 b 13.6 TeV _
2016, 13 Tev, 4181 x 2 (ATLAS+CMS)

2017,13 TeV, 49.8 fb™’ i
2018, 13 TeV, 67.9 fb™ —
2022,13.6 TeV, 41.5fb™ | S i

Lt |
\
'

&)
o
o

AN
o
o

300 |-

2023, 13.6 TeV, 32.7 fo
2024, 13.6 TeV, 122.2 fo~! /

200 2025, 13.6 TeV, 125.7 fo™ 13 TeV /

2026, 13.6 TeV, 33.1 fb™

Total integrated luminosity (fo™)

100 | / / L52 ] =
6/7TeV
O - LS1 —

V' 0\Z g0V gE oD g0 VT p0'® gN® 0020 g2 002 9023 g02% 020 020
Run 1 Run2 Pae Run 3

Integrated luminosity > 500 fb' by now, means ~30 millions of Higgs bosons recorded by
CMS (and the same quantity by ATLAS)
- Run3 is ~ Run2 => expect nice results from LHC phase1 dataset

Entering the attobarn era!

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 10



Higga bodons in CMS CINFN

AS CMS Experiment at the LHC, CERN _ .
SN Data recorded: 2018-Jul-14 22:42:55.530432 GMT pp — ttH( — uu) candidate

t - W(— q,q9,)b,
t - W(— ev)b,

Run/Event/LS: 319639 /961085861 / 624',"”"";.7.’_'_‘_-_-

J
y |
~ —
F N _J‘—.'_
, !

S e S

-'.*PI'-
B A

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026



Zoom indiae a /”/4 evenl in ATLAS

e ~ Reconstructing Higgs

bosons from the
\ products of its decays

pret(top) ¢

\
'\ / Io Je iggs)

ot (VV

electron ( p- e (Higg 3{7

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026



EX

£

L

PERIMENT \\‘\

N

I

Why do we need the my; meadurement?

INFN

It’s a parameter not predicted by the SM. Measuring it, allows predicting:
o all the other Higgs properties (cross sections, couplings)

e EWK observables (my,, m,, sin Oy,)

Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCDb
JHEP 01 (2022) 036

ATLAS
arXiv:2403.15085

CMS

This work

Nature 652, 321-327 (2026)

CMS | | ! | ! |
myy in MeV
| 80353 +6
80376 + 33 o T — ——
80375 + 23 . —
80433.5+94 ]
80354 + 32 — e —
80366.5 + 15.9 e —
80360.2 £ 9.9 ]
80300 80350 80400 80450
mw (MeV)

my, measured with 10™* precision

180.0 -

177.5 1

GeV]|

é" 175.0 -
172.5 -

170.0 -

ATT-PHYS-PUB-2025-018
CMS-HIG-25-002

{ ATLAS4+CMS 3 ab™! per experiment
| Projections ESPPU 2026
~ Instability
my, from tt-+jet
~—-- 8 TeV (202 fb1)
Metastability —— 13 TeV (36.3 fb1)
—— S2 with profiling
------- S2 without profiling
Stablllty
124.8 1250 125.2 1254 1256 1258
[Ge\ﬂ

A precrse mH measurement together W|th mW and mt is connected to the universe stablllty

Emanuele D| I\/\arco

Les Rencontres de N01rmout1er 2/ 6 / 2026

13


https://doi.org/10.1038/s41586-026-10168-5
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf

5 . How lo meaduwre le //deam (H — yy) (NN

Need an excellent ECAL Amplitude fit

TN CMS Simulation

QOut-of-time
e Observed

Time sample

Single channel energy

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 14
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W |
EXPERIMENT [ T—

E)L X How to meadure the Higgs mads (1 — yy) CONFN

Need an excellent ECAL Amplitude fit Laser correction

CMS Simulation

CMS Preliminary

T T T T T T

o o
S 00 B

o

to laser light

21<|n|<24 o
24 <|n| <27
)

o)
%]
c
o
Q
0
)
_
&)

=

o+

o
[0

o

LHC luminosity
(1033 cm2 s1)

506 o066 AAA
S22 S
SR PR

Date (month/year)

VLV

SO
SR

Time sample

Single channel energy Detector response vs time

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 15
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EXPERIMENT [ T—

€L How to measwre the Higgs masd (H — yy)ONFN

Need an excellent ECAL Amplitude fit Laser correction

CMS Simulation ) CMS Preliminary

o o
co B

o

()]
V)]
C
o L
lolle)
8:
| -
- o
(O]
>0
3
o9
(]
o

21<|nl <24 @ \

24 <|n| <27
)

JIRE -

.
NN
SRy

LHC luminosity
(1033 cm2 s1)

VOV DVD D90 © : b
N NSy NNy NIy
PO G K@ O

Time sample Date (month/year)

AAA
RO
S

Single channel energy

Clustering

Electromagnetic
shower
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L) s,
»

S
LAS | —
—

EXPERIMENT [

How to meadure the Higgd mass (H — yy) NN

Need an excellent ECAL Amplitude fit Laser correction

CMS Simulation CMS Preliminary

T T T T T T

S 9o
S o0 B~

o

()]
V)]
C
o L
lolle)
8:
| -
- o
(O]
>0
3
o9
(]
o

21<|n|<24 o
24 <|n| <27
)

Illllll

LHC luminosity
(1033 cm2 s1)

L

VD 10508 000 AN
N NN NN NN
SIS SR SR

Time sample Date (month/year)

Y Y
SR

Single channel energy
Calibrations Clustering

CMS Preliminary 2016 (13 TeV
[T T T | T T T | T T T | T T T | T T T | T T T | T
— ECAL Barrel —+— data

C n=-0.03 —— Fit model

N

- m0—yy
Background

Electromagnetic
shower

=
)
Q)
ﬂ-
&)
Q
o
S~
(7))
=
qv]
Q.
>.
>.
e
o
S
()
@)
S
>
Z

(0]

3

o
|III|III|III|III|III|III|I

III|II|III|III|III|III|III|III|III|II_

Ll l..-l'"l'”'l | | 11 | | 1 1 1 ‘l‘x L | Jo_1__L | il
0.1 0.12 0.14 0.16 0.18 0.2
vy invariant mass (GeV)

e
O[T
o0

Emanuele Di Marco
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L How to measuwne the //W@mam (H — yy) ONN

Need an excellent ECAL Amplitude fit Laser correction

CMS Simulation CMS Preliminary

T T T T T T

o
o B

S
o

Out-of-time
e Observed

o

()]
V)]
C
o L
lolle)
8:
| -
- o
(O]
>0
3
o9
(]
o

21<|n|<24 o
24 <|n| <27
)

Illllll

LHC luminosity
(1033 cm2 s1)

L

VYYD DD 0.6 ANAA
N NN NN NN
PG PR SR

Time sample Date (month/year)

Y Y
SR

Single channel energy
Calibrations Clustering

CMS Preliminary 2016 (13 TeV
[T T T | T T T | T T T | T T T | T T T | T T T | T
— ECAL Barrel —+— data

C n=-0.03 —— Fit model

N

__ With machine-leamning
correction

~— With clustering

Raw counts
- m0—yy

Background

Number of events (109)

Electromagnetic
shower

=
)
Q)
ﬂ-
&)
Q
o
S~
(7))
=
qv]
Q.
>.
>.
e
o
S
()
@)
S
>
Z

(0]

3

o
|III|III|III|III|III|III|I

III|II|III|III|III|III|III|III|III|II_

Ll l..-l'"l'”'l | | 11 | | 1 1 1 ‘l‘x L | Jo_1__L | il
0.1 0.12 0.14 0.16 0.18 0.2
vy invariant mass (GeV)

e
O[T
o0

80 90 100 110 120 130
Mass (GeV)
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) o,

ATLAS |~

EXPERIMENT \\‘\

From, electrond lo pholond

INFN

Z — eTe” is a clean & copious source of e.m. clusters at LHC, very similar to photons. @
Used to do granular data/simulation corrections (vs i, p7, ...)

