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Goals

Goal of lectures: Give an introduction to LHC physics, technigues and plots
lllustrated using a selection of important ATLAS & CMS results
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Physics Goals of the LHC

/Avikimedia

Measure the
Standard Model

Search for the
Higgs Boson

Search for
New Physics

Study the
Quark-Gluon Plasma


https://commons.wikimedia.org/wiki/File:Views_of_the_LHC_tunnel_sector_3-4,_tirage_1.jpg

Large Hadron Collider

Highest energy particle collider in the world: pp, p+Pb, Pb+Pb, Xe+Xe, p+0, O+0, Ne+Ne
Center-of-mass energy: Achieved 13.6 TeV proton-proton collisions

27 km circular collider:

LHC

SPS

P PS D

See lectures by Michaela Schaumann & Gregor Loisch for more on accelerator physics

wikipedia
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https://en.wikipedia.org/wiki/Large_Hadron_Collider

Instantaneous luminosity

Two key collider quantities: centre-of-mass energy and luminosity
Precision measurement of luminosity is a key ingredient for most physics analyses

Related to:
« Rate of observed events: R = AN/At = 6.F

. ny,f, 1y
» Machine parameters: & = - = 25 ns: 30 long range encounters per [P

22,2,

Head on
~_. collision

Parasitic
encounters

2018 beam parameters (physics regime)
- revolution frequency: f,= 11246/s
- #bunches: ny up to 2544

I Separation: Y10 o

- #protons / bunch: nj= (1.1-0.9) x 1011
- Width of beams overlap: £y > Xx = 10-20 pm

25 ns
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7.5 m

Peak luminosity reached in 2018: 2 x 1034 cm-2s-1

cern News



https://home.cern/news/news/accelerators/lhc-report-playing-angles

LHC proton-proton collisions
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Various running years with different energies [PV SEPreH

2010, 7 TeV, 45.0 pb™
2011,7 TeV, 6.1 fb™ Run 1
2012, 8 TeV, 23.3 fb™

CMS
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2 2015, 13 TeV, 4.3 fo™

> 100 2016, 13 TeV, 41.6 fb~

3 2017, 13 TeV, 49.8 fo™ Run 2
C — —1

€ 80 2018, 13 TeV, 67.9 fb

5 m— 2022, 13.6 TeV, 41.5 fb~

> w2023, 13.6 TeV, 32.7 fb~

= 60} m— 2024, 13.6 TeV, 122.2 fb~ Run 3
> 2025, 13.6 TeV, 33.6 fb~
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Run 1: 2010- 2012 Run 2: 2015 - 2018 Run 3: 2022 - ongoing
/ and 8 TeV, ~30 fb-1 13 TeV, ~150 fb-1 13.6 TeV, already ~230 fb-

https.//twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Cross section o/ pb

LHC proton-proton collisions
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Center-of-mass vs / TeV
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F. Sauerburger,
LHC cross section plot,
https://InC-xsecs.org

« ~100 mb total proton-proton cross section

e ~ 60 mb In-elastic cross section

R = AN/At = Ginel‘fz
= (60 x 10-3 x 1024 cm?) x (2 x 1034 cm-—2s-1)

= 1.2 x 10° in-elastic collisions/second


https://lhc-xsecs.org

A word on triggers

Collisions occur every 25 ns (40 MHz) — Impossible to record everything

Usually target higher transverse momentum particles and specific signatures

Calorimeter detectors
[
LAr TileCal
Muon detectors (including NSW) o ———p— LHC collision rate & event size
sAEEmEE 40 MHz 3.0 MB
Pre-processor Endcap Barrel
nMCM | [TREX sector logic | sector logic
Level-1 accept rate
e,y,T .mg -
8
* <
t1 Tgpo L1Topo 1g':
eg. “ J CTP ) Read-Out System
| -~ (ROS / Software ROD)
CTPCORE
CTPOUT
Level-1 Trigger
Rol

