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The leading accelerator In the world!

Protons are accelerated at 99.999999% speed of light J5 = 13.6 TeV

at a centre of mass energy of 13.6 TeV
_>§%4_
One collision every 25 ns. P P

Between France and Switzerland (near Geneva)

The Large

Hadron Collider

4 major experiments
ATLAS
CMS
ALICE
LHCb




= Acceleration provides via electric field |
(RF cavities)

The Large
Hadron CO"ider = Bending via magnets

CcMS

SPS
| 1976 (7 km) |

ATLAS

AD

Various steps of acceleration

- ««  before be injected in the main tunnel
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The CMS
experiment Compact Muon Solenoid

General purpose experiment

* Inner tracker

» Electromagnetic calorimeter
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« Superconducting solenoid

*  Muon chambers
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LHC =====) improve our knowledge on particle physics

* Validation of the Standard Model (SM)

* Beyond SM physics

2009 | Start of the experimental activity of the LHC

Goal of the
experiment

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

—— (&) CERN-PH-EP/2012-220
mﬁ @ 2024/11/27

el |

: First important achievement I CMS-HIG-12-028

|
| ~L : Observation of a new boson at a mass of 125 GeV with the
- . CMS experiment at the LHC
' Higgs discovery (2012)
L o e o o o o o o e e o e e e The CMS Collaboration
Abstract

Results are presented from searches for the standard model Higgs boson in proton-
proton collisions at /s = 7 and 8 TeV in the Compact Muon Solenoid experiment
at the LHC, using data samples corresponding to i d luminosities of up to
51fb~" at7TeV and 5.3fb~" at 8TeV. The search is performed in five decay modes:
Yy, ZZ, WW-, 757, and bb. An excess of events is observed above the ex-
cted back d, with a local signifi of 5.0 standard deviations, at a mass
near 125 GeV, signalling the production of a new particle. The expected significance
for a standard model Higgs boson of that mass is 5.8 standard deviations. The excess
is most significant in the two decay modes with the best mass resolution, 7y and ZZ;
afit to these signals gives a mass of 125.3 0.4 (stat.) £ 0.5 (syst.) GeV. The decay to
two photons indicates that the new particle is a boson with spin different from one.

arXiv:1207.7235v2 [hep-ex] 28 Jan 2013

Submitted to Physics Letters B
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1964 Timeline

Higgs mechanism formulation

The Higgs

mechanism

CNFN .



1964 Timeline

Higgs mechanism formulation

¢ = new complex scalar field associated
with a new particle

SU(3) ® SU(2) ® U(1) 222 SU(3) ® U(1)gm

The Higgs
meChanism Vacuum expectation value —— | v = 246 GeV

CNFN .



1964 Timeline

Higgs mechanism formulation

¢ = new complex scalar field associated
with a new particle

SU(3) ® SU(2) ® U(1) 222 SU(3) ® U(1)gm

The Higgs
meChanism Vacuum expectation value —— | v = 246 GeV

During SSB, vector bosons W* and Z acquire mass,
while y remains massless

In addition, interactions
between the Higgs field and H Y%
fermions give mass tothem — =~




1964 2012 Timeline

* *
T T

Higgs mechanism formulation  Discover of the Higgs Boson
@ ATLAS & CMS

Higgs boson

discovery
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1964 2012

* *
T T

Higgs mechanism formulation  Discover of the Higgs Boson

Timeline

- CMS 137 b (13TeV) > SEERNR RS L o AR
..... e P F - ]
g + Data - g 140 |- TASPrellmmary :-|T_>vz1z fb"4| B
~ [ H(125) : o | 7 ST ]
~ * =~ r ata -
2] 200-— qu_)zz’ Z'Y _- & 120 [ [ Higgs (125 GeV) |
g [ + B 99727, Zy ] S N mz
- - - tXX, VWV
Lﬁ B -EW - Lﬁ 100 [ B Z+jets, tt ]
150 [ _] r %4 Uncertainty
Higgs boson | :
gg 100 A 60 [~
] B ] L
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1964 2012

