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 Afew historical highlights; What's matter?
* Quantum Field Theory, QED and QCD
* Weak Interaction

e Standard Model

1h30 presentation : necessarily extremely brief overview

Further Details : Modern Particle Physics ; M. Thomson
NPAC Master Particle Physics Lectures ; E. Ben-Haim. B. Fuks & |
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A few Historical Highlights

What's matter




The first elementary particle IBEESETES

Cathode Rays in Crookes tubes

1897 : J. J. Thomson
Electron discovery

? Cathode Rays are composed of
charged corpuscles

streams of electrons

The Plum Pudding Model Electrons held by an uniform positive stuff

No strong theoretical prejudice
just the simplest model conceivable
at the time

Force : Electromagnetism

How to probe this?
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1896-1907: H. Becquerel, P. Curie et M. Sklodowska-Curie, E. Rutherford on radioactivity

Lead block

pE e p— S

Radioactive substance Electrically charged Photographic A_
plates plate

« y-rays : very highly energetic electromagnetic rays, similar to X-rays but higher E

* B-rays : electrons = A mystery
e oa-rays : nuclei of Helium atoms = A mean to probe atom
ISAPP 2026



Narrow

Continuous
B-electron spectrum!

For a 2 body process?

N - N+e
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4 o-rays spectrum

Intensity

B Rays : a mystery

Energy spectrum of beta
decay electrons from 210p;

0 0.2 0.4 0.6 0.8 10 1.2

Kinetic energy, MeV

Narrow
4+ y-rays spectrum

1930 : W. Pauli Neutrino proposal
This is a three body decay

No N+e +ve

New neutral particle

New Force : weak interaction



Probing the Atom

1909 : H. Geiger and E. Mardsen experiment

1911 : E. Rutherford interpretation

B : Lead block, By, By : Lead bricks, M : Microscope,
5 : ZnS screen, € : Scattering angle

MODELE THOMSON

RUTHERFORD

A Atom mass is enclosed into a
very small Nucleus

Geiger and Marsden's
data points

= Planetary model
Theoretical scattering Of the a.tom

of one paint charge
off another

Rutherford
10°F | formula

0 20 40 60 B0 100 120 140
RESULTAT OBSERVE Scattering angle
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What the nucleus is made of IEEXIS

oooooo

1919 : Rutherford’s proton, UN+4He— ¥O+p

For a while : Nucleus = A protons + A-Z electrons

Good reason : a 3-ray electron escapes from the atom; so surely it was sitting in the nucleus before

Major problem : Nuclear Spin of some atoms

1932 : Chadwick’s neutron

So : Nucleus = A nucleons = Z protons + A-Z neutrons

Now the p-decayis n—p+e +v
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First a few more Particles

Predicted and found
scalar pions to describe the

nucleons interaction N 1920 New strange
IIIIIIIIIIIIIIIIIII|I IIIIII|

mesons
1935 : H. Yukawa 4 | A
e P
1920 1930 1940 1950
I I I T [ | I | 4111 1 ] 1 | | L 1 1 1 1 1 | | |

Produced in pairs via

| T T Strong Interaction
n et but decaying Weakly
Strangeness

new Quantum number

Looking for pions
found ... a heavy electron?

New Force

Strong Interaction

)
between nucleons But who needs a heavy electron”

I. Rabi : Who ordered that?
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Then the Deluge

In the 50" and 60, hundreds of new hadrons found first in cosmics rays then at accelerators

1890 1900 1910 1920
I I O R I | I T T O | | | N [ [ T |
T_ I | ;t |
1920 1930 1940 1950 All elementary?
I I I N O T I | I I N O I | | | I N I [ | |
| E $1,
n et n n- K-
1950 1960
I | I N N T [ | I L1 1 |
. [ |
The particle zoo 1,11, ‘%‘1;= i1 111 +hundreds more
K0as— @0 =0 :.i & ug
K*f £

“Young man, if | could remember the names of these particles, | would have been a botanist.”
E. Fermi to a student

ISAPP 202
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Few elementary bricks after all

A° At b AT Hadrons easily understood
has made of quarks
u (+2/3) d (-1/3) s (-1/3)

Real particles or fictions?

1969 : Feynman Parton model
Deep Inelastic scattering

1962 : M. Gell-Mann
Strangeness and Isospin

Highly successful
classification of hadrons
in SU(3)navor multiplets

Quarks are real

a la Mendeleiev

o ' Renewed Strong interaction
Classification + Predictions

now between quarks

ISAPP 202
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Few elementary bricks after all

1962 : M. Gell-Mann
Strangeness and Isospin

Highly successful

classification of hadrons
in SU(3)navor multiplets

ISAPP 2026

Troubles with the A**
ututut symmetric state
Need a degree of freedom

(at least 3 states)

to get statistics right

New quantum nber
Color

12



Matter - Fermions

Quarks and leptons

* Family pattern
3 increasingly heavy families

» Extravagant Mass spectrum
m: =173 GeV
Me =3 X 10° m;
m, < 6 x 102 m;

charge | %

spin [’z

| IT 111
mass | =216 MeV/c? ~12736evie ) (=172576evie )
i % (o] “Bo [{e]
~ [{e]
H E S
up l charm l top
_J
=47 MeV/c? =93.5 h.l"le'«.lhfc;‘-N =4,183 GeWc’am\
-1 i % <4 I—'/a §
@ | ® | @3
down strange bottom
_J _J

v
S
o
<
-
® 4

LEPTONS

0.511 MeV/c?

=105.66 MeV/c*
_1 p

=1.77693 G:\-Im

-1 4 i =1 i =

'@ [ @ [f @3
ol

electron muon tau

J W J W

- <0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c?
0 ' S & ' Bl I p
1 (3] ¥ o ¥a o
(2] N o

electron muon tau
neutrino | | neutrino neutrino

Forces

Decays : M — dds...

