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Materia
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elettroni
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nucleo

protoni

neutroni

Di cosa sono fatti elettroni, protoni, neutroni?

==>> FISICA DELLE PARTICELLE
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AND ACCELERATORS.
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THESE PARTICLES
EXISTED JUST
AFTER THE

BIG BANG.

NOW THEY ARE
FOUND ONLY
IN COSMIC RAYS

Il Modello Standard
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muon muon neutrino
A heavier Created with

relative muons when some  ©
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Each particle-also has an antimatter
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counterpart ... sort of a muror image
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- QUARKS

up - down
Electric charge + 2/3. | Electric charge ~1/3.
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Protons have 2 up quarks ... and one down quark.
Neutrons have | up quark | ... and two down quarks
, 4
charm strange

A heavier

relative O

of the down,

A heavier
relative
of the up.

top bottom

Heavier Heavier

still, still., O
recently

nh\cr\ \'tl




force carriers

BOSONS spin =0, 1, 2,
Unified Electroweak spin = 1

Name Mass2 Electric ElEEie
GeVic charge charge

0 0

photon
W= 80.39 &
EW symmetry breaking spin=0
Wi 80.39 +1
W bosons
yAL 91.188 0

LZ boson
Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak Electromagnetic Strong
Property Interaction Interaction (Electroweak) Interaction Interaction

Mass — Energy Flavor Electric Charge Color Charge

Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons
: ST Graviton — =0
Particles mediating: (otyetobserved) wt W- Z Y Gluons

1078 m 10— 41 0.8 1 25

Strength at {
3x10~"7 m 10— 41 4 10~4 1 60




More on the role of Special Relativity

» Elementary particles have very tiny masses, and the forces
present in the accelerators, as well as in the Universe, can
easily accelerate them to speeds close to the speed of light.

» Relativistic effects are therefore essential, and the
description of the behavior of elementary particles should be
consistent with the laws of special relativity.

* |In particular, any model of interactions should fulfill the
principle that forces cannot be transmitted over distances
instantaneously



The representation of interactions

T Feynman diagram

N.B.: in guantum mechanics waves
and particles are different
representations of the same object;
@ therefore to the wave which
transmits the signal of the

interaction we should associate a
Locality particle.



Simple ... but subtie!

before: @

after: @ +

Energy(after) # Energy(before)

What happens to energy
conservation ?!
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Heisenberg uncertainty
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an energy measurement , L —— Rt
[ [ ] ¢ )
performed within a short ey {’a’ i \

time At can at best reach a iy —
precision AE = |/At o |

Within this time lapse it’s impossible to determine whether energy
is conserved or not, since we can’t measure it accurately enough.
Therefore it’s possible to “cheat” nature, and allow the exchange
of energy between the two particles



Interazioni dei leptoni (r=eur)
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Interazioni dei quarks

protone neutrone

Q=2/3e+2/3e-1/3e=e 10 Q=2/3e-1/3e-1/3e=0



PIONS

Q=2/3e+(-)(-1/3)e=e Q=-2/3e+(-1/3)e

where q_is the antiquark of the quark q

Q=0



KAONS

Q=2/3e+(-)(-1/3)e=e Q=-2/3e+(-1/3)e=-c¢

— L 0=_
Ko=ds K®=ds

Q=-1/3e+(=)(=1/3)e=0 Q=(-)(=1/3)e +(-1/3e)=0



Example: radioactivity
NZ%N Z+1 €V




.... KAaON decay

Ko— tev




.... rare kaon decay in NA62

Kr-—mat vy




Trasformazioni dovute alle interazioni deboli, in cui
protoni e neutroni si trasformano gli uni negli altri con
emissione di elettroni e neutrini, sono alla base del
funzionamento delle stelle

Esse generano l’energia prodotta dalle stelle, ne trastormano
il contenuto, fino all’esaurimento del loro potenziale
energetico. Per le stelle piu” grandi, alla fine della loro vita,
'energia gravitazionale induce un collasso finale, ed ad un
ultimo ciclo di trasformazioni nucleari, da cui emergono, in
una catastrofica esplosione, nuclei piu’ pesanti come silicio,
ferro, oro, uranio, che, disperdendosi nello spazio, ed
unendosi a nubi di gas in procinto di formare nuove stelle e
sistemi solari, danno origine a stelle come il sole, e pianeti
come la terra.
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Lo scopo odierno della fisica delle particelle e di
continuare I’esplorazione delle leggi fisiche e delle
componenti fondamentali della materia a distanze

sempre piu piccole, per svelare i fenomeni che hanno

avuto luogo all’inizio della storia dell’'universo, e che

ne hanno modellato I’evoluzione fino ad oggi




ancora piu elementari?

