AN INTRODUCTION T0O
HADRON COLLIDER PHYSICS

SIMONE AMOROSO (DESY)

HASCO SuUMMER ScHOOL 2024, GOTTINGEN



WHAT ARE THESE LECTURES ABOUT 7

Main goals of these lectures are:

O A brief overview of the theory of
elementary particles and interactions

O Provide the essential elements to
understand the LHC physics
program, with a few specific and
representative examples




THE BUILDING BLOCKS OF REALITY



WHAT ARE WE MADE OF 7

Leibniz representation of the universe resulting from the combination
of the Aristotelian four elements (earth, water, air, fire)



WHAT ARE WE MADE OF 7

O In 1869 Russian chemist Dimitry Mendeleev published the periodic table,

arranging all known chemical elements by their atomic mass

O ~80 elements - why so many? Why is there a structure?
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THE ELECTRON

1897 electron discovered by J.J. Thompson

As the cathode rays carry a charge of negative electricity, are deflected by an electrostatic force as if they
were negatively electrified, and are acted on by a magnetic force in just the way in which this force would
act on a negatively electrified body moving along the path of these rays, | can see no escape from the
conclusion that they are charges of negative electricity carried by particles of matter.
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THE NUCLEUS

1911 nucleus discovered by Rutherford

THOMSON MODEL RUTHERFORD MODEL

gold foil "\ gold foil




1911 - ATOMIC NUCLEUS BY RUTHERFORD

1919 proton discovery by Rutherford

O Shot alpha particles at nitrogen gas and got hydrogen.
Hypotheised the hydrogen came from the nitrogen
Suggested hydrogen nucleus to be an elementary particle, named it proton

1932 neutron discovered by Chadwick

O Determined the mass of neutral radiation produced in Beryllium hit by alpha particles.
Measured that the energy of the proton leaving the hydrogen and worked backwards
~1.0006 times larger than that of a proton
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PARTICLE PHYSICS — 1930

Atom structure

@ Proton
€ Neutron
© Electron

"If we consider protons and neutrons as elementary particles,
we would have three kinds of elementary particles [p,n,e]....
This number may seem large but, from that point of view,
two is already a large number.”

Paul Dirac 1933 Solvay Conference



Different Kinds of Basic Matter
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WHAT ARE WE MADE OF 7

History of Elementary Particles
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DISCOVERY OF ANTIMATTER

1932 Discovery of the positron

O Predicted by

positron trajectory
in magnetic field

Dirac In 1928

"l ‘ »

Photo Credit: Carl D. Anderson, Physical Review Vol.43, p491 (1933)

Anti-particle:

a subatomic
particle having the
same mass as a
given particle but
opposite electric or
magnetic
properties



MORE AND MORE PARTICLES APPEAR

Other particle not part of the atom seemed to appear!

1919 V. Hess discover cosmic rays

O With a hot air balloon flew above
2Km observing the amount of
radiation increased instead of
decreasing (radiation from the sky)

1937 Discovery of muons in cosmic rays

O Negatively charged particles which in
a magnetic field curve less than an
electron but more than a proton, for
particles with the same velocity
-> mass between electron anad
proton

1947 Discovery of the pion and Kaon

Primary cosmic rays

Protons

12



THE PARTICLE Z0O0O (—1960)

1890 1900 19710 1920 .
O With the advent of
||1|1|1|1|||1|1|1|11’11111111 ‘

accelerators the particle zoo
quickly grew to more than
200 “elementary particles”

o - |-

1920 1930 1940 1950
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p| 8

{ O Why so many?
+

+
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O Can we make some order ?

Fine structure of the hydrogen atom

‘llg AU 2 zo A0 11 X Nobel Lecture, December 12, 1955
K'A 5~ =0 ©¢ 1y | S
1/ f - When the Nobel Prizes were first awarded i 1901, physicists knew
[} N . . .
K* something of just two objects which are now called « elementary particles »:

the clectron and the proton. A deluge of other « elementary » particles
appeared after 1930; neutron, neutrino, ¢ meson, 7 meson, heavier mesons,
and various hyperons. I have heard it said that « the finder of a new
elementary particle used to be rewarded by a Nobel Prize, but such a

discovery now ought to be punished by a $10,000 fine ». 3




1960s M

Charge
Hypercharge
Isospin

PATTERNS BEGIN TO EMERGE

. Gell-Mann and G. Zweigh explained the pattern of particles by
hypothesizing fundamental particles inside them. Gell-Mann named them “quarks”

e
Patterns suggestive of some substructure: fundamental building blocks?

14



THE STRUCTURE OF THE PROTON

1968 confirmation of the quark model of the proton (Kendall, Friedman, Taylor)
Rutherford like scattering experiment at SLAC shooting 20 GeV electrons into protons
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WHAT IS MATTER MADE OF 7

Particles: excitations of underlying quantum fields

Forces: also due to fields and have associated particles
Conseqguence of enforcing symmetries to be local (gauge)

16
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Standard Model (36+1 particles, 3 forces)
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WHAT ARE WE MADE OF 7

Almost all the matter in the universe is made up from just four of the fermions.

Particle Symbol Type Charge [€}

Electron e lepton —1
Neutrino Ve lepton 0
Up quark u quark —|—%

Down quark d quark —%

The proton and neutron are simply the lowest energy bound states of a system
of three quarks: essentially all an atomic or nuclear physicist needs.

Proton @ @ Neutron @
() DI




THE 3 FERMION FAMILIES

Nature is not so simple.
There are 3 generations/families of fundamental fermions (and only 3).

15 generation 2"d generation |3’ generation

Electron e~ | Muon 1~ | Tau T
Electron Neutrino v, |Muon Neutrino v, | Tau Neutrino v
Up quark v | Charm quark ¢ | Top quark t
Down quark d | Strange quark s |Bottom quark b

Each generation is a replica of (e, v, u, d).
The mass of the particles increases with each generation:
the first generation is lightest and the third generation is the heaviest.

The generations are distinct

l.e. [t is not an excited e, or =~ — e~ 7y would be allowed — this is not seen.
19



DUARKS

Quarks experience all the forces (strong, electromagnetic, weak).

Flavour Charge [e] Mass  Strong Weak EM
15" generation

1 +2 23 MeV/c®> v 4
d —1 48 MeV/c> v 4
2"? generation

c +2 1.3GV/c? v v
s —3 05 McV/c? v v
34 generation

t +2  173GeV/c2 oo/
b —1 47 GeV/c?2 v v/

.1 :
Spin 5 fermions
6 distinct flavours

Fractional charge:

(G )

Antiquarks 7, d etc

Quarks are confined within hadrons,
e.g. p=(uud), 7"=(ud)

@ Quarks come in three colours (colour charge) Red, Green, Blue.
Colour is a label for the charge of the strong interaction.
Unlike the electric charge (+—), the strong charge has three orthogonal colours (RGB).



HADRONS

Single, free quarks have never been observed. They are always confined in
bound states called hadrons.

Mesons (gqg): Bound states of a quark and an antiquark.

Mesons have integer spin 0, 1, 2... bosons.

e.g. 7" = (ud), charge = (+% + +3)e = +1e
n~ = (ad), charge = (—% + —3)e = —le; antiparticle of 7
m = (uid — dd)/+/2, charge = 0; is its own antiparticle.

Baryons (qqq): Bound states of three quarks.

: . 1 3 :
Baryons have half-integer spin 3, 5... fermions.

e.g. p = (udu), charge = (+% | % - %)e = +1e
n = (dud), charge = (—3 : 2)e=0
Antibaryons e.g. p = (udi), i

21



LEPTONS

Leptons are fermions which do not interact via the strong interaction.

Spin % fermions

6 distinct flavours

3 charged leptons: e, , 7.
3 neutral leptons: v, v, v;.
Antimatter particles e™, 77, etc

e is stable,
1 and 7 are unstable.

Flavour Charge [€] Mass Strong Weak EM

15" generation

e —1 0511 MeV/c* X

Ve 0 <2eV/c? X X

2"d generation

> ~1 1057 MeV/c? X VR

v, 0 <019 MeV/c? X v X

39 generation

T~ ~1 1777.0 MeV/c? X  /

v, 0 <182 McV/c? X v X
@ Neutrinos are stable and almost massless. Only know limits on v masses, but have

measured mass differences to be < 1 eV /c?. Not completely true, see later...

@ Charged leptons experience only the electromagnetic & weak forces.
@ Neutrinos experience only the weak force.

22



FORCES - CLASSICAL

In classical physics, the electromagnetic forces arise via action at a distance
through the electric and magnetic fields, £ and B.

F
—
g = q1q2r
o— 0 F=TC
q; r q> r
Newton: “...that one body should act upon another at a distance, through a vacuum,

without the mediation of anything else, by and through which their force may be conveyed
from one to another, is to me so great an absurdity that | believe no man who has, in
philosophical matters, a competent faculty of thinking, can ever fall into it. Gravity must be

caused by an agent, acting constantly according to certain laws, but whether this agent be

material or immaterial, | leave to the consideration of my reader.”

23



FORCES - QUANTUM

Forces arise tHrou—gh the éxchange of virtual field quanta called Gauge

-

Bosons. F
This process is called

—_—
‘/\/WW\/\NV:] “second quantisation”.
1 ™ 2

p
This process violates energy/momentum conservation (more later).
However, this is permissible for sufficiently short times owing to the
Uncertainty Principle

q

The exchanged particle is “virtual” — meaning it doesn't satisfy

E? = p*c? + m°c*.

Uncertainty principle: AEAt~h = range R~ cAt ~ hc/AE
i.e. larger energy transfer (larger force) <> smaller range.

Prob(emission of a quantum)ox g1, Prob(absorption of a quanta)o g5
Coulomb’s law can be regarded as the resultant effect of all virtual exchanges.

24



THE FOUR KNOWN FORCES

SU(3)coior X SU(2)L x U(1)y

Carried by the W and

M / bosons. Responsible
for radioactive decay.

Carried by the gluon.
Holds atomic nucle
together.

Carried by the photon. Carried by the graviton.
Acts between charged

particles.

Acts between massive
particles.