x10°

138 b (13 TeV)

| | | | | | | |
- CMS Preliminary
- E;,,>50GeV
C I | <1.44

Events / 0.25 GeV

I
¢ Data

[ Stat
Stat @ syst

E Y

Z— ee simulation g ABSORBER

et

Data/MC

Perfect data/MC closure after

/ — ee corrections

BUT: electrons [/ photons:
- first hard interaction is a brem / conversion

- Interactionlengthis 1 X,/ 1.3 X,

Emanuele Di Marco

Les Rencontres de Noirmoutier 2/6/2026
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£

ATLAS

EXPERIMENT

,,\\\

From electrond to photond (INFR

Once applied on real photons in Z — uuy events (y from muon FSR), a residual small
energy shift is observed = derive e/y residual corrections

2.5

x10° 138 fb' (13 TeV)
B | | | | | | | | | | | | | | | | | | | |
- CMS Preliminary } Data -
C E. >50GeV | ]Z—puy simulation -
i | <1.44 [ Stat E

Events / 0.5 GeV
N

[ |Stat @ syst

Corrections within 0.5% — 0.8% in barrel @
Limited by: the Z — uuy sample and muon scale systematics

After Z — ee

| x10° 138 fb' (13 TeV)
10110 e e 138 fo” (13 TeV) > _ICIIVISIII3|II N
s | | D i reliminary } Data i
5 - CMS pPreliminary G 2.5 — I lation ]
qt) - O - E;, >50GeV [ J£—>upy simulation 7
Q - L ey 1 S § | <1.44 !Stat
o 1'005__ = Br, < 45GeV | — 20 [ |Stat ® syst ]
S Br., > 45 GeV )
? [
> O
GC) T 0100 T S — >
() i | 1 L
S ﬁ
5 r -
0O 0.995} a— -
—I—
i ‘ | O Lo T N A L [T
= 1.2: | }
0.990- ) § 1{ + +++H++++++Hn veoaty +++H+{
T e e e e e T 08 LRI TLATEE o .I ....... e || ............................. [ ..................................
000 025 050 0.75 1.00 1.25 1.50 1.75 2.00
80 85 90 95 100
Wy

> / — upy corrections > After Z — uuy

Emanuele Di Marco
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Main systematics from muon scale
(Z — upy) and

) G .
K 2 ew madd, meadwement INFN
XPERIMENT i\\ \\
517 (7 TeV)+19.7 b (8 TeV) + 138 fb' (13 TeV)
2000 T T 1 I I I I — L I L L Y I L N B B I BN B BP = o
- B component subtracted = CMS Preliminary e Tota Stat Syst
1500 -
= = Tot Stat Syst
1000 & =
= = ATLAS H—4/ Run1 + Run 2 —s—i 124.94 + 0.18 ( = 0.17 = 0.03) GeV
500 £ = Phys. Lett. B 843 (2023) 137880
0 Bt . » o _ | 0 ® oo CMS H—4/ Run 1 + Run 2 He 125.08 = 0.12 ( = 0.10 = 0.05) GeV
%% e Phys. Rev. D 111 (2025) 092014
o |1 1 1 | 1 1 1 | I I | | |1 1 1 | 1 1 1 | |1 1 1 | |1 1 1 | 1 1 1 —
ATLAS H—yy Run1 +Run 2 . L0114
10 110 120 130 140 150 160 1 7(Gl \1/)80 Phys. Let. B 847 (2023) 138315 == 125.22 +0.14 (+0.11+0.09) GeV
m e
i CMS H—yy Run 1 + Run 2 l~e<{  125.07 = 0.13 (= 0.09 = 0.10) GeV
CMS-PAS-HIG-24-007
. . | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
Source Contribution (MeV) 122 123 124 125 126 127 128
Photon energy scale my (GeV)
Statistical uncertainty of muon sample 75
Residual non-linearity 64
Muon momentum 38
Electromagnetic shower 23 .. -3
Photon energy resolution 7 Measurement pFECISIOn: 5mH/mH ~ 1()
Interference between ggH signal and background 27
Other sources 13 from both ATLAS and CMS
Statistical uncertainty 100
Total uncertainty 150

Emanuele Di Marco
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EXPERIMENT "\\\

) [ Higgd bodon lolal wiadlh CINFR

 Another way to look for invisible decays: measure the

total Hi  th T CMS Simulation 13 TeV
o a I S WI 4 :_ [ [ [ [ [ [ o [ _;
56 " 'V F gg—2i2v (I=e, n)
o WM =41 MeV (& lifeti 1.6 X 107*%s) t | 10°F | 5 1
g = . C ( Iretime 7, ~ 1.0 X S) OO0 SImd 102; —— SM H signal (IHF) E
to be measured directly: e Onshell (125 GeV peald— SM contin. (cP) -
: @ £ oy =
» Tu<1.1 GeV from on-shell Higgs, limited by detector OB N — SMtotal (IH+CF)
. : O — > o =
resolution €0k LLL&;‘;_:HI +ICI 5
o Textbook use of Heisenberg uncertainty principle: > 0~ 3 N ﬁ_agr E
. . . . r . O - 0_3 = - =
o finite particle lifetime => off-shell production must A I == E
exist 'c 5_:10_5§ ................... N _z
o Higgs width can be extracted from the ratio of 10-6;— ""Qﬁ'f’.he” Higgs-... .

on-shell and off-shell yields o7k e L

10°
m,,, (GeV)
off—shell
Gpp >sH—47¢ r
X
son—shell H
pp—H—47¢

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 22



5y Higgs widlh measwrement (off-stell) INFN

EXPERIMENT \\*\

o Strong evidence of Higgs off-shell production in both CMS and ATLAS:

e 3.70 iIn ATLAS HZZ, 3.606 iIn CMS HZZ, 3.406 in CMS HWW Xiv-9601.05168
K ['y=39 +2.7 MeV
H—ZZ(@4¢+202)  Ty=43 21 MeV H—- WW 29
5 EATLAS """""""""""" - - 20CMSPre//m/nezry 138 fb (13 TeV)
17.5— V5 =13 TeV. 140 fo —  Obs NSBI —] = - — Observed rH 3gg;|v|ev
- —~—— Exp NSBI - §]. - — Expected Mh=4.1711:2 MeV
15.01= —-— Obs Histogram = "
- p— 1 | 15_ |
. Exp Histogram - :
10.0Q = :
d 10%L
7.5 2 |
. g |
RACH. -
50E5\ gs L aaerrrres S 5|l
2.5 — \ / /
0.0 - - - 3.0 % 5 10 15 20 25 30
[y (MeV
Phys. Rev. D 111 (2025) 092014 KH = rH/rflM  (MeV)

Neural Simulation Based Inference (ATLAS) multidim fit (CMS) help in presence of interference
Measurements down to 507% precision !

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026 23


https://doi.org/10.1103/PhysRevD.111.092014
https://doi.org/10.48550/arXiv.2601.05168

EXPERIMENT

() (G H — ZZ — 2uv, candidate INFN

(GNPl CMS Experiment at the LHC, CERN |
Data recorded: 2018-May-14 14:38:36.044544 GMT .
Run / Event / LS: 316240 / 1062964357 / 755 p 1SS ( .+ v )
r WTl),

212v, pT”{“SS>200 GeV
{ Observed
Total, no off-shell
| gg+EW SM total
~ | Other SM

SRS

bl

=
e
~
N
et
c
)
>
LL

pp - H = ZZ( - 2u2v) + 2 jets, VBF candidate

Emanuele Di Marco Les Rencontres de Noirmoutier 2/6/2026



ATLAS | —

EXPERIMENT \\‘\

Higgd widlh meadurement (on-a/etl)

INFN

pp — (H) — yy: the interference between resonant and non-resonant di-photon

production interferes and distorts the Breit-Wigner depending on |

2 2
gg—H—yy 5pbd
9] X

on—shell

Signal: gg — H — vy

Interference effect on m,,

| |
NLO(gg) s | |

>
ﬁ 015 | g e o
é A NLOsv(gg) sz
'—‘>. 0.1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L L L o
o
B 0.05 | s R
o
0 I S - N S S S
.05 |
0] b B
015 b Vs=136Tev | & &
Pty > 20 GeV mYI <25
02 T e e
Pry, Py, > (35 GeV)
025 A RY1,2 >04 e
03 I I I I
-20 -15 -10 -5 0 5 10 15 20