da dove origina Pasimmetria fra materia ed antimateria?
qual’é lorigine della Materia oscura nell’ Universo?
qual’eé Forigine dell’ Energia oscura nell’ Universo?
qual’e’ lorigine della massa dei neutrini?

il bosone di Higgs: funziona esattamente come previsto dal Modello

Standard? Ne esistono altri? Qual’e’ Porigine del bosone di Higgs?
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Perche’ ci vuole “un” bosone di Higgs
per dare massa alle particelle?

21



Parity asymmetry™ and mass for spin-1/2 particles

* T.D Lee C.N.Yang, htitps:/journals.aps.org/pr/abstract/10.1103/PhysRev.104.254 => 1957 Nobel Prize

Ys WLRr = YLR

H x it 0y + iy d-vyior + m L Yr

For a massive particle, chirality does not commute with the Hamiltonian, so it cannot
be conserved

Chirality eigenstates of a massive particle cannot be Hamiltonian (physical) eigenstates

Nothing wrong with that in principle .... unless chirality is associated to a conserved
charge!
22


https://journals.aps.org/pr/abstract/10.1103/PhysRev.104.254

sSU(3)

Electroweak (EW)
SU(2). ® U(l) » gauge symmetry

+ 2 more “families”
differing from the [st
one only in the mass of
their elements

L-chirality R-chirality
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The symmetry associated with the conservation of the weak

charge must therefore be broken for leptons and quarks to
have a mass

In this process, weak gauge bosons must also acquire a mass.
This needs the existence of hew degrees of freedom
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The transition between L and R states, and the absorption of the changes in
weak charge, are ensured by the interaction with a background scalar field, H.

Its “vacuum density”’ provides an infinite reservoir of weak charge.
25



The SM Higgs mechanism provides the minimal set of ingredients

required to enable a consistent breaking of the EW symmetry.

Where these ingredients come from, what possible
additional infrastructure comes with them, whether their
presence is due to purely anthropic or more fundamental

reasons, we don’t know, the SM doesn’t tell us ...
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a historical example:
superconductivity

® The relation between the Higgs phenomenon and the SM is similar to
the relation between superconductivity and the Landau-Ginzburg
theory of phase transitions: a quartic potential for a bosonic order
parameter, with negative quadratic term, and the ensuing symmetry
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an
experimentally proven phenomenological model. But we would still lack
a deep understanding of the relevant dynamics.

® For superconductivity, this came later, with the identification of e-e-
Cooper pairs as the underlying order parameter, and BCS theory. In
particle physics, we still don’t know whether the Higgs is built out of
some sort of Cooper pairs (composite Higgs) or whether it is
elementary, and in both cases we have no clue as to what is the
dynamics that generates the Higgs potential. With Cooper pairs it
turned out to be just EM and phonon interactions.With the Higgs, none
of the SM interactions can do this,and we must look beyond.
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examples of possible scenarios

® BCS-like: the Higgs is a composite object

® Supersymmetry: the Higgs is a fundamental field and

® \2~ g2+g’2 it is not arbitrary (MSSM, w/out susy breaking, has
one parameter less than SM!)

® potential is fixed by susy & gauge symmetry

® EW symmetry breaking (and thus mn and A) determined by the
parameters of SUSY breaking
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¢ |s the

Important questions about the Higgs
sector beyond the Standard Model

Higgs the only (fundamental?) scalar field, or are there other

Higgs-like states (e.g. H% A9, H*% ..., EW-singlets, ....) ?
* Do all SM families get their mass from the same Higgs field?

e Do
field
* Do

3=1/2 fermions (up-type quarks) get their mass from the same Higgs
as I3=—1/2 fermions (down-type quarks and charged leptons)!?

Higgs couplings conserve flavour! H=u1? H—=eT? t—Hc!?

* What happens at the EWV phase transition (PT) during the Big Bang?
* what’s the order of the phase transition?

® are

the conditions realized to allow EWV baryogenesis!?