ATLAS trigger architecture

HLT output to storage
3 kHz 6 GB/s

Data Storage

Event
Data Tier-0

cern ep-news



https://ep-news.web.cern.ch/content/triggering-atlas-run-3

LHC schedule

HILUM

LARGE HADRON COLLIDER

LHC HL-LHC

| | Run 2 Run 3

R - <+

13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation _ _ HL-LHC
7 TeV e button collimators interaction _ inner triplet i )
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
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2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 ? 2026 2027 2028 2029 IIIIIII

51to 7.5 x nominal Lumi

ATLAS - CMS -
experiment upgrade phase 1 ATLAS - CMS |/
SR AR nominal Lumi 2 X nominal LumLI ALICE - LHCb | 2 x nominal Lumi LS UL

75% nominal Lumi I |/ upgrade
luminosity JEITOR{ R

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS

https://hilumilhc.web.cern.ch 10



https://hilumilhc.web.cern.ch

See lectures by Andrew Taylor
for more on astroparticle physics

Interlude: Large Oxygen Collider?

In July 2025 LHC collided Oxygen (and Neon) for the first time

Measure fundamental processes in the lab — Improve air shower models

Astroparticle connections: Important milestone for cosmic ray physics!

£ 2 - - Cosmic ray air shower
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The two main experiments for these lectures

25m

Tile calorimeters

N : LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

ATLAS Detector: 46 m long, 25 m
diameter, about 7000 tons, 2T solenoid

CMS Detector: 21 mlong, 15 m
diameter, about 14000 tons, 4T solenoid

CMS

Crystal calorimeter

— Forward hadron

: _4—-*5} 5

¢ W calorimeter

N

Superconducting
T solenoid magnet

Hadron Muon

: / “.0One of the 15
calorimeter chambers

detector sections

See lectures by Ingrid-Maria Gregor & Simon Spannagel

for more on detectors for HEP


https://cds.cern.ch/record/1095924
https://www.researchgate.net/figure/Schematic-view-of-the-Compact-Muon-Solenoid-23_fig2_254468765

7 .‘\“\‘ =
{ i Crystal calorimeter

CMS

Forward hadron
calorimeter

P8 Silicon tracker

pr—e——
A T
—

. /m\ =

The big four =
e VS

A\
T

. ‘0\\‘- ‘q\I
o\
N’

*

Superconducting
i solenoid magnet

Hadron Muon
calorimeter chambers

detector sections

1. ITS 6. EMCAL
2.V0and TO 7. PHOS
3. TPC 8. Muons
4. TRD 9. AD

5. TOF 10. ZDC

Quiz: Can you name any other LHC experiments?

wikipedia

ZSm\ N
1 ‘

! LHCb
2 M4 M5
Sm — SPD/PS 12
Magnet iIC
(‘_ ! ¥ \
AN
‘ v_|
% ¥
- ‘ >
Sm 10m 15m 20m Z
44m
I

Muon chambers

Toroid magnets

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters
Solenoid magnet | Transition radiation tracker

Semiconductor tracker

13


https://en.wikipedia.org/wiki/Large_Hadron_Collider
https://cds.cern.ch/record/1095924
https://www.researchgate.net/figure/Schematic-view-of-the-Compact-Muon-Solenoid-23_fig2_254468765
https://www.researchgate.net/figure/The-ALICE-detector-system-at-the-LHC_fig1_329798781
https://www.researchgate.net/figure/Schematic-of-the-LHCb-detector_fig1_237572861