S/(S+B) weight. ev. - B/ (0.5 GeV)

Hp =

VAVAVAVAVAVAVAVAVA RS

Background: gg — v

700

600

500

400

300

200

100

iR
o
o

-200

CMS Preliminary

O

Osm

138 fb™ (13 TeV)

—&— Data (bkg. subtracted)

— B component subtracted
[ S (best fit parameters, except A=0)

N

S (best fit parameters, except A=5) [ =10

Best fit S (A=-3.6)
S (best fit parameters, except A=1)

120 125

—
—
O)

measured

2
ng/r 9) 1—‘SM

= C

> gy
Corsm! L sm I

Limitl ; < vz MeV

(@95% CL:
X10 less sensitive

than oft-shell, but
fewer theory
assumptions

Emanuele Di Marco

Les Rencontres de Noirmoutier 2/6/2026

25



Higgs boson couplings
with SM particles

CMS 138 fo~! (13 TeV)

O Observed

I 68% CL (stat @ syst)

|  95% CL (stat @ syst)
—  SM prediction

My = 125.38 GeV
pPsm = 0.12

Leptons Quarks

I o
o] vo)(a < I

Force carriers Higgs boson

v [ ()
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Higgd MMW bodornd

INFN

Three Generations
of Matter (Fermions)

mass -
charge -

spin -

name -

Quarks

Leptons

250

200

Events / 2 GeV

150

100

50

. Data
[ H(125)

[ ]aq9— 2z
B 99— Z2Z
I EW
I Z+X

1|'”|4441'44+|4+'-f"-|I||‘||||‘IIII|IIII‘IIII‘IIIO

H — Z/*

o W T T W ol
g i
a 80 100 120 140 160 1:125(69\5)00

— 47

Events / 10 GeV

Data / Pred.

Total - Bkg.

H — WW=

4000F ~ T T L L B BN
- ATLAS ® Data 2\ Uncertainty
3500 Vs=13TeV, 139" W Hy M Hyg .
[ H>WW*—evuv Il Other H /Wt i
3000rggF SR, N,=0 Bw Bz .
I Mis-Id [l Other VV(V) -

2500;— ‘
2000; :
1 500;
1000;

500¢

600F
5005
T
300; ....................................
200; ................................ _
100 e

50 100 150 200 250
m- [GeV]

® Couplings to vector bosons in H—=ZZ, H>WW and indirectly in H—=yy well
established since Run-1

- gluon-fusion production (loop process) precisely determined: ~5% uncertainty

- VBF production observed at > 5 6 (ATLAS+CMS)

.+.

—— Signal + Background

Data
Background

——
ATLAS
Vs=13TeV, 139 fb™

m, = 125.09 GeV

All categories
In(1+S/B) weighted sum
S = Inclusive
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@ CM\S\ [ L o
Wk Higgd and 3 generalion fermiond INFN

mass -
charge -

spin -

name -

Quarks

Leptons

250

Events / Bin

Data—Bkg

I"I'I‘

Three Generations
of Matter (Fermions)

Gauge B9S0ns

200 -~

_I LI | LU | LI | LI | LI | LU | LI | LI I_
[ ATLAS o]
- = -1 ¢ Data Misidentified _]
_ f_}‘TlSTeV’MOfb B H-TT (x0.99) WEE Others

- mm Z-TT U taint .
L VBF_1 p <200 GeV To_;) neertainty 1

I Post-Fit

0 25 50 75 100 125 150 175 200

M+ [GeV]

e Couplings to 3rd generation fermions:
- H — 77: 0observed at > 50
- H — bb: observed in the associated VH(bb) production at > 50

o Top quark Yukawa coupling y, ~ 1:

- can be inferred indirectly from loops in ggH production and H — yy decay

- observed directly in ttH associated production in combination of different channels
and also in a single channel mode (H — yy) ‘

H — bb ttH(H — bb) ttH, H — yy

138 b (13 TeV
1200 ( ) CMS Preliminary 138t~ (13TeV) > rapias T ]
8 CMS + _'(L) T - | o] 8 3 + Data
Data c i , - = 13.6 TeV, 164 ' ...

o1000 L Supplementary g é gati d = (- bb) (g =0.91) o6l Vs = 13.6 TeV, 164 fb Cont bkg
= I -VH,H—>bB L 10 3 ackgroun _ ttH(H—bb) (Wsm=1.0) E ﬁ ---- Total bkg
.8 : 77 Bkg uncertainty . % Bkg + tiH
E.BOO - O 4r —— Bkg +ttH +tH
o 10%¢ w | 1
B 600 ’ 3 |
< [ < 2f
Re X o |
2 400 10 %’ Weighted In(1 + S/B), S =tH 3
o) - Y
& 200 102 [ — Bkg+1H _
s | E | T 30} —— Bkg +tH + fH -

O I © o _‘ [ ‘_ L L e L
O 5 S o[ — tiH(H-bb) (us=0.91) + Bkg 1 ool .
= % ; ttH(H - bb) (usm=1.0) + Bkg : -
S~
g S | | 10l 4
8 m 1 @ @ —@ [ Welghted |n(1 +S/B), S =ttH

& S S S [ S (et L I S S S Y O
100 150 200 £.30 2.5 2.0 1.5 1.0 0.5 0.0 110 120 130 140 150 160
m; [GeV] _ © 10910(S/B) _ myy [GeV]
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@ C M\\S\\
o
L Z=
EXPERIMENT 5 “

Higgs and 2" generation fermions

INFN

Three Generations
of Matter (Fermions)
11

o Couplings to 2nd generation (small BRs: y; o my):

- Evidence of H — uu at 3.00 for both CMS and ATLAS

[l
—
mass - 1.27 Ge : [
charge - 2/3 !
spin - y&‘::
name - charm
- challenging H — cc
O —
VH(H — cc)
ttH(H — cc)
CMSrreliminary  1381fb"' (13 TeV)
2 i ¢ Observed 68% expected
§ % ----- Median expected 95% expected
- Combined|
Exp. 5.6 ¢
Obs. 9.3
ttH(H - cc)
Exp. 8.7 ¢
Obs. 7.8
More on these recent VH(H-<) ,
Obs. 14
reSUItS Iater on 00 25 50 7.5 100 125 150 175

95% CL upper limit on P _ce

Will need much more data to
observe H — cc

Data - BKkg.

Weighted events / 2 GeV

(weighted)

—  ATLAS ® Data ]
- {s=13.6 TeV, 165 fo'! —— Total pdf
. H—uu — Signal pdf

Inclusive, In(1+S/B) weighted -~~~ Background pdf

140 145 150 155 160

m,, [GeV]
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@s f“g /!//W coa,a&/z%t ,{/wm eyaerimenlal data (NFN

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,
o Simultaneously in many production modes “i” and several decays “f”

| observed counts

CMS 138 fb” (13 TeV
250—IIII| IIIIIIIIIIIIIIIIIIII |IIII|IIII| IIIIIII I_
- Inclusive =
¢ Data
i + H(125)
> B og =27, Zy* ]
() M Z+X 7
O 450 .
o0 * ]
~— L
CD -
S 100 + + —
S
L i + -
50 4t X -
- [ AT II :
i ¢++ ++++++¢+++ o4t Ty ++++++++++Z
0 Py
70 80 90 100 110 120 130 140 150 160 170

m,, (GeV)
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6 2 Measuring covplings from experimental dale (NN

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,

€699
l

and several decays “f”’

e Simultaneously in many production modes

|observed counts}  |Signalyield| | Background(s) yield

CMS 138 fb” (13 TeV
250—IIII| IIIIIIIIIIIIIIIIIIII |IIII|IIII| IIIIIII I_
L Inclusive s
¢ Data
I + H(125)
> B gg =272, Zy* |
() M Z+X 7
O i50[
o +
2 1 ¥
o 100 — &4
o E
L i + -
50~ 4 o .
b e, bt +§++ +ﬂ+ iﬁ
. i ‘¢¢+ ¢ +++¢¢ ¢ ) ¢ ¢ ¢ 1

70 80 90 100 110 120 130 140 150 160 170
m, (GeV)
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£ 1% Measuring covplings from experimental dale (NN

