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* pp machine (mainly):

\/E = 14TeV  ~7 times higher than
present highest energy

machine (Tevatron/Fermilab:
2 TeV)

— search for new massive particles up to m ~ 5 TeV

Loch N2
OX Oy

=103 cm s°!
~ 10? larger than present

machines (LEP2, Tevatron)

— search for rare processes with smallo (N =Lo)

* under construction — ready 2006

* will be installed in the existing LEP tunnel
* two phases:

2006 —> 2007 : L=103cm?2s! [Ldt=10fb! (1 year)

“low luminosity”

2008 = 20xx : L=10%*cm?2s! [Ldt=100 fb! (lyear)
“high luminosity”
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Four large-scale experiments:

general-purpose pp
experiments

LHCDb pp experiment dedicated
to b-quark physics and CP-

violation

— lectures of T. Nakada

ALICE heavy-ion experiment (Pb-Pb collisions)
at 5.5 TeV/nucleon — Vs = 1000 TeV
Quark-gluon plasma studies

— lectures of F. Antinori

Here : ATLAS and CMS

Note : LHC machine discussed in lectures of P. Lebrun
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Low B (pp)
High Luminosity

L WEQ

Low B (Ions) (B physics)

ALICE LHC-B
N

Low B (pp)
High Luminosity

LHC layout
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LHC 1s unprecedented machine in terms of:

e Energy ™ limited by B=28.4 T of ~ 1300
superconducting dipoles working
at 1.9 Kelvin (biggest cryogenic
system in the world)

e Luminosity

e Cost : =3500 MCHF (machine + experiments)

- S1ze/complexity of experiments :
~ 1.3-2 times bigger than present collider experiments

« Human resources : > 4000 physicists in the
experiments

WHY ?
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Motivations for LHC

Motivation 1 : Origin of particle masses

Standard Model of electroweak interactions
verified with precision 10~ - 10 by LEP
measurements at \'s = m, (see lectures of P. Wells)
and Tevatron at Vs = 1.8 TeV.

L discovery of top quark 1n ‘94,
my,, = 174 GeV

However: origin of particle masses not known.

Ex. : mYZO 4?
My, , = 100 GeV o

Note: particle masses determine our

S1Z€
o= 1 if m, were 10 times
e larger, everything
T electron mass  would be 10 times
radius of hydrogen atom smaller !
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SM : Higgs mechanism gives mass to particles
(electroweak symmetry breaking)

H /
o my < 1 TeV from theory

/

However:
-- Higgs not found yet (only missing piece
of SM)

-- present limit : m;; > 114 GeV (from LEP)
-- Tevatron may go beyond (depending on L)
— need a machine to discover/exclude
Higgs from = 120 GeV to 1 TeV

!

LHC
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Motivation 2 : Is SM the “ultimate theory” ?

* Higgs mechanism 1s weakest part of the SM:
-- “ad hoc” mechanism, little physical justification
-- due to radiative corrections

H( ) H

Amy? ~A? A : energy scale
up to which SM
is valid (can be very large).

= radiative corrections can be very large (“‘unnatural”)
and Higgs mass can diverge unless “fine-tuned”
cancellations

 Hints that forces could unify at high energy
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Oy = 0 = 1/128 = 0.008
o =0, = 0.03 at
WEAR T " Vs =100

llllllfll‘]"l'tl‘]lll
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* E-dependence of coupling constants proven experimentally
. : EM/Weak/Strong forces unify at

E ~ 10! — beyond physics become simple (one force with
strength o )
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!

* SM 1s probably low-energy approximation of
a more general theory

* Need a high-energy machine to look for
manifestations of this theory

* Supersymmetry @ mgygy ~ 1€V
Many other theories predict New Physics at
the TeV scale

!

LHC
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. Are quarks and leptons really elementary ?
. Are there additional families of (heavy) quarks and
leptons ?
Are there additional gauge bosons ?
What is the origin of matter-antimatter asymmetry in
the
universe ?
S What 1s the nature of QCD confinement ?
. Can quarks and gluons be deconfined in a quark-gluon
plasma as in early stage of universe ?

S ... etc.

Unexpected physics  ?

Two ways to find new physics:

-- discover particles/phenomena

-- measure properties of particles
as precisely as possible = find deviations
from SM
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LHC: known particles (W, Z, b, top, ...)
produced with thanks to
high energy (— higho)and L (— high rate)

Ex.: 5x103 W — /v “
5x107 Z — 04 per year at low L

1 >

1012 pp pairs

J

— many precision measurements possible

thanks to large statistics
(stat. error ~ 1/N/ N)

Note : measurements of Z parameters performed
at LEP and SLD, however precision can be
improved for :

-- W physics

-- Triple Gauge Couplings WWy, WWZ
-- b-quark physics

-- top-quark physics
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Phenomenology of pp collisions

p

\%Pz

Transverse momentum (in the plane perpendicular
to the beam) :

»
» [

pr =P sind

Rapidity:
—_loo (to & 0=90° —> n=0
f g(gz) 0=10° —»> n=24
0=170° > n=-24

Total inelastic cross-section:
O, (pp) = 70 mb Vs =14 TeV

n. events __ . : :
L Rate = 5 = L x 0, (pp) = 10” interactions/s

L 1034 cm2 §°!