* |s there a relation among Higgs/EVVSB, baryogenesis, Dark Matter,
inflation?
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Per iniziare a rispondere a tutte
queste domande sul bosone di Higgs,
Punica via e’ di misurarne le
proprieta’ con la massima precisione,
e con la maggiore ampiezza di
esplorazione, possibile

L’unico strumento sperimentale
adatto sono i colliders!
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Tutte le proprieta’ del bosone di Higgs misurate fino ad oggi
allLHC sono consistenti con le attese del Modello Standard...
ma la loro precisione e’ ancora limitata

Nessuna manifestazione di fisica oltre il Modello Standard, in
particolare legata all’origine dell’Higgs, e’ apparsa dai dati
del’LHC ... ma rimane ancora parecchio spazio per
manifestazioni piu rare o piu esotiche di quanto si sia studiato/
misurato
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So far, no conclusive sighal of physics beyond the SM

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

TeV

ATLAS Preliminary

Status: July 2017 [£dt =(3.2-37.0) fo" Vs=8,13TeV
Model £y Jetst ET™ [rdim) Limit Reference
T T LI | I T T T T T LI | T T T T T LIl I T T T T
ADD Gkk + glq Oe,p 1-4] Yes 36.1 Mp 7.75 TeV n- 2 ATLAS-CONF-2017-060
ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO CERN-EP-2017-132
ADD QBH - 2j - 37.0 Min 89TeV n=6 1703.09217
ADD BH high ¥ pr >lepu >2j - 3.2 My 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - >3j - 3.6 My, 955TeV n 6, Mp — 3TeV,rot BH 1512.02586
RS1 Gk — vy 2y - - 36.7 Gkk mass 4.1 TeV kiMp = 0.1 CERN-EP-2017-132
Bulk RS Gxx — WW — gqlv 1epu 1J Yes 36.1 Ggk mass 1.75 TeV k/Mp — 1.0 ATLAS-CONF-2017-051
2UED/RPP le,p 22b,23] Yes 13.2 KK mass '.6 TeV Tier (1,1), B(ACY — tt) =1 ATLAS-CONF-2016-104
SSM Z" — (( 2epu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
SSM Z' — 17 27 - - 36.1 Z’ mass 24 TeV ATLAS-CONF-2017-050
Leptophobic Z” — bb - 2b - 3.2 Z’ mass 5 TeV 1603.08791
Leptophobic Z’ — tt e =1b, =1J/2) Yes 3.2 Z’ mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
SSM W’ — (v lepu - Yes 36.1 W’ mass 5.1 TeV 1706.04786
HVT V' - WV — qqqqg model B O e, i 2J - 36.7 V’ mass 3.5 TeV gv =3 CERN-EP-2017-147
HVT V' - WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV gv=3 ATLAS-CONF-2017-055
LRSM Wy, — tb 1ep 2b,0-1] Yes 20.3 1410.4103
LRSM W,’? — tb Oe,u >1b,1J - 20.3 1408.0886
Cl gqqq - 2j - 37.0 A 21.8TeV 7., 1703.09217
Clltqq 2e,pu - - 36.1 A 401 TeV 77, | ATLAS-CONF-2017-027
Cl uutt 2(SS)/23 eu =21b,21] Yes 20.3 |Crel — 1 1504.04605
Axial-vector mediator (Dirac DM) Oe,pu 1-4j Yes 36.1 Mined 5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060
Vector mediator (Dirac DM) Oepu, 1y <1j Yes 36.1 Mmed 1.2 TRV 84=0.25, g,=1.0, m(y) < 480 GeV 1704.03848
VVyy EFT (Dirac DM) Oe,u 14,1  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 1% gen 2e >2j - 3.2 LQ mass 1.1Te p—1 1605.06035
Scalar LQ 2™ gen 2u >2j - 32 | LQmass 1.05 Te g1 1605.06035
Scalar LQ 3™ gen le,u  21b,23) Yes 203 [OFESegocew B=0 1508.04735
VLQ TT - Ht+ X Oorieu 22b,=23j Yes 132 | T mass 12TV B(T = Ht) =1 ATLAS-CONF-2016-104
VIQTT » Zt+ X lepu =21b 23 Yes 36.1 T mass 1.16 Te B(T — Zt) =1 1705.10751
VLQTT - Wb+ X leu =1b,>1J/2] Yes 36.1 T mass 1.359TeV B(T - Wh) =1 CERN-EP-2017-094
VLQ BB — Hb + X e, =22b,=23j Yes 20.3 B(B — Hb) =1 1505.04306
vLQ BB — Zb+ X 2/28e,u  =2/>1Db - 20.3 B(B—2Zb) 1 1409.5500
VLQ BB - Wt 4+ X e =21b,21J/2) Yes 36.1 B mass 1.25 JeV B(B -» Wt) =1 CERN-EP-2017-094
VLQ QQ — WgWyg 1e,pu >4j Yes  20.3 1509.04261
Excited quark q* — qg - 2j - 37.0 6.0 TeV only u” and d*, A = m(q") 1703.09127
Excited quark g* — qy 1y 1j - 36.7 5.3 TeV only u” and d*, A — m(q") CERN-EP-2017-148
Excited quark b* — bg - 1b 1] - 13.3 ATLAS-CONF-2016-060
Excited quark b* — Wt lor2e,u 1b.2-0j Yes 20.3 fe=fi=fr=1 1510.02664
Excited lepton (* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3euT - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2e,pu 2j - 20.3 m(Wg) — 2.4 TeV, no mixing 1506.06020
Higgs triplet H™~ — ¢( 234e,u(SS) - - 36.1 870 GeV DY production ATLAS-CONF-2017-053
Higgs triplet H== — {r 3euT - - 20.3 DY production, B(H; " — 1) —1 1411.2921
Monotop (non-res prod) 1eu 1b Yes 20.3 Anon res — 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
L L Ll I L L L L L L Ll L L L L L Ll l L L L L