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,

€699
l

and several decays “f”’

e Simultaneously in many production modes

:Signal vield! | Backeround(s) vield  § \
grour , yield } encode the model of all

| observed counts}|

a0 E T AR5 TR experimental and
S o Hii125) theoretical systematic |
2001~ oqd = ZZ, Zy* oo
> A uncertainties
% 100?— + + &4
@ ¢ ]
s0- 4 4 o .
e
0

70 80 90 100 110 120 130 140 150 160 170
m, (GeV)
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§00 2% Measuring couplings from experimental data, (N

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,

ll '))

and several decays “f”’

e Simultaneously in many production modes

il Nuisance parameters: |}
'{ encode the model of all

N llur;;fjj:?w“f’ﬁvu_) experimental and
b S theoretical systematic |
I W I g |
g + : Slgnal strengths’ approach: rates relative to SM:
5: “,,j ++++++++++++++ & SN +i+*;“ Hi = G.Z and M= o

70 80 90 100 110 120 130 140 150 160 170

f
l
m,, (GeV) GSM BRSM
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CMS\\ 4 O O L

PreC|S|on era for nggs phySIcs

1,023 = 0028 (stat. 1002 (exp

/‘ — 1 023 +0.056 005

New combmatlon of mcluswe / per-productlon [ per nggs decay 0'S
ATLAS-CONF-2025-006

ATLAS Pre“mlnary e Total Stat. ATLAS Pre”minary Fe{Data (Total Unc.) ZSyst. Unc. - SM prediction
Vs=13TeV, 36.1 - 140 fb" s =13TeV, 36.1-140fb ™", m,, = 125.09 GeV, ly | <25, p_ =84%
[ Syst. SM H SM 5 0 5 10
m, =125.09 GeV, ly | <2.5 1 T 1 1 | | 1 1 T 1] 1 1 1 1 T 1
b =97% & tH R
| O - o Total Stat.  Syst. SM unc. % %4 %4 H_E_| L L]
4 { Toos (=004, x00s) 1 =0.058 i
- o - o : ggF+bbH
VBF H——H 1.04 017 (=008, goa) ¢ 20.020 A & # ' ' -
E VBF FI
WH It 0.96 =:o015 ( =o0.11, tg:gg) +0.020 m m H-I
R o mi| v | - HH | e HeEH
ZH | ® 1 1.00 "7 (=013, “g.5) '+ +0.037 |—-E—|
0.15 0.12 ZH FQI ‘I@I I?' HeH =%
ttH+tH H=—e H 097 T, (=000, T, .7) + =0.087 || L 11 1 || | | || | | | |1 | Ll 1
I : 08 1 1.2 05 1 15 2 05 1 15 1 2 3 0 1 2 0O 1 2 3 1 2 3 0O 5 10
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | TT Z CC
06 08 : 12 14 16 1.8 > 22 bb ww 2z Y ae ey o
Cross-section normalized to SM value o x B normalized to SM prediction

largest production [ decays:

Ogiar ~ Osysr - ~5% precision Split by production & decay
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https://cds.cern.ch/record/2937634/files/ATLAS-CONF-2025-006.pdf

INFN

Kedulls per produuction per decay

CMS Preliminary 138 fo~! (13 TeV)
o Observed | SM expected
my = 125.38 GeV H 68% CL (stat @ syst) 6?% CL (syst-only)
pSM = 003 (per-production-times-decay mode) - M 168% CL (Stat ©® SYSt) ] “I 168% GL (Stat S SySt)
112:3 1.06°5 1.05°33; 145733 1.85°331
YY n O
_ 1,083 108753 0553% ke, | W 000ss 0005385 .
Relaxed theory assumptions:
0.9975:63 0.92751; 0.821533 2387043 1.457033
Ww | o -+ | Y;and pgseparate for each
+0.10 +0.21 +0.17 +0.59 +0.42 e
- o] 0-84%0:10 o 061502 0-86-0.16 1-40%057 0-33-035 pro duction mode and for each
1.021513 2.221733 1.6525:43 1.287934 0.39%5:3 d €Ca Y mo d €
bb o) O]
| | | L |
1 15+0.44 0.40+0.67 1 .45+O.88 2.93"‘2.50 .
U o— " f—o e O] ) , | p = 4 arXiv:2602.18611
2457033 3.612073] -3.3613.06
Zy ——"0 )—T—{
IIIIIIII|II|IIIIIIII|IIII|III IIII|II| | ||
0 1 2 0 1 2 0 1 2 0 2 4 2
Inclusive ggH VBF WH ZH ttH + tH
p=1.017988 ggh = 0.99°082 {ver = 0.87'312 = 151792 pzu=1.36"8  punen=0.98'3
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INFN

The. modl differential o X B it

103

M- (0-B™)sm (fb)

CMS Preliminary

138 fb~! (13 TeV)

- 1 /‘\1045 3 by
: Hobb | & |=— A-WW o M d l BRf
2 1 Sl =3 + easured 97 o X .
i 1 &10%F E
3 4 2 | i [ i :
S N - 1 = i —— 2 ]
2 T+ 1% _Tig7 T2 7 (6! X BR']
- i —| £ 1 Tk i .
4 { _i — o 1 a'% U if obs
B :[ s B ¥ 4 _ . f
Gy, oy % W W W h K K KB G5, Vg, Yy Oy Gy, Gy T, M %y M R By O ; X B R
% % %, %, o5 o, %o, T, Y M ey T2, o L . D L 0 T, S, Ro R, SM
s o5 0% Sy B4 6“_‘» SR I 3 /\&‘—6‘ Frg By Toy “%, % % % o) /\‘_IS > s
)‘\—7 7‘r6, \—/O)p <96‘0 = /O)k ,O}k S 0 0 \‘90 ‘—6)0 /‘—)0 @0 6\0 60 %) %)
%0 % ‘—@6\0 750 rc”é\o ré’é\o 0 (4] 0
24,
: e H > Z7Z -
i - . ° °
- FI 3 = R . Higgs cross sections
| LTS | |IE TTrl4l=1 — + measured over 4
| e | 11 ordersof magnitude
o % B % % B % % % T % % Qe Dr Dr. Dr Qor Dr Q0 Dp Yk, Dr %% %% By %, S, X b, %,
K, K, Ky, K, K, K K, O/y Y oy o B B o T e o T T N N A A AR %, Q’YMQ% . ‘/% Yo %,
‘/,O/\/y "m/ ",ox/ ‘/6*0 "zé, «30 00r e %, ‘5\0r (AT "m, ",oA, 0 ‘/5»0 ‘/;é, ‘«2,0 éz,o ég,o 63(:0 %) 2 %o O ", 0r % ST e T,
,0 ,0 réb ‘_,o/\ . 0\_@ . ,\’9‘_ Q\&‘_ (27] % 27, 7 7 ,0 @0 ‘_,o/\ 4 % o T T Th Yy 0 7e, ", _ OQ .’5 » 76‘0 76‘0
X 9, % Y x T T Trs Trs 7T 0", Y
2 %, 00 7 %, v Y % % o8
g E g&‘_é‘ 6\0%&);30\- ’ %
F O H e S A
E - — YY E 0 <:)00 o
T T, e [z & [FAowm Evidence for rare
i 3T T71- Q f % = 1 s <) s 10'—F— . o  Qbserved
S T w wn - ]
3 + 4 ~10%- — —~ - ] o
| T et #3455, Hig S o | ]| BrcEoss decays: H — uu
B f T ] - 10%F 3 | — SM prediction )
g E O O - ]
C uit>0 — e I - | : my = 125.38 GeV
100 =3 o1k —_ }/
<X, &, W, b, k¢ 9 % 9 % —
00&00&99&09&;90&99&:90&09&90&59&90& 50 0x 100 10 9%0@/,),@@%% 5 55,5, by % o, %, Psm = 0.006
‘/0&‘/0&‘/0&‘/6‘ ©, QSR D %, /'{' s K3 0 © b'o) 000 e 05 O s, %, % %, 4
rf O 0 _“0_“0_"0_"Th", °3 0 S Sy T2y QB 75 B 0 B T4 08 C % s
T / s, "o Ny y 'O& '06' O\0 ‘5\0 6\0 73y 7 //‘— 0 T T 7 r7)~ » 29 %
o ‘0 ’Y o5 % " o T - 7 s B s, "y %, %, _ - R
x4 r,é/\‘_é//r 7 //re % 760 /)/5 /); D P <o r,s 0 ¢ i ‘
% <0 <y *5‘002‘0 ] r>00 »00% 8 0 | ‘
0’3, ‘
CRACM . state of the ﬂl‘l |
e, >'% arXiv:2602.18611 e -
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INFN