These include two classes of interactions.
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Class 1:

Most interactions due to collisions at large
distance between incoming protons where protons
Interact as ““ a whole ” — small momentum
transfer (Ap = i /Ax ) — particles in final state
have large longitudinal momentum but small
transverse momentum (scattering at large angle 1s
small)

° - =

&
w

<p;>=500MeV  of charged particles in final state

dN 7 charged particles uniformly
dn distributed in ¢

Most energy escapes down the beam pipe.

These are called (“ soft *“ events).
They are the large majority but are not very interesting.
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Class 2:

Monochromatic proton beam can be seen as
with a wide band
of energy. Occasionally

p = momentum of incoming
protons = 7 TeV

Interactions at small distance — large
momentum transfer — massive particles and/or
particles at large angle are produced.

These are interesting physics events but they are

u

Ex. u-+ 67% W+ >L+
d

c(pp > W)= 150nb = 10°06,, (pp)
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Unlike at e+e- colliders

faralXa, Q%) Parton distributions

Q measured in 1S

A .

Noa Hard scatering
™\

¥

/ aron suiprocess
Beam 2 ' °
particles giab = X)

geans fragmenriss
spectatar jets

« cffective centre-of-mass energy J§  smaller

than Vs of colliding beams:

Pa=%aPa | p=py=7Tev JE:WTM

Py, =X, Py
if x, = x,
— to producem= 100 GeV x~0.01
toproducem= 5TeV x~0.35
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e Cross-section :

o=Y [dx, dx, f, (x,.Q)f, (x,.Q") 6, (x,.X,)
a,b

0, = hard scattering cross-section

f. (X, Q?) = parton distribution function

!

< (Q'=20 GeV’)
- T gluon/10
15 up
. )
cowne
..... wnbar —_—
- . =+ » Stronge p — U.Ud
| S
05
0
10 10" 10" 10 I
X
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Two main difficulties

@ R =Lo=10%nteractions / second

Protons are grouped in bunches (of = 10!! protons)
colliding at interaction points every |25 ns

>O</./‘/

detector

= At each interaction on average =25 minimum-bias

events are produced. These overlap with interesting
(high p;) physics events, giving rise to so-called

pile-up

~1000 charged particles produced over [n| < 2.5 at each crossing.

However <p;>= 500 MeV (particles from minimum-bias).

— applying pr cut allows extraction of interesting
particles
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Simulation of CMS 1nner detector

30 minimum bhias events + | 5 77 _ i
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all charged particles wit:h Inl < 2.5

H
reconstructed tracks with p, > 2.0 GeV
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Pile-up 1s one of the most serious experimental difficulty
at LHC

Large impact on detector design:

« LHC detectors must have fast response, otherwise
integrate over many bunch crossings — too large pile-up

Typical response time : 20-50 ns

— 1Integrate over 1-2 bunch crossings — pile-up of
25-50 minimum bias

= very challenging readout electronics

» LHC detectors must be highly granular to minimise
probability that pile-up particles be in the same detector

element as interesting object (e.g. Y from H — vy decays)
H

= high cost

» LHC detectors must be radiation resistant: high flux

of particles from pp collisions — high radiation environment
E.g. in forward calorimeters:

up to 10" n/ cm? in 10 years of LHC operation
up to 107 Gy

Note : 1 Gy = unit of absorbed energy = 1 Joule/Kg
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Radiation damage :

-- decreases like ¢” from the beam — detectors
nearest to beam pipe are more affected

-- need also radiation hard electronics (military-type
technology)

-- need quality control for every piece of material

-- detector + electronics must survive 10 years of
operation
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@ High-p; events dominated by QCD
jet production:

\
)
w2
Y
—
aO
=

A\ 4
[ ]
%V
(d °
¢
=

* Strong production — large cross-section
« Many diagrams contribute: qq — qq,

qg — qg, gg — gg, etc.
e Called “ QCD background

Most 1nteresting processes are
* involve heavy particles
 have weak cross-sections (e.g. W production)
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Proton - (ant1) proton cross-section
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To extract signal over QCD jet background must look at
decays to photons and leptons — pay a prize in branching ratio

Ex. BR (W — jet jet) = 70%
BR (W — /v) =30%
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ATLAS and CMS detectors

Don’ t know how New Physics will manifest
— detectors must be able to detect as many particles and
signatures as possible:

e, U, T,Vv,Y, jets, b-quarks, ....

