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Outline of this course

* Introduction to LHC, its experiments, physics programme and
experimental challenges?

* ATLAS detector, requirements and expected physics performance
« The SM precision measurements : m,,, m,, couplings

* The SM and MSSM Higgs

. Supersymmetry

*  Extra dimensions and exotics
*  B-physics

*  Heavy ion physics

http:/ith-www.if.uj.edu.pl/~erichter/dydaktyka/Dydaktyka2011/LHCPhysics-2011

Many thanks to colleagues from LHC collaborations for making available large
parts of material shown here.
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Outline of this lecture

What is CERN and brief history toward the LHC?
What is the LHC ?

Why the LHC ?

The general purpose experiments: ATLAS and CMS
Brief overview of the physics programme
Experimental challenges
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LHC at CERN laboratory

CERN: the world’s largest particle physics laboratory

* international organisation created in 1953/1954, initial membership: 12 countries
* Poland is a member starting from year 1991

* About 10 000 active physicists, computing scientists, engineers

situated between
Jura mountains and Geneva
(France/Swiss)

http://public.web.cern.ch
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\A brief historical overview:
toward LHC

1964: First formulation of Higgs mechanism
(P.W.Higgs)

1981: The CERN SpS becomes a
proton-antiproton collider LEP and
SLC are approved before

1967: Electroweak unification, with W, Z | W/Z boson discovery

and H (Glashow, Weinberg, Salam) 1983: LEP and SLC construction starts

W and Z discovery (UA1l, UA2)

197 3: Discovery of neutral currents in
v , e scattering (Gargamelle, CERN) One of the first Z-bosons detected

in the world

FHYSICS LETTERS

1974: Complete formulation of the standard
model with SU(2),,x U(1), (lliopoulos)
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\A brief historical overview:

toward LHC

1984: Glimmerings of LHC and SSC

1987: First comparative studies of
physics potential of hadron colliders
(LHC/SSC) and e*e linear
colliders (CLIC)

1989: First collisions in LEP and SLC
Precision tests of the SM and search
for the Higgs boson begin in eamest
R&D for LHC detectors begins

1993: Demise of the SSC

1994: LHC machine is approved
(start in 2005)

1995: Discovery of the top quark at
Fermilab by CDF (and DO)

Precision tests of the SM and search
for the Higgs boson continue at LEP2

Approval of ATLAS and CMS

2000: End of LEP running

2001: LHC schedule delayed by
two more years

2008: LHC started but after few
days of operating with single
beam very serious accident

2009: Restarted back just before
Xmass with 900 GeV collision

2010: Since March collecting data
at 7 TeV pp collision.
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Tne Large Hadron Coﬂfder
is a 27 km long collider ring
housed in a tunnel about 100 m
underground hear Geneva




Started operating in 2008
After few days accident
Restarted in fall 2009.
Machine at present works
fantastically well




Linac

'

Booster

y

PS

The full LHC accelerator complex

CERN Accelerators

(not to scale)

LHC: 1 arge Hadron Collider

5F3: Super Proton Synchroton

AD: Artiproton Deceleralor

ISOLDE: Isotope Separator OnLine DEvics
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cem Neutrinos to Gran Sasso

Start the protons out here

LHC ring is divided
into 8 sectors

0.999999c¢ by here

0.87¢ by here

0.3c by here

Bl LEW, S Dvin, CIEN, 00006
Revisel sl sdsgted bre Astonslla Tl Rowss, FTT O,
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I Manglonik, P§. Diw CFRN, 13,0809

LHC 7 TeV pp

2 6 TeN'n Pb-Po

B PROTONS

.-L",r‘,
ECQOSTER
14 Gay | PS5 28 GeV

50 MY ION
ACCUMULATOR

Fh
LINACS .3 e

> 50 years of CERN history still alive
and operational




LHC Accelerator Challenge: Dipole Magnets

15-m long
bl 1 7 | cryodipole Magnetic Field for Dipoles
p (TeV) = 0.3 B(T) R(km)