The likelihood can be explicitly written in terms of “coupling modifiers”: k-framework

Leptons

QO

u

~
[ 1 1L

x

IrKs

a
1 [ G :

Q
)]

Fo

rce carriers

14 ‘
| | ||
| | |

I
1|
I ||||||||

«Q

«Q
%)
o
S)
%)
o

I
L1
T

6

o' BR! - - o' (k)17 (k)
p=— and w=—0—  p— p(K): p’ (k) = 6'(BR/ (k) =
osM M I'p(K)
g S@ 15 ATLAS Prelminary
< C (5=13TeV,36.1- 1401
ok Production x Decay AT TP
ELL:;) 10 E f K. isafreSeMparameter, pSM=90%
M — SM prediction
,,  (1.04k7 + 0.002k; — 0.038k;k;) - k7 10 E __
luggH ) IM X 9) _ CH
Ky i
In the SM, Higgs couplings to particles are P S
proportional to particle masses => test the SM s b |
- Couplings to W/Z at 5-10% < 1 ; i
) (] (o) 08_ o
- Couplings to 3rd generation to 10-20% sl

- Couplings to 2nd generation 507%

ATLAS-CONF-2025-006

10

10°
Particle mass [GeV]
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CMS
£ B

TLAS | —

EXPERIMENT \\\\

Why impnoving precision on K 7

INFN

Inthe SM, allk; = 1. InBSM, k = 1 + Ak

ATT-PHYS-PUB-2025-018
CMS-HIG-25-002

AK vz/ABSM, so precision on Ak < reach in new physics scale, Agqy, to the TeV range

I This analysis ATLAS Preliminary
Nature 607 52 (2022) Run 2: Vs =13 TeV, 36.1 - 140 fo™
. Run3:Ys=13.6TeV, 165"
Bl Run 3 + Run 2 combination __
(A
Kz -
<,
K, [
i, [P
i, (W
K, [
Ko

-14%

-18%

-26%

-15%

-14%

-37%

-14%

ATLAS-CONF-2025-006
ATLAS-only: Lumi ~

300 fb

Expected uncertainty

s =14 TeV, S2, 3 ab’ per experiment

Total ATLAS+CMS
Statistical Projections ESPPU 2026
— Experimental
—— Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
Ky  — 1.8 0.7 0.9 1.3)
KW — 1.6 0.7 0.6 |1.3
KZ — 1.6 0.7 0.5 1.3
Kg — | | 2.4 0.8 0.7 |22
Kt  — 3.4 0.8 009 |3.2
Ky = 3.6 1.2 12 (3.2
K =_. 1.9 08 0.7 |15
LT — 3.0 27 09 [1.0
K
he— o8 59 10 %Y

0 002 004 006 008 01 0.12
Expected uncertainty

ATLAS+CMS,
HL-LHC projections 3000 fb-

Ak/k ~ O(v*/ A\ p)

New physics at 1 TeV =>
deviations Ax/k ~ 6 %

Theory uncertainties should
improve together with
experimental precision
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https://cds.cern.ch/record/2937634/files/ATLAS-CONF-2025-006.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf

Higgs boson production
cross sections

.o CMS 138 fo~! (13 TeV)

'8_ E O Observed —— SM prediction E

— B 1 68% CL (stat @ syst) 68% CL in SM prediction H

N - 99" [1 68% CL (syst) i

M 100 |

© E STXS stage 0, |yn| < 2.5, my = 125.38 GeV §

i boy = 0.01  ~

VBF i

107" |- _

= T V(qo)H =

- T W(2v)H -

i AET o Z0LwH ot tH 7

10_2 — _— E ﬁ @ —
1073 ale

S =

| O WW 7

. 101 ? _i)_ . _§

- -

'y 10°E o _

‘m - Yy 2y -

M .~ 1 ]

107 = —O— Q =

- -

10 L =
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£ 9% ot fidicial and differential cross dectiond (NN

Total Higgs cross section Fiducial cross sections Differential cross sections

| | | | | | | CMS Preliminary 171 fb~' (13.6 TeV)
s : | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | :
- 100————w—F17——++-++7++—++-+7—"+++—"7"—"——7————1———— o ) [ p-value = 0.84 ¢ Data (stat @ sys unc.) i
i_ - AlTLAS | | I_ SM o ipp%H, mHI= 195,09 GleV) A TLAS Prel|m|nary + Data % 10°L I Systematic Uncertainty —
% 905_ Y H—yy 4 H—>ZZ*—4l QCD scale uncertainty _E H— Z7Z* — 4] Systematic uncertainty ":; - — ggH (NNLOPS + JHUGen + Pythia) + xH =
& 80F - . . mm Total uncertainty (scale ® PDF+a,) ] ] ol i — ggH (POWHEG + JHUGen + Pythia) + xH i
S ¢ Combined H—yy +H—4l Vs =13.6 TeV, 164 b = | 99F@N3LO +XH 2 101k xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia) _|
70 - _§ S 3
- — - — - — 70
60F =.1.8F = 45F 3 f
= c - - .
50¢ S 16f 4F oo t I
= (&) C | B
40F ||| 3 1.4F 3.5F $ 0l .
30F | @ -
- Vs=7TeV, 4.5f5' . o 1.2r 3E B
20E~ Vs =8TeV, 20.3fb' e O 1:_ | b 55:_ _
10E Vs =13 TeV, 139 b’ E - 4]' . . . F : 10
- Vs = 13.6 TeV, 29.0-31.4 b’ . 0.8F = H]. [B 501 -
I (U SRS I S S S E S S S SR NS NN S S S N S S RS 7] - C a - | :
0 7 8 9 10 11 12 13 14 0.6 1.5F 45:_ o% i
Vs [TeV] 04l £ : 294,
Al : = gz -
02l 0.5 0F 2t
L O L = | |
- - - pd
| | | | F | | | || 0
Eur. Phys. [. C 84 (2024) 78 . —— _ — 0 25 50 75 100 125 150 175 200
2 AASIES T , fid fid fid fid fid ~fid ~fid o
O4n  Ose Ouoe Ooeny Oy O Ocomp total pl, (GeV)
4¢
arXiv:2605.19016 CMS-PAS-HIG-25-015

H — yyand H - ZZ — 4¢  Kinematics at particle level definedin  Look for new physics effects in the
/5 from 7 t0 13.6 TeV phase spaces to match the detector tails with reduc.:ed model
level selection assumptions

All in good agreement with SM expectations: precise and model independent
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Higgs boson Charge-Parity
properties

| don't feel
very ODD today 4

.
\) 1 4 l::.\ ‘||‘ i:: __'_'_'| )‘r
— / . ll-__l ':'\:_‘:::‘:————-_::::_—:'.-:'.‘-".‘ .T-.—'-T
\
- \ \
* )

*k




@ CMS

EXPERIMENT [

Malter, - Antimation (N

Why matter >> anti-matter in the universe, i.e. ny > ng [baryon-asymmetry] ?
The only known source of CP-violation (CPV) is the CKM matrix in the quark sector

=40

— |UT I'.t . )
: summi ml € Low-gnergy experiments:
1= SM fit y am, | Electric Dipole Moment of
- Am, | electron .
0.8
0.6_— T
qu Heavy-Quark decays:
0.4]- B-meson decays, e.g. ;
) b — c, s transitions B
0.2 B
; , -eTe": Cleo, BaBar, Belle -
_I | | | 1 | 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 I - : CDF DO LHCb
0 e e o e PP /Do,

P
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£ = CP violation frrom Higgs decayds INFN

CP structure of H-V\V;interactions can be constrained well from H — ZZ* — 4¢ completely
reconstructed final state kinematics

+
4
dvi )
H V v
| o H\' <6 0,
V= - - — — —
V2 ¢ &g
4v2 :
Two bases used for the results:
_ -  CMS: g, (Higgs basis)
‘/i o W’ Z’ />8 TN R - ATLAS: ¢y, (Warsaw basis)
gg A—=VV 4€ Can be related with a ““Rosetta’” rotation
1 v KV kS kY (g + an)? * T vy o) 2@
A(HVV;) = - ay” + ‘(/ZI\VV)z a4 (XVV)Z - m%/lemevz + a Vf/w [+ agvf/u(/ )f (2) |
N . 1 O } L J
a:5SM  Dim-6 BSM operators at a a;: CP odd
scale A > Agwk BSM
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£ Dedlicated obsewables to CP

EXPERIMENT \\‘\

INFN

If Higgs is an admixture of CP-even (Acp oyen) and CP-odd (Acp o4q) States, build two

dedicated discriminants:

2 2
‘ A ‘ — ‘ ACP even ‘ T 2Re (ACP evenAgp odd) +

Doesn’t change rates,
only kinematics
CP-sensitive observable
(Induces a shape asymmetry)

VEVE - H .

