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The LHC physics case

Couse on Physics at the LHC 2



| Particle Physics

Particle physics is a modern name for the centuries old
effort to understand the basics laws of physics.
Edward Witten
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Aims to answer the two following questions:

What are the elementary constituents of matter ?
What are the forces that determine their behavior?

Experimentally
Get particles to interact and study what happens
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U The Standard Model

Over the last ~100 years: The combination of Quantum Field
Theory and discovery of many particles has led to

A The Standard Model of Particle Physics
iWith a new APeriodic Tabl ec
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One of the greatest
achievements of 20t
Century Science
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Leptons

SM confirmed by data

2.4 MeV/c? 1.27 GeV/c? 171.2 GeV/c?
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up charm top
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down strange bottom
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Gauge bosons

STANDARD MODEL
OF ELEMENTARY PARTICLES

Measurement Fit — 10™®_QM/gmeas
o 1 2 3
m,[GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952:0.0023 24959
ob,[nb]  41.540=0.037  41.479
R, 20.767 = 0.025  20.742
A 0.01714 = 0.00095 0.01645
A(P) 0.1465 = 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
R 0.1721=0.0030  0.1723 |
ob 0.0992 = 0.0016  0.1038
AYS 0.0707 = 0.0035  0.0742 F
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668 |
A(SLD) 0.1513=0.0021  0.1481
SN0 (Qp,) 0.2324=0.0012  0.2314
m,, [GeV]  80.399-0.023  80.379
Iy [Gev]  2.085=0.042 2.092
m, [GeV] 1733 = 1.1 173.4

July 2010
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Confirmed at sub 1% level!
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Ll The Higgs
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In the simplest model the interactions are
symmetrical and particles do not have mass

The symmetry between the electromagnetic and

the week interactions Is broken:
- Photon do not have mass
- W, Z do have a mass ~ 80-90 GeV

Higgs mechanism:
mass of W and Z results from the interactions

with the Higgs field
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The Standard Model would fall at high energy
without the Higgs particle or other cnew physicso

Based on the available data and on quite general
theoretical insights it was expected that the dhew
physicsowould manifest at an energy around

1 Tera-electronVolt = 1012 electronVolt

accessible at the LHC for the first time
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| Beyond the standard model

i1 P
The Standard Model answers many of the questions about the structure
of matter. But the Standard Model is not complete; there are still many
unanswered questions.
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Why do we observe matter and almost no antimatter if we believe
there is a symmetry between the two in the universe?

What is this "dark matter" that we can't see that has visible gravitational
effects in the cosmos?

Are quarks and leptons actually fundamental, or made up of even
more fundamental particles?

Why are there three generations of quarks and leptons? What is the
explanation for the observed pattern for particle masses?

How does gravity fit into all of this?
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Forces and expansion of the Universe
E=k. T  k=8.6210%eV K<
Temperature

of universe 10°%K 107K 101K 103K 3K
LHC

Strong force
e I —

Electromagnetic force
TN E—S———

Weak force
Gravity
Time after 10745 1073%s 107125 10°%s 5x1017¢
Big Bang ( = now)
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:Qillj The dark side of the Universe

Long standing problem:
We know that ordinary matter is only ~4% of the matter-
energy in the Universe.

What is the remaining 96%?
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The LHC may help to
expected solve this problem,

from

| B discovering dark matter
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R (kpc)

M33 rotation curve
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In 1998, two groups used distant Supernovae to measure the

The Universe expansion is accelerating

expansion rate of the universe: Perlmutter et al. (Supernova Cosmology
Project), and Schmidt et al. (High-z Supernova Team)

They got the same
result:

The Universe
expansion is
accelerating

Some form of energy
(dark energy) fills
space

26
o Supernova Cosmology Project
241 o High-Z Supernova Search
2 _
o Calan/Tololo
Supernova Survey
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Cosmological inflation

In the very early universe space undergoes a dramatic exponential
expansion.

