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Introduction

Specialized course on the Physics at the Large Hadron Collider organized
by LIP in the framework of IDPASC.

The objective of the Course is to introduce the physics, analysis methods
and results on the physics of the LHC experiments.

Emphasis is placed on the search for new physics, in particular phenomena
at the basis of the electroweak symmetry breaking.

Benchmark channels in proton-proton collisions will be discussed in detail:

identification of the objects involved

signal and background properties

background estimation and S/B discriminants
estimation of systematical errors

extraction and interpretation of the final results



Program

The standard model of particle physics
2 lectures  Prof. J. Varela , 30 Jan, 13 Feb

Detector physics and experimental methods
2 lectures Dr. A. David 6, 27 Feb

Top quark physics
4 lectures Dr. M. Gallinaro, Prof. A. Onofre, 5, 12, 19, 26 Mar

Statistical methods in data analysis
1 lecture Dr. P. Bargassa 2 Apr

Standard model Higgs and beyond
5 lectures Dr. P. Silva, Dr. A. David, Dr. P. Muino, 16, 23, 30 Apr, 7, 14 May

Supersymmetry
3 lectures  Dr. P. Bargassa 21, 28 May, 11 Jun

Matter at high density and temperature
2 lectures Prof. J. Seixas 18, 25 Jun



Required background

The course is intended for under-graduate or graduate students having basic
training in Particle Physics:

Basic concepts

Elementary constituents of matter and interactions. Quantum numbers and
conservation rules. Spin and symmetry groups. Relativistic kinematics. Cross-
section. Natural units. Mass and lifetime. Resonances.

Structure of matter
Elastic scattering and form factors. Inelastic scattering experiments. Nucleon

structure functions. Scale invariance. Quark model. Parton distribution
functions. Introduction to QCD.

Fundamental interactions

Introduction to QED. Fermi interaction. Parity violation. Currents V-A and weak
doblets. W and Z bosons. Cabibbo angle. Neutral currents. Electroweak
interaction. Gauge symmetries. The Higgs mechanism. Weinberg-Salam
model. CP violation.



Background bibliography

F. Halzen and A.D.Martin, ' Quarks and Leptons ', John Wiley and Sons (1984)
D. Griffiths, ' Introduction to Elementary Particles ', John Wiley and Sons (1987)

B.R.Martin, G. Shaw, ' Particle Physics ', John Wiley and Sons (1999)



Lecture 1

1. The LHC physics case

2. The LHC experimental program
3. Experimental challenges

4. Hadron interactions

5. Luminosity and cross-section measurements



The LHC physics case




The Standard Model

Is a beautiful model for describing the fundamental particles and fields
and their interactions

It provides a quantitative description of all experimental results so far
But:

The model requires the introduction of a new field (Higgs field) and
corresponding particle (‘the Higgs’)

This particle has never been found by an experiment



The Standard Model

matter particles
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Standard Model interactions

The interaction of gauge bosons with fermions is described by SM vertices

STRONG EM WEAK CC : WEAK NC
|
|
q 8s q | ut e ut | d 8W u Iq 87 q

|
!

Only quarks All charged All fermions : All fermions

Never changes fermions Always changes : Never changes

flavour Never changes flavour ' flavour

flavour

o ~ 1 o~ 1/137 Oy /z ~ 1/40
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Normal matter

BOSONS
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eneration Generation |
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The Standard Model
1 Missing piece: Higgs

3

Measurement Fit  10™2_Q"|/oMmeas
0o 1 2

Aa (M) 02758 = 0.00035 0.02768
m,[GeV] 91.1875=0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4959
opq[ND]  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

gb 0.0992 = 0.0016  0.1038
AYS 0.0707 = 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
sin“e5r(Q,) 0.2324 = 0.0012  0.2314
m,, [GeV] 80.399+0.023  80.379
I, [GeV]  2.085=0.042 2.092
m, [GeV] 173.3 = 1.1 173.4
July 2010 (I) 2 3

Confirmed at sub 1% level!
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The Higgs and the origin of mass

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 results from the interactions with the Higgs field



The Terascale

The Standard Model would fail at high energy without the Higgs
particle or other ‘new physics’

Based on our present understanding and on quite general theoretical
insights we expect the ‘new physics’ to manifest at an energy around
or below

1 Tera-electronVolt = 1072 electronVolt

accessible at the LHC for the first time



Higgs fixes WW scattering

W W™ scattering via Z/y

W, w
21 lim A oc E?
E—oo
Probability > 1 at Energy~ 1.7 TeV!
w w*

Unitarity violation

Introduce Higgs:

W
L
lim A o const.
E—oo

Problem fixed:
Provided M, < 1 TeV
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SM Higgs production at LHC

—10*ET - . ———— 1117 N
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s I —qqgH ]
S | WH | g wm0nes” ¢
o 10 T~ ZH -
8 : - .
5 — tth : Gluon fusion
m,, [GeV]
Dawson, Jackson, Reina, Wackeroth Vector Boson fusion

= Gluon fusion is dominant in the entire m, mass range

» Vector boson fusion is the next most important
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Standard Model Higgs decays

LHC HIGGS XS WG 2010

Branching ratios

10”700 200 300 500 1000
M, [GeV]



Relation of Higgs, top and W masses in SM

» Higgs, top and W masses are interdependent in the SM
» Precise measurements of top and W mass allow to predict Higgs mass

July 2010
T

H

' ~
s A}
| AV AVAVS oy W

LE/\}F\Y}

W

I

1 — LEP2 and Tevatron (prel.)

LEP1 and SLD

68% CL

.........

-

m, [GeV]

200

July 2010

As of July 2010

= M=173.311.10 GeV

= M,=80.39910.023 GeV
> M,=89%3%_, GeV

> M,;<158 GeV @95% CL
From direct searches at LEP:

= M,>114 GeV (LEP)

Tevatron excludes 158 to 173 GeV (2011)
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The Higgs mass from SM fits

6 July 2010 Mt = 158 GeV
6 _
5 R AOthad . a
L 1 —0.02758+0.00035
% % =e0.02749+0.00012
4 - % % e incl. low Q2 data -
3 ] —
2 — —
1 | —
0 Excluded W Preliminary
1 1 1 I "I I
30 100 300

m, [GeV]

EW-Fits:
35

MH — 89 i26 GeV

Mu < 158 GeV @ 95% CL
From direct
search at LEP:

My > 114 GeV

@ 95% CL

From direct

search at Tevatron:

158 > My > 175 GeV
@ 95% CL
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Higgs and hierarchy problem

Classical SM
| I

|
[ [
| [
| [
1

ANA2+ ...,

mﬁ = m,z,)o ~ 16m2

Higgs mass is a huge problem:

= Virtual SM particles in quantum loops contribute to the Higgs mass

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

= A could be huge — e.g. the Plank scale (10'° GeV)

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

This is known as the gauge hierarchy problem
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New physics at a few TeV?
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The periodic table of the elements

By the end of the 19t century, scientists had characterized many “elements”
indivisible in chemical reactions leading to the modern “periodic table”

Mendeleev spotted gaps and predicted that elements would be found to fill it
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1913-32: Each atom has electrons orbiting a nucleus made of
protons and neutrons.
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The quark model

Physicists discovered dozens of “elementary particles” similar to proton
and neutron

Tables had gaps, the whole periodic table story repeats one level down

Quarks:
u, d, s, c: up, down, strange, charm
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Supersymmetry

quarks

leptons

Heavy versions of every quark and lepton

Double the whole table with a new type of matter?
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The dark matter problem

We know that ~25% of the matter in the universe is dark matter
(ordinary matter is ~4%)

expected
igelny
. luminous disk

R (kpc)

" M33 rotation curve




New physics at LHC?

There are a large number of models which predict new physics
at the TeV scale accessible at the LHC:

Supersymmetry (SUSY)

Extra dimensions

Extended Higgs Sector e.g. in SUSY Models
Grand Unified Theories (SU(5), O(10), EG, ...)
Leptoquarks

New Heavy Gauge Bosons

Technicolour

Compositeness

Any of this is what the LHC hopes to find ...

... apart from the Higgs



The LHC experimental program
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Accelerator and Experiments

Underground circular tunnel — -
27 km circumference; i
100 m underground -
4 caverns for experiments~ +

. A




Proton-proton collisions at LHC

6 LHC Vs=14TeV L=10%cm’s’ Event Rate 7x10?eV ~ Beam Energ

barn 10%* cm2s'  Luminosity
llisi 2835 Bunches/Be
— 3 Collision rate » GHz - 10" Protons/Bun
Inelastic
7 TeV Proton Proto
mb _ ) colliding beams
k— bb o
MHZ'-E &:ff — =
c —_—
% e, e —
KHz t-|5 * P \ =
) - Bunch Crossing 4 107 Hz
2
5 ®
- .
Q ‘:,') Proton Collisions  10°Hz
l Parton Collisions
8
New Particle Production 10° Hz
(Higgs, SUSY, ....)
v
LHC 2010-12:
Collision Energy 7 TeV
Luminosity 103234 cm-2s-1

jet Er or particle mass (GeV)

Heavy ion collisions: Pb-Pb 2.76 GeV/nucleén



Accelerator challenges

= Superconducting 8.3 T dipoles (operating temperature 1.9K)
» Focusing superconduting quadrupoles

= Collimation (350 MJ stored energy per beam)

» The huge size of the system

= More than 33,000 tonnes of ‘cold mass’

= 27 km of cryogenic distribution line



Superconducting dipole

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Helium-Il Vessel

Spool Piece . il \
Bus Bars T, Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
" LHC cryodipole

. Instrumentation
Prot%citc;(()jg Feed Throughs




In the tunnel

Beam delivery
towards
interaction
point

Current
distribution
using High
Temperature
Supercondutor
current leads




In the tunnel

RF cavities

cryo-modules
each with four
cavities in the
LHC straight
section IP4

400 MHz RF
system
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It's Empty!

Air pressure inside the two 27Km-long vacuum pipes is lower than on
the moon.
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It's Cold!

27 Km of magnets and connections are kept at 1.9 °K, colder than outer
space, using over 100 tons of liquid helium.
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It's Hot!

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: 22
° °
Obit* 22389724
Crossing: 51




The Experiments
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Forward Calorimeters
End Cap Toroid

-

' General Purpose:
pp, heavy ions

Detector characteristics
Wicth: ~ 22m
Diameter: 15m
Weight: 14500t




It's huge!

Largest, most complex detectors Study tiniest particles with
ever built incredible precision




World-wide collaborations

%’ 38 Nations
| ~3500 physicists
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It's complex!

Worldwide LHC Computing Grid connects 100,000 processors
in 34 countries with ultra-high-speed data transfers

By MoraLisa
B Descomry Groups Postion Securty Help

Millions of Gigabytes
of data each year.

i ‘_

Mhvew

nacde(s) usder corsor:
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Two concepts

ATLAS: A Toroidal LHC ApparatuS CMS: Compact Muon Solenoid
: I

Hight: 15 m
Length: 22 m
Weight: 12500 t
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CMS detectors

SUPERCONDUCTING CALORIMETERS
COIL

ECAL Scintillating PboWO, HCAL Plastic scintillator
Crystals |,

. | brass
1 - b

/ == : - — [ sandwich
y 2. v/ /”/{’:} ] . n R il

Total weight : 12,500 t (Lo ) —

Overall diameter : 15 m

-
f ) et I N =
Overall length : 21.6 m k. V‘v\ \,

Magnetic field : 4 Tesla N\,

IRON YOKE

(R 1) |
1 SN

MUON
NDCAPS
s T IT
S =
Silicon Microstrips — ““. ]
Pixels R st
Drift Tube Resistive Plate Cathode Strip Chambers (¢csQ)
Chambers (DT) Chambers (RPC)

Resistive Plate Chambers4gFlPC)






ATLAS detectors

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

24 m <

7000 Tons

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker






Detection of hadrons, e*, y and p*

I 1 | | 1 1 1 1
om im 2m im 4m 5m 6m m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)

----- Photon

Silicon
Tracker

Electromagnetic
)j! " Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

CERN, Febwrcawry 200

D Bamey
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ATLAS vs. CMS

Transition Radiation Tracker

crystals
liquid argon
outside solenoid inside solenoid

air-core toroid




ALICE & LHCb

ALICE

SO [High-Multiplicity Detector]

-
St A

Physics: Quark-Gluon Plasma ...

Height: 10 m
Length: 20 m
Weight: 5600 t

L)

Height: 16 m
Length: 25 m
Weight: 10000 t

\

LHCb

[Forward Spectrometer]
Physics: Matter/Antimatter-Asymmetry ...
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2004: CMS detector cavern




2005: Superconducting solenoid installed
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2006: Magnet test on the surface




Lowering central wheel
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2007-08: Installation in the cavern




2008: CMS ready to close
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2008: CMS closing up...

CMS closed: August 08




2008: CMS detector ready for beams
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LHC pp-Interaction Rate

180 [ Cosmic ray .

_ y=22 (bestfil) data A
Luminosity: 160}  ---- +10 T
- e ¥=10 7
L =10% cm2s™! ot
= 10" Hz/mb 120

[ 100 mb

Cross section:

o~ 100 mb : 1.‘
60

: o
40 p ] I =
_ . - Spp <

0 (il Ll Ll Ll L1 1 1adl

10 102 103 10% 10°

However: /s (GeV)

Bunch crossing rate: 40 MHz

- Interactions/crossing ~ 25 —__ Thisisa
real challenge !



o (proton - proton)

Proton-proton cross-sections

1ub

1inb

1pb

Fermilab SSC
CERN LHC l
v v
| | I
O ot
Glcl
£ ,">O.25 TeV
ow —+fv)
UA1/2
Ggg(mg 500 GeV)
Ot -
M= 175 Gev "%
Oy
m, = 100 GeV
c Z
m_=1TeV
Z
Y Higgs
m,= 500 GeV

| | |

0.001 0.01 0.1 1.0 10 100

Vs TeV

[T
aa,
ALY
fhuy
LT
Teay,
LT
"ray
"eay
“aa,
'

.
----
wns®
wes®
----
oooo
wunt
L LA
“““
ann®

Events / sec for £ = 10%*cm™ sec™

10° Events/sec

[1 Mbyte/Event]

Efficient
rate reduction needed

[Storage rate: 100 Hz|

4
10 BEvents/min

[my = 100 GeV]

with 0.2% H — yy
1.5% H—>2727
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6 LHC Vs=14TeV L=10%cm’s”

barn

mb

nb

pb

fb

Multi-level trigger

Event Rate

k— bb

jets

(o) W
inelastic Level-1 input

Event rate *

Level-2 input *

o
S
— e
o
o

jet Er or particle mass (GeV)

GH.

MH;

kHz

Hz

3
I

S =
w I
N

SUIFNO—

» <
»

“—_9ul-d40

On-line requirements

Crossing rate 40 MHz
Event size 1 Mbyte
Level-1 Trigger input 40 MHz
Level-2 Trigger input 100 kHz

Mass storage rate ~300 Hz
Online rejection 99.999%

DAQ design issues
Data network bandwidth (EVB) ~ Tb/s

Computing power (HLT) ~ 10 Tflop
Computing cores ~ 10000
Local storage ~ 300 TB
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Bunch crossing frequency

(2012)

= LHC has 3564 bunches (2835 filled with protons) 1400

» Crossing rate is 40 MHz 20 MHz

» Distance between bunches: 27km / 3600 = 7.5m 15.0 m

= Distance between bunches in time: 7.5m / ¢ = 25ns 90 ns

» Proton-proton collision per bunch crossing: ~ 20 <35

LEP: ee Crossing rate 30 kHz
K > | I

22ys
SPS-pp Crossing rate 280 kHz

Tevatron pp Crossing rate 2.5

396ns
LHC: pp Crossing rate 40 MHz

I T T T 1T 1T 1

25ns




Level 1 trigger and front-end readout

+«—< 2 usec —

D usec

Local level-1 Global

Trigger

A }.I

E \ il
.fe:-__n..

- 40 MHz Clock
- Level-1 Accept
- Controls
Trigger Front-End Digitizer
Primitive Generator
Pipeline delay ( = 3 ps)
.5 usec

Accept/Reject LV-1
< 20m >

Front-end pipeline readout

|| Detectors
| Digitizers

m % Front end pipelines
us

» 40 MHz digitizers and pipeline readout buffers ( 128 steps ~ 3 us)
= 40 MHz Level-1 trigger (massive parallel pipelined processors)
= High precision (~ 100ps) timing, trigger and control distribution
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High level trigger

«—
Level 1 = Detector Frontend
Trigger T T T T T —
= N 1 I H H Readout
¢ Systems
\ 4
Event !
& Manager |><1 Builder Networks Controls
(s ~
v — < ! Filter
1 N_I_H—!_ Systems
I I I I I I
Computing Services

High Level Triggers (HLT)

40 MHz
10° Hz

1 Tb/s

102 Hz

HLT (~5000 CPUs) accesses full event info seeded by L1 objects

HLT: available 100 ms per event
Flexibility: full event info and offline reconstruction after L1

Large data throughput in event builder network (1 Tb/s)
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Triggers and event selection

* Missing transverse energy (P ~ 50-100 GeV)

« Multiple jet triggers (P ~ 50-100 GeV)
About 100 trigger conditions in L1 trigger table
About 400 trigger conditions in HLT trigger table

2011 Physics Proton Trigger Menu (end of run L = 3.3 1033 cms-1)

ATLAS

Offline Selection

Trigger Selection

L1 Rate (kHz)
at 3e33

EF Rate (Hz)
at 3e33

L1 EF
Single leptons Single muon > 20GeV 11 GeV 18 GeV 8 100
Single electron > 25GeV 16 GeV 22 GeV 9 55
2 muons > 17, 12GeV 11GeV 15,10GeV 8 4
Two leptons
2 electrons, each > 15GeV 2x10GeV 2x12GeV 2 1.3
2 taus > 45, 30GeV 15,11GeV 29,20GeV 7.5 15
Two photons 2 photons, each > 25GeV 2x12GeV 20GeV 3.5 5
Single jet plus MET Jet pT > 130 GeV & 50 GeV & 35 GeV 75GeV & 55GeV 0.8 18
MET > 140 GeV
MET MET > 170 GeV 50 GeV 70GeV 0.6 5)
Multi-jets 5 jets, each pT > 55 GeV 5x10GeV 5x30GeV 0.2 9
TOTAL <75 ~400 (mean)

Select processes that produce particles with high transverse energy

Examples at 5.x1033 cm-2s-"
 Single lepton and photon triggers (P ~ 30 GeV)
* Multiple lepton and photon triggers (P ~ 15 GeV)
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Event pileup in beams crossing

[ e Example: Z — uuee
= [Golden Higgs Decay]
.,: ilr ( |

Low lumi
[First year]

High lumi

Dl =Asrasen Byt 8 14

=
e N SO B N R Al

Monte Carlo simulation
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Event pileup in 2011-12

= |n 2011 luminosity increased from 1032 cm-?s-' up to 3.5x1033 cm-?s™"

» Bunch crossing spacing of 50 ns implies two times more pile-up (same beam
current divided by two times fewer bunches)

= At the end of 2011 pileup was 15 events per crossing on average

= |n 2012 luminosity may reach 7.x1033 cm-2s-1, corresponding to 30 pileup events

20 pileup events

Tracking threshold in pr~ 100-MeV. Fake rate < 1%
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Event pileup, trigger and data analysis

= Most p-p collisions (minimum bias) produce particles with low P (~0.5 GeV)
= Hard collisions produce objects (lepton, jets) with high P (> 20 GeV)

= High pile-up (> 10) has strong effects on trigger and data analysis:

« Trigger rate of jets and missing energy
« Jet reconstruction and energy scale (pileup subtraction)
* Primary vertex identification

« Lepton isolation efficiency Reconstruction Time in QCD evt
« Tracking occupancy and reconstruction 40
« efc.
- ° O 42
g 70 O 4.4
L
2,
10 -
O
0 = : .

0 7.5 15 22.5 30

# PU interactions



High radiation levels

Length [cm]

1000

800 |

600 | |

400 S _.-_,:

200 r

L L L L l L L L L L L L L L L L L | L
0 500 1000 1500 2000 Length [cri]

2.13E+07 1.00E+03 1.00E+02 1.00E+01 1.00E+00 1.00E-01 1.00E-02 0.0

Radiation Dose [Gy/year]
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Radiation hard detectors and electronics
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Detector commissioning and
rediscovery of the SM

MTCC |

"Rediscovery"”

e MAAAE [ oAb

75



2009: First p-p collisions at LHC

November 23, 2009 December 14, 2009 March 30, 2010
First collisions at 900 GeV First collisions at 2.36 TeV First collisions at 7 TeV

CMS Experiment at LHC, CERN

Data recorded: Tue Mar 30 12:58:43 2010 CEST
Run/Event: 132440 / 2731900

Lumi section: 124

{ Orbit/Crossing: 32261678 / 1

First collision at 7/ TeV in CMS




..unforgettable moments
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LHC Page 1: stable beams
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Tracking performance

Pixel cluster charge de/dx in the strips
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Tracking: secondary vertices

Basic variables relevant for B-tagging are well described by the simulation

CMS Preliminary 2010
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Photons and electrons

EM cluster energy
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Jets and missing energy
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Jhp’ s decaying into muons
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W and Z Bosons

.| CMS Experiment at LHC, CERN {
i| Run 133875, Event 1228182

Muon p;=38.7 GeV/c
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Rediscovery of the Standard Model

Original
discovery
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A CMS ZZ* event with both
Z's decaying to muons.

This is a “"candidate” for Higgs
decay at low mass.
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End of Lecture 1



