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The LHC is the world-leading
particle accelerator & collider

Delivering unprecedented energies
and intensities

The LHC detectors are the most
sophisticated scientific tools yet

Machine and detectors not static,
systematically improved/upgraded




LHC — past & future l H%ﬁ?

S We’re at the middle of the LHC journey
S Run 3 just ended last week!
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He’re here

We have accumulated a very large, rich dataset during Run3
S available for physics analyses!

We will be building the upgraded detectors for HL-LHC (Run4)
S precision measurements + rarer processes
Enhance apparatuses

Extend physics scope
S increase acceptance for SM & BSM, with improved and new detectors



https://home.cern/science/experiments
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Physics @ LHC

e Study all SM particles +interactions
= Precision SM measurements

* Look for new particles +interactions
=> Searches for beyond-SM phenomena
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Physics @ LHC
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e Study all SM particles +interactions
= Precision SM measurements

* Look for new particles +interactions

LEPTONS

=> Searches for beyond-SM phenomena
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CMS Experiment at the LHC, CERN
Data recorded: 2022-Jul-0
Run / Event / LS: 355100 / 51596902 / 53

D\ E—_~

 \"W4| CMS Experiment at the LHC, CERN
Data recorded: 2018-May-08 00:09:43.055040 GMT
Run/ Event/ LS: 315840 / 580141005 / 471

CMS CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-17 08:01:23.065024 GMT

Run/ Event/ LS: 27%969 /229126383 / 184
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Data recorded: 2023-Sep-26 17:49:16.755456 GMT

‘Run/Event/LS: 374288 / 5946329 / 55
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LHC — mission & legacy

* energy frontier — search program at the TeV scale
* intensity frontier — precision electroweak measurements

* lifetime/coupling frontier — search for long-lived beyond-SM signatures

* heavy flavour — explore heavy quarks and leptons: t, b, T (aka the 31 family)
* heavy ions — ultra-relativistic nuclear collisions, deconfined QCD medium
* photon collider — ultra-peripheral collisions and proton tagging

e collider neutrinos — direct measurements of all neutrino flavours

S replaces+extends previous machines: Tevatron, BaBar/Belle, RHIC, LEP...



The accelerator




the CERN accelerator complex
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accelerate, bend, focus ...

* only charged particles can be accelerated: p, p, e%, (J1%), ions

» e.g. LHC (p+p, p+Pb, Pb+Pb);

* acceleration by radiofrequency W
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Proton-proton collision

Some specs:

Beam structure

circumference: 27 km
bunches: 3564 + 3564
protons / bunch: 10!

Bunch Crossing 4 10" Hz

Proton Collisions 10°Hz

Parton Collisions

4000 W£s / sec
1200 Z0s / sec
17 tt s / sec

1 hos / sec

New Particle Production 10° Hz

———

We’re interested in rare events

w Real-time filtering: Trigger



Filtering collision events

LEVEL-1 TRIGGER HIGH LEVEL TRIGGER

PARKING

)
-® ™ %
o, %2, P 5o % few 1000 events/second
" " a®0 . oge o
s v 8Y s delayed avdilability for analysis
100 000 ° . - <
events/second
\": o:PA:._" .’:-" @
00,0 000 r ) ® 0,94
Al X5 e A 00e® e 22  NORMAL
-_s.}'s”:.;:.,, 0856,°%%% 2 & 1000 events/second
*% % .o % :- 4 2% © % normal availability for analysis
Attt s,
$650005%° #o8

SCOUTING

10 000 events/second (or more)
reduced data format
normal availability for analysis

CMS DETECTOR

records 40 000 000 times/second

novel data-taking paradigms enhance

physics
sensitivity




Physics sensitivi

Observed Driven by Driven by
In the data@the machinejthe detector
maximize r—
sensitivity _
stat. &« /N N—O-XLXCHXE

Luminosity Efficiency

for a given physics process Integrated: Trigger / DAQ
= collision energy, Js increases ~linearly with time
’ challenge: manage large
datasets
rare processes = small o
S require large Lumi. + Eff Instantaneous:
increases with upgraded
machine
challenge: manage pileup

* physics reach determined by:

* Collision energy (\/s) — how deep can we probe matter
* Luminosity (L) — quantifies the collision rate (increase!)
* Detector acceptance and efficiency (improve/upgrade!)