SM term,
discriminate vs backgrounds

V — W, Z, }/, g 006;_ ns
| 0.05F
1 ¥ - i
/ Z ‘ e' 004: —
o . :
_____ 0.03
= 4 -
e =
(q) D, 0.02f
. 0.01f
VBF production, & " .
“1-0.8:0.6-0402 0 0.20.4 0.6 0.8 1
any decay D\EF

‘ ACP odd ‘

BSM term,
discriminate vs SM

0.35~

0.251

| CP-odd

0.2

oo /) =07
o I —

0.10

0.05F

0"

0.3

_O+

. O—

1 = 405

— 5 = 05
CP-even
JP — O+
T

O

010203040506070809 1

VBF
Do.
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-1 °
CMS 138 fpb-! (13 TeV) y 30 H— vy, m, = 125.38 GeV 138 fb (13 Te,V) Fractlon Of CP_Odd
5350_ | | . IData _ = - CMS --------- (E;;pecteciI ffIX ottr;‘ers ((Mf=11)) 4
2 fia=1 i - served fix others (u = . —
5 300} - o fl o[ Preliminary Expected float others (u =) HVV ampIItUCIe S 10
"_'é 2501 - ! I ———— QObserved float others (uf=1)
S I
£, 2001 E ool Parameter Observed [x107%] Expected [ x 1074]
= I
= 1501 - - H— vy (68%CL) |H— vv (68% CL)
m 100k E I
2 100 5[ fa3 0.0019:37 (+2.1, —2.1]
< 50| . _ 7
o _ far —0.81757¢ [—2.3, +3.1]
] E 10k +0.032 B n
§<)'_ I I I : f%l _0.014_0.14 [ 0.12, Oo35]
i 2 T ] - Y +1.5 _ e
‘\4(% [y — TS ; S—] - - 5L Al 0‘83—0,92 I 33/ 37]
SO | I } 3
S N o N : o arXiv:2605.14245v]
AP <P X NN X <3 0 0.002  0.003
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o — T | — _ I I I | I I I I I I I I | I I I I | I I I I | I I I I |
g 120 ATLAS | ¢ Data B ATLAS Expected -o- Observed
S ool \3=13.67TeV, 16410 XEFF B Vs=13/13.6 TeV, 140/ 164 fb"!
£ \rIIBFEI_[I1ZOYIISO] GoV Other Higgs N A =1TeV, linear + quadratic N
2 - i ’ d T+M+L i Cont. Bkg. 7
%’ 80— I:HITII Ig/_l;C)Iua '.’ht +d + W Syst. Unc. | Best Fit 95% C.L.
- In(1+ weighte . | o o
- TR - - . Interpretation:
60F b} : VB o A B 020 (062,138 EFT Inte pre
10 E i e Constraints on the CP-odd
S S 7 i | 0.35, 0.88
g 4 . VeFH-mRuns  BSSEeS— 0% 080 000 operator ¢y
5 20E- VBF (¢ =0.24) . IVBF (c .=0.88) " IVBF (c =0.35) —; B ) N
2 155 } % * = VBF H—>yy Run 2 + 3 — 025 25,071
--(IE 10;_ I_-_-___ __:.--.:-_-'-_"_- __I __________ _; N R TN N TR T SO NN NN TR M S I AR R T N S R N oo )
8 BE-----f & I - t -2 -1 0 1 3 arXiv:2603.20087v1
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E 00 Les Rencontres de Noirmoutier 2/6/2026


https://arxiv.org/abs/2605.14245v1
https://arxiv.org/abs/2603.20087v1

=

EXPERIMENT "\\\

&) Combination of the HVV CP properdied INFN

Combination of CP properties of the HVV vertex from ATLAS, in the context of the SMEFT
Constraints for several Wilson coefficients

First simultaneous fit constraining the
coefficients of three CP-violating operators

EATLAS y Expected i ATLAS T Expéctéd: Staf—OﬁIy:
I \/.§= 13 TeV, 140 1b —e— Observed - - Vs =13 TeV, 140 fb™ Expected: Stat+Syst -
- Linear-only - L A=1TeV ]
- A=1TeV | - 95% confidence level Observed: Stat+Syst;
- 95% confidence level . i :

i BestFit  95% CL - : BestFit  95% CL
H— ZZ" (prod.+decay)f - ———— 051 -0.99, 1.8] cuir (lin. onl g e 0.10  [-0.28, 0.49:—:
- | -1.5,1.5] - H ( y): -0.35, 0.35] ]
H-WW’ (prod) ————— 015 [-1.1,0.85] — = (i - —— 0.08  [-0.30,0.62]
(P )E 5 083, 0.65] - crw (lin. + quad.) Yt ik
H - rod.)[- 0.29  [0.57,1.2] — -t : 0.11 1.2,1.4] -
vy (prod.)p 0.6 0.08] - cus (lin. only) 1214 -
WH, H — bb (prod.) —— 010 [0.63,0.84]- crg (lin. + quad.)f . 043  [1.0,1.1] -
(P ): | -0.59, 0.59] HB quad.); -0.83, 0.84] -
VBF H - 17 (prod.) —— 0.21 -0.22, 0.67] - o ([ = . 0.54 -1.9, 3.0] —

(prod.)¢ i 0.41, 0.43] - Crig (Iin. only) 05 0
Combined|- —— 017  [-0.14,0.49) (] : 10 [16,24] -
- | -0.28, 0.29] | Crivg (Iin. + quad.): i . 1.5, 1.5] 1

B R B S S B o0 i 2 3 4 5 6

CHw Parameter value

arxXiv:2603.20117
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https://arxiv.org/abs/2603.20117

Decay of a scalar Higgs to vector gauge bosons sensitive to its polarisation:

- H > ZZ* — 4¢ produces a superposition of | + + ), |00), | — — ) polarisations
» measurement of the Higgs spin density matrix p CMS Profiminary 200 (13 and 136 Tev)
: | ¢ Oblserved l SMH |
30 L 722/2y’ i fi=1
i B Z+X i fe=0
00 0 0 0 0 0 0 0 I . — e
0 0 0 0 0 0 0 0 0 'S 6oy A )
0 0 A, A%, 0 A, A}, 0 A._A*_ 0 0 PP l %’ﬂ_ l R
[ s PGy e 00 AAT 0 A 0 aa 00 5 ol R et a==
_ T > | |-
P AP AP+ TAE [ o %% o TN o Y0 o o 0 1
00 A A", 0 A A, 0 A_A* 0 0 20f o
0 0 0 0 0 0 0 0 0 | -

\0 0 0 0 0 0 0 0 0/

(-)1.0 -0.5 0.0 0.5 1.0

Can be used to measure the fractions of longitudinal (f,) and the two transverse (f}, f,) polarisations