25



FORCES - MEDIATORS

Gauge bosons mediate the fundamental forces
O They are spin-1 particles (vector bosons)
O Interact in a similar way with all fermion generations

O They exact mode of interaction determines
the nature of the fundamental force

Force Boson Spin Strength  Mass
Strong 8 gluons g 1 1 massless
Electromagnetic photon 7y 1 10~2 massless
Weak Wand Z W W .Z 1 100" 80, 91 GeV
Gravity graviton ? 2 1037 massless

N.B. Gravity is not included in the Standard Model

26



FORCES - RANGE

The range of a force Is inversely related to the mass of the exchanged bosons

—

o
—
o

E
2 = 107
AEAt ~ h E = mc N
/ é 104
8 F ‘
h —
2 h h’ C h S F ~_ Strong Force
— MCc  r~ E ~ 7 = I~ % 0L \ (quarks)
10‘; N
102 Weak Force
Force Range [m] af
Strong inf L
Strong (nuc|ear) 10 1° m'";\ Gravitational Strong Force ".l
— ~_ F had \
Electromagnetic inf 0™ \\-?\r\cf adrons) "'.
Weak 1018 0™} 1
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Distance (fm)

Due to quark confinement, nucleons start to experience the strong force at ~ 2 fm



HOW DO PARTICLES GET THEIR MASS

The SM Lagrangian does not include a mass term for the gauge bosons or the fermions

O If we introduce it by-hand for the gauge
fields, we violate gauge invariance

O For the fermions, a mass term would

couple states of different chiralities, V(¢), SM V=—u?|p|I>+29|*+V,
and violate weak isospin

Standard Model

potential
Spontaneous Symmetry Breaking

O Introduce a new field with self-
Interactions

O These induce a non-zero vacuum
expectation value (VEV)

O Reparametrising the fields in terms of
physical states we can introduce masses

28



HIGGS BOSON

Early universe: symmetric phase,
fundamental particles are massless
-> gauge symmetry is restored

A Higgs field displaces the ground
state, breaking gauge symmetry

It fills all space-time
(but no orientation as spin-0)

Particles interact with the Higgs
fleld and effectively reduce their
propagation speed

-> they acquire a mass proportional
to their interaction strength

Action of the Higgs field creates a
“viscosity of the vacuum”

Symmetric phase — early universe

Gravity

Photon

Weak boson

Neutrinos

Electrons

Top quark

ANNNANNNNNNNW
A\ NN NV VNNV

N\ \NNANNNNNN N

H. Murayama
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HIGGS BOSON

Early universe: symmetric phase,
fundamental particles massless
-> gauge symmetry is restored

A Higgs field displaces the ground
state, breaking gauge symmetry

It fills all space-time
(but no orientation as spin-0)

Particles interact with the Higgs
fleld and effectively reduce thelir
propagation speed

-> they acquire a mass proportional
to their interaction strength

Action of the Higgs field creates a
“viscosity of the vacuum”

Higgs quantum liquid in broken phase

Gravity N\ "\ "\ "\ "\ "N\
Photon N\ \ N\ "\ "\ VNN

Weak boson %

Neutrinos — v, -1 %

Electrons e n e,
Interaction with Higgs
Top quark field alters chirality of
t /! | | massive Dirac fermiaon

H. Murayama
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THE FATE OF SYMMETRIES IN THE SM

Several possible realization of symmetries

O Symmetries may remain exact
— U(1 )em, SU(S)coor, S-L number

O They may be good symmetries of the classical action,
but broken by quantum loop corrections (anomalies)
— global U(1) axial symmetry

O They may be explicitly broken by terms in the lagrangian
— SU(2)1sospin Proken by EM interactions and non-zero quark masses

O Hidden (spontaneously broken) symmetries
symmetries of the action but not of its ground state




mass
charge
spin

QUARKS

LEPTONS

=2.2 MeV/c*

=4.7 MeV/c*

%
72

down

‘:0.511 MeV/c?

-1
72

electron

electron
neutrino

2
%
up

THE STANDARD MODEL

three generations of matter
(elementary fermions)

=1.28 GeV/c?

=173.1 GeV/c?

7
/2

top

=06 MeV/c*

~Ys
V2

strange

=4.18 GeV/c*

Y4
V2

~1.7768 GeV/c?
-1 '

~105.66 MeV/c?

<0.17 MeV/c? <18.2 MeVic?

0 | 0
Y Y
muon tau
neutrino neutrino

1-%
%

three generations of antimatter
(elementary antifermions)

=2.2 MeVic?

=1.28 GeV/c?

-7
72

anticharm

=173.1 GeVic?

-7
V2

antitop

antiup

=06 MeV/c*

/s
V2

antistrange

=4.7 MeVic?

Ya
VZ

antidown

=4.18 GeV/c*

Vs
V2

antibottom

~105.66 MeV/c? ~1.7768 GeV/c?

1
72
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1
/2

positron

<18.2 MeV/c?

0
72

tau
antineutrino

<0.17 MeV/c?

0
7

muon
antineutrino

electron
antineutrino

interactions / force carriers
(elementary bosons)

0 =124.97 GeV/c*

0 0

| o H
gluon higgs

0 )
0 2, =
@z ¢
O )

photon | ) O
Q3 0

o0 2 Y

~91.19 GeV/c? (u5| 0 3

Y

50 <

<o O

o @

=80.39 GeV/c?

1
1

W+ boson

=80.39 GeVic?

CW-

W~ boson
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COMPACT ENOUGH TO FIT ON A T-SHIRT

1--3fF”
+ (FDY +he
t %¢J7L5¢+k<.
+Re*-V(©®)
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PARTICLE MASSES

gluon
(or glueball)

tau

W.Z Higgs

top

bottom

muorl

strange charm

neutrinos
up

electron down

meV eV keV MeV GeV

Note: photon and graviton massless

10 11

Inma.ss

log (1 MeV

)
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LINITS

Choose energy as the basic
unit of measurement...

Energy GeV
Momentum GeV /¢
Mass GeV/c?
Time ( GeV/h)™?
Length ( GeV/hc)™!

Cross-section  ( GeV/hic)

Reintroduce “missing” factors of A and ¢ to convert back to Sl units.

...and simplify by
choosing i = ¢ =1

GeV

GeV

GeV
GeV !
GeV 1
GeV 2

hc = 0.197 GeVim =1 Energy <— Length
h=66x10% GeVs =1 Energy <— Time
c=3.0x10ms ! =1 Length <— Time
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LINITS

The usual practice in particle and nuclear physics is to use Natural Units.
@ [Energies are measured in units of €V:

Nuclear keV(10° V), MeV(10° eV)
Particle  GeV(10° &V), TeV(10% V)

@ Masses are quoted in units of MeV/c? or GeV/c? (using E = mc?)
e.g. electron mass m, = 9.11 x 10 ' kg = (9.11 x 10 31)(3 x 10%)? J/¢?
— 8.20 x 10 14/1.602 x 10 1% 6V /c2 = 5.11 x 10° &V /c2 = 0.511 MéV/c?

@ Atomic/nuclear masses are often quoted in unified (or atomic) mass units
1 unified mass unit (u) = (mass of a ¢°C atom) / 12
lu=1g/N, =1.66 x 10 *’kg = 931.5 MeV /c”

@ Cross-sections are usually quoted in barns: 1b = 10~%® m?.
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LINITS - EXAMPLES

© cross-section o = 2 X 1079 GeV™% change into standard units

Need to change units of energy to length. Use hc = 0.197 GeVim = 1.
GeV ! =0.197 fm
o =2x107°%x (3.89 x 1073 m?) GeV ™ =0.197 x 10 m
— 776 x 10738 m? GeV ™2 = 3.89 x 10732 m?

And using 1b = 107*°m?, o = 0.776 nb

© lifetime 7 = 1/I = 0.5 GeV~! change into standard units

Need to change units of energy ' to time. Use A = 6.6 x 107 GeVs = 1.

GeV™1 =6.6 x 1075
7=0.5x (6.6 x 107°s) = 3.3 x 107 %5

Also, can have Natural Units involving electric charge: e =ug=h=c =1

© Fine structure constant (dimensionless)

2 2
o e 1 e 1 .
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MAKING PREDICTIONS - FEYNMAN DIAGRAMS

Each Feynman diagram represents a term in the perturbation theory expansion
of the matrix element for an interaction.

Normally, a full matrix element contains an infinite number of Feynman
diagrams.

Total amplitude Mg = M+ M, + M3 + ...
Total rate g = 2mw|My + My + M3+ ...|°p(E) Fermi's Golden Rule

But each vertex gives a factor of g, so if g is small (i.e. the perturbation is
small) only need the first few. (Lowest order = fewest vertices possible)

g’ g’ g

QED g=e=+V4ra~030, a=% ~
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INGREDIENTS OF FEYNMAN DIAGRAMS - LEGS

External lines (visible real particles)

Spin 1/2 Particle >—— |ncoming
¢ > Outgoing

Antiparticle - * |ncoming

¢ - Outgoing

Spin 1  Particle AN Incoming

CaVaVaV W N Vo Outgoing

Internal lines (propagators; virtual particles)

Spin 1/2 Particle/antiparticle *———* Each propagator

. n gives a factor of
Spin 1 v, W=, Z NANANANANS 1

Q0000008 q2_m2

g




INGREDIENTS OF FEYNMAN DIAGRAMS - VERTICES

A vertex represents a point of interaction: either EM, weak or strong.

The strength of the interaction is denoted by g

EM interaction: g = Qe (sometimes denoted as Q+/c, where o = €2 /4r)
Weak interaction: g = gy

Strong interaction: g = /o

A vertex will have three (in rare cases four) lines attached, e. g

— Ly

At each vertex, conserve energy, momentum, angular momentum, charge,

lepton number (L. = +1 for e, v,, = —1 for e™, e, similar for L, L;),
baryon number (B = 3(nq — ng)),

strangeness (S = —(ns — nz)) & parity — except in weak interactions.

4]



DOES THE STANDARD MODEL GET ANYTHING
WRONG?
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DOES THE STANDARD MODEL GET ANYTHING

WRONG?
NO.
Anomalous magnetic moment
magnetic field For the electron: Jexpt = 2.0023193043617 + 3
—le Jtheory = 2.00231930436 . . .
Spin For the muon: Gesxpt = 2.00233184122

Giheory = 2.00233183602
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S0, ARE WE DONE?

