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Introduction

A These are four introductory lectures, covering the basic concepts of
experimental particlghysicsat colliders including thehighest energy
collider in the world: the.HQLarge Hadron Collider)

A1 am an experimental particle physicist workingC&RNthe European
centrefor Particle Physics, based near Genenghe borderbetween
Switzerlandand Francethe laboratory which organizdhkis school
| work on LHCb (one of the LHC experimgimts will try to be unbiased

A Most lectures in this school are theoretical, but testing theory with
experiments is essential for scientipoogress: droad experimental
programme pushing back afif the frontiers(energy, intensity, cosmic
IS particularly relevant at this time, when theeege compelling arguments
for new physics but nolear guidance from theory wherewill be found

A Acknowledgements | have taken material for these lectures from many

sources, in particular the previous lectures in this series of schools
Cecilia Gerber (Argentina 2018grisSphicas (Mexico 2017),ReterJenni (Ecuador 2015)
as well as Christian Joram (Basics of Particle Detection)

Manythanks to them¢ and to thosehey borrowed from irturn
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Lecture 1: Accelerators & experiments

1. Physicsnotivation Some of these topics may
Standard Model and beyond, Dark Sector already be familiar, but

2. Particleacceleration Hefpr=iully DUl @ ety
Accelerator design, the LHC contextg otherwise you

_ OFy UGUNBIG GKSY
3. Colliders around thevorld
at CERN and elsewhere, collider types

4. Experiments at the LHC
Proton collisions, experimeaverview

_ecture2: Detectors & data
_ecture3: LHC physidsighlights
_ectured: Looking beyond
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1. Physics motivation

A Particle physics is the study of the world around us,
at the forefront of the human quest to understand
what it is made of and how it works

A Understanding the makap of the universe can be
pursued in two ways, either looking outward at what
surrounds us at the largest scales (cosmology)
or inwards to see what things are made up of at the
smallest scales (particle physics)

A This is done by depositing energy into a small volum
since the resolving power increases with energy
e.g. the wavelengtk dependence on momentunp;

<=h/p (de Broglie)
T hence the alternative name of High Energy Physic

Quarks

Protor@
Neutron

L ]
Nucleus &

L ]
Electron

A Energies quoted in eV = energy gained by a charged particle if acceleratec
1V (1 eV 4.63 10%joule); nmasses also quoted in eV via equivalence of
energy and mas$&=mc? (strictly should be written e\?); 1 GeV = 10eV
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Roger Forty

Accelerators act as supamnicroscopes

Collider Experiments 1: Accelerators & experiments 6



History of the Universe
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Particle Data Group, LBNL, © 2008. Supported by DOE and NSF
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The Standard Model

A The current knowledge of particle physics is all encapsulated in a

theoretical framework, the Standard Modglote that there are also
other Standard Models, of cosmology and the Sun)

FERMIONS* BOSONS
First Second Third
Quarks 10° Generation Generation Generation

u C f Top quark Higgs
y4
z = = iy 10? .- , > Q
d(s|b § Z
Crmatl o ol ) 10t Bottom quark
Charm quark
. 10° Tau
o o g 10-1 %
c uon
ocron scnriso | maon scariso 0 ncerion § 1072
LY
Leptons & e
- 107
8
= Electron

A Constituents of matterfermions (spin=y2) -
R T TR T N, MASSLESS

guarksandleptons o BOSONS

. . . Muon- J
Carriers of forcesosons(integer spin) Y S LR 3 Photen
One scalar fundamental particle (spin=0): “@ s

10-12

the Higgs boson What is the reason for this structure?
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Forces

g
A The fourfundamentalforces: > < >m’”“<
Describedby quantumfield

theo ry exce ptg ravitation electromag. force strong force

Unification of f W2 W :
nification of forces Distance/energy scale ';]'r;'\;i't;'r::_,
(spin 2)

1013g 1('.)1362 m 1'0218 10" m 1045 10 m
10" GeV 10 GeV 102 GeV 1 GeV 1 Mev 10 eV weak force Gravitation

Nobel prize 1979
(Glashow, Sala

Magnetism

QED A Strong: nuclear force, binding

Long range

Weinberg) Eloctricit nuclei togethercouplingas-
o Wesk Theory  Wealc Earm A Electromagnetic:electricity and
sorande gy Standard o oo magnetism, EMvaves;a ~ 1/137
Unification ¢ model
Quantum aco nusearForce A \Weak: radioactivity e.gi decay
? —— Shertrange n- p eA, shining of Sun;
Unification Kopier Cg‘:ﬁ:ﬂ coupllng(cferlvedfrom G) ~ 108
Uni |
Ty v A Gravitation: General Relativity;
Einstein, Newton errestrial H H 9
B T coupling (derived fron®) ~ 163

Note: couplings are scale dependent
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Bringing antiparticles together to make amthtter

Antl m a_tte r e.g. € + p- H (antthydrogen) is studied at CERN

at the antiproton decelerator (AD)

A Eachelementaryparticle has acorrespondingantiparticle
with oppositeelectricalcharge: e.g electron& positron @

A Symmetries and invariance are important in particle physics
b 2 S (I Khedddiif a system remains invariant under
a continuous transformation, there is a corresponding conservation law
e.g.invariance under spatial translatiqn  momentum conservation

A Thereare three possibleliscretetransformations:

C= charge conjugation particlest antiparticles
P= parity spatial coordinatesx,y, z- ¢X, gy, CZ
T=time reversal time t- ¢t

A Combinedbperation of all three €PT
Invariance under CPT is fundamental propert$ afl field theories, and
guarantees that particles have exactly the same mass as their antiparticles

A Althoughveryrare in theevery-dayworld, antiparticlesare abundantly
producedin high-energycollisionsjn anequalamountasparticles
Energyis transformedinto matter (E= mc?) andparticlesandantiparticles
are producedin pairse.g photon conversiong- e*e
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Two-particle scattering

A Mandelstamvariables(s,t,u) FNB Y O2 Y0 A-ghdméria: LI NI A

" N s=(m +p2)2
t = (p1 —p3)’
u=(p1 — p4)2
P2 P3 8+t+u:2f:1m12

A Thecentre-of-mass energy in eollision of two particle§ s K

A Feynman diagramsused to illustrate the interaction of particles
(technically, show spatial coordinate vertically and time horizontally)

GDKI YyYySt ¢ 4-OKI yySt é
(e.g.e*e annihilation (e.g. scattering of
followed by creation) two electrons, &

B P
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The H |ggmeChanlsm Seelectures of Johtkllis

AckS {GFyRINR a2RStron  LPpfases 02y
complete when the LHC was built, 20 years ago g«

A It was originallfformulated for massless _
particles but my;= 0,m,,° 100GeV
Mechanism of spontaneous Electrowesakmmetry

breaking added: Higdeldto giveparticles mass
[hexistence of neutral scalar particle H

Higgs
A Higgs masm, is not predicted,but m, < 1TeV potential o,
to avoid violatingunitarity in W*W- scattering

Width of Higgs bosog, increases withm,,
Form,>~ 1TeVVG,>my

A Search fothe Higgs boson wage Holy Grail SR
of the LHC, wiluse to illustrate techniquesf particle -
physics (spoiler alert: wasdiscovered, in 2012)

* More correctly the BEH mechanism after thos§ il

credited with its formulation: Robeirout,
Francoi€nglert and Peter Higga(ound1964)
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Standard ModdlLagrangiar sesectreso

GustavoBurdman

A Just for the recordthe full theoretical description

ActionSdescribes how a physical system changes
over time, choosing path of least actioB=i£ d'x

— e

c = —iBWB““ - ét-r(www**“} - %t-r[GWG““} (U(1), SU(2) and SU(3) gauge terms)
+(rL,er)otiDy, (I:: ) +ero*iDyer + vro*iDyvr + (h.e.) (lepton dynamical term)
2 _
—£ (v, L) oM ep + epM ¢ (::‘r )l (electron, muon, tauon mass term)
v °L
2 _ e
—£ (—éL.vL) 0" MYvR + PrM vl ( Vﬂ" )] (neutrino mass term)
o I
(i, dg) 5" iD, (;:) +apotiDyup + drotiDydp + (h.e.) (quark dynamical term)
2 _ 4
_£ (dr,dr) oM dd n+drM dgb (3’ )] (down, strange, bottom mass term)
() L
2 _ _ — .
_% (—dp. i) 0" M up + .ﬂ;{ﬂ.f”gtrT ( H{f."‘ )} (up, charmed, top mass term)
+(Dpd)D* o — m3 [do — v*/2]%/20°. (Higgs dynamical and mass term) (1)

Standard Model Lagrangian (including neutrino mass terms)
From An Introduction to the Standard Model of Particle Physics, 2nd Edition,
W.N. Cottingham and D. A. Greenwood, Cambridge University Press, Cambridge, 2007,
Extracted by J.A. Shifflett, updated from Particle Data Group tables at pdg.lbl.gov, 25 Aug 2013.
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H ad rO n S Seelectures of GiuliZanderighi

A Free quarks are not seen: confinement of QCD % %
Hboundtogether bygluonsinto colourlesshadrons ... Anti.

proton

A Mostly in form ofgg (mesons) ogag (baryons)

A There aremanytypes of them, corresponding to
permutations of the six quarks + antiquarks
Most of their mass comes from their binding energy

A Clear evidence has now been found at the LHC for
OSE20A0¢ KI RNRyYya uKI 0
tetraquarks (ggqg) andpentaquarks(ggqqqaq)

A Detailed structure of such hadrons is actively studie

but can be accommodated in the Standard Model ™

Events/(15 MeV)

.Wéii or .% {—»@ﬁ

_'___"‘“—1-— \]

Wikipedia J-p
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New hadrons found at the LHC

Mass [GeV/c?]

11.0 L L . ! L L L L I ! A A
P
10.5 - o™ 170 new hadrons at the LHC P
2 1 X51(3P) ~
8.0 e
7.0 1 B(25)* Tyy(6900) B
o (25) 05,25 ! wy
Qb(6350) T(6600)
- Ap(6152)° Q,(6340) 9 _ LA
:b(6227)i An(6146)° W =p(6227) .gb{ggggﬂ
6.0 - Eb(5945)°-l\,,{5920}° 2(5955)_ _ B,(5970)*° ] i g .:b(emof -
' - (5912)0 - (5935)_. 8558400 2,(6097)* Ap(6070)° B, (6114)0 ~
® bb b 35(6097)~ B, (6063)°
® bg
5.0 4 ~lad L
® cc(qq) ) X(4700) . .mggg%
54 PN(4450)" X(4500) P, (4457)*
ccqq ! X(4274) I'D%MMOV Tyea(4220) 4339
® ccécé X(4140) PN(4380)* o pPl(a312)* ust . . .
4.0 ¢ ' (3842) o140 T (4000)
U7 5 ¥s -
¢ Ehog o T.(3875)  X(3960)
® cqqq 0.(3327)°
Q.(3119)°
m bgg Bo0O” . . oi%aogo}g - (2939)0 i Q.(3185)°
3.0 D](3000)0. D.;(2860) A(2860)F | Q-(3066) =l ) Teso 2900;0 .Ta— (2000)+ [
D,(2760)* ¢ 0.(3050)° = .(2923)° O 75512900 T50(2900)0
cqq D](2740)0 D;(ZTGO), 0.(3000)° =c .D (2590)* 2.,(2900)
m céqgq Di2580)° s0
2.0

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Date of arXiv submission

Vd

A{2 GKS [I1/ Kl&a y2i a2dzad TF2dzyR
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Beyond the Standard Model

A With the discovery of the Higdmson,the Standardviodel is now complete
But there are compelling reasons why it cannot be the full story, including:

1. Gravity

The description of gravity (General Relativity) doesfit into the model
Whyis natural scale of gravityn,I' + KB~ 13°GeV (Planck mass) so much
larger than the Electroweak scale 2 TieV?

Thisisknowh a (GKS &GKASNI NOKeé LINRoOof SY¢§
2. Baryogenesis

Whyis the world we observe made up almost entirelynwdtter, whileit is
expectedthat equal quantities of matter and antimatter were produced in
the Big Bang?

3. Darkmatter

Astrophysical measuremenssich aghe rotations of galaxies indicate that
YV2NIXYI T a0l NE2YAOE 5Y%bfthe tetdNe&nErgydéhsity afzL]
the Universext what is the res? Is it made up of elementary particles?

Answering these key questions drives the continued use of colliders
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Baryogenesis

A In Big Bangnatter and antimattershould be produced equally, as@iy e‘e
Followed by annihilatioRbn,.{ Ny~ 10%°

2 Ké RARYQUO Fftt GKS YD2WUOGSNI | yYAKAC
ANoevidenceseenF 2 NJ 'y al YGAYLF OGS NInigeBs&NI R €

A One of the requirements to produce an asymmetric final state (our world)
from a symmetric matter/antimatter initial state (the Big Bang)
IS that CP symmetry musiolated [saknarov, 1967]

A CP is violated in the Standard Model (SM), through the weak mixing of qua
For CP violation to occur there must be at least 3 generations of quarks
So problem obaryogenesisnay be connected tavhy three generations exist,
even though all normal matter is made up from the first: (u, g,

A Theway to probe CP violation is through the study of quark mixing
In particular, hadrons containing theduark show large CP asymmetries
However, the CP violation in the SM is not sufficienti@ryogenesis
Other sources of CP violation expectégl 3 Zpadeto search fomew physics
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Cosmic Microwave Background

ACKS GFFGOGSNHATf 2g¢ 2T i . Seelectures of Celine Boehm

1965 Penzias and
. . Wilson

A Since its accidental discovery in
1965, the CMB has been studied
In greater and greater detall,
seeing our relative motion and e
eventually primordial structure

T=27XK

NnT=3.35mK
A Analysis of its power spectrum 600 km/s
has driven the development of iy
the current cosmological model
nT=18>K

g/ 5 a g + oold dark matter)

Multipole moment, ¢

2 10 50 500 1000 1500 2000 2500
6000[ ‘ ‘ ‘ ' ‘

2015 PLANCK

5000 |
4000
3000 ¢

2000 -

data

1000 - [ ]
: — model S S5

90° 18° 1° 0.2° 0.1° 0.07°
Angular scale HE e

300 uK 300
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DarkEnergy Fonmin

SchmidtRiesy @

Ve
a’n

Al aONN DSR) 02y 8NHeé& ¢ | YeéaidSNRA2dza LI
Cosmologicalonstant[ in the Einstein fieléquations of General Relativity
RnnClemn_F[ gmn:g—GTmn

2 M = ratio of massenergy density to
‘ Y ) Y / critical value for universe to be flat
Curvature of space energymomentum Cosmological measuremeritg~ 70%

A [ is the vacuum energy of empty space  of massenergy density of universe is
Quantum fluctuations in the vacuum are attributed to Dark Energ' arxiv:0804.4142
expected put when calculated they exceed [ T
observed value by 120 orders of magnitude [ “" g
04UKS 62NRU LINBRAOUGA?Z W I
= Cosmologicdlonstant problem SN

Combined
Data

A Dark Energy is a very rarefied phenomenol
~ 10°"kg/m?, unlikely detectable at collidersc
b LINE DA ycOsBic ofitiere.§. Say
require modifying our understanding of gra: A
Breaking news:might instead be explained by i Flal

- 00 1 1 L 1 | 1 1 1 1
Black Hole evolution? ApJ944(2023) L31 0.0 0.5 1.0 15

matter
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Atoms Dark

Dark Matter

72%
Matter
23%

A Of the remaining 28% of the mass
energy density of the universe ascribed
to matter, most does not appear to be
YV2NXNI T a0l N@nvhighh O¢€
leads to star formation and visible light

A 23% is a form of matter that only N
appears to interact gravitationally, e '
e.g. not electromagnetically,
known asDark Matter

R (x 1000 1y)

Bullet cluster: C(_)I'Iiding'ggaxies‘

- .

A Clear evidence for it seen from the ;
rotation curves of stars in galaxies, as §
function of distance frontheir centre,
as well as from gravitational lensing

o T
.
’ o * .--."'T‘}‘_\

. ) a-o.".'-.-. s

P . -'. A = S

S b
- N3 A

= ;

A Only < 5% of the massnergy density

IS normal matter: a lot remains to be

understood! Baryonic mattedistribution: visible from Xays (pink)
Totalmatter including DM: frongravitational lensing (blue)

. .
o -
»
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Searching for Dark Matter

A If Dark Matter is made up of particletey are of unknown mass: coulte
anywhere betweerl (> #&V (from galaxy formation) up to black holes of 10s
of solar masses (from observational limisg vast space to be searched!

A Considering the possible twparticle interactions between normal matter |
o{auv FYR 5IFN] aluuSNJI o65a0 Ih Oy Al

DM DM DM 1Y SM DM

SM MVl DM v SM DM

1. DirectDetection 2. IndirectDetection 3. Production at collider
nuclearrecoil when a DM look for the productsof produceDM particles by
particle scatters off the the annihilationor decay  colliding SMparticlesat
atomic nucleus of garget of DM particles highenergies

Underground experiments  Astrophysics experiments Collider experiments
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Searching for Dark Matter (2)

A All three approaches important,
and are being followed, providing
complementary limits

A The advantage of collider

experiments is that parameters
of the interaction are under =
control in the laboratory, and q«:
reproducible %
A On the other hand, cosmic rays =
reach higher energies than Y
Uz2RI e Qa 5
colliders “
A Will return
to this topic

in 4% lecture

Energies and rates of the cosmic-ray particles

T T T T T
Grigoroy —
Akeno
10° | protons only MSU 5
" KASCADE =
., Tibet
i e, msc:nmlz-ca_lgande e
. . ceTop73d —=—
", all-particle HiResi&2 -
102 F *s, TAZ013 — .
electrons . Auger2013 r—+—
* Model Hda
i e, CREAM all particle
pogitrons *
.":4 L \ '-'I“"?; . -
_ /\\\ Galactic
10° | antiprotons .
Extra-Galactic
10% | J
Fixed target
HERA
BRHIC TEVATROM
l LHC
“]-m i i ] i
10" 10° 10" 10° 10° 10'° 10
E (GeV / particle)
22
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2. Particle acceleration

A Charged particles influenced by applied electric and magnetic fields

according to the Lorentz forceF=q (E+v 3 B) =dp/dt
9 FTASER Ih SYSNHeé 3IlIAy>:

A Simple particle gun: energy gained ——

| St R [T

S

for voltageV=1Vis 1 eV
Energyper beam of LHC =T&V
(i.e. 7000,000,000,000 eV)

A Use B field to deflect particles in
~ circular orbit, so that they pass
the accelerating gap many times
e.g. the Cyclotron (1929): &

Nobel prize 1939 (E.O. Lawrence) ,

A Vary fields with time to keep
particles inside small beam pipe
M { eYOKNRUNBY 0aAi”

A Particles accelerated with radiofrequency (RF) cavitie$00 MHz for LHC)

Roger Forty Collider Experiments 1: Accelerators & experiments
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Fixedtargetversuscollider

A Early experiments used the extracted beam from

. g o A E

the acceleratorfiredontolr U | fxAdIargeto wx beam "
_ . o— o

Energy ircentre-of-massframe k., © O2m, B o,

(relativistickinematicsc at 7 TeVa proton has99.999999% Epeam  Ebeam

of the speedof light) o— —2=0

E-y= 115 GeV for an LHC beam hitting a proton target
A By colliding beams in opposite directiofs,= 2E,.., = 14,000 GeV at the LHC

A Previous collider LEBed oppositely charged beams @nd e) sothey follow
the same trajectory through the magnets, and stay inside a single beam pif

A Energy limited by synchrotron radiation losses: ¥ ¥
Power radiated dEdt" B g? J}frf \Q&go
~2 GeV/turn at LEP m# r2 o

€ et

~ 10 MW electrical power

A To reach higher energy, use heavier parti€lgprotonsin the LHC
(or go back to linear acceleration, and make the accelerator loary)
E wd B ep= 70, butm/m, = 1800, seynchrotron losst LH®nly ~ 6keVturn
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Collidersover the years

A Roughly exponential increase in ™
%nergy Versys tlmeNIII be e Hadron Colliders ~
RATTFAOMzE U U2 YIFAY Ul Ayeechay T dz) dzS (X 0
. . 1 TeV [— (CERN) _|
A Lepton colliderslike LEP, the \ o
. . BS TEVATRON NLC
Large Electron Positron collider, £ Fermila) . o
predecessor of the LHC at CERNZ we
are goodfor precision studies 5 =
15 (KEK)
A Hadron colliderdike the LHC, that: iy — A
collides protons are ahe energy £ ,cn| e i
frontier lhdiscovery machines 8 e
X © dmidre difficultto make .
precision studies due to the 1OV = bperan _ veen _ aco -
complex environment protons
. | |
are not elementary particles, T T T
andhave strong interactions Year of First Physics
[bmanybackground tracks
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LEP

A Previous major accelerator at
CERNLER198932000)

A Collidede* and e beams at
Ks= 91 GeVn,) then 160 GeV
(2 m,,) andfinally~ 210GeV
to search for the Higgs boson

A e* and e elementaryparticles
[Hsimpleinteractions

A Each collision in an experiment
IS known as aevent

A View one of the experiments in
the plane transverse to the
beams,showingthe hits in the
different detectors
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A Complicated, higimultiplicity events

A Will return to discuss the detectors involved
in making such event displays iff Rcture




Electroweak fits

Measurement Fit AO""“—O'"KG"‘";
Ao (M 0.02758 + 0.00035 0.027¢ ]
A Many measurementsiere madeat LER the L Baanie e
- 0
electroweak properties aZand W bosons A R
ASY 0.01714 £ 0.00095 0.01643
A All consistent wittStandardViodel predictions e e
o o 172 R, 0.172140.0030  0.1723
. a’ AP 0.0992+0.0016  0.1038
eg W mass: m, = ae UEM 8 1 AE“ 0.0707£0.0035  0.0742 F
e 2 G @) . A, 0.923 +0.020 0.935
3/ ¥ sind, v1- Dr
= W A, 067040027  0.668
¢ A(SLD)  0.1513£0.0021  0.1480 mm—
sin®0'Q,) 0.2324+0.0012 0.2314
my [GeV] 8041040032  80.377
212340067 2092
1727429 173.3

. . . t

A Radiativecorrections: “MWO“WA/ e
Dr ~f (m>?, logm,)) ° 3% ]
b

Example of amdirectsearch

A Directsearchedor the Higgs | 7imes

5+ == LEP2 and Tevatron (prel.)

bmy> 114 GeV (at 95% CL) | wvar

A Including this with result dfit € sos
my < 200 GeV (at 95% CL) €
l.e. after LEP the Higgs boson s
predicted tobe qust around 1 ;
UKS O2NYSNE TF2NF RAZW2Z DT
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CERN accelerator complex

A CERN has a wide variety of accelerators, some dating back to 1950s

A LHC machine rases the tunnel excavated for previous acceleratBP
Others (PS/SPS) used to accelerate protons before injection into the LHC

CMS

North Area

ALICE LHC-b [

CNGS

AD E;VA"V‘\J;\TE SPSfirst superconducting
synchrotron in the chain
BOSF’IEQ»V'SOLDE East Area Previously a protomntiproton
s - e ., collider,led to discoveryof
® LINAC 2‘ LCTFa the W & Z bosons in 1983
LINAC 3 <\ y--izazezsy B —
lons ',c"" Y ,_. LEIR ) 4 3
: Pb* Nobel prize 1984 [ S
p protons » antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider (RUbbla! van der Meer) */, ¢ >
) ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
D neutrons p neutrinos SPS Super Proton Synchrotron ~ CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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Injector chain

A Earlier accelerators rased to prepare the proton beams for injection in LHC

Proton ource protonsextractedat 90 keVfrom H, (gas bottle)

| ‘ LINACacceleratedbeam to 50 MeV ove33 m

PSBooster:first
synchrotron in chain
157 m circumference,
increasegroton energy
to 1.4 GeVirl.2s

PS:oldestoperating synchrotron aCERN, 628 m circumfereng
Increasegproton energy t026 GeV

SPS:6.9 kmcircumference30 m
underground, increaseggsroton
energyto 450 GeVup to 5x10'3
protons percycle; providebeam
to the LHC andixed-targetareas

LHC
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The LHC

A 26.7 km circumference; 100m underground
Four interaction points where the major experiments are sit
Twoseparate beam pipethat share the same magnets

POINT 5
CMS

POlR':T - POINT 6
Dump

< = -
—b L%
LHC - B CERN
/_,APoint 8 ppeN— ALICE
= i o

POINT 3 % Point 2

Momentum -
Cleaning

POINT 7
Betatron
Cleaning

POINT 8
LHCb

POINT 2
Alice

POINT 1

Atlas 10 Sep 2008 15:02

TI2 TI8
Updated by Roberto Saban
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LHOmagnets

A Dipolemagnets used to deflect the particles
Radiusr [m] =p [GeV] /0.3B|[T]

A For the LHC, the machine has to fit in the
existing 27 km tunnel, about 2/3 of which is
dza SR T2 NJ I OU x SZB0O0RM LJ3
So to reaclp = 7TeVrequiresB=8.3 T

A Beams focused usirgpadrupolemagnets

By alternating Focusing and Defocusing
guadrupoles, can focus in boxandy views

B

y

bend magnet

—— Central Orbit
----- Actual Orbit

B = Bending Dipole
QF = Focusing Quadrupole
QD = Defocusing Quadrupole

AN

=g 0D
The LHC hak232dipoles,858quadrupoles
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LHC beams

A Earlier hadron collidersTevatron Spp$
collided protons againsntiprotons
bluminosity limitedby supply of p

A The LHC beams are formed from
counterrotating bunches of protons
M YSSR aSLI NIFuUuS 0SI

A Clever twein-one design made fdrtHC:

two beam pipes inside the sanmeagnet
with opposite B field in eacpipe

A Need high vacuum in pipes to avoid losing
protons: <101°mbar (similar to outer space)

Roger Forty

Collider Experiments 1: Accelerators & experiments

Bunch - .
% T :".. < »
:{:. .‘.: ; ;'I \ 'z.tow b2
Proton |

Need to take care that the beams
collideat the interaction points

34



Superconductivity

A To achieve high field required to reach Tel
the dipole magnets are wound using cable of
niobiumtitanium alloy (embedded in copper

A Superconducting (i.e. no electrical resistance)
AT 0St2g UKS AaONRUAOL f

Culrk'?:]:?sl_l?]w
igé “# NbTicable
/[? /: w Toreach 8.3 T coils are cooledlt®@ K
i \j. (-271°C, colder than outer space!)
- They carry a current df1,700 A
—\ 2 p
RS w Magnets cooled using liquitelium
g S R | About 700,000itresNB ] dzA NB R T
" e the largestcryogenic system ithe world

(T]
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Higgsboson production

A+ NA 2 dza

1J23aAof S

LINE RdzOG A 2 Y

RA I 3N

Productioncrosssectionis the order of a fewpicobarns depending on mass

g t
t
t

g g fusion

WW, ZZ fusion =9

Ho

HO

Crosssection[pb]

—
o

p—
(o]

ot

10

10

10

10

S~
™ ™TT

—
o(pp—H+X) [pb]
Vs =14 TeV
M, =178 GeV
CTEQ6M

el = e ..., 889G —HI
qa—HZ ~~~]
1 L L 1 I L 1 L I L | L L 1
200 400 600 800 1000
M [GeV]

Remindercrosssection’ measures probability of reaction taking place
Units barn (b): 1 barn = #3cn¥ (~area of nucleus)hl pb =103°cny

Roger Forty
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proton-proton interactions

Totalcrosssectionat the LHC " LT
"0 LJLJ h | yo&lbakhA y 3 0 9 ] T

A 10pb crosssection for the Higgs B
boson correspondi one being

1 mb-
producedevery10interactions! i
(further reduced byBR? efficiency) i
Experiments have to be designed so  §1ub-
that they can separate such a rare T
signal process from the background g .

“1nb |

G- (mz = 500 GeV)

Rate of interactior=L, U
where luminosityL Vo,

n

.  © ATLAS Online Luminosity Fill 6931 o = UEDIE 2
Isameasureof how  §a Sucommen™ bl f/
intense the beams ar€=="""""

—_
o
T

(units cm?s?)

Luminos

-
(=]
T

my = 500 GaV
AU | | .
0.001 0.01 0.1 1.0 10 100
Vs Tev

I aFAfEE 2F GK
beam can last a few hours oo
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Calculating luminosity

At the LHC:N,=N,=N= 10 p/bunch N, L=N Nk f
Number of bunched¢, = 2808 i

Revolution frequencyf =c¢/27 km = 11 kHz

Effectivearea of beamA~ 4 s, s, in more detail:
Transverse beam siz ° s, ~ 16mm (RMS) N kbf N kb fg
Strong focusing of beams tiite interactionpoints F
F=factor O(1) accountr beam crossing angle 4:0 ISy 4:0 f?b

H L= 1¢*cnr?s?! (design luminosity)- 0.6 amps of bearurrent

A Integratedluminosity L, I' L@t is what experiments care about
gives total number of events produced, when multiplied by cisEsion
Assuming ~ 10seconds of physics running pezar (~4 months, operating 24 hours/day)

L, =100fotk & S| NJfeémohayh® & NBR S

particle angle x’

A In accelerator physics term&mittancee quantifies
the beam brightness = its area(x x) phasespace
[ A 2 dz@haofen 3@ conserved guantity around ring

J * = focusing strengtlt IP, g= relativistic boostl m)
(a parameter of the bearoptics function)

particle position x
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Machine protection

A At the design luminosity of theHC the

15-50 mJ/cm?

storedenergy in each beam is

2808 buncheg 10'p3 7 TeV=400MJ
Corresponds to the explosive energy 5 :
of ~ 100 kgI'NT oikinetic energy of AR

a train travellingat 165 km/h!

Collimator jaw

A Extreme care has to be taken thabne of
this energy is lost into the superconducting 4:
magnets(it would cause them tguench
l.e. lose superconductivity and heat up)

M STFAOASY O O2ffAYIl (2Nhed & &0 ¢
beam dump, using graphitgbsorbers

Testmade of dumpinga beam of 1 ==
at 450 GeV into a collimator jaw: '
Aal 3y sSia KI@S G2 08 aaNIAYSRE G% N
field ¢ requires many quenches, currently o e
limited to 6.8TeV(design energy Te\j o IPAC2022 " raass

25 50 75
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3. Colliders around the world

AcKS GAGE S 0 N spetdlatiann 1954 y R
about the highest possible energy that could be
reached orkarth

A He assumedixed target operation, 2 T magnets,
and onlyreached 3TeVfor a circumference of
50,000 kmwith an estimated cost of 200 billion $

A The LHC achieved 1316V 50 years later, at a L ..
fraction of that cost (~ 5 billion $) 27 km tunnel: e g
due to unforeseen developments in technology g
(8 T superconducting magnets) and clever idea™
(collider operation)thaC S NY' A  KI RY QI
Moral of the story: keepoptimistic, and look out
for future breakthroughs

A Pop quiz:if its circumference of 50,000 ks increased by 1 m, \
K2g TFENI FNRY U0UKS SIFNIKQa adzNF I

A Meanwhile, take a lookt the recentandcurrent s
collidersoperating around the world
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Particle physickabs

A There are many thousands of accelerators in operation today,
mostly formedical or industrial applications
But fewcollidersc they are used onlfor particlephysics research

A Major particlephysicdaboratories around the world:

Roger Forty Collider Experiments 1: Accelerators & experiments
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CERN

A Named from original title&SonseilEuropéenpour laRechercheNucléaire
European laboratory for particlehysics, the largest in the world

A Foundedn 1954 byintergovernmentatreaty
23 Member States, 10 Associate Member States, 4 Observers (including U
~50 International Cooperation Agreements with nbfember States

A Annual Budget: 1.3 BCHF (shared by Member States based orcoete)

A Devoted to science for peace, no military research permitted, all results
published (those from the LHC are all open access)

Al 9wb Qa O2YYdzyAlueéyY B"MEEHnA.—=
people (> 110 nationalities) e [ =i - i |

2700 staff oo | | Member ttes ] 11
800 postdoctoral fellows s
12,700 users and other SRTTTCE ERH |
associates 00 : ﬁ ‘
3000 PhD students from all **| ..zl
over the world e P S o S e S S B S

Roger Forty Collider Experiments 1: Accelerators & experiments 43



pr=== e

i Roga(r Forty. ’ . v? & Collider Experiments 1. ‘Accelerators & experiments ‘
4.*\‘- ;‘ g Y !: s L L ¢ ] = i 5§ d i w W ' .T - -1 '\'-.-

7411 Y T P & 2 ™ " LW ) vl Wi )

__—’_t
e
2



CERN users

Snapéhot in 201

MEMBER STATES

STATES IN ACCESSION Aserhai
5 | TO MEMRBERSHIP

Cyprus 15
002 WS

o ; Georgia
§é il ‘ Hong Kong

A CERN takes care of running the accelerators on its site (such as the LHC)
while the experiments are built and run by collaborations of users from
Institutes around the worldATLAS an@MS each havabout 3000 authors)

A Specifipprogrammes to encourage CERBlinAmerica collaboration
HELENHighEnergyphysics LatitAmerican EuropeaNetwork(20059)
EPLANEEuropearParticle physics LatiAmericanNETwork2011-15)
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Recent and current Colllders
-
[GeV] [1030 cnr2si] [km]

FNAL Tevatron 900+900 19832011 CDF, DO
CERN Europe LEP ete 45+45 (2) 100 26.7 19891995 ALEPHDELPHI, L3,

LERI 104+104 19962000 OPAL
SLAC US SLC ete 45+45 (2) 3 3.2 19891998 SLD

(linear)
DESY Germany HERA e'p 27+920 15 6.4 19922007 H1,ZEUS,
HERAB,HERMES

LNF Italy DAFNE ete 1+1 () 240 0.1 19992018 KLOE
SLAC US PERI ete 3+9 () 5000 2.2 19992008 BaBar
KEK Japan KEKB ete 4+7 () 13000 3.0 19992010 Belle

SuperKEKB 46000 2019 Belle 1l
BNL us RHIC pA AA  250+250 160 3.8 2000 STAR, PHENIX
IHEP  China BEPC II ete 2+2 ¢) 10 0.2 2006 BES llI
CERN Europe LHC pp,pA  6800+6800 25000 26.7 2009 ALICEATLAS,

AA la{X [I/0ZX

A They can be grouped into different categories: 1) particle factories,
2) heavyion, 3) electrorproton, and 4) discovery machines
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particles: (returns

In next lecture, to keep W 20
A Particle factories arrange their beam energytrack of those identified /< |

to sit on the resonance of a known particle, o10°
so that they are copiously produced

A LERwas a Z factory in its first phages was
SL¢ then moved to higher energy, above
the W*W- threshold (since the Ws charged,
it cannot be made singly irfe collisions)

ADAFNRa& SYSNHEé ¢l a OKz +
(ssmeson) which decays to'K or KK® 10 ¢6-700 130140160 180300
BES llsits on (or near) (cct)Mcharm and Vs / GeV

Cross-section / p
- ok ik
ot — — =] —
N W =

A BaBarandBellewere Bfactory experiments, (49 - BBorBB

[
=

2o

_ ] {a aRI NJ ‘ﬂ
1) Particle factories o fdamemal /o Lo

OPAL (LER)

with their colliders tuned to sit on the(4S),
an excited state of the (bb meson) which is
heavy enough to decay to BB meson pairs

— 4
=] [ £
——
P

—_

[ 1 2]
P Jt

5 + B " 4 o 5, i

A In the future: plans made forldiggs Factory e Nt

oe'e = Hadronsoby

(W|” return to th|S |n the HJ |eCture) 54 348 BWOR 03 0% bM  LE  Le

Mass [GeVie)
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B FaCtorI eS Crosssectionis much largeat LHCDb

b1 fbl there @1 ab! at a B factory

A Beam energies asymmetric betweeh&ee £°F . BABR
sothat BBpairsare boostedn labframe ¢ ; e i e
blifetime information measured, T ;
Important for CP violatiorstudies S s

Bosf .

CPasymmetry At) =GB°- Jy K)- GB- I K ?i e o e o

GE- Iy KI+GE- K & [ e -

A(t) =- sin D sinDmt in the Standard~ModeI 200 5 0 5 M[ps_]
BaBar+ Belle measured sigb = 0.674N0.026

A The Belle collider has been upgraded, to ] -
reach higher luminositySuperKEKBone koSl ';
of few colliderscurrently operating outside
CERN (in KEK, Japan), beam spet00 nm

A 1t currently holds the world record for

luminosity4.5 x 164cnt?s? ¢ intensity frontier

i@ | electron-positron
injector linac

Belle Il aims to integrate 50 alf= 50,000 f3) I
In its current run and will compete with LHCDb [postroncamping g |
In the study offlavourphysics (bquarks etc.) SuperKEKB
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2) Heavyon COIIlderS Seelectures of

MaelenaTejedaYeomans

A RHIQRelativistic Heavy lon Collider)
collides the nuclei of heavy atoms
as well as protons (Al, Au, i, Ru, U)

A Atoms fully ionized before accelerated

A Due to their large mass, the energy
density that can be achieved in the
collisions is phenomen&h & G dzR &
properties of matter at high temperature A
and densityas it was soon after the
Big Bang(< 10°s): hadrons expected
02 aYSt (gdark-gldon aragnnay

A The LHC can also
collide heavyions

S S S

 Quarkgluon plasma

!
7

di
usuallyPb-Pb Pl mattr —
Requires a dedicated £ - -
mode of operation Y " Baryon density (")
~ 4 weeks/year UYL  Simulation ofcollision betweertwo Pbnuclei

gy e

Y

Temperature (MeV)
g

(Lorentzcontracted)
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3) Electrorproton colliders

A HERAcollided an electron (or positron)
beam with a proton beam

A Deep Inelastic Scattering: allows detailed
study of the proton structure

A EIQElectronlon Collider) has been
approved in US, to continue such studies S5 TR . i
including polarized e to study spin effects it f’,fi“i‘f---eé” T~ -

Aims to be operating at BNL by ~2030 : T

® HERANC ep (prel.) 0.4 fb™!

107 5 W HERANC e*p (prel) 0.5 fo!
" ] x=000005 =21 Vs =318 GeV
10° 5 oS "0‘0%033653 19 . O fixed target
e ke 00020 12 === HERAPDF2.0 (prel.) e-p
- 105+  oeeer e iGosicis e HERAPDF20 (prel) ep
| e T NLO, Q%= 3.5 Gev?
. .r".'..-"‘_. x=0.0013, i= 1
104 4 % ..4"'"'“““ x=0.0020,i= 13
N : e
=< . % 0,005, i=1
& 1034 . W 0,008, |= 10
electron =4 e Ul
z 107+ W 0032
L Tz 0.05,i=6

? x=040,i=1
il
electron 1072 ¥ x=085,1=0

| AR TR SRR LI LY I CRAA BN (SRR AR SRR R AL
1 10 102 10° 104 10°
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4) Discovery machines

A TheTevatronwas the previous highest
energy collider before the LHC
Collided protons and antiprotons
up to 1.8TeV

A The experiments integrated about 10%b
of luminosity, and made important
discoveries such as the top quafl®5)
Finishedoperation in 2011

A TheSSGSuperconducting Super Collider)
was proposed in the US as a competitor to
the LHC, with circumference of 87 km and
beam energy 20eV but wascancelled in
1993 aftercost overruns

SSC site

A Like them, thd_.HOs a discovery machine,
pushing to the highest possible collision
energyc the energy frontier

Roger Forty Collider Experiments 1: Accelerators & experiments
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