Gravity (too weak)
Electromagnetism
Strong Interaction
Weak interaction

Life time (s)
Strong 1023
EM 1076
Weak 10 - 900

A

Stable ordinary matter ————

ISAPP 2026
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Quantum Fields Theory



Electromagnetic Field and the Photon

1905 : A. Einstein 1923 : A. H. Compton )
Light quantum hypothesis X-rays scattering X

LY, >
X, 2 / Evaculated quartz tube
A

=) (=T
) %
m— | o =hk
Photoelectric

effect i (8)

In some circumstances Radiation behaves as corpuscules = Wave/Particle duality

Light acts as a patrticle

From 1927 : P. Dirac, W. Heisenberg, W. Pauli, E. Wigner, P. Jordan, E. Fermi

2\

Quantum Electromagnetic field
Photons are the quanta of the Field

Modeled on the Quantum Harmonic Oscillator
Field is primary, particles are derived entities

15
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Quantum Filelds

A few pervading fermionic and bosonic fields

electron-field * Force and matter are described in the same way

_  Locality/Causality from the onset

Photon-field
 Particles inherit their properties (mass, spin)
Up Quark-field from their fields
Higss-field * Particles can be created and destroyed; the

fields remain

» Particles of a given type are all identical : excitations of the same stuff

* Interaction (decay, scattering): excitation passes from in-fields to out-fields ——J\/\,_ W
= Final particles do not preexist hidden somehow in initial particles / \

The interesting thing : Fields in interaction ,\,\/\/\/\, ,HV\,\F
e Ve
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Building Interaction : Quantum Electrodynamics by “hand”

: : = . VU = 4-components vector, a spinor
B ny ;
Dirac Lagrangian Lpirac =W ("0, —m) ¥ { ~v# = 4 x 4 matrices with interesting algebra
Dirac Equation (iv"0, —m)¥ =0 J a conserved current j = WU/H W

How the electron field interacts with the Electromagnetic Field ?

Inspiration from the classical Lagrangian is Leigss = JHA, — iF Y Ew

We can postulate

_ — 1
Loep =V (iy"0, —m) ¥ + (eVy'V)A, — ZFWFW

ISAPP 2026 17



Quantum Electrodynamics by Gauge invariance

e

is invariant under global U(1) symmetry ¥ — We

: : T (irE. —
Dirac Lagrangian Lpirae = ¥ (17"0 —m) ¥ { Noether’s theorem = 3 a conserved current (known)

Now look at ¥ — We**(®) (local U(1) symmetry) = Do not work
Well ... can work (Fields redefinitions can undo the changes) if there is an interaction with a Vector Field

= EQED - E(Zﬁ“aﬁl - m) U+ (@7’*\1&4;‘ - iF,uyF/’W@

By requiring a local U(1), we get
* a massless Vector Gauge Field, so the photon, is necessary

 the interaction electron/photon is prescribed

A recipe : to build an interaction, postulate a Local Gauge symmetry and look at what come out

When you get it right, it's obvious that it's right [...] Because most of what happens is that more comes out than goes in

R. Feynman
ISAPP 2026 18



Divergences and Renormalization

Qem = = ~ % < 1, allows perturbation expansion

By the end of the 30's, higher order contributions are plagued by divergences! Nonsensical!
Inconsistent Quantum Field theory? First QFT crisis end of the 30's

End of 40's, Renormalization procedure saved QED
reformulate the theory using measurable quantities since bare quantities are inaccessible

J.S. Schwinger, R. Feynman, S. Tomonaga i LEP| - Running (!) coupling constant : increases with E
* Anomalous magnetic moment
* Electron
Data/Theory OK up to 12 significant figures!

%k 181GeV’ < -0° < 6.07GeV’ OPAL

| C e 2.10GeV’ < -Q° < 6.25GeV’ L3 ° Muon
et i Aol ) Data/Theory Not OK... at the 10" significant figure

— QED

‘ Recent progress from Lattice QCD computations
1 10 11;!2 1(‘]3 1(:!4
-Q” (GeV?)

ISAPP 2026
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He saved us all

QFT computations are abstruse

e UvHTA, —p ©
Feynman’s Diagrams and rules
an extraordinary graphic tool to handle them
eur-eu*
ee’-uu
Y€ - Yye Compton Scattering

Pair annihilation

yy— ee’ Pair creation

Like the silicon chips of more recent years, the Feynman diagram was bringing computation to the masses.