Despite being the greatest theory of all times the Standard Model remains unsatisfactory

Several important questions are left unanswered

O Fine-tuning of the O Dark-Matter
Higgs mass O Dark-Energy
O Hierarchy of scales in O Baryon asymmetry
particle masses |
O Gravity

O Number of free parameters

Some arguments to think the new physics to be around the weak scale ~ 1 TeV
Strong motivation for a comprehensive exploration of the TeV-scale
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COLLIDER EXPERIMENTS
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CONNECTING THEORY AND

Unggr%rtgigéing
How can we get from the
Standard Model lagrangian to
simulated collision evenis?
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0.1}

0.2 +

AN HIERARCHY OF SCALES

O At hadron colliders most of the interesting dynamics due to the
asymptotic freedom of Quantum Chromodynamics

jConfining

|

April 2012

—

Calculable

Y 01GeV)

\\\ v T decays (N3LO)
))
' NNLO)
pole Tit (N3LO)
\ Y pp —> jets (NLO)
\\\
\
High scale = Low as
. 'k-A{‘ )I.( |
. =QCD «3(My)=0.1184 £0.0007
1 100

At low energy scales the strong coupling diverges

O
O Physical degrees of freedom are the hadrons

Impossible to perform analytical calculations

At large momentum transfer the coupling strength
becomes vanishingly small

O Allows the usage of perturbation theory
O AQuarks and gluons are acceptable

degrees of freedom
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COLLINEAR FACTORISATION

QCD is formulated in terms of quarks and gluons, but the
protons we collide are composite objects, with a non-
perturbative dynamic

The high-prt interactions we are interested in are however
characterised by the presence of a hard scale Q

= They can be controlled through the factorisation theorem

The corresponding cross-section
can be written as:

renormalisation

A ' scale
2; /dwldedq)FS fa (3317 ,UF)fb(fUQ, /uF) 0ab— X (§7 HF, :uR)

Phase-space Parton density Parton-level cross

integral functions N section
factorisation scale

Predictions for hadronic cross section depend on knowledge of both Gap and f(X,F) 4
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THE PARTON DISTRIBUTION FUNCTIONS

e Parton distribution functions parametrize our ignorance of what
happens inside the proton below a given scale, [r

e How many quarks and gluons are there carrying a fraction x of the

?
proton momentum’*: Energy of the

partonic collision

g oc fq/p (x1, yz) fq/p( X2, Hz) Fraction of the
proton momentum

Partonic process

/

e The parton distributions are non-perturbative \ .
objects, they cannot be calculated ' )

analytically but need to be fitted to data “proton fp (z, Q) proton
e However their scale evolution can be
computed in perturbation theory (DGLAP \
equations)
@ And the factorisation theorem guarantees Probability of finding a parton p inside the

proton, carrying a fraction x of the proton

universality: the PDFs extracted from a momentum when probed with energy Q

process can be used for different processes
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THE PARTON DISTRIBUTION FUNCTIONS

O Valence u and d PDFs dominate at large x, about ~30 % of the proton momentum
O Sea quark takes ~20%, while remaining ~50% is in the gluons

MMHT14 NNLO, Q?% = 10* GeV?

1.2 ——— S PDFs Sum rules
zf(e, Q) | \ Momentum sum rule 1 )
| > [ dwafi(z,Q") =1
| \ ~ J;
0.8 | y .
Flavour conservation sum rules
0.6 | . !
| [ ul, @) = falw, @))do =2
0
0.4 | .
/ (fd(aja QQ) T fE(a;an))dx =1
0.2 | _ ,
/ : 1
0 57 - z, Q%) — fs(z,Q%))dz =0
0.0001 0.001  0.01 1 /0 (2, Q%) = Js(2, Q7))
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HARD CROSS-SECTIONS

The partonic cross-section can be expressed as a series in powers
of the strong coupling

&:ak 6'(0)—|—a56'(1)+ 2 26(2)"‘

7T T
’ - pp » (Z7y)+X f
sl | | | | ]
The first non zero term in the series is ” ‘
the Leading Order (LO) which gives a = _

" . _ . O - AN . —
first estimate of the cross-section g 60 _ .//.’0:&:::??:?;:;:%0:0:’:’:’:’:‘:’:’:‘::.’:‘;’.’.4
Next-to-Leading-Order (NLO): reduced 0 LRIELLIRERRIIERLIKKER

5,9.9.9.0.90.9.90.0.9.90.0.9.9.0.0.9.0.0.9.0.0.9.90.0.0.0..
- : - L5¢585RRRRHHKIIRARHHHIHIKIRARHHHKIIRRHKHNK Y
dependence on the scale. First estimate - ! JRRRAHIOEOEEAOCOACOAAALNANN
of normalisation and shape of T 40 =
\ -
distributions =:
T

NNLO: percent level precision on the ° |
cross-section. Test the convergence of v 0 Vs = 14 TeV 7]
the perturbative series. Only available for - N W

P : y _ M/2 € u < 2M
few processes -
0



CONFINEMENT AND HADRONIZATION

O Quarks are not observed as free states: confinement

qq The quark-antiquark potential grows linearly with
3 their distance (like a string being pulled)

At some point the tension in the
string is sufficient to release
another quark-antiquark pair
from the vacuum
@ P i

@ —

*

The quark-antiquark pairs of low momentum form hadron bound
states until all energy of the original quark is employed

This process is called hadronisation
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THE ANATOMY OF A COLLIDER EVENT

Monte Carlo event generators provide a fully exclusive descrlptlon of
a collision event in terms of the final state particle produced . ..¢: ...

o ® i '3 .\‘.'. JJQ‘ 4.1‘,'.1".,.:.
Matrix Element (ME) generators simulate ‘o, * .’ ,‘.-_; Y \ L
the central part of the event Lot e® T ," AL J o\ .., .
Parton Showers (PS) produce additional 8 i“l/«fa‘;;f& BE A5 A W\ ,’.:}1‘,
soft and collinear QCD radiation e "‘-”'*‘: o
Multiple Interaction (MPI) models produce ’::o SN A ., RS
secondary hard interactions ot @ . gL ) ‘ Fovorms b el 3 ..-
Fragmentation models the transition from ::.’-’.;..‘, \_ ;"ff? "4 ‘071::
QCD partons to the visible hadrons ‘f. T =
Hadrons can further decay into other O
detector stable particles g e Nl
Photon Emission generators simulate 7N 5/ & \ :
additional QED radiation e .,,o’\.,\ T :‘o‘:: .

¢, .:.,?v .‘.0 ‘<. °
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HADRONIC AGCTIVITY AND JETS

parton level jet particle level jet

O Starting from an energetic quark a cascade of
low energy and small angle gluons are produced,
given a collimated spray of partons

O At the energy of the parton decreases, they will
confine into hadrons keeping their overall direction

O We call this object an hadronic jet, essential to
interpret hadronic final states
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JET ALGORITHMS COMPARISON
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MONTE CARLO EVENT GENERATORS

PYTHIA (begun 1978)

Originated in hadronisation studies: Lund String model

Still significant emphasis on soft/non-perturbative physics

HERWIG (begun 1984)

B NEW COriginated in coherence studies: angular-ordered showers
nI Cluster hadronisation as simple complement

SHERPA (begun ~2000)
Originated in ME/PS matching (CKKW-L)

Own variant of cluster hadronisation
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CROSS-SECTION AND EVENT RATES

In HC experiments: measure the rate of events of a defined type Neyt

The rate of events can be predicted by:
- knowing the beam conditions
- Estimating the (hard scattering) cross section
- Estimating the reconstruction (experimental) efficientcy

The probability for a random particle A to collide with a o / S

random particle B yielding the defined type of event is:

If NA and NB particles crossing each other per second
within dt:

dNevts %
= NysNp—= =0,
dt ANBg =7

When beam collide with a revolution frequency f, the luminosity for
two bunches colliding (always the same)

o, and o, are the transverse dimensions of the beam at the interaction
point. At the LHC the beams are symmetric with a size of 16 um.

For bunches with equal average number of protons per bunch (Np)

At LHC the transverse size
Is typically 16 microns

At LHC the longitudinal size
Is typically 5.6 cm

L=,2
N\
g

Not trivial (comes from the double
integral of gaussian profiles)

- fis precisely known.

- Np is known precisely through
beam current measurements
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Year
when
energy
reached

in labs

~ 2010

~ 1970

~ 1900

ENERGY S CALES

Lgravitation -

Lweak od 10718 m

Lstrong od 10715 m

Latomic

107° GeV
1016 GeV

1074 GeV

100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV
100 keV
10 keV

1 keV
100 eV
10 eV
1eV
100 meV
10 meV

Planck scale (Mp)
GUT 7? (required forcharge

guantisation in nx1/3)
VR ?

t, Z, W, H, EWSB
W, b, Y B

T’ C’ n’ p’ p’ ¢

u, S, x, QCD

u, d, nuclear binding E
e

v

core of Sun

atomic binding E
V'S
'

Y. &

v
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Year
when
energy
reached
in labs

~ 2010

~ 1970

ENERGY S CALES

Lgravitation -

Lweak ~ 10—18 m

Lstrong ad 107" m

101° GeV
101 GeV

1014 GeV

10 TeV
1 TeV

100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV
100 keV
10 keV

1 keV
100 eV
10 eV
1eV
100 meV
10 meV

T Planck scale (Mp)

GUT ?

i 'VR?

LHC reach

}New Physics 2 orobing

attometre

t, Z, W, H, EWSB scales

w,b, Y B

1:; C.v n: pv p.v ¢
u, s, 7, QCD

u, d, nuclear binding £

e

v

core of Sun

atomic binding E

VS
b |

0 Y> 8
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LINEAR COLLIDERS

O To produce and discover heavy new particles, we need high Ecwm
Need to collide massive particles at high energies!

O Accelerate charged particles using RF high-voltage

high frequency (3000 MHz) a.c voltage
Co —e—c—c -m_c

particle beam

O Energy gained at each application of the electric field AE = qV
O Limited by physical space! SLAC 3.2 Km long, reached E<=50 Gev
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CIRCULAR COLLIDERS

O Accelerate charged particles using RF high-voltage

O Curve the beam trajectory using bending magnets

Accelerating cavity

. ".x' ‘e
z ’ |"i'l
by f '
\ S ) /A8

M Bending magnet

(. High power magnets needed
§ p[ GeV]
0.3r[m]

— e L3 18
— g § )
- -
N / | I ; /
-_I 1‘7 . — "' B A '.
.\ v -—-- : )

B =

Focusing
magnet

Limited by synchrotron radiation

radiated energy per orbit =

E4

m*r
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CIRCULAR COLLIDERS

1079 m

Our direct knowledge of nature at the smallest scales
relies mostly on colliders.

The first collider (AdA — Anello di Accumulazione)
was built in 1961 in Frascati (then at LAL), had a
radius of 3 meters and collided electrons and
positrons at a centre-of-mass energy of 500 MeV.