= “multi-purpose” experiments.

* Momentum / charge of tracks and secondary vertices
(e.g. from b-quark decays) are measured in central tracker
(Silicon layers plus gas detectors).

* Energy and positions of measured
n

* Energy and position of hadrons and jets measured mainly
in hadronic calorimeters.

* Muons 1dentified and momentum measured 1n external
muon spectrometer (+ central tracker).

 Neutrinos “detected and measured” through measurement
of missing transverse energy (E{™$) in calorimeters
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Detection and measurement of neutrinos

* Neutrinos traverse the detector

without interacting
— not detected directly

* Can be detected and measured
asking:

E.,P. = E,P

| N

total energy, momentum
of initial state

total energy, momentum
reconstructed in final state

-- e'e colliders: E,=Vs, P =0

— 1f a neutrino produced, then E;< E, (— missing energy)

—

and P20 — 13V:_13f Ev:|f)v|

-- hadron colliders: energy and momentum of initial state
(energy and momentum of interacting partons) not known.

However: transverse momentum P, =0

—> 1f a neutrino produced P, #0 (— missing transverse

momentum) and - - -
|PTV |:| PTf |:ET

Summer student
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ATLAS

A Toroidal Lhc ApparatuS

Muon Detectors Electromagnetic Calorimeters
Solenoid Forward Calorimeters
End Cap Toroid
.
ff - i
S
S Tbroid inner Detector Hadronic (‘Zalorimeters | Shi;lding

Length : 40 m
Radius : 10 m
Weight : 7000 tons
Electronics channels : 108
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CMS

Compact Muon Solenoid

MUONCHAMBE PS ] [ crysTAL ECAL | [ Heal ]

FORWARD
CALOPMETER

Total wekjht : 12,5001,

Ovenlldlameter: 135.00m

Ovenalllength : 21.60m

Magneticflekd : 4Tesla CMS-PARA-DD1-11/07/97 JLB.PP

Length : 20 m

Radius: 7m

Weight : 14000 tons
Electronics channels : 108

Fabiola Gianotti, LHC Summer student
Physics lectures



Examples of performance requirements

» Excellent energy resolution of EM calorimeters

for €/y and of the tracking devices for Ll in
order to extract a signal over the backgrounds.

Example : H —> VY

A

H — yybad resolution

/ H — yygood resolution

background from

/ pp — 7Y

v

... see later ...
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 Excellent particle 1dentification capability:
e.g. e/jet, y/jet separation

number and p of hadrons

> <, - Jet in a jet have large
q fluctuations
. v in some cases: one high-p
q ™S 70 e:: Y n%; all other particles
too soft to be detected
ei
v
Inner detector EM calo HAD calo

d (yy) < 10 mm 1n calorimeter — QCD jets can
mimic photons. Rare cases, however:

O

J7 ~ 108 m,, ~ 100 GeV
o (H =Yy
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— need detector (calorimeter) with fine

oranularity to separate overlapping
photons from single photons

ATLAS EM calorimeter : 4 mm strips
in first compartment

Title:

I Y
10 F
5F
O o e b e T
5 10 15 20 25 30
Strip number
/& -
750 [
& L 0
~ L A
) L
o
€20
Lol L
WO;
O#_;!_J—L\\LJ_LL :
5 10 15 20 25 30
Strip number
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e Trigger : much more difficult than at e*e- machines

Interaction rate: ~
Can record ~
(event size 1 MB)

=> trigger rejection ~ 107

Trigger decision = [Ls — larger than interaction
rate of 25 ns

store massive amount of data in pipelines
while trigger performs calculations

trigger
| \ YES
detector | PIPELINE >| Save
10° evts/s \trash;/ 102 evts/s
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Summary of Partl

 LHC:
pp machine (also Pb-Pb)
Vs =14 TeV
L=10%3-10**cm> s’
Start-up : 2006

 Four large-scale experiments:

ATLAS, CMS pp multi-purpose
LHCb pp B-physics
ALICE Pb-Pb

* Very broad physics programme thanks to high
energy and luminosity: mass reach : <5 TeV

Few examples in next two lectures ...
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Very difficult environment:

-- pile-up : ~ 25 soft events produced at each crossing.
Overlap with interesting high-p events.
-- large background from QCD processes (jet
production): typical of hadron colliders

!

Very challenging, highly-performing and expensive
detectors:

-- radiation hard

-- fast

-- granular

-- excellent energy resolution and particle 1dentification
capability

-- complicated trigger

End of Part 1
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