Assuming no CPV, rejecting the longitudinal polarisation |00) => quantum entangled state
* first test of entanglement in massive vector bosons
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XPERIMENT 5 \
S 175~ . - 1
5" amas - | 00 CMS Preliminary 200 o™ (13 and 13 6 TeV)
@ 1800 [l L onOEH ez . Bestit | 4 68% CL -
S - % - 77 B  aro B
D 1251 7 GV W, VW 0.75 1 SM 95% CL -
L i Y W Zijets, tt i |
100:— vz Uncertainty — 0.50
750 - f
: 0.25 |
50 — i
o5 - — 0.00 |
- - I
() Em i — i
L ST ) ------------------------- - 0.25 |
D 1] -
e /‘ I
iz 1.0 f)f//wf /{/ﬁf///} a%d%%#%%ﬁ%)(//// g 050l
O 05L®. . - i
1B T [ T - i
£g TH T} by d [ 1] 0.75 | 11
Lol e gt : ;
CDUV _. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII __ _100 [ I I I | I | | | | | | O
-20 -15 -5 0 5 10 15 20 -1.0 -0.5 0.5 1.0
Co. 1,2, -1

arXiv:2603.26463

C, 1, _1 (equivalent to Ay A*, ) extracted from

the mean of the distribution.
Entanglement is proven at 4.70

CMS-PAS-HIG-25-015

Extreme points f; = 0 and f; = 1 excluded at

> 60 proves ZZ* is an entangled state
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-015/index.html
https://arxiv.org/abs/2603.26463
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&) |95 Pudting towands rare productions INFN

Coupling to 3rd generation fermions established at ~10% precision
Evidence of couplings to muons
Next step is couplings to charm quarks: very challenging!

Indirect «. from Higgs pr

Direct searches with

0.01%

° 2 ! — K,=-10 | _
9% M T H — cc decays
/o § : K.=0 -
,.g 1.2_— ¢
S| [
- .
0.01% = 10
— QA
OH — bb 5 |
OH — ccC "§ 0.8
mH — ss = a
O H — other

SM mpy = 125 GeV H — qq branching fractions,

WH, ZH or ttH productions to
supress the huge QCD multi-jet
background

H — uii/dd too small to show!
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@) S5 7@ ‘ INFN
L 0 $\\ | OZ
EXPERIMENT |5
e At LHC, challenging hadronic decays: H — bb and H — cc:
e trigger, large backgrounds, poor energy resolution
* Vibrant developments for jet flavor tagging using b/c-hadron propertiessiv260t2704t o 6 TeV)
o long lifetime, decay multiplicity, jet composition, heavy-quark fragmentattbnfcms '~ ' 4 paa -
| | | | L% 300l—Preliminary Z+jets _
A A D 44000 - _ B W+jets -
80 ATLAS Preliminar : i L
| - V5 =13 TeV, pT€[85,yllO] GeV GN2 3500 - 47> bb, VHP } Bl QCD multijets
b-]et 70 (Egata = 74%) E — - + -
S 60F 5 Chirectonin op el et 13000 20 by E
— - I!ght-J_et rej_ect!on in S|mglated (MadGraph) Z + jets events - - i + +
||ght jet g 50 :— 1 light-jet rejection in Z + jets data events 2500 g +
< E 40F Reco Software Update x4 72000 %E 100
& 30| I DL1d + 11500 5
N o - _ @
\Qf: Secondary vertex 9 20;_R9fenrf1n ce: (Egalt)al;17r50/o) i (€5°1@ = 75%) x40 300, %
E E (Egata =770/°) I_H+ I;;a:_‘_l =
Primary vertex < 10:_ H—|—§—| x1.4x1.7 x1.5 =900 O ’ 2__
Impact O:”.|....|....|....i....l....l....l...-O 21'25
parameter 2017 2018 2019 2020 2021 2022 2023 T
Year of tagger deployment FTAG-2023-007 88'25-....1....|....|....|....|....|....|....|....|....~f

Advanced algorithms (eg. GNN):
X 4 (x6) better rejection for light-jets (c-jets) than before

50 60 70 80 90 100 110 120 130 140 150
GLOPART mass (GeV)

7 — bb mass in-situ
calibration
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https://arxiv.org/abs/2604.27044
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/
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INFN

1. Separate heavy flavour (c-jets) from light flavour (u,d,s,g)-jets

Double céal%e/zge for H->cc

o CMS Simulation Preliminary 13 TeV
2. Separate 2 kinds of heavy flavour jets: c-jets from b-jets Q[ T I T T T T 359 01% 0.01% 0
p y J J J 2 fH(H—c8) events, B4 39% 0.1% 0.01% Q
Q. pr > 25GeV, |n| < 2.4
% . — b jets & efficiencies (%) B3 10% 0.2% 0.02% \
= 10° 9 MS S imqla,ﬁo,n 'f) i glimipalry - 113.6| TeV Qo8 — clets& efficiencies (%)
% # avents ; : = udsg jets & efficiencies (%) |B2 9.2% 0.7% 0.1% |
© - pr>30GeV, |n| <25 ] %
© Bl UParT ,’7 O
g 10_1_ B ParticleNet /’/ B t B1 100/0 2.20/0 @02%
"é RobustParT I/’ 0“_5 0.6 T
= B Deeplet /] LO Co |[CH
= e i 3.8%(3.7% | 6.0%
Q| i i i ,'I/ 22% | 15% | 16%
2 402 i /AN 71% |19% |8.2% —
- ’f BO 10% 6.9% 0.5% I
"q-)‘ ,/"/ 04_ IR
© ,’ 1/
E ,’ /7
O 1031 P ,,/’,’ _
Better 0.2 C2 5.6% 13% 0.6% \
| I 7] 4 /’il//l A I v v \ /
0.0 0.2 0.4 0.6 0.8 1.0 =z 7 DX C3 1.7% 12% 0.4% |
CMS-PAS-BTV-25-002 b-jet tag efficiency o 0.9 L [Eroh%ttoe%—
'0.0 0.2 0.4 0.6 0.8 1.0
Use the detector max granularity + and advanced ParticleNet score pg.c
algorithms (Graph Neural Networks): X2 PRI, 136 (2026) 011801
better than before & 4 times more data u,d,s,c-like
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https://cds.cern.ch/record/2961397?ln=en
https://doi.org/10.1103/9nwb-splk
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Number of events
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S 0.6k

PRI 136 (2026) 011801 ttH SRs

CMS Preliminary N\ N 138 fb~! (13 TeV)
- | Data Bl tH(H-cC) B fiZ(Z-cT) [ ] fiH(HSother) MM tH+22b B figx2c [ 1 ti+light Post-fit -
7 Totalune. ) ttH(H—bb) th(zKp ttZ(Z—other) W tt+b [ ti+ Bl Other :
oL B - 1L a 2 I .

~ 1 \

5|5 |15 | B = | & = 15|85, 5 z & G G186 (8 (5|5 6|5
|8 lo|&|oO 2 9 | e 9 ElQlo|g|o 9 10 9 9 Elg|lo|lglolelig '8 g
Bl e e o R G ro 121215128 i ; i ? P R R
2 |'E |'E ['E |'E N N L L = |'E |'E |'E |'E N N I I =2 |'s |'Es |['E |'&s N Nl I I

Measure simultaneously

2l YNV NN/
Ve NN A8 AN

Y

”f

27" u 7 I

4
2
H A;
: | 4

—Event classifier discriminants

and ttH(H->cc), and SM candles ttZ(bb/cc)

Emanuele Di Marco

Les Rencontres de Noirmoutier 2/6/2026

52


https://doi.org/10.1103/9nwb-splk

€L Limits on 2 generation Higgs-Vukawa INFN

ttH(H — c¢c) VBF(H — cc)
CMS Preliminary 138 fb~1 (13 TeV)

! L L L L L roor L L= > T — T ] T T T [ T T T ] T T T T ]
¢ Observed 68% expected o 140r ATLAS -
| un £ CC, nun o CC —
————— Median expected 95% expected = F (s=13TeV, 37.51b" -
o 120 Vs =13.6 TeV, 51.5 fo’ —
S i VBF H—cc In(1+s/b) weighted ]
: i o 5 ¢ Data .
Combined 5 | g 100 H-cC (u=18)  —
Exp. 5.6 5 E WHb (1=097)
Obs. 9.3 i D i o W/Z _
‘ , = 80— t —
ttH(H - cc) i i -
EXp. 8.7 ¢ i 60__ __
Obs. 7.8 i i )
R - 77 Background+signal uncertainty .