The Standard Model of particle physics and colliders
started approximately at the same time.

The birth of the Standard model can be roughly dated

in 1957-1959, and required 5 decades to be really
completed.
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THE PRECURSORS

Cosmotron - BNL - 1952-1966 Bevatron - LBNL - 1954-1993
First accelerator beyond the GeV scale Billions of electron volts (6.5 GeV/beam)

But only colliding in fixed-target modes
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COLLIDERS KINEMATICS

Fixed Target Collision Collider Experiment
— —
pr = (E1, p1) p2 = (m,0) pr=(E,p1) p2=(E2 pP2)
s = mi + m5 + 2E;m, s =m?+ m; + 2(ELE, — |pi||po| cos 6)
For E; > my, my For E;, > my,my, |p|=E, 0=

s~2Em, = /s~ /2Eim, s= 2(E°—E*cosf) = 4E* = /s =2F

e.g. 450 GeV proton hitting a e.g. 450 GeV proton colliding with a
proton at rest: 450 GeV proton:
Vs~ /2x450 x1 ~ 30 GeV Vs ~2x 450 = 900 GeV

In a fixed-target experiment most of the proton’s energy is wasted to boost
the final state rather than being converted into interesting particles
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INTERSECTING STORAGE RINGS

CERN 1971 - 1984
proton-proton collisions at 62 GeV

ISR (Intersecting Storage Rings)

Enough energy to produce the J/y and hadronic jets,
but experiments were instrumenting only the forward region
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Accelerator

TeVatron

CERN

CERN

Fermilab

Brookhaven

CERN

HADRON COLLIDERS

1971-1984

1981-1984

1992-2011

Since 2001

Since 2008

Circular rings 948m

Circular 6.9km
proton/anti-proton

Circular 6.3km
proton/anti-proton

Hexagonal rings
3.8km

LEP Tunnel

31 GeV

315 GeV

900 GeV

100 GeV

8500 GeV

Sufficient COM but not
sufficient EXP coverage to
observe J/Psi and Upsilon

(unfortunately)

W and Z bosons (1981)

Top quark (1994)

Probing QGP

Higgs boson 2012

66



CROSS-SECTIONS AT HADRON COLLIDERS

At the design luminosities (1034
cm-2 s2) the LHC produces

O Any event: 109/second
O W bosons: 103/second
O Top quarks: 10/second
O Higgs: 0.1/second

Need to detect and reconstruct
the product of the collision to
deduce the process

proton - (anti)proton cross sections

GHiggs

Shiggs(Mpy = 500 GeV) f \
lllll 1 | lllllll :l 1 lllllll :

lllll L) ) Illlll' L ) 1 IIIIII .

Stot

Tevatron LHC

(E/*' > 100 GeV)

Ojet

Sie(E > Vs/4)

(M,, = 150 GeV)

) \.
. g “.
G . :
1 . .

0.1 1 10
Vs (TeV)

-1
N

107 cm*

events/sec for L

67



TESTING THE S M AT COLLIDERS

1970 1980

Goruime mew pelbickom of 2o

1990 2000 2010 2020

[
Gargamel [ \
le
I I
[
I

= Jt%pi:f (cl,cu]& lo ’{5 SapouL <ﬁ c'ena, )

1

top qluark
discovery

- I
Neutral weak| | W/Z boson
current ‘ discovery

neutrino beams |

Higgs1ooson
discovery

proton-
antiproton
beams
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DISCOVERING THE W AND Z BOSONS

Production of W and Z at a pp collider proceeds as a result of

gq annihilation du — W¥, dit - W™, uii —» Z, dd — Z

O -~ 50% of the momentum of a high-energy proton is carried,

by three valence quarks, the re

A valence quark carries about 1/6 of

O W and Z production require a pp coll

energy of abou

Need to detect Z — e e~ decays determ
the cross-section for inclusive Z production at ~600 GeV is ~1.6

mainder by gluons.

the proton momentum

~Ol

ider with a centre-of-mass G]

t six times the boson

mass: 500-600 GeV

nes the minimal colligde

- luminosity:

b

At LO

O The fractionof Z — eTe™ decays is ~3%, hence a luminosity L = 2.5 x 1029 cm-2 s-
would give an event rate of ~1per day. 1o achieve such luminosities one

would need an antiproton source capable of delivering daily ~3 x 1010 p

o
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THE SPPS

transverse
pick-up

The SppS (Super Proton anti-Proton Synchrotron)
operated with collisions at 900 GeV from 1981 to 1991.

transverse

amplitier kicker

Anti-proton
storage ring

Discovery of the W and Z bosons
Carlo Rubbia, Simon Van der Meer

- 1984
- .\|\
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THE LEGACY OF THE SPPS

Transverse Mass
W candidate in UA1 distribution in UA2

200

v
s 8
| \
|
1
!
|
'.
\ D
\
Events per 2 GeV
g8 2

' /;Fz%':’x\' — 0
anndidate?r-r L};\E” | Track cleaning pT > 2GeV mp =
Altogether O(100) Z events Altogether O(1000) W events

| Mz =91.5+1.2+1.7(GeV) (UA1)
R My = 81.0+ 0.8+ 1.3(GeV) (UA2)

EVENTS PER 4 Gev/c?

&

! T 5 = 1.004 + 0.052 (UAT)

I sin” Oy = 0.226 + 0.014 (UAT)

INVARIANT MASS M (e'e’) (GeV/czl
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FIRST JETS IN HADRONIC COLLISIONS

10’ T T | ]

Dijet event with separate energy deposits “

UA2

10
GeV

1079

10-¢
10

E; (GeV)

Fig. 6. Inclusive jet production cross section. The solid line
(ref. [6]) uses A = 0.5 GeV while A = 0.15 GeV would bring
the calculated rates in better agreement with the data. How-

, , ever various uncertainties preclude a determination of A
Jet algorithm based on calorimeter cells structure from the data [13]. UA2, PLB 118 (1962).




THE TEVATRON COLLIDER

pp collider:
= 6.5 km circumference

= Beam energy: 980 GeV
* Vs=1.96 TeV

= 36 bunches:

= Time between bunches:
At=396 ns

Main challenges:

= Anti-proton production and
storage

= |rregular failures: o CWEL CDF
= Quenches - \{g_& Tevatron

-
- T
- -
Ll
- - - - . —
/'-....E.. Wy
.

CDF and D@ experiments: s
= 700 physicists/experiment

Main Injector
= & Recycler
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THE DISCOVERY OF THE TOP QUARK

O

O
O
O

Event found by CDF in September 1992

Reconstructed tracks consistent with decay
products of a pair of top quarks

One clean event not enough to claim discovery!

It took about three years before the top-quark
discovery was later announced

Events/10 GcV/c:

0

100

]
- -
- N

-log(likelihood)

150 160 170 180 190
Top Mass (GeV/cz)

150 200 25() 300
2
Top Mass (GeV/c)

3 meters -

Tracking View
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WHAT CAN WE EXPECT INCREASING COLLIDER ENERGY?

Take a simple Z’ model (a new Z-like boson with a larger mass) as simple example

LHC
pp, 13.6 TeV, 139 fb-1

~ Tevatron
pp. 1.96 TeV, 10 fb-

| Exclusion limit ~ 5.1 TeV |

' Exclusion limit ~ 1.2 TeV |

(electron and muon channels,
single experiment)

 (ifthey had analysed all their data in  §
f electron and muon channels; actual CDF |
| limit 1.071 TeV, 4.7fb-1, pyy only) '

Hadron colliders are “discovery” machines!
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THE LARGE HADRON COLLIDER

Superconducting proton/ion accelerator and collider installed in a 27 km circumference
underground tunnel (4 nrtunnel cross—sectlon diameter )

LHC nng at CERN

P

27 km c1rcumferenc

‘0

.:"} CERN (Prevessm Slte)
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i
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n"
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THE LARGE HADRON COLLIDER

7 TeV

LHC

L TEERRRE =

- - em, 3 '\

450 GeV e | ' i LHC rlng at CERN
Vi e 27 km c1rcumference‘

SPS

G) 0........’

N
o))
D
<

PS 0 9 / 2 8 / 5 1<7°1.8+1 13 TeV. proton proton colhsibns

‘-

3% 2.8/.5 TeV Pb—Pb collisions® ™ = i
. =5 (soon 8) TeV p—Pb collls1ons,h.g;-’;;;,_,,.,.f" )

N
G) Q........’

7 km c1rcumference

_ T, < . ’ - . . - ' - L - '—-l> Vm'.
—— . Ca S e R S L e L . L ASH
- = - - - 3 » aa -»
| " 2 . ‘ . g
y -~ ’ ' -1 . ; -~ e '
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aay .5 |’ : . o U .
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Py e ~ . . L w— —a o "o
P . - - - » - :
y ¥ g s 5 | M .ad
- - . 1 A »
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g - - [ - ’
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Y
» |
» > /
-

A
50 M
A

- ) |
~20 mlnutes arereo uwed to aocelerate the protons inthe LHC from 450 GeV to 7 TeV
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THE LARGE HADRON COLLIDER




Most challenging component of LHC:
1232 superconducting dipoles

14.3 m
8.3 Tes

ength, 1.9 K cold
A= Eroam= 7 €V

11850 A total current
Also: 392 focusing quadrupoles and
3700 multipole corrector magnets




LENERAL PURPOSE EXPERIMENTS
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SPECIALIZED DETECTORS
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AND EVEN MORE SPECIALIZED DETECTORS

7

¥’ ? D7 Y 7

e e
4N
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WHAT DO WE ACTUALLY “SEE” IN A COLLISION??
Stable particles, which can be directly observed

—~ T
p,DP, €7
Quasi-stable particles, with a long lifetime can also be directly seen
0 :I: j: :I:
n, N\, Ki,..., i K
Short-lived particles may display a secondary decay vertex
T~ 10—12 BO,:I:’ DO,:I:’ T

Short lived particles which are not directly seen,
may be reconstructed from their decay products

w0 pOE . Z WE t H,.