The detectors
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HCAL ECAL Tracking detector Muon detectors
calorimeters: trackers: muon chambers:
measure particle's detect trajectory muons reach outer

energy by absorbing it of charged particles detector layers
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Only quasi-sable particles are directly detectable: e, L, Y, T, K, p,n

All other, unstable particles decay, and their (stable) final states are detected.




tracker:
charged particle trajectories

™~

e.m. calorimeter
energy deposit

hadr. calorimeter
energy deposit







SUPERCONDUCTING CALORIMETERS
COIL ECAL Scintillating PbWO , HCAL Plastic scintillator
Crystals e copper

————

Total weight : 12,500 t // —
Overalldiameter : 15m | A= A E=
Overall length : 21.6 m Wy IRON YOKE

Magnetic field : 4 Tesla

TRACKERS \\ .‘
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Drift Tube Resistive Plate Cathode Strip Chambers (CSC)
Chambers (DT) Chambers (RPC) Resistive Plate Chambers ( RPC)






End-cap toroid

Solenoid

Electromagnetic
calorimeters

Muon detector

Hadronic calorimeters

Barrel toroid

Beam axis

Inner detector




High-Luminosity LHC

* an new, more intense LHC

* require refurbished detectors!

 upgrade with state-of-the-art
technologies

* novel or redesigned detector
components

* being advanced now

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING
2 new 300-metre service
tunnels and 2 shafts near
ATLAS and CMS.

“CRAB” CAVITIES

16 superconducting “crab” cavities for
the ATLAS and CMS experiments to
tilt the beams before collisions.

UNNEY
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FOCUSING MAGNETS

12 more powerful quadrupole magnets

for the ATLAS and CMS experiments,

designed to provide the final focusing
of the beams before collisions.

ATLAS

SUPERCONDUCTING LINKS
Electrical transmission lines based on a high-
temperature superconductor to carry the very

high DC currents to the magnets from the
powering systems installed in the new service
tunnels near ATLAS and CMS.

COLLIMATORS
15 to 20 additional collimators and
replacement of 60 collimators with
improved performance to reinforce
machine protection.

CRYSTAL COLLIMATORS
New crystal collimators in the
IR7 cleaning insertion to improve
cleaning efficiency during
operation with ion beams.

CERN March 2022

e stal +SIPM

improved muon coverage new and upgraded forward

and luminosity detectors

trigger and DAQ
increased readout rates

ITk — the new all-Si tracker

“new High ularity
Timing Detector (HGTD)

Barrel ECAL/HCAL

* Replace FE/BE electronics
o Lower ECAL operating temp. (8 °C)

Trigger/HLT/DAQ

o Track information in L1-Tngger

e L1-Trigger: 12.5 ms latency - output 750 kHz
* HLT output 7.5 kHz

Muon Systems

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

New Endcap
Calorimeters

* Rad. tolerant - high granulanty
¢ 3D capable

New Tracker

* Rad, tolerant - high granulanty -
significant less material

* 40 MHz selective readownt (pT>2 GeV)
in Outer Tracker for L1 -Tngger

* Extended coverage to hed4

SRS e e et an—

MIP Precision Timing Detector -

28
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: adding precision timing detectors

Example challenge for the high-luminosity LHC phase: pile-up

® can expect up to 200 simultaneous collisions per bunch crossing

® detectors do not have the spacial resolution to distinguish resulting vertices

® solution: add time dimension, i.e. develop novel precision timing detectors

t (ns)

0.6

0.4

0.2

-0.2

-0.4

Simulated Vertices
3D Reconstructed Vertices

——©6—— 4D Reconstruction Vertices

—+— 4D Tracks
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Endcap
calorimeter wall

Outer ring
(service f
& cooling lines)

Back cover



How do we ‘see’ particles?
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the discovery of the
b quark

discovery
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the SM re-discovery @ LHC

1977 2010
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the discovery of the
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Events/GeV

the SM re-discovery @ LHC

34 fb”' (13 TeV)
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Decades worth of particle physics discovery ... in a single plot!



muon chambers
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CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run /Event / LS: 254833 / 1268846022 / 846

CMS Experiment at LHC, CERN

Data recorded: Sat Aug 22 04:13:48 2015 CEST '
Run/Event: 254833 / 1268846022 ‘\/
Lumi section: 846
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CMS Experiment at LHC, CERN
Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Lumi section: 846
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CMS Experiment at the LHC, CERN
Data recorded: 2015-Nov-02 21:34:00.662277 GMT,
Run /Event / LS: 260627 / 854678036 / 477
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CMS CMS Experiment at the LHC, CERN
Data recorded: 2015-Nov-02 21:34:00.662277 GMT

Run / Event / LS: 260627 / 854678036 / 477
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CMS Experimeht,at the LHC, CERN
Data recorded: 2015-Oct-27.11:51:17.472320 GMT
Run / Event / LS: 260028,/ 9944

CMS CMS Expetiment at the LHC, CERN A
Data reco::;{zmg-s‘ap-n 22:46:54.589056 GMT

Run / Event / LS: 256353 / 437637379 / 244
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CMS Experiment at LHC, CERN