Explains why the Universe has a uniform Temperature (3 K) and why
space-time has a flat geometry
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The inflation theory
was developed
independently in the
Pate 19706s
Guth, Alexey
Starobinsky, and

others
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Higgs and hierarchy problem

In the SM the Higgs mass is a huge problem:

A Virtual particles in quantum loops contribute to the Higgs mass

A Contributions grow with s (upper scale of validity of the SM)

A s could be huge i e.g. the Plank scale (101° GeV)

A Miraculous cancelations are needed to keep the Higgs mass < 1 TeV

Classical SM
| |

I
I |
| |
¢ - X
|
I |
| |

This is known as the hierarchy problem
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There are a large number of models which predict new
physics at the TeV scale accessible at the LHC:

A Supersymmetry (SUSY)

A Extra dimensions

A Extended Higgs Sector e.g. in SUSY Models

AGrand Unified Theories (SU(
A Leptoquarks

A New Heavy Gauge Bosons

A Compositeness

Any of this could still be found at the LHC

Couse on Physics at the LHC 15
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New fundamental symmetry:
A Every fermion should have a massive "shadow" boson
A Every boson should have a massive "shadow" fermion.

A
This relationship between fermions and bosons is called

supersymmetry (SUSY)

ol /] ([

Supersymmetry

Heavy versions of
every quark and
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Could DM be SUSY particles?

For every Anormal o force quan
supersymmetric partners:

photon photino
W, Z bosons Wino, Zino
gluon gluino

Higgs boson higgsino

These néi no ssospeatste bephe galactic
dark matter!

Relics from the Big Bang!

Couse on Physics at the LHC 17



The temptation unification
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SUSY and the Higgs mass

Classical SM SUSY
| | | |
! ! -1
| | f’ S
® - X 4 + T fLf ixz
| | \ 7
| | D o |
| | I |
mp =(mp)o — L A2+
16m? Cancellation
Higgs mass: 7
A correction has quadratic divergence!

I L acut-off scalei e.qg. Planck scale
J mi = (m})§- 1617?\21'\2 + 1;?2\2:‘\2 .
|
. . ~ (m?) (m2 = m?2)In(A /m¢),
Superpartners fix this: " lem T f

A Need superpartners at mass ~1-2 TeV

I Otherwise the logarithmic term becomes too large, which would
require more fine-tuning.

Couse on Physics at the LHC 19
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IIIJ Extra dimensions

Space-time could have more than three space dimensions. The
extra dimensions could be very small and undetected until now.
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How can there be extra, smaller dimensions?

The acrobat can move forward and backward along the rope: one
dimension

The flea can move forward and backward as well as side to side: two
dimensions

But one of these dimensions is a small closed loop.
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tory of the Universe
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27 km circumference;
100m underground_
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Accelerator and experiments layout

.

ASOSSSSN -
LHC - B CERN
. ’?—.‘-Pomt 8

Tiny bunches of counter-circulating protons.
Colliding head-on 40 million times each second: -
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Collisions at LHC

7x102 eV
10% 6= s
2835

10"
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Beam Energ

Luminosity
Bunches/Be:
Protons/Bun

7 TeV Proton Proto
colliding beams
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o - Bunch Crossing 4 107 Hz

%ﬁ Proton Collisions  10°Hz
U

Parton Collisions
‘=
8 . .
New Particle Production 10° Hz
(Higgs, SUSY, ....)
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Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
VRIS

Protection
Diode

Helium-II Vessel
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
Vacuum Vessel

Radiation Screen

Thermal Shield

The
Auxiliary 1 5- m Iong

Bus Bar Tube

Instrumentation

LHC cryodipole
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In the tunnel
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Air pressure inside the two 27Km-long vacuum
pipes (10-13 atm) is lower than on the moon.
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27 Km of magnets are kept at 1.9 °K, colder than outer
space, using over 100 tons of liquid helium.
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In a tiny volume, temperatures one billion times
hotter than the center of the sun.