Missing particles, neutral and weakly interacting
that escape the detector
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DETECTING PARTICLES

POSITRON ) POSITRON
POSITRON
POSITRON W POSITIVELY
Q) 7 > CHARGED
HADRONS
/ p
NEUTRINO = ' ELECTRON
N NEGATIVELY CHARGED
A T HADRON
B\
' NEGATIVE MUON
ELECTRON

N

NEGATIVELY CHARGED HADRON
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COLLIDER DETECTORS

A typical detector of LEP / Tevatron / LHC (ATLAS is the only remarkable exception)

- N p

Longitudinal view Transverse view

+ = _
e,pP,P o e,p
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<+— u-vertex
central chamber
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DETECTING PARTICLES

Muon
Spectrometer

A\
RO
N

Hadronic ‘t{

Calorimeter (
The dashed tracks
are invisible to
the detector

Froton ““&Neutrino |

Neutron ¥

I T
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1 ’
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Electromagnetic ’

Calorimeter
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Eleconft 7

Solenoid magnet Photon
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AN EVENT DISPLAY




THE DATA VOLUME

O ATLAS is designed to observe up to 1.7 billion proton-proton collisions per second,
with a combined data volume of more than 60 million megabytes (MB) per second

LHC experiments started more than a

decade ago with large scale computing B::ri‘rt\:sé?iz;il

— now big data is everywhere Google searchindex 2 086 PB

98 PB
Note: LHC has a public science budget S climate

unlike Google or Facebook dagal;gse

Contentuploaded to

Facebook each year
YouTube/yeadr: 15SPB 182 PB

} ATLAS managed
data volume
130PB

. ATLAS annual
Largest data volume from simulated data volume

events, not from real collision data ! 30 PB .

O A picture on an iPhone is ~3Mb —> equivalent to 20000 pictures/second



TRIGGERING

At the LHC we cannot (and do not want to) record all events

Event Is recorded... it has Interesting features

Start the data

ldentify the interesting
acquisition

process

only when

with time
constraints

DAQ Trigger



COMPUTING CHALLENGES

Read out and reconstruct approximately O(100M) electronics
channels at ~1 kHz.

Trigger Challenge : select ~400-1000 out of 20M events
per second while keeping the interesting (including
unknown) physics

Computing Challenge : reconstruct, store and distribute
1000 complex events per second and the very large
amount of simulation (over 100 PB per experiment -
Several farms of over 200k Cores).

Analysis Challenge : Maintain high (and as much as
possible stable) reconstruction and identification efficiency.

Machine Learning : Ideal environment to develop
Machine Learning techniques: in particular in areas such
as trigger, reconstruction, object identification,
calibration and Pile up Mitigation.
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KINEMATICS

In pp collisions the longitudinal momentum of the system is not known a priori
However the transverse momentum should vanish
Event kinematics described by variables invariant under boosts in the z-axis

Rapidity Pseudorapidity
1 for massless particles V)
Not Lorenz invariant, y = — In TN — — In tan —
but differences are 2 2
Muonsdllllm on
Muon Cha
=0.88
o=900°
0=45"°

Calorimeter

L o=10=—>1=2.44
e=0°_> n =00

Transverse momentum pr
momentum perpendicular to the beam direction

Toroid



O

~—

]

Delivered Luminosity [fb

LHO OPERATIONS

The goal of a collider experiment is to collect the highest possible
integrated luminosity in the best possible conditions for the experiments
S 1 e e B S B B B B N
- ATLAS Online Luminosity . |
70 - 3oi2ph i3-sTev - O The LHC has delivered ~ 20 b1
C T enn BIlaTev - in Run1 and ~150 fb-1 in Run2
60— —— 2017pp Vs=13TeV ] .
- —— 2018pp {s=13TeV . to the experiments
n . 2022 pp Ys=13.6 TeV _
50— . 2023 pp Ys=13.6 TeV —
— 2024 pp Ys=13.6 TeV _
40 E O Outstanding performances
30 - over time
20— —
- 1 £ O Short turn-around time and
10— - 2 o
- ] 3 stable conditions
O_ | | | _
\t\\ o N\ oct

Month in Year
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ity [pb "70.1]

INOSI

Recorded Lum

PILE-UP

But increasing the instantaneous luminosity comes at a cost:
pile-up, number of inelastic collisions per bunch crossing

Bunch crossing frequency ~30 MHz, a collision of bunches every 25 ns
Up to 2808 proton bunches per beam, each with 1017 protons
O LHC reached average number of pile-up interactions of 40-60

600 T T 1 T T 1 T T 1 T T 1 T T 1 T T 1 T T 1 I R - A \'a
I I I I I I . _—\ VAR
. N N, oY pata recorond: Mon Ma253401:16:20012 CEST
- ATLAS Online T 2011-12: () =185 RSNG| ). <
VA ¢ AN T 2 _
500 — s=7,8TeV,264f" N VoA, SRR Gy
i 2015-18:(u)=33.7 - NN
400 N {s=13TeV, 147 fb" —
: 2022-24: () = 47.7 -

s=13.6TeV,82fb"

300
200

100 s
% 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing




Peak Luminosity [10°* cm2s"]

2.4
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1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

STATUS OF THE LHG

N\

_

~
Run 3
Vs = 13.6 TeV

Run 1
/s = 7-8 TeV

Run 2
Vs =13 TeV .

000000000000000000000000000
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| l | ! ! |
2015 2016 2017 2018 2019 2020 2021 2022 2023
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THE LHO 1S AN

Particle
Higgs boson
Top quark

Z poson

W boson

Bottom quark

Produced in 140 fb—! at Vs = 13 TeV

7.7 million
275 million
2.8 billion
12 billion
~40 trillion

“EVERYTHING FACTORY?”

(—> 22, 290 million)
(— #v, 3.7 billion)

(significantly reduced by acceptance)
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THE LHEC “MISSION”

The no-loose theorem: Either discover the Higgs boson
or reveal new strong dynamics in vector boson scattering

Probe the electroweak scale with direct searches for new particles and
forces beyond the Standard Model

Prove the Standard Model at higher scales through indirect searches: CP-
violation in Heavy Flavors, precision measurements of Higgs couplings, EW
parameters, ...

Study strongly interacting matter at extreme energy densities
In proton and heavy-ion collisions

In all these areas the LHC is already an immense success
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THE STANDARD MODEL AT THE LHG

Standard Model Production Cross Section Measurements

o)
Q10°

0tcital

10*

10°

10°

10

Status: March 2013

35pb™

35 pb™

10"

=

i

1.0 b

ATLAS Preliminary

LHC pp Ys =7 TeV
Theory
® Data 2010 (L=35 pb")
o Data2011 (L=1.0-4.7f"

LHC pp Ys =8 TeV
s Theory

® Data2012(L=58fb")

n '
470" 7
— § 580"
-1 :
L P S
- 4.7 0"
ww Wz Wt 2z

Discovery of the Higgs

Precision measurements
of QCD and EW
Processes

Exploration of BSM
physics via direct
and indirect searches
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THE STANDARD MODEL AT

Standard Model Production Cross Section Measurements

Status: February 2022

ATLAS Preliminary

Lot oL,

Theory
\/s =5,7,8,13 TeV
LHC pp Vs=13 TeV
_ Data 3.2-1391
LHC pp Vs=8 TeV
- Data 202 -203fb
LHC pp Vs=7 TeV
Z:-O D
ov % o B  Data 45-4091b!
0 GV O W
oy dzar Ct A W
O v OD O ot LHC pp Vs =5 TeV
4\-'” , 2 z 77 ‘&i gu ﬁ
e O A ]
© r > 25 Gl Q L 22 o v
n=4 ﬁ o D W
o & A 7
o L/ 6" s-chan f’;‘ b».:t.l"'. n n o
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mz4 m=>6 E D u
o o O O gofg”
=3 " - l H bu A :ZD U | | Wi
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Z & t W ¥ H Hjj VH Vy tiv iH Wwv 277y V2 wyjj
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VBF Lol. EWK Lol EWK

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

THE LHGC

2 Precision measurements
of Higgs and Standard
Model processes

2  Observation of very
rare SM processes

2 Direct BSM searches

2 Indirect BSM searches
through precision
measurements
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THE STANDARD MODEL AT THE LHG

Standard Model Production Cross Section Measurements Stalus: February 2022

ATLAS Preliminary
Jets Vs =5,7813 TeV

Theory

LHC pp Vs =13 TeV

= “w._ W and Z bosons e
15 e\ " 4.-
| e Y LHC pp 5 = 8 TeV
. \ T k A Data 20.2 — 20.31b
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

Precision measurements
of Higgs and Standard
Model processes

Observation of very
rare SM processes

Direct BSM searches

Indirect BSM searches
through precision
measurements
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SOM MEASUREMENTS AT THE LHG

Fermions and boson interactions and self-interactions

I |

. Quantum corrections to masses and couplings
p }}}\o\ P
LR )
=%

TN T}
R sl
o “:
w5
T R ] -

)))}/ Structure of the proton

%‘;5 Value of coupling constants, e.g. «s
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Display of a two jet
event in CMS

CMS CMS Experiment at the LHC, CERN
Data recorded: 2016-Sep-27 14:40:45.336640 GMT

Run / Event / LS: 281707 / 1353407816 / 851

Hadronic jet Production

Lgme-iadronic jet




INCLUSIVE JET CROSS-SECTIONS

Measure the cross-section for the production
of jets above a given transverse momentum

N.B. jet-level and not event level quantity

Sensitive to the strong coupling and its running

CMS 33.5fb7 (13 TeV)
— : v ' =
> 10°E* Anti-k_ (R =0.7) E
(\D 3 — — CT14 NNLO ® NP @ EW 1
g 10 —* o lyl <0.5 (x10°
Q8 - e y 2 (x107)
~ 10° o Lo m 0.5<lyl <1.0 (x10%
- . - e s 1.0<lyl <1.5 (x10%
- 10 N _'—L‘_ ¢ 1.5<Iyl <2.0 (x10°)
Q_}_ \ 4 k] — = 3
o0 107" 1. -
e, 7 _‘—I—r l
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10°F 1
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Jet P (GeV)

0.16 —
0.14 —

0.12 —

—

<
£ 0.10 —

0.08 —

0.06 —

d?o

1 ]Vjets

dpr dy eLST AprAly)
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ATLAS % CMStt s DI R,g - D@ incl. jet
arXiv.1307.1907 arXiv1207.4957 arXiv:0911.2710
A CMS NIE CMS R32 CMS inC|.jet
St L4 Vv
arXiv:1412.1633 arXiv-1304.7498 arXiv:1609.05331
~ ATLASR,, . TEEC7TeV
arXiv:1805.04691 arXiv.1508.C1579
o TEEC8TeV

13
W J
t'r

LA
2 .