“Only a selection of the available mass limits on new states or phenomena is shown.

‘ T ev 10" Mass scale [TeV]

1TSmall-radius (large-radius) jets are denoted by the letter j (J).



Given no sign of BSM is there,
precision measurements become the

key tool for exploration
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The serendipitous value of data: a few history lessons

e Tycho Brahe (1546-1601) spent his life measuring planets’ positions more and

more precisely

e Johannes Kepler (1571-1630) used those data to extract a
“phenomenological” interpretation, based on his 3 laws

¢ |saac Newton (1643-1727) discovered the underlying “theoretical” foundation
of Kepler’s laws ... but it all started from Brahe’s precision data!

Newton’s law became the new Standard Model for planetary motions. Precision

measurements of the Uranus orbit, in the first half of the XIX century, showed

deviations from this “SM”: was it a break-down of the SM, or the signal of a new

particle planet?

® assuming the validity of the SM, interpreting the deviations as due to
perturbations by a yet unknown planet, Neptun was discovered (1846),
implicitly giving stronger support to Newton’s SM

Precision planetary measurements continued throughout the XIX century,
revealing yet another SM deviation, in Mercury’s motion. This time, it was
indeed a beyond SM (BSM) signal: Einstein’s theory of General Relativity!!
Mercury’s data did not motivate Einstein to formulate it, but once he had the
equations, he used those precise data to confirm its validity!
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Aside from exceptional moments in the development of the field, research is not about
proving a theory is right or wrong, or about making milestone Nobel-prize-worth
discoveries.... it’s about finding out how things work

We do not measure Higgs couplings precisely with the goal to find deviations from the
SM. We measure them to know them, while being ready to detect deviations, if any...

LEP’s success was establishing SM’s amazing power, by fully confirming its predictions!

... and who knows how important a given measurement can become, to assess the
validity of a future theory?

e the day some BSM signal is found somewhere, the available precision
measurements, will be crucial to establish the nature of the signal, whether they
agree or deviate from the SM
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BOTTOM LINE:

e you hever know what data will lead to!

* there are no useless data, there is only
correct data or wrong data

* physics progress builds on good data and
powerful tools to interpret them

36



LHC scientific production

Over 4000 papers published/submitted to refereed journals by the 7 experiments
that operated in Run 1 and 2 (ALICE, ATLAS, CMS, LHCb, LHCf, TOTEM, MoEDAL)...
and the first papers are appearing by the new experiments started in Run 3 (FASER,
SND@LHC)

Of these:
~10% on Higgs (15% if ATLAS+CMS only)
~30% on searches for new physics (35% if ATLAS+CMS only)

~60% of the papers on SM measurements (jets, EW, top, b, Hls, ...) 37



Not only Higgs and exotic searches !

Flavour physics

® B(s) Puu

® D mixing and CP violation in the D system

® Measurement of the y angle, CPV phase ¢s, ...

® | epton flavour universality in charge- and neutral-current semileptonic B decays => possible

anomalies ?