LHC experiments

cern

) ALICE ¥ el A
A Large lon Collider Experiment

u [ N
'Hi

J@LHC
| N o

ratthe L LHC

)MoEDA -MAPP w |
or atthe LHC

Monopole and Exotics Dete

- Forward Search Expenment Scattermg and ftrmo Detecto

14


https://home.cern/science/experiments

The Standard Model of Particle Physics

Theory describing fundamental particles and interactions

Extremely successful in predicting and explaining experimental measurements

See lectures by Hyungjin Kim for more on HEP Theory 15

visit.cern



https://visit.cern/node/612

Standard Model particles

TNR — Fermions: spin 1/2
-
=t c;JL e ' Quarks
) N « 6 flavours: up, down,
B
g | charm, strange, top, bottom
gum JL : JL b/ « 3 colourcharges:r,g, b

e Baryon number: 1/3

Image: Daniel Dominguez/CERN



Standard Model particles

A B 3
Sl
. & &
el N St

Quarks

Leptons

Image: Daniel Dominguez/CERN

Fermions: spin 1/2

e Quarks

e 6 flavours: up, down,
charm, strange, top, bottom

« 3 colourcharges:r,g, b
e Baryon number: 1/3

 Leptons
 Electron, muon, tau
* Neutrino for each lepton flavour
e Lepton number: 1

17



Standard Model particles

Bosons: integer spin

 Force carriers (Spin 1)

e Gluon: strong force
* Photon: electromagnetic
e W=, Z: weak force

Image: Daniel Dominguez/CERN
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Standard Model particles

Bosons: integer spin

 Force carriers (Spin 1)

e Gluon: strong force

* Photon: electromagnetic
e W=, Z: weak force

 Higgs boson (Spin 0)

 Disovered 2012
by ATLAS & CMS \;

Higgs boson |
* Higgs field gives rise
to particle masses

Image: Daniel Dominguez/CERN

19



Standard Model particles

(

Quarks

- - N/ \ TR .
Higgs boson & .= 7t et nnied i L el
o | - N v
Forces

Leptons

@\ ACCELERATING SCIENCE

S

Image: Daniel Dominguez/CERN



Standard Model interactions

Leptons

Photon

&

wikipedia

Bosons

Higgs Boson

D

Gluons

21


https://en.m.wikipedia.org/wiki/File:Elementary_particle_interactions.svg

Proton-proton collision theory

Proton:

uud (valence quarks)
& a sea of interacting
quarks, anti-quarks
and gluons

* Type of parton and momentum fraction (x) not known

 EXxact center of mass energy of colliding partons not known!
(different at lepton colliders)

physics master classes

22


https://atlas.physicsmasterclasses.org/no/wpath_lhcphysics1.htm

Proton-proton collision theory

proton 1 proton 2

— Cross section calculated by integrating over Parton Distribution Functions (PDFs)

1
’i,j N —
PDFs

Marumi Kado lectures

physics master classes 23



https://indico.cern.ch/event/1132625
https://atlas.physicsmasterclasses.org/no/wpath_lhcphysics1.htm

Parton distribution functions (PDFs)

MSTW 2008 NLO PDFs (68% C.L.)

\.2grT T g2y o PDFs are the probability to find a
' parton with momentum fraction x

xf(x,Q?

1_

 Not calculable but measured In
Deep Inelastic Scattering (DIS)
experiments (with electron &
neutrino scattering on nucleons)

0.8

0.6

« PDF evolution in Q2 are calculable
(with DGLAP equations)

 Important uncertainty for

Q2 = energy scale or momentum transfer measurements and searches

mstw 24



https://mstwpdf.hepforge.org/plots/plots.html

Simulation in particle physics L et e

PP el °. ©® ? "l b 9
o) o @' o0, ’:
e e 0% e
A\ \! o‘\i .\o.\\ ,..‘ - l..l
* Backbone for almost all LHC physics analyses Lesllg® = LT g g o\ ::5«:. o
°. 9.0 \ AR ap.t By
1 o~ & V4 \ VAT ) /A \ e
» Theory modelling of: S ETERE I AN =
Hard scatter, parton shower, --,:‘.’:84' lo, 2 y
hadronisation, hadron decay, oY L QL 0009 | == -@
multiple parton interaction e, ! e S /. ..
.o‘::‘ @ NQQQQQQC 0 o - o’
= . ".’0 . =
o ROy, 4
EON TR N
: o ~ 7 /o o
SO et
o 4 ..,? “. ‘r “