* *
T T

Higgs mechanism formulation  Discover of the Higgs Boson

Timeline

CMS 137 b (13 TeV) > P T T T e T
> 250 ' ' ' ' O, [ ATLASPreliminary H—Zzz'—>4 1
N : 0 oy 13 TeV, 139 fb™ ]
g Q L / @ Data -
g 200: g 120 |~ =;|izg‘gs(1ZSGeV) ]
2 g L tXX, VWV
Lﬁ L 100 L B Z+jets, tt ]
[ % %/ Uncertainty
iggs boson
- L
discovery
20

0 o
80 90 100 110 120 130 140 150 160 170

ATLAS m,, [GeV]

« Electric charge: Q=0 :

« Spin:S=0 !

 Parity: P = +1 l : 0

° C_panty C = +1 : Flna”y found @ -
1
:
1

2 | «  Width: T = 2.9%%23 MeV
INFN FN0 1 MassiM=12508+0.12GeV | ... butit’s only the start &
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1964 2012 2025 Timeline

* *
T T T

Higgs mechanism formulation  Discover of the Higgs Boson What is the Higgs picture
@ ATLAS & CMS today?

Nowadays...

B .



1964 2012 2025 Timeline

* *
T T T

Higgs mechanism formulation  Discover of the Higgs Boson What is the Higgs picture
@ ATLAS & CMS today?

Higgs potential

1 1
V(H) =V, + Emﬁhz + EAHHHW + 0(h%)

/

Nowadays. - n Mass directly measured

Higgs trilinear self-coupling

¢RE
2 L
_Mu ~ 0.13 from the SM theory \/

vZ

>
T
T
=
I
N

— — — = The experimental proof is taking much time ——— Why?
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* Dominant production mechanism at the LHC is the gluon-gluon fusion (ggF)

g H & ) L H
H // . . .
_____ < Amn The two diagrams interact destructively
g He Yoo

« Other productions are VBF (vector boson fusion) and VHH (double Higgs
production in association with a vector boson)

Double Higgs
production

" HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Cross section very low with respect to ggF

* Rare process at the LHC energy oun ~ 10 30y

« Good validation exam for the Standard Model or

evidence of BSM physics
INFN
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bbbb:

the highest branching
fraction, large multijet
background

BR(H—XX)

bbWW (bbVV):
second largest branching

fraction, large background. 3%
H H decays Final states with at least # ’

one lepton cleaner

" fuanors

bbzt:
relatively large branching
fraction, cleaner final state

BR HH—xxyy
(my =125 GeV)

WWyy:
clean yy peak, leptonic
final states of jets

v
rarer

bb

A%
|
WW g9 TT zz Y

_ rarer

MultileptonWW*WW*, WW*tT and t7771):
many different signatures, clean leptonic
final states, no b-tagging needed

_ total
l-‘H

B

BR(H-YY)

TTYY.
best of 77 and yy. Small BR

Most sensitive channels:
 bbbb
 bbrtt

20



Reconstruction of the physics objects via the tracker and calorimeters

Tracker
— curvature of the charged particles P = gXBxR

Calorimeters
— energy released by the particles

Reconstruction HCAL ECAL HCAL

- 22 DL
in CMS 7 YR
% AL
%% 7 7
Az
yle hadrons/jets
Primary and secondary vertex
— 1, b, ¢ and others travel different primary vertex  Afsecondary vertex
distances before decaying P D> ¢4 P

B = .