Coldest Ring in the Universe ? Forp=7TeVand R=4.3 km
1.9K (CMBR is about 2.7 K) > B=84T

LHC magnets are cooled with pressurized = Current 12 kA

superfluid helium
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Descent of the last dipole magnet, 26 April 2007

_—

30°000 km underground transports at a speed of 2 km/h!
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Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10¥ cm? s

Bunch Crossing rate 40 MHz
Proton Collisions =~ 107 - 10°Hz
Parton

(quark, gluon)

Selection of 1 in

Particle = _
4 , 10,000,000,000,000
jet i
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Energy [TeV]

2010
3.5

2011
3.5

Parameters of the LHC machine

Nominal
7

B* [m] (IP1,IP2,IP5,IP8)

3.5/ 3.5 3 S35

1.0, 10,1.0,3.0

.55 10 055, 10

Emittance [um] (start of fill) 2.0-3.5 1.5-2.2 3.75
Transverse beam size at IP1&5 [um] 60 23 16.7
Bunch population 1.2x10M1 p 1.4x10"1p 1.15%10 p
Number of bunches 368 1380 2808
Number of collisions (IP1 & IP5) 348 1318 -
Stored energy [MJ] 28 110 360
Peak luminosity [cm2s1] 2x10% 3 3x10* 1x10*
i\i‘lax delivered luminosity (1 fill) [pb- 6.23 116 i
Longest Stable Beams fill [hrs] 12:09 25:59 -
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LHC

2009 — 2012 :
sqrt(s) = 7-8 TeV, L ~ 1033-10** cm? s , [ Ldt = 10-15 fb"!
2014 - 2017 :

sqrt(s) = 13-14 TeV, L. ~ 1*10** cm? s , [ Ldt = 50 fb"!
2019-2021
sqrt(s) = 13-14 TeV, L ~2*10** cm?s?' , [ Ldt= 300 fb*!
2023-20XX

sqrt(s) = 13-14 TeV, L ~5*10*% cm?s? , [ Ldt= 3000 fb!
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Experiments

Four (five) large-scale experiments:

Cracow IFJ-PAN

ATLAS
| general-purpose pp -> ATLAS, ALICE, LHCb
experiments
CMS )
LHCDb pp experiment dedicated
to b-quark physics and CP violation
ALICE heavy-ion experiment (Pb-Pb collisions)
at 5.5 TeV/nucleon — Vs (11000 TeV
Quark-gluon plasma studies.
TOTEM Total Cross-Section, Elastic Scattering and Diffraction Dissociation

(in CMS cavern)
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Large Hadron Collider@CERN
T ———— > BPhysics, T ' =

CP Violation

| LHC 27 kmlong (98
100m underground S
' p " ' s
"
d, -4

\

General Purpose,
ey, pp, heavy ions

_— e *#_ : - 3
- . i
I‘#"_ffi_--..-‘.»%f:_{

i




LHC is an unprecedented machine

*Energy
*Luminosity

* Cost : >4000 MCHF (machine + experiments)

* Size/complexity of experiments :
~ 1.3-2 times bigger than previews collider experiments
~ 10 times more complex

. : > 4000 physicists in the
experiments

WHY °?
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History of the Universe

Fizyka ktora bedziemy badac odpowiada
Warunkom ktdre panowaty tutaj

KE}': W, Z bosons N\ photon
q quark (k) meson star

g gluon @. ® baryon -

e electron “ ion ' galaxy
Mhuen T au black
N neutrino @) SR , hole

-

-9
e s
~EIped aaemo.dIl It

afq.m;ﬁ Uoy

n
x10 5
3 3000 109
X0 .
O -1a 15
'0~r12

Particle Data Group, LBNL, (© 2000. Supported by DOE and N5F




Several open questions and mysteries ....

What is the origin of the particle masses ?
What i1s the nature of the Universe dark matter ?