Image credit: Frank Krauss 25



Simulation in particle physics L et e
.:, . \‘o... ,. .6. l..:
® o "0 .°® '® e .
.\.\ . 0.\‘ .\0.\\ &
 Backbone for almost all LHC physics analyses .,- - L= .-"‘ o
 Theory modelling of: o0 f %A BE R ST o Ve
Hard scatter, parton shower, a0 /.. 000 L
, hadron decay, @) oG B 0000 go000 | @
] ] . . a? @- et T '
multiple parton interaction e 0y W gy, . .,
o= ."".0 \ . =—"
* Modelling of the detector g el . 7000
Particle interactions with the material (GEANTA4) X \¢: . E
Detector response % LR
* ., ,., ' @ -0 ®
) ‘., ' ." o ° O .0
- - -ps - . ¢ «c® O &
* Particle identification and event reconstruction Sy ye O
Treat simulated data like real collision data
26

Image credit: Frank Krauss



Price to pay for high instantaneous luminosity

Pileup
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additional interactions in a different bunch crossing

additional interactions in the same bunch crossing
Collision of interest + additional particles usually tracks

time pileup

& hadronic jets with low transverse momentum

* [In-time pileup
Out-of

* Big challenge

2641634


https://cds.cern.ch/record/2641634

Pileup

ATLAS public results

1]

Recorded Luminosity [pb /0

Price to pay for high instantaneous luminosity

1000
900
800
700
600
500
400
300
200
100

L L L
ATLAS Online

o 2011-12:(uy/p = 18/14

{s=7,8TeV,26.41fb"
1 2015-18: (u)/uMPv = 34/29

{s=13TeV, 147 b

B 2022-24:(uy/p = 54/63

{s=13.6 TeV, 183 fb"

0 10 20 30 40 50 60 70

Mean Number of Interactions per Crossing

80

UOIBIQIED $Z/L

28


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3

Interlude: coordinates & basic kinematic quantities

Transverse momentum: p, = p . sin@

Image credit [zaak Neutelings

1 EICh

29


https://tikz.net/author/izaak/

Interlude: coordinates & basic kinematic quantities

g Quiz: why do we use transverse
| momentum?
p_---"" P
0/ L
Jura CMS
r  LHC LHCb
N
P ALICE ATLAS

Image credit [zaak Neutelings

Transverse momentum: p, = p . sin@

30


https://tikz.net/author/izaak/

Interlude: coordinates & basic kinematic quantities

1 E+
Rapidity: y = EIHE EZ Pseudo-rapidity: y — 7 (relativistic/massless limit)

-7, P

= — In tan—

! >

y 17
=0.88
9=90° /n
0=45°

L o=10—>1=2.44
0=0° )T]:oo
—_—

proton proton z

wikipedia

31


https://en.wikipedia.org/wiki/Pseudorapidity

A collision “event”

ATLAS Event Display

# J —

Top quark pair candidate event

—
ATLAS

EXPERIMENT

Run: 311071
Event: 1452867343
2016-10-21 06:34:07 CEST

32


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics#Top

Particle identification with ATLAS

1505342

Onion-like
structure

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet

Transition
. Radiation
Trqclq ng Tracker

Pixel/SCT detector

33


https://cds.cern.ch/record/1505342

Particle identification

* Lots of work goes into particle identification within the experiments

I.e. translate various detector measurements into “particles”

Examples:

Cell energy in calorimeter — photon energy

Tracking — reconstruct “correct” particle trajectory from signals in various layers

« Compare real data to simulation
Efficiencies are not the same due to imperfect detector modelling

Correct to avoid biased comparisons

atlas software docs



https://atlassoftwaredocs.web.cern.ch/trackingTutorial/tracksf

Hadronic jets: light flavour and gluons

 Quarks and gluons cannot be observed by themselves
— Undergo processes of parton shower and hadronisation

 Experimental signature: Spray of neutral and charged hadrons

. v . '/. .

L, L :

AR
o s " -
Pt
.