J. Schwinger
ISAPP 2026 20



Strong Interaction - QCD

Yukawa theory vindicated P n But coupling constant ~ 1, spoils QFT computations
by the discovery of the pions n T ) Second QFT crisis In the 60's (particle zoo)!
—p———p———

But SUR)iavor = right fermionic degrees of freedom, the quarks
avor

 clue about the Gauge charge, the color = 3 color states = SU(3). Gauge group

SU(3). : Yang-Mills Gauge Theory ( " | * 3%-1=8 massless bosons, the gluons ( TS0 )
) g 2 osons
(more tricky than U(1)) W, « non-abelian : charged bosons Yo

A

S
I
5
n

3-gluon vertex e g 4-gluon vertex e g°

ISAPP 202
S 026 21



QCD

e Asymptotic freedom :

Running QCD constant factorization : hard interaction (free partons) then hadronization

contrary to QED

coupling ! when E T , distance « Confinement (not demonstrated)
Quarks are confined within white hadrons
0.35 %
T I TI decay (N>LO) i ~ t
low Q? cont. (N>LO) e e Je S
osL A HERA jets (NNLO) '
A Heavy Quarkonia (NNLO)
e'e jets/shapes (NNLO+res)
- pp/pp (jets NLO) = “— 00—
0.25 I- EW precision fit (N>LO) +e— 7] qq n
pp (top, NNLO) v e .
~ | — T —» g ets
o o2f ' - q q J A
© Og VS energy — = — - — N
i | q qq q
As energy decreases... hadrons freeze out
o1} —96 S5 6 Ae He—
b = a,(Mz2) =0.1179 £ 0.0009
0.05 . . .
1 10 100 1000
August 2021 Q [GeV]
ISAPP 2026
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QCD predictions

o (pp — H + X) predictions vs Time

pp—~H+X 13 TeV, PDF4LHC15, pe=pig=my,/2 z

ATLAS g}

NNLL+NNLO QCD+NLO EW N3LO QCD+NLO EW ED

The QCD corrections are | A l )

e T = |:

ol 2016 =

Large and Hard to compute 2 ot 9003.2016 %

. % | BSM! z

LO gives only a taste, NLO can be huge ol 3

1 1991-2003 _ ducti g

: - - g Higgs production =
Crucial for precision SM and BSM physics at LHC © .| Vo :
P PRy — NLO~100% A
NNLO~30% 2

10 1978 2

(en)

=

ISAPP 202
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Chirality

For a massless fermion

Afield can be decomposed into chiral states BT+ L ——>—{m— Spin oppos. §
— *L R
a Left state + a Right state
J R —>—mm)— Spin along p’
| S @ 5 €
* QED/QCD coupling L and R parts
are treated the same and do not mix
* Fermion mass terms L and R parts - B B
are treated the same but they do mix mUV =mUrU; +mU Vg

ISAPP 202
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Quantum Fields
both for fermions and bosons

Particles as Field excitations

ISAPP 2026

I II I1I
mass | =2.16 MeWc =1.273 GeV/c® ~17257Gevic | fo
charge % % 4 % > 0
spin | % ‘ % ‘ % ‘ 1
charm top gluon
J
vy [ =47Mevict | =935 Mevic ~s1836evic | o
X |-+ 48 S B O 0
' F® (@ |f
<
= down strange bottom photon
(@4 J J
~0511Mevice ) [=105.66 Mevicr ) (=1.77693 Gevict |
-1 P -1 o ~1 4
'@ [® @
electron muon tau
J W > AN
(7)) —— — —
Z <0 8 eWcz <0.17 MeV/c? <18.2 MeV/c?
0 . 0
°rW W W
& electron muon tau
- neutrino || neutrino neutrino

What do we have up to now

Local Gauge Invariance
Massless Gauge Bosons
U(1) QED, photon
SU(3). QCD, 8 gluons

What about
the Weak Interaction ?
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Weak Interaction



A New Particle and A New Interaction

Number of clectrons

Expected
Obscrved

1930 Pauli neutrino hypothesis

n—pe U
B-spectrum

Ener;
Q EY

1934 Fermi builds a theory of weak interaction using Pauli neutrino (2" QFT)

Notable difference wrt QED : particles nature change through the Interaction

Charged current
e-v €

~_ " Contact Interaction Very successful theory

Gp O has di _ Doomed to fail o < Gt E*.,
r has dimension

T~ |Gr]=FE"? Unitarity violation ~300 GeV

Charged current
p-n

ISAPP 2026
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Parity violation

1956 : CS. Wu

BETA RAYS

Cobalt-60 weak decay

SPINNING |,

Electrons fly in the direction opposite to the Cobalt nucleus spin &

=Weak interactions violate parity

BETARAYS [|y ¥
(ELECTRONS)

©
- 4
v ¥ MIRROR WORLD | |

THIS WORLD

1957 : Gell-Mann & Feynman

Only the Left part of particle interact o~ ~—" Ve
(and the Right part of antiparticles) v

Maximal Parity violation

ISAPP 202
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Intermediate Vector Bosons W=

One parameter Two parameters

Gr € gw Ve gw and mwy
e Ve v 1
\/ - Gp g%,v
>< e V3 " B,
v /-\ i Weak bec_ause the
v, T N\ m W boson is heavy

~100 GeV

e At low energy , ¢ < m¥, : we retrieve Fermi Theory o ~ G4E?,

2 2
Grmy
s

e At high energy , ¢° > m¥, : Cross section damped o ~

e The requirement of Unitarity at Tree level leads to the W* bosons

* W+ are charged! W#, and y as the 3 Gauge bosons of some SU(2) (3=22-1)? Premature!