The importance of the HH production observation lies on the study of BSM effects

;b very sensitive to these contributions

g H & Yoo oo H
Ho _ AHHH
_____ { AHHH k}\, - /}\SM
| HHH
g H g Yo T H

EFT lagrangian with dim-6 operators (only the ggF production):
m c _ 1 o c
Lun = kA oH? — Tt(ktH + fHQ)(tLtR +he)+ Z?m—i)(ch — ZBH2)GMG,,

‘ 2v

[ = 68.5624 — 48.3673 x ky + 10.5635 x K |

HH cross
section with
BSM

I

04 (PP — HH) [pb]
= ) @
8 |||||||||||||ITIIIITIIIITIIIITIIIITIIII

o
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CMs 138 fb™! (13 TeV)

— r — —— T
K = k=1 —e— Observed ~ ----- Median expected
Ky =Ky =1

B 68% expected
----- 95% expected

bb ZZ
Expected: 40
Observed: 32

Run2 (2015-2018, L = 138 fb~1) results

Multilepton
Expected: 19
Observed: 21

bb vy
Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2

Current limits (with Run2 dataset): s |
« —1.24< k; <649 g 19
* 0.67 < kyy <1.38

Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

|
100

1 10
95% CL limit on o(pp — HH)/op¢,

Analysis status

Nature vol. 607, 60-68 (2022)

INFN

95% CL limit on a(pp — HH) fb

103

102

10

CMS

138 fb-1 (13 TeV)

Ky =Koy =Ky =1

Excluded

— Observed

£ Theory prediction 88 68% CL expected T

PRI ST S ST SR T B T SR B

Median expected

95% CL expected 1

P P I
-6 -4 -2

0
K,

oo™
e
o

95% CL limit on a(pp — HH) fb

CMS

138 fb-1 (13 TeV)
—— g

1T T

[ K =K =ky=

— Observed

= Theory prediction 88 68% CL expected ]

Median expected

95% CL expected -

Excluded

-2 —

3 4
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B
Main challenge: small cross section with
respect to other background processes non-resonant
Hey! I'm here! nal Asonant
; signa
Why don’t you see me? g 2 ,
M m
Nature vol. 607, 60-68 (2022) i

CMs

bb bb bb 17t

It’s a matter of
size...
...O0f the dataset!

i
1

Y
o

TTTTIT T llllllll

- = Solution?

More data -» HL-LHC

—_

102 |- bb vy Combined =

95% CL limit on o(pp — HH)/aTheory

i

v & ~2~O —e— Observed
A & ---- Median expected

OQN ¥
‘Q
‘\\\\\’2\ s [ 68% expected
I N F N <& |:| 95% expected 24



2024 | 2025 | 2026 | 2027 | 2028 | 2029
D[J|FM J[J|A|S|OINID)

J[AIS|OND] I INJD| 3] FIMAIM] 3] 3] A[S]OINID] 3[ FMIAIM] 3] J]ATSIOIN] AM]J[3]ASIOINID]
|l ]| e
Long Shutdown 3 (LS3)
TP
33 | 2034 | 2035 | 2036 | _ _

[

Time period:
from 2026 (LS3) to 2040s

=
)
=<

. : LHC Run3 (2022-2026)
ngh-Luml LHC Levelled luminosity = Lieyelieq = 2.2 X 103*cm™2s71

PU =64
upgrade
HL-LHC
Levelled luminosity — Ljevelleq = 5 X 103*cm™2s71

PU =140 + 200

Aim: increase the number of data without loosing performance

. 4

l Upgrade of the LHC machine itself and of the main experiments! l

B :




The upgrade will include all the sub-detectors

'CMS Phase-2 Upgrade Overview “Cvs
e m======  Barrel Calorimeters ¢ 2
Endcap Calorimeter _'(—3_1'\7[—sﬂs @.
. = *  ECAL readout at 40 MHz {3
. giDggic:\vtvfsriS;Mpir:sb/sl-mmg ‘. wpredsetimingat30Gev e
’ e ECAL/HCAL new

back-end boards Muon Systems
e DT/CSC new FE/BE readout

e RPCback-end electronics
= * NewGEM/RPC1l.6<n<24
Extendedton =3

Tracker

e Si-Strip/Pixels increased granularity
*  Trackingin L1-Trigger

e Extended coverageton =3.8

MIP Timing Detector
Precision timing
- Barrel layer: Crystals% SiPMs

- Endcap layer: Low Gain
Avalanche Diodes

CMS upgrade

Beam Rad. Instr. and Lumi
e Beamabort and timing
*  Beam-induced backgro

L1-Trigger DAQ and High-Level Trigger Bunch-Dysbunchluming

*  Tracksin L1-Trigger *  Full optical readout £ Sfen mnltorlng
at 40 MHz *  Event network 60 th/s