Detection
e ~— Hadronization
T Parton shower  hadrons PE .
e partons @)@ @ ...

Adapted from Eric M. Metodiev

35


https://www.ericmetodiev.com/post/jetformation

Hadronic jets: light flavour and gluons

 Quarks and gluons cannot be observed by themselves
— Undergo processes of parton shower and hadronisation

 Experimental signature: Spray of neutral and charged hadrons

LM HCAL

neutral : Clusters
hadron : HH detector

Q)article-flow HH

0064517 36



https://cds.cern.ch/record/2264517/files/Moriond_EW_2017_421.pdf

Hadronic jets: heavy flavour

 b-quarks contain B-Hadrons in their parton shower Displaced

Y, Tracks

-
—— g
. / !
a o
. 4
o, v .
. v o
,“Il ",'.'. - J
/ >

« B-Hadrons have sufficient lifetime

— [ravel away from primary interaction point
before decaying (~0.5 mm)

Secondary
Vertex

— Secondary vertex

 Often multivariate techniques used to
identify jets originating from b-quarks

258544147 37



https://www.researchgate.net/publication/258544147

Hadronic jets: heavy flavour

 Often multivariate techniques used to
identify jets originating from b-quarks

 Develop algorithm based on simulation

* Pick most optimal one (high efficiency, low fake rate)
 Measure efficiency in data & compare to simulation

 Correct simulation (often called data-MC scale factor)

1907.05120

—
o
o

IR RALLL

Jets / 20 GeV

—A

Data/ Sim.

.o -
— O N —
T T

tt / Sim.
o

o

10°

o

data-MC SF

I 1] |

UL L L L L L L
ATLAS \(s=13TeV, 80.5fb’

-4 Data

it

Single top
B Z+jets

I Diboson

@m MC stat. unc. + +
3 Total uncertainty . . .

AAAAAAAAAAAAAAAAAAAAAAAAAAAA

100 200 300 400 500 600
Jet o (GeV]

Example: b-jets in tf events

38


https://arxiv.org/abs/1907.05120

Missing transverse energy (MET)

Invisible particles

 Important to infer presence of non-interacting particles (neutrinos,
dark matter)

 Measure every interacting particle very precisely and "‘ 4
take negative vector sum . ’

s p

 Can be very tricky

) 3 4
* Not all particles might be reconstructed
* Pileup dependency can be an issue
Visible particles
(leptons, jets,

photons)
miss __ e Y T M jet track Also known as
pYU=-| ), PR+ ), PTt ), PI+ ), PRt ), PT+ ), P miss
selected accepted accepted selected accepted unused ET or MET
electrons photons T —leptons H jets tracks
| S
soft term
5402 05858 hard term 39



https://arxiv.org/abs/2402.05858

Signal and background

Ideally just “count” signal events & measure cross-section (or discovery new process)

— Often other “SM” processes look similar to our signal

W boson signal Z boson background
hB @ [

S |

1 lepton + MET 2 leptons: Could “miss” one lepton

Fakes: Note also particles are not always unambiguously defined e.g. jet could fake an electron

Images adapted from 254469235 40



https://www.researchgate.net/publication/254469235

Measuring a cross section

N, N,

occured observed

O —

e N

ohserved: Gounting events with a specific selection

» A: Acceptance i.e. ratio of selected simulated events over all simulated events
(estimated from theory/simulation)

o ¢: Experimental efficiency (i.e. event selection, object identification efficiency)

« . . Integrated luminosity of the dataset

Note: we can also measure ‘fiducial’ cross-sections without correcting for A

41



Standard Model Production Cross Section Measurements

1011

o [po]

ATL-PHYS-PUB-2024-011

Status: June 2024
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Oag " ATLAS Preliminary
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PT > 70 GeV
O
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PT >75 GeV y
dijets E;>
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pt >100 GeV &