ISAPP 2026 29



Necessity of a Neutral Vector Boson

We have to consider the production of the W bosons e.g. e et — W~ W*

€_+N\N\ W—
. R This process
eg.eer=W W yVe violates unitarity
+ +
eV

To restore the Tree Level Unitarity (remove Leading divergence at least)

we have to introduce a new weak neutral boson, Z°
with specific couplings ZWW and Zee

in particular this Z couple to both L and R but not equally

ISAPP 2026 30



Discovery of

the Neutral Current

Neutrino beam

on a fixed Freon target

1983 : UA1, UA2
Discovery of W and Z

pp collider
J UAL 7 e et
\ Q.CD - background
2%—-e’e”

EVENTS PER & GeV/c?

i
T 1 TR oy e (RO |

L i L L
30 50 10 90 110

INVARIANT MASS M (e'e”) (GeV/c?)

ISAPP 2026

EVENTS per &4 GeV

60

L0

20

]

W TV

0

L 1 1 1
20 40 60 80

Electron E, (GeV)

The Weak Bosons For real

1973 : Gargamelle

90’s : LEP, SLC Detailed Z studies

Cross=section (ph)

._
=
L

10’

1

ee* collider

=

[1 g

CESR
= DORIS |
£ PEP

+ —
e e —hadrons

- 'Wmm gll C

- bR et

3 11 I 111 I 111 I|-"II;I‘|,IPIII 11 | 111 I 1 Ill-rll::’lpl Illl | | 11 I_é
20 40 60 B0 10 1200 140 Deh 1RO 2N 220

Centre-of-mass energy (GeV) 31



Standard Model by Tree Level Unitarity

We have to consider processes involving the interactions of leptons, y, W and Z° bosons

147

e em
ve

e em
W-W+
W-W+
W-W+
W-W+
W-WT+
Z°7°
Z°/°
Z°7°

ISAPP 2026

N N

W-Ww+
W-Ww+
W=Zz°
Z°7°
7Y
W-Ww+
Z°7°
Z°y

hh

hh
Z°Z°h
hhh

All these processes violate unitarity at Tree level
but for specific couplings of all the gamers

Even more a neutral scalar boson is also necessary!

ISfaI0H  ‘Alrenun @ai] Woi [3POIAl PJepuUBlS - UOIRIIIUN YeaMol108|3 01 UOoIoNPo.IU|
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Standard Model by Tree Unitarity

We have to consider processes involving the interactions of leptons, y, W and Z° bosons

sinfyy =

_ All these processes violate unitarity at Tree level
gwwz = gw cos Oy

f
82 = o W W . :
. but for specific couplings of all the gamers
f VA

Even more a neutral scalar boson is also necessary!

2 .2
Igwwzz = giy cos” Oy
9 2
IWWn~~y = Giy Sin” Oy
2 .
Iww zy = Gy sin Oy cos Oy

wwww = g3 Unitarity at Tree level allows to derive

the full Electroweak Lagrangian as an effective Lagrangian

Ghif = gy

p _ This constructivist approach was developed only as an afterthought
RWW = gwinny o - ; . . . -
""" Ghzz = Gz Mz Still it gives a strong feeling of the inevitability of the SM

mw
L = COS Ow

1slaloH  ‘Alrenun @8Il wWoi [9PO PJepuels - UoNeIIIUN Yeamoi108|3 01 UoIlonpo.Iu|

ISAPP 202
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Standard Model

W, Z°and vy
from Gauge invariance




Electroweak Unification : 15 try

For the y we have U(1)enm

W+ and Z° as Gauge bosons? The 3 Gauge bosons of a SU(2) ! 5
(%),

The W* know only the Left Part? A SU(2). ! e

3 bosons W3, W2 W3

W3 couples to same

er, er Charge! It is neutral!

W12 couple to w2 w?
# charges! But W* couples only to L

Our Z° should couple to
both L and R

The way out : Z° and y are mixtures of Gauge Bosons

Next move : we keep SU(2). but give up U(1)em group as fundamental symmetry

ISAPP 2026
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Electroweak Unification proper

U(1)y is chiral

SU(Z)L X U(l)Y L and R have
‘ gw gy ’ # hYpercharges

N ew gYY L
w3 4\
€r

Yer # Yer

ng R /

ISAPP 2026 .