CMS Experiment at the LHC, CERN

Datasecorded: 2009-Dec-14 03:51:28.667244 GMT
Run: 124120

Event: 6613074

lumi‘section:

@bit*

Crossinge




The LHC timeline

(DULDE

L2 y

HL-LHC

Run 2 Run 3 Run 4.5,

a4 e

13 TeV
Diodes Consoldation
splos comosdation cpoken LU esta lartion LHC
7 TeV 8 TeV Mutlon cudbimalots reeracion e Yizhot W
ST— 2L projwet raghace, Civil Eng. 118 Pt boan rackaton i Ingtallation
2024 aes 20 2027 X3 xeq 2040

2N 012 2013 014 15 2016 - 2018 O Y U0 pon gy P A S0

Sk M5 x ol Lum

ATLAS - CWS :
caperinent wporade phese 1 ATLAS - CMS

beam pipee ~ T )
ecxrived Lasrs 7 x noerinal Lumi A‘JCE «LHCbh : 7 3 moerired L
vpgredse y

a0 ! Puree 3000 1!
m m Iun'v'ct:r,
HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY 9 PROTOTYPES CONSTRUCTION I INSTALLATION & COMM, H I PHYSICS

HL-LHC CIVIL ENGINEERING:
DEANIMON EXCAVATION BUILDINGS

Bound to be one of the greatest endeavors of science in the 21st century
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The Experiments
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'Iglllj General purpose LHC experiments

Advanced detectors comprising many layers, each designed
to perform a specific task.

Together these layers allow to identify and precisely measure
the energies of all stable particles produced in collisions.

Photons,
Electrons,
Muons,
Quarks
(as jets of particles)
Neutrinos

(as missing energy)

S
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CMSDETECTOR

STEEL RETURN YOKE ( : M S D t t
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS e e C O r

Overdl diameter : 15.0m Pixel (100x150 em) ~16m2~66M channels
Overdl length :28.7m Microstrips (80x180 em) ~200m2~9.6M channels
Magneticfield :3.8T

SUPERCONDUCTING SOLENQOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resstive Plate Chambers
Endcaps. 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips~16m2~137,000 channels

FORWARD CALORIMETER
Seel + Quartz fibres~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PoWO4crystals

HADRON CALORIMETER (HCAL)
Brass+ Plagtic scintillator ~7,000 channels
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ATLAS detectors

Muon Detectors

Toroid Magnets

Tile Calorimeter

Liquid Argon Calorimeter

Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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*,gand p*

Muon
= Electron
Charged Hadron (e.g. Pion)
- = = - Neutral Hadron (e.g. Neutron)
""" Photon

.......

Silicon
Tracker

Electromagnetic
}”' Calorimeter
Hadron Superconducting
Calorimeter Solenoid

CERN, Fadwisary 200

Iron return yoke interspersed
with Muon chambers

) Baames

Transverse slice
through CM$S
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1993-2008: detector R&D and construction
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| Silicon Tracker
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Diameter 2.4m

Length 5.4m
Volume 24.4m°

Running temperature 10%
Dry atmosphere for 10 years

II Silicon strip detector

Pixel detector

A v

EEEH A e T Used to reconstruct the trajectories of
SEES thousands of charge particles produced in the
' collisions

214m? silicon sensors
11.4 million silicon strips
65.9 million silicon pixels
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= ECAL Electromagnetic Calorimeter

—— —— —— — —-

ECAL Endca Electronfand photon detection
1 crystal shap ‘

ECAL Barrel g
17 xtal shape

Preshower
based orbi sensor

=cclnod | o
i ’W////// i

Design Goal : Measure the energies of
photons from a decay of the Higgs boson
to precision of O 0.°

/5%/

Parameter Barrel Endcaps
Preshower (ES)
# of crystals 61200 14648
Volume 8.14m?3 2.7m3
Xtal mass (t) 67.4 22.0
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HCAL Hadronic Calorimeter

i
Detection of hadrons:
- protons, neutrons, peons, etc.

ACMS HCAL has three components:

A Barrel HCAL (HB)

A Endcap HCAL (HE)

A Forward HCAL (HF)
APlastic scintillator and brass
AQuartz fibers and steel

-_'_".j:j " 4 . a5
| S
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Muon detectors

L e
Gl Drift Tibes Ao P [

mmﬁ——///,, o Drift Tubes (DT)

v I I — | | .

N ——— Cathode Strip Chambers (CSC)

Resistive Plate Chambers (RPC)
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RPC

Couse on Physics at the LHC 43