Theory

©
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BB Daia 32-140fb2
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00 20 A Data 20.2 — 20.3fb~!
O
A4
pr > LHC pp Vs =7 TeV
30 GeV
- gs m3 e m o om BBl D22 25490
125GeV 100 Gev & o A_O
0O o v total
n 22 30 Gev 40 DO ww -
A A > 1 t-chan >
ni>1 o = u A ww v
: ° veo G Ao oo
A n; >3 1O%TG>\/ Wit G Wz M?Z total
e
nj>2 o ny — anZ a vV zz .EZ. A S
A nj>4 a pr > 25 GeV ZAZ g o
nj>3 A o , njég njé4 R v A ntotal
n;: — #
nj>5 Jn nj 35 s-chan i/ O H—;g‘g\)/v n A u
. o o o A o
nj =6 nj=3 O % (= | H—bb A ttZ 0o Wii
A S BLEE n;>7 vy (x0.01) H - 1 A (x05) | . A WWZ tot. "*
o] Q (x0.01) : (x0.25) n s i ttW A x0.2) AQ
nxs Dizj (x0.01) OOp) o A
A nj=4 nj>6 g A Hn—>zz o
o O H-yy H- 1t Zjj n Wyy Wyjj
] nj=7 (x0.15) A O o total
n; —
n>7 J i o o A zyj A WE W
a O T H oy oY O o po
(x0.5) (m | A wrw- R
> 6
"= H — 4¢ n WZy a A q W
O
. WWy Zyy Oa
(x0.2)
PP  Jets Y w y4 tt t VvV H Hj VH ttv ttH  WWV YYY VNyy  yy-WW
tty Vjj  tttt Vyij VVjj
tot. tot. VBF tot. EWK " tot. EWK EWK

42


https://cds.cern.ch/record/2903866

Next lecture

Jwikimedia

Measure the
Standard Model
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https://commons.wikimedia.org/wiki/File:Views_of_the_LHC_tunnel_sector_3-4,_tirage_1.jpg

Interlude: coordinates & basic kinematic quantities
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Image credit [zaak Neutelings
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https://tikz.net/author/izaak/

LHC proton-proton collisions

2010, 7 TeV, 45.0 pb™
2011,7 TeV, 6.1 fb~
2012, 8 TeV, 23.3 fb™
2015, 13 TeV, 4.3 fb™
2016, 13 TeV, 41.6 fo!
2017, 13 TeV, 49.8 fo !
2018, 13 TeV, 67.9 fo!
2022, 13.6 TeV, 41.5 fo
2023, 13.6 TeV, 32.7 fo
2024, 13.6 TeV, 122.2 fb™
100 | 2025, 13.6 TeV, 33.6 fb™

CMS

w—

o)

o
|

Total integrated luminosity (fb™)

https.//twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

| | I | | |

Dec

45


https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
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The Standard Model - fundamental particles
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https://indico.desy.de/event/23617

The Standard Model

interaction paﬂ(\ hot coffee (can be omitted)

& By
1 1%
@ = = ZF v FH
interactions between matter particles g )
1 .
b llflbllf ki mass for antimatter particles

+ Vi V0 J + }/

N

mass for matter particles —(
v Dl -V(9)
U J

mass for interaction particles Higgs self-interactions

Julia Woithe et al 2017 Phys. Educ. 52 034001



https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25/pdf

The LHC schedule

2021 2022 2023 2024 2025 2026 2027 2028 2029
AMI[I[AS AMI[IAS AMI[IAS AMI[IAS AMI[IAS AMI[I[AS AMI[I[AS AMI[I[AS AMI[I[AS

OIN|D{3|FM OIN|D{3|FM

Long Shutdown 3 (LS3)

2033 2034 2035 2036 2037 2038
AM[I|]IA|S AM[I|]IA|S AM[I|]IA|S AM[I|]IAIS AM[I|]IA|S AM[I|]IA|S

Run 4 LS4 Run 5

Shutdown/Technical stop
Protons physics

EYETS Ions

Commissioning with beam
Hardware commissioning

Last update: November 24

http://Ihc-commissioning.web.cern.ch/schedule/l HC-long-term.htm



http://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