NNLO pQCD; MMHT 2014 (NNLO)

ag(m,) = 0.1175 ", - (TEEC global)

)
VT LY I

arXiv:1707.0256Z2
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EEA Sae

i

N\ ag(my) =0.1179 +0.0009 (PDG 2022)

I

| | |
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| | | I
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W and Z bosons

Event 506568594
Run 182153
Sun, 21 Aug 2016 01:30:39

Display of an LHCDb
W — uv candidate event




Candidates / o[m(u*pu™)]/ 2

THE DILEPTON MASS SPECTRUM AT THE LHG

> X
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X
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DRELL-YAN MEASUREMENTS AT THE LHC

— =
N B O

el
-

Inclusive production cross section [nb]
00

CMS

=~ O

N

QCD scale uncertainty

2.76 TeV, 5.4 pb~*, JHEP 03 (2015) 022 (2)

L pp->WT + X=L 1y
f pp->W~ + X/ _Vg

2.76 TeV, 231 nb~ ! (uv), PLB 715 (2012) 66-87 (W)

- 5.02TeV, 298pb~*, To be submitted to JHEP (Z, W)

7TeV, 4.5fb~! (ee), 4.8fb~! (uu), JHEP 12 (2013) 030 (Z)

7TeV, 36pb~!, JHEP 10 (2011) 132 (W)

- 8TeV, 19.7fb~ 1, EPJC 75 (2015) 147 (2)
8 TeV, 18.2pb~1, PRL 112 (2014) 191802 (W)
. 13TeV, 206pb~*, To be submitted to JHEP (Z, W)

. —— Theory (N3LO QCD, MSHT20an3lo) & pp-Z/y + XL, 60 <my <120 GeV |

N
- —_—
— —
- 1 | | |
2.76 5.02 7 3 13
Vs [TeV]

g 0

co

]

O Provide plenty of statistics for
precise lepton calibrations

O Measured inclusively and
differentially over a wide
phase-space and at different
collision energies

O Can now be predicted up to
N3LO in QCD and NLO in EW
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POTENTIAL FOR VERY

PRECISE MEASUREMENTS Total uncertainty
Statistical uncertainty
SID, A
PRL 86 (2001) 1162
Overview of m , Measurements LEP combination, A"
- r . ' . N
e i Y | ATLAS 7 TeV
\s=7TeV,46f" : JHEP 09 (2015) 049
DO (Run 2) - 0 == LHCb 7 and 8 TeV
FER— JHEP 11 (2015) 190
, - s | Tevatron combination |
CDF (Run 2) ? f | PRD 97 (2018) 112007
FEAMILAB-PUB-22-254-PP0 f - . g CMS 8 TeV
} £ 8| EPICT8(2018) 701
] LHCb 2022 ................................ .............. R =< | ATLAS 8 TeV preliminary
e f = - ; - ATLAS-CONF-2018-037
: CMS 13 TeV preliminary
————
ATLAS 2017 ; CMS-PAS-SMP-22-010
arKiv: 70107240 @ Measurement S — LHCb 13 TeV preliminary
_|stat. Unc. ' This analysis LHCb-PAPER-2024-028
ATLAS 2023 B Total Unc. , 2 | Electroweak Fit (J. Hallereral) y
this wor " 'SM Prediction - O == : % EPJC 78 (2018) 675
- i i > = | Electroweak Fit (). de Blaser al) o
=2 | PRD 106 (2022) 033003
80200 80300 80400 EP | | |

m,, [MeV] 0.228 0.23 0.232

sin’ Béﬂ. 107



ATLAS

EXPERIMENT

Top quark production

Display of an ATLAS

ton anti-ton avaent in -

Run: 311071



Inclusive tt cross section [pb]

Ratio to
Prediction

—
-
(%)

—
-
N

10

—
-
—h

-
©

TOP PAIR CROSS-SECTIONS AND MASS
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—  Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 ]
My = 172.5 GeV, o (M) = 0.118 + 0.001 .
% Tevatron comb. (1.96 TeV.<8.81b ") (1]
4 ATLAS comb., ee, uu, eu, l+jets (5.02 TeV, 257 pb ) [2]
m— 4+ CMS comb., eu, l+jets * (5.02 TeV. 302 pb ) (3] —
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— B ATLAS, eu (13 TeV, 140 1b7) [5] ]
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— [] ATLAS, l+jets (13 TeV, 139 fb ) [7] —
S CMS, l+jets (13 TeV, 137 b ) [8)
— @® ATLAS eu(13.6TeV, 291 ) [9) ]
® CMS, ee, uu, eu, l+jets (13.6 TeV. 1.2 b ) [10]
1) PRD 89 (2014) 072001 [6) EPJC 79 (2019) 368
S [2) JHEP 06 (2023) 138 [7) PLB 810 (2020) 135797 —
- [3) CMS-PAS-TOP-23-005" [8) PRD 104 (2021) 082013 ]
N [4) JHEP 07 (2023) 213 ‘9] PLB 848 (2024) 138376 ]
: (5) JHEP 07 (2023) 141 [10) JHEP 08 (2023) 204 * Preliminary _
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ATLAS+CMS Preliminary
LHCtopWG

statistical uncertainty
total uncertainty

LHC comb. (Feb 2024), 7+8 TeV
World comb. (Mar 2014), 1.9+7 TeV

H

Miep SUMMary, Vs = 1.96-13 TeV  April 2024

LHC comb. (Feb 2024), 7+8 TeV LHctopwa [1]

ATLAS, l+jets, 7 TeV i
ATLAS, dilepton, 7 TeV

ATLAS, all jets, 7 TeV

ATLAS, dilepton, 8 TeV

ATLAS, all jets, 8 TeV

ATLAS, l+jets, 8 TeV

ATLAS comb. (Feb 2024) 7+8 TeV
ATLAS, leptonic inv. mass, 13 TeV
ATLAS, dilepton (*), 13 TeV

CMS, l+jets, 7 TeV

—

I ——T :
total stat

m,,, = total {
172.52 =0
173.34 =0
17233 1. ..o ...,
173.79 £1.42 (0.54 = 1.31)

CMS, dilepton, 7 TeV :
CMS, all jets, 7 TeV
CMS, l+jets, 8 TeV

CMS, dilepton, 8 TeV :
CMS, all jets, 8 TeV

CMS, single top, 8 TeV

CMS comb. (Feb 2024), 7+8 TeV
CMS, all jets, 13 TeV

CMS, dilepton, 13 TeV

CMS, l+jets, 13 TeV

CMS, single top, 13 TeV

CMS, boosted, 13 TeV

* Preliminary

[1) arXiv:2402.08713
2] arXiv:1403.4427

13) EPJC 75 (2015) 330
14) EPJC 75 (2015) 158
5) PLB 761 (2016) 350
6] JHEP 09 (2017) 118

(7) EPJC 79 (2019) 2980

| 1751£1.8(1.4+1.2)

172.99 + 0.84 (0.41+ 0.74)
173.72 £ 1.15 (0.55 = 1.02)
172.08 = 0.91 (0.39 = 0.82)
172.71 £ 0.48 (0.25 = 0.41)
174.41+ 0.81 (0.39 = 0.66 = 0.25)
172.21+ 0.80 (0.20 = 0.67 = 0.39)
173.49 = 1.07 (0.43 = 0.98)
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@ATLAS

EXPERIMENT
hitp://atlas.ch

Run: 203602
Event: 82614360

Date: 2012-05-18
Time: 20:28:11 CEST




HIGGS SEARCHES: 1975

M, <07 MeV
excluded by neutron -electron scattering

M, <13 MeV
excluded by neutron - nucleus scattering

M, <18 MeV
excluded by nuclear 0'~0' transitions

M, <211 MeV
accessible in m"p-~Hn at low energies ?

500 MeV <M <1500 MeV

1 accessible in moderate
7 energy (LK) experiment ?7?

|7} erers
“lis, Gaillard, Nanopolous, Nuclear. Phys. B106, 292 e /] e W= 1000 Me

| | | 1 | | [ /| at high energies 22
1 3 10 30 10° 300 10° 3000 10" 310"

10° \
Higgs Boson Mass (MeV) 125 GeV |11



HIGGS PRODUCTION AND DECAY

Production modes

g
g g T l
Decay modes
Wiz b/c T/l
W
H meeans H == A/ H mooass H eeesas
W
W/Z b/c T/l

| 12



HIGGS PRODUCTION AND DECAY
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- Yo N 10—3 ,-‘ | _E
i - ) s
107 = :
] ! ! ! ! ! ] 10-4 \ | l : | \ \ | | |
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WHAT WAS KNOWN ABOUT My BEFORE THE LHO 7

Direct searches at LEP excluded mny < 114.4 GeV

Tevatron excluded my ~ 160 GeV

X 10 :l " L I LI ] L | I L I L I LI I | I B | I l"l | l LI | ] [ l:
< - : 5
9 : -------------------------------------------------------- f _It!e_r_ SMQ_: 3 G
8 ;_ — Theory _;
- uncertainty -
6 =
5 =
B R T s A L L L S LLITEL '4520
3 ;_ M, =942 GeV _;
5 — H ~22 =
- <153 GeV (95% CL) =
I el L L — 1o
0 :l l L1 1 I L1 1 I L1 1 I L1 1 I L1 1 l L1 1 I L1 1 l L1 l:
40 60 80 100 120 140 160 180 200 220 240
My [GeV]

Indirect constraints from SM fit to EW precision data

Indirect constraints from vacuum stability

; 350 B | I I ) 1 I | I 1 I | 1 I l | | | I 1 | 1 I 1 | | I I |
o l— —
O, N —— Perturbativity bound i
< B Stability bound -
300 — A =90 Finite-T metastability bound —
- = B Zero-T metastability bound -
: = Shown are 1o error bands, w/o theoretical errors :
250 . —
200 . ]
2 2 I

150 A= Mz3/2v%, A(AN)
I I e

4 6 8 10 12 14 16 18
Iogm(/\l GeV)
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o(pp — H+X) [pb]
-

HIGGS PRODUCTION AND DECAY
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- _ 10°E —
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pp —» ZH (NNLO QCD + NLO EW) R - | -
pp - ttH (NLO QCD + NLO EW) - L — -
| pp— bbH (NNLO QCD in 5FS, NLO QCD in 4FS) y 10°F Zy =
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HIGGS PRODUCTION AND DECAY

At the LHC, Higgs boson is dominantly produced via gluon fusion: 6, ~ 22pb at 8 TeV

Cross section decays drastically with the Higgs mass .
Y Y 99 Other important

production modes

Vector boson fusion (owz.+ ~ 1.6 pb):

q(’ )

Higgs-strahlung (owz.n ~ 0.7/0.4 pb):

Production of ~470K Higgs boson for each ATLAS and CMS in 2012

The Higgs will then decay preferentially to the heaviest particle allowed

It does not couple directly to photons or gluons, but can decay
into them through loop diagrams involving heavy particles (top, W)




A HIGGS CANDIDATE EVENT

ET =64.2 GeV
Et=61.4 GeV

Run Number: 191425, Event Number: SEE345(

Cate 2011-10-22 15:30:29 UTC

= 126.6 GeV

117



Number of events

A

HOw TO DISCOVER A NEW PARTIGCLE

Potential new particle

background

> o
Invariant mass of di-photon system

S/(S + B) weighted events 1.5 GeV~!