VH(H—)cE) i 40— | | |
Exp. 7.6 i ® % B T T T T T T T T | | =
Obs. 14 i T . 25_ £ . / _E
N IR N | R I A B CZ%E = % 77 }////j/ + =
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 " ee | e }/ E
95% CL upper limit on P_cz N T T TR S SR =

PRL 136 (2026) 011801 ald 60 80 100 120 140 160 180 200

m.. [GeV]
arxXav:2H11.21911

Observed limits on WetHH- co): < 7.8 wrt. SM
in Run2 done 18-years equivalent of progress in 3 years Observed limits on

We also measure the ttH(bb) process:
ttH(H—bb) = 0.91 +0.26/-0.22 (4.40)

UVBF(H—cc): = 41 wrt. SM
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CMS,

,,\\\

Rare decays. H — pp and H — Zy

INFN

H — pp (9B = 0.022 % ): direct probe of the Higgs Yukawa couplings to 2nd generation fermions

1

Weighted events / 2 GeV

Data - Bkg.
(weighted)

1200

000
800
600

400
200

N oD b O O

Evidence ( ~ 30) from both ATLAS and CMS

: Loop-induced => sensitive to BSM effects

H — uu

ATLAS
Vs =13.6 TeV, 165 fb™

H — uu
Inclusive, In(1+S/B) weighted

¢ Data
—— Total pdf

— Signal pdf
---- Background pdf

SAERRSRTRS

P T T T T T T A TR TR TR TR A TR TR TR T A TR TR TR SR A TR TR T S S
10 115 120 125 130 135 140

m,, [GeV]

145 150 155 160

Phys. Rev. Lett. 135 (2025) 231802

)
o

N
o

L
o

N

S/(S+B) Weighted Events
o

1

Data - B model

0

CMS Preliminary

-

138 fb™' (13 TeV) + 62 b (13.6 TeV)

:— T, —e— Data
- — S+B
----- B only
Z_ +10
— +2 O
- =110
=
o ’L . ' ' ' . . 1 . . N .
190 10 130 140 5
CMS-PAS-HIG-25-010 my, (GeV)

Now chasing single experiment measurements
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https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-010/index.html

EXPERIMENT

EXPERIMENT

Run: 484466
Event: 3913031636 |
2024-09-13.05:46:24 CEST
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 The LHC Run2 provided data for a lot of results characterizing the Higgs boson

- mass measured with 0.1% precision, and width measured for the first time with 50% precision

- the production cross section are now measured differentially in many decay bins, in all production modes

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT
Interpretations
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 The LHC Run2 provided data for a lot of results characterizing the Higgs boson

- mass measured with 0.1% precision, and width measured for the first time with 50% precision

- the production cross section are now measured differentially in many decay bins, in all production modes

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT
Interpretations

progress in 3 years

studied in many channels, including rare ttH

with H - u™u~, for H = ¢c¢ in Run2 done 18-years equivalent of

Emanuele Di Marco
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 The LHC Run2 provided data for a lot of results characterizing the Higgs boson

- mass measured with 0.1% precision, and width measured for the first time with 50% precision

- the production cross section are now measured differentially in many decay bins, in all production modes

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT
Interpretations

~ with H - u™u~, for H = ¢c¢ in Run2 done 18-years equivalent of
progress in 3 years

- studied in many channels, including rare ttH

* The LHC has just ended pp Run3 (and the phase-1) with after having collected ~500 fb- per
experiment, i.e. ~ 1 ab' total

- a unique opportunity to continue characterizing the Higgs potential: entering the precision era for the
Higgs field already now
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 The LHC Run2 provided data for a lot of results characterizing the Higgs boson

- mass measured with 0.1% precision, and width measured for the first time with 50% precision

- the production cross section are now measured differentially in many decay bins, in all production modes

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT
Interpretations

~ with H - u™u~, for H = ¢c¢ in Run2 done 18-years equivalent of
progress in 3 years

- studied in many channels, including rare ttH

* The LHC has just ended pp Run3 (and the phase-1) with after having collected ~500 fb- per
experiment, i.e. ~ 1 ab' total

- a unique opportunity to continue characterizing the Higgs potential: entering the precision era for the
Higgs field already now

e After the end of Runs3:
- Expect 20x more data by the end of HL-LHC

- Expect improvements from analysis techniques to boost new physics search in the Higgs sector
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Higgs discovered 13 years ago was the last SM piece, still many questions:

#%@ ad ESH a’&wom%g lool

The SM can be the tip of the iceberg.

¢ |s the 125 GeV particle the SM H boson?

CMS Preliminary 138 fb~! (13 TeV)
> 1 | [ [ T T T | [ [ T T T | [
=P 1001 t

> - my = 125.38 GeV *
X - psv =0.12
w -1 —
S 10
£ [>
é_ 2 >
107 BSM’ RS O Observed E
T 68% CL (stat @ syst)
|  95% CL (stat @ syst)
Y — SM prediction
10 ?‘H"‘ B Vector bosons IE
e mm 39 generation fermions

_/I | | 2"d generation flermions |

15#|| ||i || ! I |||||i ]

B 1.1

= I * ]
) i
o u i _
"5 1.0 ' v 1.0 J ﬁ
5 | i
oC i i
B 0.9
05,__|_|| L] L | ENENEEEE 1
101 109 10! 107

Particle mass (GeV)
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Higgs as BSM discovery lool (AN

The SM can be the tip of the iceberg.
Higgs discovered 13 years ago was the last SM piece, still many questions:

. CMS Preliminary 138 fb~' (13 TeV)
¢ |s the 125 GeV particle the SM H boson? Zl 10T T T S
o ; > - my = 125.38 GeV
e \What makes ~70% of the Universe energy? < | pey-012
e Of the remaining (i.e. matter) ~857% is still = 107
unknown: Dark Matter (DM)? £ >
o [f DM are massive particles, do they couple to the <1077 T oo ma s
68% stat @ syst
o 5 | % CL (stat 6@ syst)
nggs' 10_3 B — E:\/I/predicttiofqEB ~ B
M B Vector bosons =
?/ Bl 3 generation fermions ]
_||| | | I |||| | | I |||| |2nd Ige?elra;tl(l)?lflermlons :
Atoms 1_5#lu I I I ||||W I I I ||||’ I I L ||||w I
4.6% EDr?;I:gy B | | = | ]
0 = I ! ]
- 71.4% > _ jﬂ _
Matter = 1.0 | 1.0 .
24% = e : 1 SR
= T ‘ : i
3 L | | e
0.510_1 =55 =5 L

TODAY

Particle mass (GeV)
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INFN

The SM can be the tip of the iceberg.
Higgs discovered 13 years ago was the last SM piece, still many questions:

¢ |s the 125 GeV particle the SM H boson?
e What makes ~70% of the Universe energy?
(i.e. matter) ~85% is still

e Of the remaining
unknown: Dark Matter (DM)?

e I[f DM are massive particles, do they couple to the

Higgs?

 Why there is more matter than antimatter in the

universe?

e—

10,000,000,001

10,000,000,000

£ 100
=

K

Ratio to SM

1.0t

CMS Preliminary
1 [ [ T Tl |

138 fb~! (13 TeV)

E my = 125.38 GeV
- psm = 0.12

O Observed

T 68% CL (stat @ syst)
|  95% CL (stat @ syst)

— SM prediction

- M B Vector bosons IE
?/ Bl 3" generation fermions ]
B 2" generation fermions
Ll | Ll | [ 1] | | | L1 1 1]/ |
#li ||i | 1 — |||||v| I
i 1.1
1.0 *ﬂ ﬁ

n 0.9

Ll | L1 1] | L1 1] | | | L1 1 1]/ | - |
10" 10° 10 102

Particle mass (GeV)

Emanuele Di Marco

Les Rencontres de Noirmoutier 2/6/2026

63



=

EXPERIMENT \\‘\

S0 Higga as direct BSM pnobe <k

Current measurements of Higgs couplings still allow decay modes to BSM particles:
- Undetected decay modes (eg. 2HDM+s, nMSSM,,...)

o o e . . 1
- Invisible particles (eg. Dark Matter) CMS Preliminary 138 fo" (13 TeV)
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