Electroweak Unification proper

U(1)y is chiral

SU(Z)L X U (1)Y L and R have
# hYpercharges
Q gw gy ’
L gy Yer L
W 3 A, = Wj’ sinfyw + B, cosOw B <
w Z, = Wi costhy — B,sinfy <\
ey, €L
Make the A Field Yer # Yer
equally coupling to the Land R en
. . gYYeR /
Possible with B

tan 0w = gv/gw and the appropriate Y .
R

 The Aisthe EM Field ; we get back U(1)em

» The Z-fermion couplings as expected

« Since y and Z are partly W? which couples “naturally” to W2, both y and Z couple to W* as expected
We get WWy, WWzZ, WWZzz, WWyy, WWZy vertices

ISAPP 2026 37



Hypercharges

Arguably the hypercharges pattern looks weird. However ...

Particles Y Chiral theories suffer from Gauge anomalies
destroying gauge invariance
quarks +1/6 Consistency conditions, to cancel them
Left part leptons -1/2
. > V=2 7
Right part up quark +2/3 Left Right o
down quark -1/3 Yeqy
3 3 3 3
- 1 1 2 1
electron ! 3% 2 x (—) +2x (——) =3 x (—) +3 X (——) +(=1)°
neutrino 0 6 2 3 3

Nber of colors!

o » to have the Gauge groups SU(3)cx SU(2).x U(1)y
So itis necessary

 that fermions come in generation, (U,D,/,v) (= quark-lepton unification!)
and they could barely have other charges than they have !

ISAPP 202
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Standard Model

Higgs Mechanism




Higgs Mechanism

Major Issues : Chiral Gauge invariance = Massless Gauge bosons and massless fermions j’)@;{& &
o o €
2
Y, e
< e
: : SSB
A scalar Field can have a non zero value in vacuum
Spontaneous
Around minimum Symm_etry
Breaking

a massive Higgs (radial) and a massless Goldstone (angular) modes

Higgs mode
Goldstone mode

If the scalar is subject to Gauge Symmetry the Goldstone is “eaten” by the Gauge Field that gets massive

ISAPP 202
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Higgs Mechanism

Major Issues : Chiral Gauge invariance = Massless Gauge bosons and massless fermions

A scalar Field can have a non zero value in vacuum SSB
Spontaneous
Around minimum Symm_etry
Breaking

a massive Higgs (radial) and a massless Goldstone (angular) modes

Higgs mode
Goldstone mode

If the scalar is subject to Gauge Symmetry the Goldstone is “eaten” by the Gauge Field that gets massive

In the Standard Model, the Higgs field is a doublet of complex fields subject to SU(2). x U(1)y

Lo = (D"®) (D, ®) — V (&
o o [ Pitibs o = (D"®)" (D,P) (2) o L 0 o
V2 &5 +id, V(®) = p?dfe + A (0f0)” — (SSB )~ V2 \ v+ h(z) A
p? <0and A >0 mi = 20%\

ISAPP 202
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Higgs Mechanism

Major Issues : Chiral Gauge invariance = Massless Gauge bosons and massless fermions

A scalar Field can have a non zero value in vacuum SSB
Spontaneous
Around minimum Symm_etry
Breaking

a massive Higgs (radial) and a massless Goldstone (angular) modes

Higgs mode
Goldstone mode

If the scalar is subject to Gauge Symmetry the Goldstone is “eaten” by the Gauge Field that gets massive

* 1 massive neutral scalar
After SSB . Mixing of the Neutral fields, i.e we get the Z and the y, as mass eigenstates

* 3 massive bosons,W and Z, and the massless y

ISAPP 202
S 026 42



Higgs Mechanism

Major Issues : Chiral Gauge invariance = Massless Gauge bosons and massless fermions

A scalar Field can have a non zero value in vacuum SSB
Spontaneous
Around minimum Symm_etry
Breaking

a massive Higgs (radial) and a massless Goldstone (angular) modes

Higgs mode
Goldstone mode

If the scalar is subject to Gauge Symmetry the Goldstone is “eaten” by the Gauge Field that gets massive

The degrees of freedom are redistributed

( . + o
4 massless SU(2)y, x U(1)y bosons 4 x 2 3 massinnI;[gSle,Si bosons 3 >2< 3
1 Higgs complex fields doublet ~ 2x2 — ( SSB ) — « | sonlas ﬁel?i X
12 5
\

ISAPP 202
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Masses Generation and Couplings to Higgs

Gauge Bosons

P P h h h
SSB i %
\‘\ ,", @ = + h v x\ JX v ,Ux\ ,/’ \\\ 1/’
W 44 W 1% 1% W W W
Gauge Interaction Mass term WW h 3-vertex WW hh 4-vertex
Fermions Mass generation
and
d SSB X U h couplings to Higgs
: - : are intimately related
| @ =7 ‘|‘ h ! I
f f f f f f Couplings o Mass

Yukawa Interaction Mass term ffh 3-vertex

ISAPP 202
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The Higgs for real

> FTTTT I T TTT I TTTT | TTTT | TTTT | TTTT | TTTT l TTTT | 71T

) - .. i

_ _ _ 0] - ATLAS Preliminar H—>ZZ*—4l -

The Higgs boson was discovered at LHC in 2012 o 140 ’ Y 13Tev. 130 70"  J
Ql " .