1500 f

1000

500

After having selected the interesting events, look for
resonances in the invariant mass of the Higgs decay products

L) ]' L [ ] I |

CMS H- yy

] I % —8—8 I 9 & § 8 I | B

Vs=7TeV.L=5.1fb"!
Vs=8TeV.L=5.3 fb"!

»
3

1 l | | 1 1 | | 1 | 1 l 1 1 1 1

- S+ B fit
------ B fit component
L_Jtlo
B 20
' | L IS R T M T U U TN TR M T
110 120 130 140 150
m},,/(GcV)
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S/(S+B) weighted events / GeV

— Y

- 20 T LI B S S S S S A S S S e

3 fLot=45 i’ Voe 7 Tev ATLAS

— "

@® fLat=203 1" fe=8TeV 4 Data

g 160 &b waightad sum Combined fit:

N - Mass measurement categories — Signal+background
==+ Background

— Signal

2

R
E  F
2 4
g
2 0
5 =2
'g -4
AT

110 120 130 140 150 160

m,, [GeV]

19.7 b (8 TeV) + 5.1 b (7 TeV)

x10
3.5 HC MS S/(S+B) weighted sum
" ¢ Data
3Pt

—— S48 fits (welghted sum)
25

- =10

1.5

-100
28 L L l 1 l 1 l 20 L L l I ——1 l - l T l 1
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THE HIGGS DISCOVERY
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ek | L eme— B LI

THE HIGGS DISCOVERY

R
= ATLAS
= my = 126.0 = 0.4(stat) = 0.4(sys)

CMS
my = 125.3 £ 0.4(stat) = 0.5(sys)
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DOES My AGREES WITH OUR EXPECTATIONS?Y

Direct searches at LEP excluded mu < 114.4 GeV Indirect constraints from SM fit to EW precision data
Tevatron excluded my ~ 160 GeV Indirect constraints from vacuum stability
10 :l r‘ LI I LI I L I L I | | I L I L I l"il | I | l.l | ] ;: ; 350 B | | I | | | | | 1 I | I | I | | | I | | | I | | | | |
9 — -------------------------------------------------- ".“"" [l fitter M 35 é B —— Perturbativity bound _
=% 2 : . < - Stability bound -
8 5 — Theory 4 300 — . Finite-T metastability bound —_
= — uncertainty - — - B Zero-T metastability bound -
7 - w _: — h=m Shown are 1o error bands, w/o theoretical errors 7
sE > : : :
= < = B -
4 ;— ““““““““““““““““““““““““““““““““““““““““““““““ — 20 200 — ]
3 . = - e
= M, =942 GeV : - -
2 o — 150 — —
= <153 GeV (95% CL) = - ATLAS & CMS _
Ll et b e ol AR L R L e e — 1o = S =
0 El I L1 1 I L1 1 I L1 1 I L1 I L1 1 I L1 1 I L1 1 l L1 1 l L1 l: 100 B 1 //,’ e
40 60 80 100 120 140 160 180 200 220 240 4 6 8 10 12 14 16 18
MH [GeV] Iogw(AI GeV)
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Cross section [pb]

HIGGS PRODUCTION AND DECAY

Since then, tests of the Higgs boson properties - Is it the SM Higgs ?

10°E = c 1 _
= = S  E o =
e ATLAS Run 2 - s BT ATLAS Run2 -
I ] 101 _
10E E Al - E
- z 7 - = - = =
B 3 © B _
1_ —@— o m1 0_2 §_ _é
= — L = 5 I -
- _$ Data (Total uncertainty) - ~ ¢ Data (Total uncertainty) —* 1 B
-3 —
- Syst. uncertainty - 10 = Syst. uncertainty B
—1 — -
10 = = SM prediction —s —- = SM prediction -
1.5 1 = - —
1 ® B 10 N 1 2_ % @ T T 3
. B @) B — Z B
10 P %_% 2 — ] 2
: T N = %
-1 O oC C | | | | .
goF + bbH  VBF WH ZH ttH tH bb Www T 77 7Y Zy pu

Production process Decay mode

| 22



HIGGS COUPLINGS TO FERMIONS
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ELECTROWEAK SYMMETRY BREAKING

Unitarity: if only Z and W are exchanged, the amplitude

i+ + + +

: . . . o W_ w W w W 74
of (longitudinal) W, W, scattering violates unitarity t-,_, Ky "t HL‘H iy
1 N ” K Z ;?{f
A (WW -oWW Jc—(s+t ;Vwﬁ'li S AP -
Z,y ( ) )2 ( ) pp;:e W W T W Wﬂff i‘x 14
Higgs boson restores unitarity of total amplitude: W y W w:j:w W
Jr’ i mymust not be
2 AT ; too large (which
AH (W*W‘ SN W*W‘) oC m, S + t 1 s fulfilled)
° S — m2 [ — m2 g ] r ”‘l"vv )
v H H W; W W™ M W
Same-sign WW selection greatly reduces background from
strong production and removes s-channel Higgs process:
{ ! -+ . [ '
q ! ’ ” ’ v Look for VBS scattering in high
W+ W+t , G . S
- 4 dijet invariant mass distributions
QGC vertex
| q
W+ W
g q’ q q' q W’l
EW VBS production Non-VBS production Strong production 24



ELECTROWEAK SYMMETRY BREAKING

Unitarity: if only Z and W are exchanged, the amplitude

of (longitudinal) W, W, scattering violates unitarity

(WW SWW )« %(s +1)

AZ

'

Higgs boson restores unitarity of total amplitude:

mﬁ[ s t

Ay (WW SWW )2

Same-sign WW selection greatly reduces background from
strong production and removes s-channel Higgs process:

7 q q
W+ W=
QGC vertex
W+ W
qf q q/

EW VBS production

q
q

Non-VBS production

CMS 35.9 b (13 TeV)
C S T T T [ T ! T ! [ ! T ! T - (C:JI
O - -»-Data 0
~ i EW WW =
2 150 - Wz -
- i W Nonprompt X
g’ i Others
50 ST .
QQQQ&C&?\:{Q\\\\{N‘&i"\\i‘\‘;\&\?\\&"\i{\‘s;’\‘;
0 . P .
500 1000 1500 2000
m; (GeV)
W+ : : .
Look for VBS scattering in high
q dijet invariant mass distributions
q CMS & ATLAS observed vector boson
- scattering in WWijj at > 50 (ATLAS also

Strong production

in WZ channel)

arXiv:1906.03203, arXiv: 1812.09740
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WATLAS

| -—-
| —

Display of an ATLAS candidate gluing

EXPERIMENT

355848

event decaying into hadronic jets

-
B = —
T

1343779629
2018-07-18 03:14:03 CEST

Run:
Event:

.
4 -
. ——
Lo ggurpeswiaee

!

|
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Searches for new physics



THE HIERARCHY PROBLEM AND WEAK SCALE NEW PHYSICS

If the Higgs boson is an elementary scalar, loop
corrections to its mass are quadratically divergent:

. YJV\/Lé
/\\ ! ____(\ - - - éjwig
S~ _ - -~

A 4 2

d*k 1 A
Am? ~ —
" O(/ (27)% k% 167

The Standard Model is a renormalisable theory quadratic
divergences are not a problem per se, but if we look at the
running of the Higgs boson mass:

my

(—)* 10!t}

GeV

1020 - — - S
107}

10+ Scale of new physics has
to be extremely fine
tuned in order to cancel
perfectly the high energy

scale natural parameters.

10®

10°

P

M/GeV

100 -
100

10° 108

O Supersymmetry is a new symmetry between fermions and bosons

which cancels these quadratic divergences

O Predicts “superpartners” for all known particles

O Supersymmetry must be broken: gives rise to complex phenomenology

L

R. Barbieri .
Nobel Colloquium

- aha -
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LINIFICATION

O Can we embed the SM symmetries into a larger group to obtain a
Grand Unified Theory (GUT) of elementary interactions ?

O Turns out Supersymmetry could do just that

Standard Model ~—~— Minimal
T ~ SUPErsymmetric
extension of

G Standard Moded

1 10° 10" 10" 1 10° 10™ 107
Energy, GeV Energy, GeV
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SEARCHING FOR SUPERSYMMETRY

f
P
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(¢ &
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Stop searches 1
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SEARCHING FOR NEW RESONANCES

Transverse mass
(in lepton-MET search)

108 - —————T — ——————
_E ATLAS —W (3 TeV)  « Data

[ — W (2 TeV .
0 E \s-13Tev, 139" _wisTev) IV

" W' — ev seleati W (6 Tev) WBTopquark -
10° k= W' — ev selection CIMultijet
04y
()Diboson

Bkg

Dalz

Data / Bkg
(post-it)

OO == 00 ==
0500_57\3'-_& ':D:D_f}?"&-

_____ 1000 2000
Transverse mass [GeV]

Drell Yan (and other
processes) predictions and
lepton calibration in the TeV
energy range.