QCD dynamics

® (ountless precise measurements of hard cross sections, and improved determinations of the
proton PDF

® Measurement of total, elastic, inelastic pp cross sections at different energies, new inputs for
the understanding of the dominant reactions in pp collisions

® [xotic spectroscopy: discovery and study of new tetra- and penta-quarks, doubly heavy
baryons, expected sensitivity to glueballs

® Discovery of QGP-like collective phenomena (long-range correlations, strange and charm
enhancement, ...) in “small” systems (pA and pp)

EW param’s and dynamics

® mw, Miop | 71.77 £ 0.37 GeV, sin2Bw
® [W interactions at the TeV scale (DY,VV,VVV,VBS,VBF Higgs, ...)
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72 new hadrons discovered
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at LHC, opening a new era of
studies of QCD non-
perturbative dynamics 33
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“New physics” is not just BSM particles or interactions. New
physics must include SM phenomena, emerging from the data,
which are unexpected, surprising, or simply poorly understood.

A discovery is everything that is not obviously predictable, or that
requires deeper study to be clarified, even if it belongs to the realm
of SM phenomena.

“New physics” is emerging every day at the LHC!
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HILuM

LARGE HADRON COLLIDER

LHC HL-LHC

EVETS 13.6 Tev Ls3 13.6 - 14 Tev

13 TeV energy
Diodes Consolldation
splice consolidation cryolimit LIU Installation HL-LHC
8 TeV - . A 2
button collimators inferaction : inner triplet 2 >
..7& R2E project regions Civll Eng. P1-P5 pilot beam radiation limit installation
|||||I|w
ATLAS - CMS
experiment upgrade | : ATLAS - CMS X nomln%lt (EJH?I
PeMPES  omnailum  2Xmominallumi  ALICE - LHCb . 2 x nomigggLumi . s
1

m integrated

luminosity JEIIIIR{"R
HL-LHC TECHNICAL EQUIPMENT:

75% nominal Lumi | '/"‘ upgrade ! 1
3000 fb™'

DESIGN STUDY < PROTOTYPES : CONSTRUCTION INSTALLATION & COMM. PHYSICS

oggi e 204
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Key question for the future developments of HEP:
Why don’t we see the new physics we expected to be
present around the TeV scale ?

® |s the mass scale beyond the LHC reach ?

® |s the mass scale within LHC’s reach, but final states are elusive to the
direct search ?

These two scenarios are a priori equally likely, but they impact in
different ways the future of HEP, and thus the assessment of the physics
potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
* precision = higher statistics, better detectors and experimental conditions

® sensitivity (to elusive signatures) = ditto

» extended energy/mass reach = higher energy
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What a future circular collider can offer

® (Guaranteed deliverables:

study of Higgs and top quark properties, and exploration of EVWSB
phenomena, with the best possible precision and sensitivity

® Exploration potential:

exploit both direct (large Q2) and indirect (precision) probes

enhanced mass reach for direct exploration at 100 TeV

® F.g. match the mass scales for new physics that could be exposed via
indirect precision measurements in the EW and Higgs sector

® Provide firm Yes/No answers to questions like:

is there a TeV-scale solution to the hierarchy problem?

is DM a thermal WIMP!?

could the cosmological EWV phase transition have been |st order!?
could baryogenesis have taken place during the EVV phase
transition?

could neutrino masses have their origin at the TeV scale!?
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FCC-ee

106

FCC-hh

FCC-eh

H

Event rates: examples

Z
5 1012

H
2.5 1010

108

1017

2.5 106

106

1012

1(<2Z) b(«2) ¢(+2)

3101 151012 1012

W(+t) T(—We1)

1012 107

2107
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Higgs couplings after FCC-ee / hh

| HL-LHC FCC-ee FCC-hh
OH / T (%) SM | 1.3 tbd
OgHzz / gHzz (%) 1.5 0.17 tbd
OgrHww / grHww (%) 1.7 0.43 tba
SGHbb / GHbb (%) 3.7 0.61 thd
BGHeo / QHoo (%) ~70 1.21 tbd
OQHgg / GHgg (%) 2.5 (gg->H) 1.01 tbd
SgHrr / Grr (%) 1.9 0.74 thd
SQHu: / Qhu (%) | 4.3 9.0 0.65 *)
SGHyy / GHyy (%) 1.8 3.9 0.4 0)
St / QHt (%) 3.4 ~ ~10 (indirect) | 0.95 )
Sgnzy / GHzy (%) 9.8 — 0.9
g+ / grn (%) 50  ~44 (indirect) | 5

BRexo (95%CL) BRiny < 2.5% <1% . BRinv < 0.025%

3>

* From BR ratios wrt B(H—ZZ*) @ FCC-ee
** From pp—ttH / pp—ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee



