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AExplain why we need particle colliders

A Show examples of discoveries in particle physics before the Large
Hadron Colliders

ADescribe the searches and discovery of the Higgs boson
AHighlight unresolved mysteries and prospect
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Relativisti&kinematicgevision

| assumeyou are OKwith simple relatistic kinematics, such asthe relation
E° = p?c? + msc*

which I'l write (setting c=1) E* = p? + m? ("natural units" 8 = c = 1)
trivially giving m? = [E2 p2

The rest massof the particle, m, can be evaluated in any inertial frame and is always
the same dit is a Lorentz invariant

This generalises to a system of particles, where we talk about the invariant mass

2 2 2
minv - ( i E) ( i p)
For a system of two colliding particles, minvis normally written as (the centre -of-mass

energy) - it too is (naturally) a Lorentz invariant quantity
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Whycolliders?

High-energy experiments use accelerators in two ways: fixed targets or colliders

Fixed target
Beam of energy E strikes a target particle with mass m

(E.p) > @ (M0

Provided E>>m centre-of-mass energyd 8 d ( 2 E m)
Because the beam canbe stopped by the target, high luminosities are possible
Boosted collision system in the lab frame (can be good or bad)

peolarized
target SM1 RICH1 pﬂlm1 SMz RICH2 u filter 2

ecarLz HCAL2

ECAL1 HCAL1
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Whycolliders?

High-energy experiments use accelerators in two ways: fixed targets or colliders

Colliders
Two beams collide, usually particles having same m and equal and opposite momenta

(E’p) > <« (E,-p)

Provided E>>m centre-of-mass energyK @ EBgrows with E rather than & E

==

Much higher & dor e.g. 100 GeV to TeV beams

Big challenge to have high luminosities Y
squeezed beams, many bunches ... ...

Must accelerate two beams- complexity
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Why colliders?

At high beam energy

Fixed target
adsad( 2 Em)
very high luminosities "easily" possible
boosted collision system in the lab

Colliders
as 2B
high luminosities difficult
must accelerate two beams o complexity
may be in CMframe of final system (e‘*e)
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If you want to study very
rare processes, fixed
target often wins

e.g. neutrino experiments!
(but not always 0B factories)

If you want to search for
new physics at high
masses/energies dbetter
build a collider




Rates]uminosities and crossections

In a collider, the rate, d N./ dt, of events produced for a given processa is:

dNJ/ dt =€ L

where
f _is the cross-section for the process
units of area (1 barn = 1022 m2= 1028 cm?)

typically mb, pb, nb, pb and fb are (all) met for different processes!
it depends on the physics process, eg. pp Y W + anything and the centre -of-massenergy a s

L is the instantaneous luminosity, usually called the luminosity
units of inverse-area per unit time (typically ~1®4‘cm2stat LHC)
Processindependent, dependsonly on the beam characteristics

Integrated version:
N.=f UL dt

where U L dstthe integrated luminosity, typically expressed in fb-2
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The LEIRe Collider

GENEVA

Large Electron- e - ...;...‘.;.?.-..1_“.:”‘ . g
Positron Collider : = .

.
v
"v-
=Y

CERN Prévessin |

Huge 27km

circumference tunnel ey s a0 e
excavated in the . L e
1980's

s 6 - Q iE :
Four experiments, all 7 om o« )
aiming at all physics = i B
topics accessible e
("general purpose = <@
detectors") @
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| E Rjata z ' Datacorrected for - radiation :
: ~17MZ

Centre-of-mass energya s =8 8 § - 1989-1995
209 GeV 3104_ b had -

LER1 at Z peak z ¢ ¢ —hadrons

LER?2 at high energy @

~36k WHW

LER1: high precision 10°F

1995-2000 -3
measurements of Z :

Z mass, width, couplings
to fermions o
Number of light neutrino 10 2L ;}j'}‘;“

US|
species é il

PETRA

|
- TRISTAN
LER2: WWand ZZ production B, SLC

W mass andcouplings 10 LEP I 10 LEP II ;
Searchesé ST PP PR W T
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Runtevent 4093: 1000 Date 930627 Time 20716CtrkiN= 33 Sump= 73.3) Ecal{M= 25 SumE= 32,6} HcoaliMN=22 SumE= 22,6}
Ebeam 45,658 Ewiz 99,9 Emizz -8,6 Ytx { -0,07, 0,08, -0,800 Muon{M= 0} Sec Wtx{M= 3} Fdet{M= 0 SumE= 0,0}

Bz=4,350 Thrust=0,3873 Aplan=0,0017 Oblat=04248 Spher=0,0073 fia

eeY hadrons at LEP
"2-jet" event

Z

e+

ee' Y qq
Quarks hadronise to form two back -to-
back jets

Restof event is very clean in e*e!
collisionsdnoounder | yi asg obast, 070 \
seen In hadron collisions
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Tevatron

Tevatron at Fermilab, USA
Ran from 1986 02011

Proton-antiproton collisions
at a s0=1196 BV

Two experiments CDF andDO

Numerous physics
measurements and

observations (e.g. first _
observation of B-Btime TheTe v at mastfameus achlevem?pt was to

dependent oscillations) complete the family of quark flavours...

4/9/2025 TIGER at TSU



Discovenof the topgquark

Co-discovered by CDF+D0n 1995
Decaychain:
tt Y WbwWb
WY n eWY q q &

At least one b-jet identified by looking for

a displaced b-hadron decay
Reconstruct m(tt ) from decay products

(jets, leptons, missing-pr)
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FERMILAB-PUB-95/022-E
CDF/PUB/TOP/PUBLIC/3040

Observation of Top Quark Production in pp Collisions
with the CDF Detector at Fermilab

Abstract

We establish the existence of the top quark using a 67 pb~! data sample
of pp collisions at /s = 1.8 TeV collected with the Collider Detector at Fer-
milab (CDF). Employing techniques similar to those we previously published,
we observe a signal consistent with ¢ decay to WWbb, but inconsistent with
the background prediction by 4.80. Additional evidence for the top quark is
provided by a peak in the reconstructed mass distribution. We measure the
top quark mass to be 176 - 8(stat.) = 10(sys.) GeV/c?, and the ¢ production

cross section to be 6.873§ pb.
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PreliminarySummary

The CERNSppS, CERNLEP andFermilab-Tevatron colliders in the 1 9 8 @nil s
1 9 9 established and measured many processes, massesnd interactions

The electroweak bosons W, Z of the Standard Model were discovered by UA1/UAZ2,

and measured with very high precision at LEP(+SLD)
Couplings ofthe Z to fermions very precisely probed
Interactions between gauge bosons started to be probed, but weakly

Highly convincing that gauge theories are at the root of fundamental physics
Nobel prizeto 6t Hand Weltman in 1999

The top quark was discovered at the Tevatron, and found to be shockingly heavy!

However, many questions left, requiring the LHC

What breaks the electroweak symmetry (making the W,Z massive and the photonlljlght)
What gives mass to fermions?

Is there new physics at the TeVenergy scale?
Dark matter?

e
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‘(’_:‘ down @) € - neutrino @) electon
The HIggS g @) strange @) L - neutrin @) { luon

bOSOn gIVGS N ) (’:’ bottom @'T-neutrino @) tau
mass to

fundamental
particles

Gravitation electromagnetism  weak nuclear force strong nuclear forc
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t here woul d be 1

Amassless electrons would escape at the
speed of light

t here woul d be

weak 1 nteracti or

ALife would be impossible: everything
would be radioactive

A

=4

Its existence is a big ded




4/9/2025

The LHC is a 27 km long collider ring housed |
tunnel about 100m underground near Geneva
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The Underground Cavern
for the ATLAS Detector
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Width 32m
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ATLAS Detector at the LHC
~3000 Physicists
45m 550M Suisse Franks

I
~ N

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

24 m

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Confirming previous measurements or discover

ABefore we do new searches, we have to show that we measure
accurately what is already known

Opposite Sign muon pairs

| ATLAS Preliminary
i Data 2010,\'s= 7 TeV
L 1 1 L1 | II L 1 1 1 L1l I| L 1 1 1 L1 1 I|
1 10 10°
M, [GeV]

|,T_




Higgs boson production and decays

The ATLAS and CMS Experiments at the LHC have discovered,
independently, a Higgs boson with mass around 125 GeV
using these productions and decay modes

| | T e t e
'_102 ?a N - . . () - WW ER
o) pp — H (N3LO QCD + NLO E Vs= 13TeV:‘§ *>H 8 - bb :§
2 s = t D [ % s
< == F S f
+ = —S:E, L2 | Sa -5 _ ‘ ii:
T z e F107s = 2z
T 10 = + ‘ .
o f . s o o ]
o ~  pp— qqH (NNLO QCD + NLO ) : VEBF m i :
® ot - 2
-2 |
__ pp—WH (NNLOQCD +NLOE I .910 = -
{ |BR2 ZH (NNLO GCD + NLOE L - ]
PP — ttH (NLO QCD + NLO E v - .
PP — bbH (NNLO QCD in 5FS, [l QCD in 4FS) e F: 107
UDUU;ﬂ"ﬂUB T : ;
10_1? — ttH
A R B I ) | | | | .
- | | | | | | | | | | | | | | | | |
120 122 124 126 1|\%8 [Ge\}]SO 10 80 100 120 140 160 180 200
H M, [GeV]
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The Higgs Bosdmiscovery

% i0000— "~~~ o e D_O LI B B L B L B N [ O L B
b B Selected diphoton sample ] =1 05 Obs 2012 ATLAS Preliminary
N g o Data 201142012 1 8 e Exp 2012 o A
P B Sig+Bkg Fit (m, =126.8 GeV) i S 1 0%k — CE)bS 2201111 = —
'E : ......... Bkg (4th order po|yn0mia|) : ....... O)t()g C%mblnatlon \s=7 TeVJ-Ldt =4.6 fb_1
% 6000 — ATLAS Preliminary — 10k - Exp Combination  ys-8 TeV:[Ldt =20.7 fb%
- H-yy . : " —— =
B i =~ i 1o
4000{— — 520
[ \s=7TeV, Jldt =481p" _ il 3o
2000— = E; 4
: I\s=8 TEV, J].dt =207 fb_1 : :::; _‘:f O
D s 5 = H | 50
5 400 - = H
T 300F = ]
g w E : 60
L 100E- = i
o E' +—H—H—+—ﬁ—+—+—# X i
2 400 ’ = 70
g _200 E_ _E 1 O 13 1 1 1 1 | 1 1 1 1 | .J‘-I | 1 | L 1 1 1 ‘ L 1 1 I..-.| 1 1 1 ‘ 11 1 1
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Single channel discovery: &4 Single channel discovery: 66
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HiggsA 4 muons Candidate

ATLAS

EXPERIMENT

http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST
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Higgs coupling
measurements
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> T LR LR : |
Eli [ ATLAS Preliminary N
= Vs=13TeV,24.5-139fb" z. 2
2 —  my =125.09 GeV A
> . w -
& gt T SM Higgs boson —
102 '! =
E ',!T b E
10° =
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i m,(m,) used for quarks 7]
1074 E =
= - | — | =
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10~ 1 10 10°
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ppA H +X Cross section measurements

s r e ¥ Q | C J ! n ' ! '_
t > e S ook _ ATLAS Preliminary G, My 12500 GeV -
.i'_-ﬁ-_-ﬂ-_-n-_él:-_-n-_n-_u t ;]\ - A H—>77’ 11 H—2ZZ*—4l] QCD scale uncertainty 1
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80 = Systematic uncertainty —
i B Ha B -
w%---'ﬂ.".- - i ]
60
o = - +?
VBF I ]
401 |
i Ne ]
‘ 20 % \s=7TeV, 45" _
VEH i \s=8TeV, 20.31b" .
I Vs =13TeV, 139 fb” ]
N . t o ——— A B N B P S R
R L / 8 9 10 11 12 13
ttH
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Top-quark sector

E | | I | | | I | I I | | . I. |
ke 10° ° o Vs=7 TeV, 4.6 b’ ATLAS Preliminary
S - o l+jets*, Vs=7 TeV, 4.7 fb™ November 2018 ]
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compared to the > ~ " Preliminary 7
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HA BSM contribution to the Higgs width

< 8_ | l I
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Search for new physics

AHiggs Discovery confirmed in later measurements

AMeasurement of properties consistent with expectations
from the SM

ABut are there more than one Higgs boson?
ABeyondthe-StandardModel (BSM) Higgs searches
A2S OFly dzaS (UKS | A33a oz2az2y la
ACan we search for new physics in the decay of the Higgs
boson?
AOr in association with it?

AOr in the small deviations in the properties with respect
to the SM expectations?
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The Dark Matter Hypothesis

AProposed by FritZwicky, based on observations of t
Coma galaxy cluster

AThe galaxies move too quickly
AThe observations require a
stronger gravitational field
than provided by the visible matter




The Rotation Curves of Galaxies

AMeasured by Vera Rubin
AThe stars also orbith. = =

AHer observations also required a
stronger gravitational field
than provided by the visible matter

Scanned at the American
Institute of Physics




el \Viuch larger than visible galaxy Fees Tkachev, arXiv:1802.0241

Sample Rotation Curve: NGC 6503
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