ATLAS

EXPERIMENT

Run: 304337

svent : 588288%56. Electron pT = 1.1 TeV
2016-07-23 19:55:07 CEST MET = 1.16 TeV




SEARCHES FOR NEW PHYSICS

O Cover all possibilities and leave no stone unturned
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EXOTIC EXOTICA

Long-lived particles can occur in case of weak couplings, ce

small phase-space (mass degeneracies) or high virtuality

/

/

—

_——

Dis'appearing or

Displaced
multitrack vertices

lepton-jets, or
lepton pairs

Multitrack vertices in
the muon spectrometer

ol

! Trackless,
. low-EMF jets

kinked tracks

Meta-stable charged

particles

| . Non-pointing
L (converted) photons

'* ."::. -
Displaced leptons, P

Emerging jets

\

Diverse set of
signatures that need

to be pursued by
dedicated, usually

non-standard
analyses, some
requiring special
triggers
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PARTICLE PHYSICS 2024

Confirmation of mass generation through spontaneous symmetry breaking
in BEH potential. Scalar sector SM-like so far (but lacking precision)

QED tested to parts per million accuracy (slight anomaly in muon g-2)

Asymptotic freedom in strong interactions verified at % level R pE————
BNL 2006 fx {
E | k ' f- . d h ' h v E.q.n.'z;\.:i‘j :2\!38. —a——
ectroweak unitication testea to high precision |
This work l
Quark sector: CKM picture for quark mixing & CP violation - ——— —
Confl rme d | Wtit:paper |
S >
epton sector: massive neutrinos, unknown masses, nature, Ll EeE
CP violation, sterile v's ? No flavour violation in charged D sy T
lepton sector. Lepton universality tested to per-mil level o teswe

No compelling sign of new physics found at high mass scales, or anywhere else, eQ:
no electric dipole moments (EDM), no dark matter particles (only gravitational hints),
NO axions (strong CP problem), no proton decay (GUT)
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HADRON COLLIDERS - THE FUTURE
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WHAT REMAINS TO BE DONE 7

Almost every problem of the Standard Model originates from Higgs
interactions

L =yHyy+u*|H|* = A|H|* =V,

b

flavour naturalness stability

cosmological constant

From Gavin Salam
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THE HIGH-LUMINOSITY LHGC

L4

HilLum

LARGE HACRON COLLIDER

LHC HL-LHC

U = VETS LS2 13.6Tev  RUAC
e —_—

13.6 - 14 TeV
energy
Diodes Consolldation
splice consolidation cryolimit LIU Installation N
7 TeV 8 TeV buttan collimators interaction . inner triplet . HL LH(_:
— R2E project regions Civil Eng. P1-P5 pilat beam radiation limit installation

v | a2 [ | 2o | 25 | avo | v | 200 | oo | emo | r [ e | emo | | 2 | o | 2w | zom | s |l

ATLAS - CMS 5 to 7.5 x nominal Lumi!=
experiment upgrade phase 1 ATLAS - CMS |——/
beam pipes nominal Lumi 2 x nominal Lumi= ALICE - LHCb : 2 x nominal Lumi HL upgraxis
75% nominal Lumi / o upgrade
/m m integrated AR A4
luminosity JIR{o 5
HL-LHC TECHNICAL EQUIPMENT: N

DESIGN STUDY PROTOTYPES - CONSTRUCTION INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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HADRON COLLIDERS:.: THE HL-LHG

civil engineering “crab” cavity

two new 300 metre 16 superconducting “crab” cavities
service tunnels and 1 for each of the ATLAS and CMS
two shafts near to i experiments, to tilt the beams
ATLAS and CMS N ~o t"_"f'f' = ~=__.,_y‘ . before collisions
CMS
focusing magnets %
12 more powerful quadrupole \\ bending magnets
)\ magnets for each of the ATLAS ‘B four pairs of shorter and
] and CMS experniments, designed fﬂ more powerful dipole
£/ to increase the concentration of 5= bending magnets to free
superconducting links the beams before collisions % up space for the new
electrical-transmission lines ’ T a collimators

based on a high-temperature
superconductor to cary
current to the magnets
from the new service
tunnels near ATLAS
and CMS

~ collimators
15 to 20 collimators and
60 replacement collimators to
reinforce machine protection




HADRON

Minimum bias

J1.02

COLLIDERS: THE HL-LHG

14 TeV / 13 TeV inclusive pp cross-section ratio

W J1.08
Z 01.09
77 1.1
t (s-channel) =01.10
t (t-channel) = )1.14
Wt J1.18
WH 1.10
H (ggF) 0113
H (VBF) 00113
HH J1.19
t J1.18
tz J1.20
ttH J1.21
stop pair (0.9 TeV) | 11.37
gluino pair (2.0 TeV) J1.73
Z' SSM (4 TeV) J1.40
q* (6 Tev) | J2.0
QBH (9 TeV, n=6) 15.3
1 I2 I3 I4 ]5 l6

O The High-luminosity inclusive Higgs sample will be 23 times larger than that of the Run2
O 190M single Higgs and 120K di-Higgses produced in 3 ab-
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HADRON COLLIDERS:.: THE HL-LHG

ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200

To collect data faster increase
iINn number of collisions per
bunch crossing. Average pile-
up of ~200

High particle fluency’s
challenge for detectors

All experiments plan
significant upgrades
(mainly of traking systems)

Novel reconstruction
algorithms required (extensive
usage of machine learning)
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HADRON COLLIDERS:.: THE HL-LHG

. . : ACCELERATORS | FEATURE .
A new ATLAS for the high-luminosity era Feature link CERN Courier
18 vanuary 2023 | By Stetan Guincon. Christian Onm, Caterina Varnieri CMS prepa‘res for Phase II article Iink
g January 2023
improved muon coverage new and upgraded forward
and luminosity detectors _
trigger and DAQ
increased readout rates Barrel ECAL/HCAL
Trigger /HLT /D AQ \_' * Replace FE/BE elactronics

* Lowear ECAL operating temp. (8 °C)

e Track information in L1-Trigger
¢ L1-Tngger: 12.5 ms latency - output 750 kHz
¢ HLT output 7.5 kHz

Muon Systems

o Replace DT & CSC FE/BE Clectronics
« Complete RPC coverage in region 1.5<h<2.4
* Muon tagging 2.4<h<3

New Endcap
Calorimeters

* Rac. tolerant - high granularity

¢ 3D capable

New Tracker

* Rac. tolerant = high grarulanty -
sionficant less matenal

¢ 20 MKz selective readeout (pT>2 GeV)
in Outer Tracker for L1 -Trigger

* Extended coverage to h=4

MIP Precision Timing Detector

ITk — the new all-Si tracker * Barrel: Crystal +SiPM
¢ Endcan: Law Gain Avalanche Diades

new High-Granularity
Timing Detector (HGTD)

From CLASSE (Cornell)
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THE FAR FUTURE

O New generation high-energy lepton/hadron colliders being studied by CERN and China
O Aim to study with high precisionnthe Higgs properties an its potential

141



THE FAR FUTURE

HL-LHC (Runs 4-6)
LHC Run 2 2029-2041 136 - 14 TeV and 2x
2014-2018 13 lev Nomina' Luminosity, PJ 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. [umi. 3000 fio-1
Int. Lumi.190 -1

Ci-Higga bason production

Higgs cauplings ta and Higgs self coupling arc
Fermions o the Third precision | iggs physics!

generation (top, bottom

and taus)!

e LS2 CLIC 380 GeV- 3 TeV
2018-2022
Fxpariments Phase-| ILC 250 GeV - 1 TeV

and acceleratar

Leg ks Cool Copper Collider 250 - 550 GeV

2010 2020

2030 2040 2050 2060 2070
Y I e e S
LS1 LS3 FCC-hh 100 TeV

2026-2029 HL-LHC FCC-ee 90 - 265 GeV - e

o ea installadon and major exp
Consolidation of LHC 3 | MaJor Sxp.

rieroornectiors s CepC 90 - 240 GeV  SppC___

LHC Run 1
2009-20712 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30-40 2022-2028 13.6 TeV
Int. Lumi. 30 - 2x Nom. Lumi., PJ 60
Int. Lumi. 450 fbo-1 Muon Collider
Discovary ¢f the | 'ggs IHiggs couplings ©
Boson, measdremznts of [Fermicng of the second
Higgs Boson couglings o gereralion (muons) and
bosons (gluons, £NoNs, Mmaore rare decays
W and /)

LHC Ultimate Precision e e~ Ultimate Energy (pp, #+ﬂ )
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THE FCC REACH

Take a simple Z’ model (a new Z-like boson with a larger mass) as simple example

pp, 13 TeV, 139 fb-! . pp. 100 TeV, 20 ab-’

’ Exclusion limit ~ 3.1 TeV ' | Exclusion limit ~ 41 TeV |

(electron and muon channels, ; (based on PDF luminosity scaling,
single experiment) ¢ assuming detectors can handle muons §
| " and electrons at these energies)
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THIS SITUATION IS NOT NEW

Glashow reveals that several of Har-
vard’s most talented graduate students
recently defected to Wall Street. “Gold-
man, Sachs loves theoretical physicists,”
he confides. Georgi notes that even be-
fore the SSC was terminated, the slump-
ing economy and the influx of physi-
cists from Eastern Europe had created
a shortage of physics jobs in the U.S. “I
don’t understand why, but we still get
fantastic young people entering the
field,” he comments. “Well, I do under-
stand why, because the questions this
field addresses are so interesting.”

Faraday expressed as well as anyone
why it is so difficult to abandon the
hope that a single force rules nature.
“If the hope should prove well-found-
ed,” the British scientist wrote, “how
great and mighty and sublime in its
hitherto unchangeable character is the
force I am trying to deal with, and how
large may be the new domain of knowl-
edge that may be opened to the mind
of man?”

“Experiment is the source of scientific
imagination,” he remarks. “All the phil-
osophers in the world thinking for
thousands of years couldn’t come up
with quantum mechanics.”

Samuel C. Ting, a professor at the
Massachusetts Institute of Technology
and head of the largest detector at
CERN’s LEP collider, agrees. He points
out that in this century, advances in
physics “almost always come from a
totally unexpected experimental result.”
The discoveries of antimatter (predict-
ed by P.A.M. Dirac in 1930) and of the
Z and W particles (predicted by Wein-
berg and others) were exceptions to
this rule. More typical was the discov-
ery in the 1950s of a subtle asymmetry
in the behavior of certain particles that
was not only unexpected but was
thought to be prohibited by the known
rules of physics.

Scientific American, ~1990
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“Nuclear physics has put into the hands of mankind formidable power.
We are still struggling with the problem of how to use nuclear energy
efficiently and safely, we are rightly alarmed at the accumulation of
nuclear weapons of annihilation. Until mankind has shown that it can
deal wisely with nuclear power, it is not prepared for something en-
tirely new. Until the last nuclear warhead has either been dispatched
to outer space or quitely burnt up as fuel in an energy-producing re-
actor, I would not welcome an entirely new development. I have often
said that I am in favor of supporting high energy physics, provided
that the high energy physicists can promise not to produce applica-
ble results within the next twenty-five years. I am usually not taken
seriously when I make such remarks. I do, however, mean them very
serious™”

H.B.G. Casimuir,
The 25th Anniversary Ceremony,

CERN Courier,
September 1979, 145



THE END
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