S B @® Data —

My =125.20 + 0.11 GeV = 1D B iggs (125 Gev) ]

& L Mz _

> 100 . -tXX, VVV _—

. . . Ll i Z+jets, tt i

Many of its couplings have been studied - ety
80 ]

60 - .

w0 -

20 - |

. _
80 90 100 110 120 130 140 150 160 170
m,, [GeV]
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The Higgs for real

£ |=
The Higgs boson was discovered at LHC in 2012 E
My =125.20 £ 0.11 GeV %’|5
g |~
Many of its couplings have been studied <
A most wonderful result
the couplings to fermions and bosons
scale with their masses exactly as predicted
over 3 orders of magnitude!
o§0

ISAPP 2026

CMS 138 fb~' (13 TeV)
1 __I T I T T T LI I T T T T T TTT I T T T T TTT I t I‘..__
F - m,, =125.38 Ge W Z“--"' ]
-"‘
| Couplingvs Mass .-~ ]
h: =
: <
S
b .. N
s T8 4
10 2 “.‘ E §
o E
é Vector bosons @
3
} Third-generation fermions ,:l
109F 1 73
c i,.-‘ i Second-generation fermions M
" .= SM Higgs boson =
©
104E [ [ [ ERY
11 1 1 1 1111 1 1 1 11 111 1 1 1 11 Z
1 4 E T T T T T TTT I T T T T T TTT I T T E m
1.2F } 1.05F H .
J0F e s {. ................. 1.00F===k}-4 Y T
0sf ! oss| | T
Fuol | Ll A ]
0.6
10" 1 10 10?

Particle mass (GeV)
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What do we have : the Standard Model

Fundamentally

I . I - I . Particles SU@B). | SU@). | U@)y
[hn:gs: ZZ.IGM.eWr_z ;LZBG‘eWc2 :;172.57Ge?/'.n:2 g ;)~-125.2I<3-eIWc2 . SU(S)C X SU(Z)L X U(l)Y Left quarks yes yes +1/6
=1 ‘ b ‘ b ‘ 1 . ’ ot _ leptons no yes -1/2
up charm || top gluon higgs |« acomplex Scalar Field [ | wpquark | yes o | 423
) (e (rmsmae | (e | 6 ) % with nontrivial potential down quark | yes 1 13
g " ‘ * ‘ * a ! . 8 ¢ massless fermions electron no no -1
=2 down strange bottom photon . :
o\ J\ I\ & neutrino no no 0
=051 Me\n’F—\ =105.66 ME\P =1.77693 G;\/‘/? ~91.188 GeV/c? g
-1 -1 -1 0 v =
' @0 (@ || @ 2 3 Spontaneous Symmetry Breaking
electron muon tau Z boson 8 9 i
4 ) 2 ) fﬁ =~80.3692 GeV/i ma
g 30_53 ;ﬂ-mie‘v? ;'8-2$ - . S GE * U(1)em QED, photon
el .o ||| & e =22 * 3 massive bosons, W* and Z
L Whoson | <3
—J | neutrino || neutrino neutrino (LGRS )
e a massive scalar, H
* massive fermions
ISAPP 2026

47



Least Understood Sectors

We don’t know why there are 3 generations

More than 1 generation allows misalignment between mass and interacting states

CKM matrix for quarks, PMNS matrix for leptons

i i d/ Vud

Those interact with W o B v
Interaction states , - cd
b Via

These mixings are unconstrained :

Via Va d . : :

Vj V: Those interact with the Higgs
c ¢ Mass states

Via Vi b

great opportunity for BSM physics

When complex (more than 2 generations), they allow CP violation (Sakharov conditions)

* Too small CP violation from quark sector due to small quarks mixing

* Possible large CP violation in lepton sector due to large neutrinos mixing
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Conclusions



As Conclusions

» Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”
Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model
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As Conclusions

* Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”

Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model
* No Flavor theory

« Why 3 generations? ?lk _ CKM PMNS
. MaSS Spectrum? CbHyper-Kamlokande d S b Vi v, V4
* Why these mixing patterns (CKM, PMNS)? " = ‘ y . .
e
< m v
Standard model fermion mass spectrum
neutrinos tau bottom
H strange G l(}: - ] Vo . .
e =
|<—> up muon ¢harm
ele:ctru:)nx ..down mk\E
DEEP UNDERGROUND
NEUTRINO EXPERIMENT

10-* 10-* 107" 10° 10" 102 10° 10* 10° 10® 107 .1.03 10° 100 o' 1012

Fermion mass [eV]
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As Conclusions

* Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”

Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model

* No Flavor theory
* Why 3 generations? s )
* Mass spectrum?

Neutrinoless
Double beta decay

« Why these mixing patterns (CKM, PMNS)? AL=2
* Neutrino nature : Dirac or Majorana? i
Vg & Vg
OTORAGLC
Double beta decay Meutrinoless
which emits anti-neutrinos double beta decay
@
CUPID;¢>
S CUORE

nEX®
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As Conclusions

e Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”

Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model
* No Flavor theory

 Why 3 generations?
« Mass spectrum? V\xo
* Why these mixing patterns (CKM, PMNS)?

* Neutrino nature : Dirac or Majorana?

« Why no strong CP violation? Axion searches TIEreerette,

Mirror Dielectric
Disks o

Booster

N
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As Conclusions

e Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”
Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model
* No Flavor theory
 Why 3 generations?