*  PFlow selection *  Heterogeneous architecture f

*  T50kHzL1 e T75kHzHLT

INFN 26



The new Mip
Timing Detector

B

Two different technologies to cope

with different radiation levels:

« Barrel (|n| < 1.45) - LYSO cristals
+ SiPM

« Endcap (1.5 < |n| < 3) - Low Gain
Avalanche Detectors (LGAD)

Timing resolution of 3060 ps

™~

BTL: LYSO bars + SiPM readout:
TK / ECAL interface: |n| < 1.45

ETL: Si with internal gain (LGAD):
. + On the CE nose: 1.6 < |n| < 3.0
* Inner radius: 1148 mm (40 mm thick) + Radius: 315 <R < 1200 mm
+ Length: £2.6 m along z * Position in z: 3.0 m (45 mm thick)
+ Surface ~38 m2; 332k channels + Surface ~14 m?, ~8.5M channels
+ Fluence at4 ab™': 2x10™ n /em? * Fluence at 4 ab': up to 2x10'*n,Jcm?

& 120 ;
2 [ —— Total time resolution T =-30°C
c B - )
_g 100}— Photostatistics
=] - —— DCR noise
S -
@\ - — Electronics
Q g0
g - — Digitization
= - — Clock
20—
0?‘

0 500 1000 1500 2000 2500 3000 3500 4000

Integrated Luminosity [fb™]

27



BTL: LYSO bars + SiPM readout: ETL: Si with internal gain (LGAD):
+ TK/ECAL interface: |n| < 1.45 + On the CE nose: 1.6 < |n| < 3.0
* Inner radius: 1148 mm (40 mm thick) + Radius: 315 <R < 1200 mm
+ Length: £2.6 m along z * Position in z: 3.0 m (45 mm thick)
+ Surface ~38 m2; 332k channels + Surface ~14 m?, ~8.5M channels
+ Fluence at4 ab™': 2x10™ n /em? * Fluence at 4 ab': up to 2x10'*n,Jcm?

Two different technologies to cope

with different radiation levels:

« Barrel (|n| < 1.45) - LYSO cristals
+ SiPM

« Endcap (1.5 < |n| < 3) - Low Gain
Avalanche Detectors (LGAD)

CMS Technical Design Report

The new Mip
Timing Detector ¥

Timing resolution of 30+-60 ps

Simulated Vertices
3D Reconstructed Vertices

= 4D vertex reconstruction 0Bl = e
——{—— 4D Tracks

t (ns)

04

0.2

+4 *J‘nl&

- * - — ‘. — s * ' ’ * B ! Ol‘
INFN 28
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BTL: LYSO bars + SiPM readout:
TK / ECAL interface: |n| < 1.45

ETL: Si with internal gain (LGAD):
. + On the CE nose: 1.6 < |n| < 3.0
* Inner radius: 1148 mm (40 mm thick) + Radius: 315 <R < 1200 mm
+ Length: £2.6 m along z * Position in z: 3.0 m (45 mm thick)
+ Surface ~38 m2; 332k channels + Surface ~14 m?, ~8.5M channels
+ Fluence at4 ab™': 2x10™ n /em? * Fluence at 4 ab': up to 2x10'*n,Jcm?

Two different technologies to cope

with different radiation levels:

« Barrel (|n| < 1.45) - LYSO cristals
+ SiPM

« Endcap (1.5 < |n| < 3) - Low Gain
Avalanche Detectors (LGAD)

The new M i p CMS Technical Design Report
Timing Detector ¥

Tlmlng reSOIUt|On Of 30_60 pS CMS Simulation Preliminary 14 TeV

0.79‘/ LHC Pr>0.9 GeV |n| <2.7

=3 PU 200 no timing

=] PU 200 0=35 ps

0.6

= 4D vertex reconstruction =3 PU 60 no timing
0.5 f . =
Bk HL-LHC = HL-LHC |
= Suppress pileup tracks —~ & | with timing | no timing
0.2 / Z / ——
, o1f :!:‘—. .