Data recorded: Mon Oct 12 2015 EEST
Run/Event: 258749 / 549864773
Lumi section: 355
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Run 251244 Event 204117665

Vs =13 TeV "
pr= 63.3 GeV

H1

pr= 58.7 GeV

n=1.8
pp — ZZ - 2e2p
m,,= 91.1 GeV
m,, = 88.2 GeV

m,, = 208.9 GeV

H2
pr= 36.1 GeV

n=0.98
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CMS Experiment at LHC, CERN
Data recorded: Wed Jul 8 23:50:40 2015 CEST C
Run/Event: 251251 / 39089589

Lumi section: 64
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AT Met 0, g
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N N _/_,/m_;."z-_\_ .
\7%}““\"-< \'" 2 3 i

“Did vou see 1it?”
“No nothing.™
“Then it was a neutrino!”™

Neutrinos cannot be detected at the LHC! ... or can they




The Dawn of Collider Neutrino Physics @LHC
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The of Particle Physics

'. ' .:l 28 GeVic? =173.1 GeV/c? 0 =124.97 GeV/c?
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SM predictions can be

against experimental data

Quantum mechanics + Special relativity (+fields+symmetries)

Standard

Model Outcome of + interplay & discovery
One of the great achievements of 20w century science.
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The Higgs boson

=8 years

HIGGS boson

discovery

Volume7 16, Issue 1,17 Seprember 2012 1SSN0370-2603

S — G LR A y
N '

e . _
Standard = Quantum mechanics + Special relativity (+fields+symmetries)
Model Outcome of + interplay & discovery

One of the great achievements of 20w century science.
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Status of the scalar
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Higgs properties and rare processes
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rare production (HH)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

The Standard Model: precision measurements
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The SM describes all () experimental data !
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Going beyond the Standard Model
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Physics goals at the LHC?

* Test the Standard Model (SM)

» Precision measurements + rare processes

* Find physics beyond the Standard Model (BSM)

» Direct and indirect searches for new particles

Produce Infer
BSM particles presence of

in the collisions BSM particles
+ through their effect

detect their on properties
decay of SM

e "ala Higgs”



Going beyond the Standard Model

1) the easy way: direct discovery

T
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Y

New Particles
from the collision?
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New particles discovered at LHC?



New particles discovered at LHC?
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85+1 new particles already discovered — and more awaiting to be discovered !

https://www.nikhef.nl/~pkoppenb/particles.html



(extra) new particles discovered at LHC?

an all-charm tetraquark (candidates)

8 300;_ATLAs Preliminary } Data

3 250F E =13 TeV, 139 fo — Sig.+Bkg.

o 200 - di-d/y — Background
- - - Sig. w/o Int.

=150

- - Sig. Int.

O 7T e
~50F
~100-
135fb’1(1'3‘»":I'eV)+180fb‘1(13.6TeV) s T T T
C - 6.5 7 7.5 8 8.5 9
600 - \ CMS Preliminary mcon [GeV]
E LA . o~ 220 p—r————————————
> :_ P ‘ ¢ Data Fit 3 s
§ 500 = 4 | - -BW, - BW, % 200 LHCb _ ?ott:l B
g 400 - [ | \ —BW, -~ Interfering BWs. 2 180 = Resonance
~ - ! '\' i l o 160 = = [nterference
_.g)_). N i 8 .'," . | + Background 8 _} m nterference
g 300 [ N ” ¢ - - 140 '} B ;)Psf .
2 ' % 120 H -} i. ——— NRSPS
S 20/ = 100 {. + {.
1 —
"y = soHl, i }
< 60 1[ i
) S £ 40 o
ol =2 IR U N VU W TR WO SUURR N S N S— 5 20
e e
e ‘}%{?}F} _____ {'{#}H t}#ﬂ{' _____ *{ W# _______ {'##& _____ {# ______ i#ﬂ"} ______ HH’% ..... } 8200 7000 8000 9000
Iy

- 85 9
[GeV]

J/wJ/w



ATLAS SUSY Searches* - 95% CL Lower Limits example: SUSY ATLAS Preliminary
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Going beyond the Standard Model

2) the not-so-easy way: indirect discovery

charge @ %

New Physics
hiding here?
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Quantum Mechanics
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Indirect searches: fuelled by Quantum Mechanics
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Going beyond the Standard Model
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['ermi = ——F= ]_)“/’/,‘77 €9 v + h.c.
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a predecessor
of EWK theory

Leptohs _

SM field

o[)SM = o[)gauge + oChiggs

simple and elegant theory
describing almost all
microscopic phenomena

SM field
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Lsm-ert = Lsm
+ 2CiO;

new heavy field
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a more fundamental
theory with new
degrees of freedom