° Mass Spectrum’) g 60 i_ ..... ......... 1./0‘,’ ............. ................ g 60 é_ ..... ......... I/OL ................
* Why these mixing patterns (CKM, PMNS)? =5, | - - , '
* Neutrino nature : Dirac or Majorana? whoogyS s0 |
* Why no strong CP violation? Axion searches 30 i s 30 |
* No clue for interaction unification despite trends 20 o 20
0| i 0L == ~  Butno susy
S V% ~atLHC!
00 %9 s 10 s
lolog Q
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As Conclusions

e Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”

Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model
* No Flavor theory
* Why 3 generatlons? Mapping the Higgs potential
* Mass spectrum? potentar at LHC and HL-LHC

* Why these mixing patterns (CKM, PMNS)?

* Neutrino nature : Dirac or Majorana?

V@)

V(h) = 2m2h? 4+ Aguh® + 1a,n

Higgs field value
in our Universe

* Why no strong CP violation? Axion searches \
) ) e ) ) 0 . Di-Higgs ZZ]>--13//
* No clue for interaction unification despite trends
* The Higgs sector is seriously threatened by radiative corrections AL’
No hint at LHC of new particles that could stabilize it Triple Higgs :D—a\———
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As Conclusions

e Particle Physics is at least the Standard Model
There is a “necessity” chain from the Wu experiment which makes the Standard Model “inevitable”
Work remarkably well (few “tensions” e.g. B mesons)

It has many free parameters (19+7?) and is often seen as an effective model
* No Flavor theory
 Why 3 generations?
* Mass spectrum?
* Why these mixing patterns (CKM, PMNS)?

* Neutrino nature : Dirac or Majorana?

H DarkEnergy
m Dark Matter

m Ordinary Matter

* Why no strong CP violation? Axion searches

* No clue for interaction unification despite trends

* The Higgs sector is seriously threatened by radiative corrections
No hint at LHC of new particles that could stabilize it

* No Gravity, No Dark Energy, No Dark Matter
And we are told that we deal with only 5% of the Universe stuff!
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As Conclusions

There are more things in Heaven and Earth,
than are in the Standard Model

m Dark Energy

= DarkMstier The Future Is yours

m Ordinary Matter

Thank you for your attention
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As Conclusions

Search for Beyond Standard Model Physics is well motivated
eg SUSY (strong case : Higgs stabilization, Dark matter, couplings unification
But
LHC has put severe constrains on many BSM scenarios

. . o i & o 5 T o
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
July 2024 V5=13TeV Status: March 2023 fLdt=(36-139) o V5=13TeV