: 0-4 4-8 8-15 1525  25-50 50+
| N FN Number of pileup tracks per primary vertex 29
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BTL: LYSO bars + SiPM readout:
TK / ECAL interface: |n| < 1.45

ETL: Si with internal gain (LGAD):
. + On the CE nose: 1.6 < |n| < 3.0
* Inner radius: 1148 mm (40 mm thick) + Radius: 315 <R < 1200 mm
+ Length: £2.6 m along z * Position in z: 3.0 m (45 mm thick)
+ Surface ~38 m2; 332k channels + Surface ~14 m?, ~8.5M channels
+ Fluence at4 ab™': 2x10™ n /em? * Fluence at 4 ab': up to 2x10'*n,Jcm?

Two different technologies to cope

with different radiation levels:

« Barrel (|n| < 1.45) - LYSO cristals
+ SiPM

« Endcap (1.5 < |n| < 3) - Low Gain
Avalanche Detectors (LGAD)

CMS Technical Design Report

The new Mip

Tlmlng DeteCtor = Timing resolution of 30+60 ps oS Phase2 _ PRPO(6STeY)
. Simulation 1 1°°
18 Hydjet
) : 51_ ml<1.5
= 4D vertex reconstruction i
140 10°
o
> 1.3
=  Suppress pileup tracks W
il 10
1.1
= Particle Identification 1"

L R TSR IR SR NI TR

INFN P [GeV] 30




CMS Endcap calorimeter will be replaced with the new HGCAL

A

Very dense sampling calorimeter

mass~200T
each endcap

Clusterization and timing improvement

High Granularity
Calori meter Electromagnetic calorimeter (CE-E)

Hadronic calorimeter (CE-H)

D=3.5 /R (Best 10 HPD fi
18 PE/MIP (ESR)

Scintillator
(cost effective)

Mix of silicon absorbers and scintillator detectors

INEN .
3600 3800 4000 4200 4400 4600 4800 5000 3
z[mm]




CMSs

102 bb bb bb 1t

Y
o

|
|

Predictions of HL-LHC luminosity
— L ~ 30004000 fb~1

—_

r
.l

1
I | I
102 bb yy Combined

=
-i-‘

HH production — @
@ HL-LHC —— '

95% CL limit on o(pp — HH)/aTheory
o
|

Sensitive to SM double
Higgs production!

5
\)Q‘L {er &0 —e— Observed
Ne AN v ---- Median expected
L &8 >
&V [ 68% expected
<& [ 195% expected

The HL-LHC will probably be the time of HH production observation

g H 8 yf—___ H
SM-Iike? . . —EW(//;\HHH
BSM contributions?
g hoe Yooy

Resonant production? %x“
INFN : - .



» The Higgs boson pair production is one of the guiding analysis nowadays
— Higgs potential still not well understood, starting from Agugy

— sensitive to BSM contributions

» Most sensitive channels (decaying BR and reconstruction efficiency):

e bbbb
* bbtt
* bbyy

— new channels studied: bbWW and yytt

Conclusions

» Waiting for the full Run3 data taking, there is no evidence today of HH production
— only upper and lower limits on parameters

— predictions exclude to see it with full Run3 data, but who knows...

» The turning point will be High-Luminosity LHC (according to predictions)
— expected to see the HH production evidence

— possibility to validate more the SM theory or to go beyond it

33
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Triplet magnets — experienced big radiation damage
= need to replace with radiaion hard system

« larger aperture

* new magnets technology

SketCh Of th e RF cavities improved to be more precise and compact
LHC upgrade

Increased of vacuum, cryogenics and machine protection demand

New concepts for collimation

CNFN ’
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