Model Signature  [Lar ('] Mass limit Reference i .
Model £y Jetsi ET™* [ram] Limit Reference
ST B B — 185 miit)<a00 201014208 T T
, monojet  1-3jels EM® 140 | g (8xDegen] 09 .,.W.‘(w,nsg.v 210210874 ADD Gy + 8/q Oesury 1-4j Yes 139 210210874
vew 260 B w0 | 23 pilocer 201014289 ADD non-resonant yy 2y = - 37 170704147
: o, i e - - 2 - ¢ i
§ teu  26jets o |& 210101620 i =z 38 bhsreed
s 2jels: Eps 140 3 200412072 Bulk RS Gyx — WW/ZZ multi-¢ channel 36.1 23TeV. 1808.02380
‘ ocu  Tis B w0 |# Bulk RS gk — tt Tew 2152102 Yes 361 Tev. Tm = 15% 1804.10823
.g SSen Sjets 140 3 115 Taroiat 2UED / RPP. e 22b,23) Yes 36.1 Tier (1,1), B(AMD - ) =1 1803.09678
e 3p B 140 | 221108028 ” - =
ssci ems 0  |E 125 oy sz - 2o S T sz
miss Leptophobic 2’ — bb 2b A 36.1 1805.09299
L R e 4258 Slonzer Leptophobic 2’ — ¢t Oeq  21b,32J Yes 139 2005.05138
’ - SSM W' — v Ten S Yes 139 1905.
25 e 86 Ha 1 |E Forbiddon Onsons LS tunonz SSM W’ - v 1 s 139 ATLAS-CONF 2021025
i X = o SSM W’ — tb 21b21J - 139 ATLAS-CONF-2021-043
Oles ljet EP 140 |@ 125 200414060, 201203799 HVT W’ — WZ model B O02eu  2j/1J Yes 139
! Bjetsin b EPS 140 | Forbidden 1.05 2012.03799, 2401.13430 HVT W — WZ — lv £/¢ model C a e, ;4 2j(VBF) Yes 139 2207.03825
g 2esis BN 10 [0 Forbidden 14 210807665 HVT 2/ — WW model B 2i/14 Yes 139 2004.146%
i 2c £ a1 |e it TsisHicn (R W i Zy 19 - 80 1904.12679
ES monoiet ERS 1d0 |7 055 210210874 Claaaq - 2 — T e
[ 1ap B w0 @ 0067118 200605880 Clitaq 2e - - i3 I 2006.12046
i, i +Z 15 Epe 140 i Forbidden 2006.05880 Cl eebs 2e 1b - 139 2105.13847
i Cluubs o 1b - 139 2105.13847
HiH) viawz e 140 |RE 096 210601676, 210807585 Cletee. >les >1b>1j Yes 361 181102305
e g Y0 B ozs Torrizete
. 1o - saare ‘Axial-vector med. (Dirac DM) o 2) - 1 m=T0TV | ATL-PHYSPUB 2022036
it T % - Pseudo-scalarmed. (Dirac DM) Oeu,7.y 1-4j Yes 139 Ea=1. g,ﬂ m(xbﬂ Gev' 2102.10874
Multple ¢/jets £ 140 | #5  Forbidden 1.06 2004.10894, 2108.07586 Vector med. 2" 2HDM (Dirac DM) 0 6.y 20 Yoo 139 nfiets £2-0.6, m{y)100 GoV oy
" 2ep 5?"“ 40| & 10 1908.08215 Pseudo-scalar med. 2HDM+a __ multi-channel 139 unﬁxi,z,d . m{x)=10 GeV. ATLAS-CONF-2021-036.
- 21 140 (RIS 00503
EE e o Ojets Em ,m 7 . 5 e Scalar LQ 1% gen 2¢ 22 Yes 139 p=1 2006.05872
- Rl G st s 1ao0 |f 026 191112606 Scalar LQ 2" gen 2p =2]  Yes 139 =1 2006.05872
i 7 . Scalar LG 3 gon iz Yes 139 BLQY ~ br) 2000.01294
A, B1G/2G Qen  z3b EEe o | 094 BRE — 1) 2101 14922 Scalar LQ 3% gen O 22j,22b Yes 139 B(LQY — o) 2004.14060
deu s bpe 100 |k 055 210311564 Scalar LG 3" gon 2em2ir2iy>b = 139 B(LQE — er) 2101 11582
o moamkee 19 & 0735:0193) 21000750 Scalar LQ 3 gen Oe, 70-2j,2b Yes 139 BLQY — bv) 01,1252
2ep 22jets  Ep 140 i orr 220413072 \Vector LQ mix gen mum.channal 21 1‘ >1 b Yes 139 B(Uh = tu) ATLAS-CONF-2022-052
— Vector LO.3 gon 2ept Yes 139 (LQY — br 23001204
%177 prod., long ived 1+ Disapp.tk  1jet L™
] Direct ¥ ¥ prod., long-lived ] isapp. i 140 B - 0.66 azorgzem Xtﬁ E;” ﬁ;,*f Z'f"/is"",z‘ h ST 3‘53? 25}2;:“: . e
i - multichannel uble
g% Stable g R-hadron pivel dE/dx s 1o |# 205 220508018 ViQ Tsp TalTa = Wt x 2(ssj/>3 eu21b>1j Yes 361 B(Tys — W)= 1, e( TyaWe)= 1 1807.
DF Wetastatle fnacon. Fogall pixel Bl EPS 140 |E () =ions) 22 2205001 T Hel e | 21b33] Yes 139 SU) single, 7= 05 ATLAS conmm.o
§§ P Displ. lep Evs 140 |an 074 ATLAS-CONF-2024-011 vu} Yo wn 1 DY n >1j Yes  36.1 B(Y = W)= 1, co(Wh)=1 1812.
= " e £ 038 ATEAS-CONE 224011 VLQ B - Hb Oey 220,215,210 - 139 SU(2) doublet, nuscoNr znzwm
pixel dE/dx £y 4o ¥ 0.36 BEAN VLL7 — Zr/Hr multi-channel  =1j Yes 139 SU(2) doublet
3e, %0 P ey Excited quark g° — g - 2j - 139 only u* and d°, A = m(q") 191008447
b R Pt Excited quark * — ay 1y o - se7 only u* and d*| A = m{a") 1709.10440
o OWE e e )2t Gav e iad Elcteauak 5 by Tk o % i
i 90 22 100 iz Excited lepton * 27 =2j - 139 A=46TeV
= Multiple. 36.1 m(E})=200 GeV, bino-lke ATLAS-CONF-2018-003
s >4 140 Forbidden m(F7)-500 GeV. 201001015 Tye lll Soosaw: sgde (2l Tves 139 Lo
- 2jets +25 367 06 007171 LRSM Mejorana’y 24 2] =, el Ly
- o " oy T —— b Higgs triplet H** — W*W* 234 e u(SS) various Yes 139 2101.11961
LA 136 6 B2 100%, costed 200311956 Higgs triplet H** - (¢ 234 ¢.(59) — 139 |Hemess 10eTev 211 07
N - g Multi-charged particles - = 139 5e ATLAS-CONF-2022:034
| 2 -tbs, X{ —bbs 12eu =6 jets 140 Pure higgsino 2106.09609 Magnetic monopoles = 34.4 DY production, lg] = 1o, spin 1/2 1905.10130
V5=13 Tov - L
L partial data -
- = 10 1 10 Mass scale [TeV]
D”’V a selection of the available mass limits on new states or 10 1 Mass scale [TeV] “Only a selection of the available mass limits on new states or phenomena is shown.

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

mall-radius (large-radius) jets are denoted by the letter j (J).
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