What is the origin of the Universe
matter-antimatter asymmetry 7

What are the constituents of the Universe
primordial plasma ~10 us after the Big Bang ?

What happened in the first instants of the Universe
life (10-10 s after the Big Bang) ?

Etc. etc.

The LHC will help solve these and other mysteries ...
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Detektory eksperymentow fizyki wysokich energii

- Detektory pozwalajg na obserwacje (rejestracje) serii oddziatywan,
podjecie decyzji czy oddziatywanie jest interesujgce, identyfikacje
produkowanych czastek, pomiar ich energii i pedu.

« Detektory dla zderzen przy wysokich energiach muszag by¢ duze,
zbudowane z réznych poddetektoréw (kazdy dedykowany do
rejestracji pewnego okreslonego typu sygnatu). Niektére
poddetektory umieszczone sg w polu magnetycznym (aby
umozliwi¢ pomiar pedu).

 Metody pomiarowe to pomiar absorpcji energii, rekonstrukcja toru
na podstawie ,$ladéw” zostawionych w poszczegdlnych warstwach
detektordéw, itd. itd...



r gnetic Calorimptors

Forward Calkwinelen
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rok 2003
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Lot of progress on the
Pixels!

I < Z
Pixel Layer2, once clamped inside S

- A== AN -8\ W




One more view of the first installed TGC Big Wheel




zderzenie proton-proton
na LHC: 14 000 GeV ‘

J
J
-V

Muon chambers R

Hadronic calorimeter

Inner tracker




Standard Model

Quar %‘"{, =
el ot i N

Higgs

Higgs
Leptons

Bosons
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A most basic question is why particles (and

matter) have masses (and so different masses)

The mass mystery could be solved with the ‘Higgs mechanism’
which predicts the existence of a new elementary particle, the
‘Higgs’ particle (theory 1964, P. Higgs, R. Brout and F. Englert)

A
Mass

(GeV/e2)

200

175

150

100

50 -

3.0

1.5
0.01 0.15
0005 O 2 c b
0
up down strange charm bottom top
Quarks

Peter Higgs

The Higgs (H) particle has been
searched for since decades at
accelerators, but not yet found...

The LHC will have sufficient energy
to produce it for sure, if it exists

Francois
Englert




What is the oriqgin of the particle masses ?

Mass of top quark (heaviest elementary particle observed) ~ mass of Gold atom
Electron mass is 300 000 times smaller than top-quark mass

WHY 777
The mass mystery could be solved by the
“Higgs mechanism”, which predicts the existence
of a new elementary particle : the Higgs particle

This particle has been searched for 20 years
at accelerators all over the world and has not
been observed yet.
The LHC has sufficient energy/intensity to produce it.

Note: a world without “Higgs” would be a very
strange one | Atoms (and thus all of us) would not have
the size they have, the neutron could be lighter
than the proton, chemistry may not exist, etc.



Extension of the Standard Model??

@ Substructure??
No Higgs??

. :
d

| {
L}
a *-
i r
¥ Higgs
L |
N4
- T
i
|
A /

Other

bosons?? e @ o @R
Other families Supersymmetric
of particles?? partners ??
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How we look for new particles?

We know well
“standard” particles
and their interaction
with detectors

Nombre de collisions
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Jak w ciqgu 1 sekundy wybra¢ 1 sposrod 107 ?

LHC (Large Hadron Collider) bedzie zderzat przeciwbiezne wigzki protonéw z
energig srodka masy 14 TeV. (Ta energia wystarczataby na produkcje 15 000
protonowl!)

Wiazki protondw bedg oddziatywaty co 25 ns wewnatrz ogromnego detektora
wypetnionego milionami kanatow odczytu elektronicznego.

Kazde zderzenie wigzek to ~ 23 pp oddziatywan, kazde produkujace
struge (~ 103) wychodzagcych czastek.

Odstep pomiedzy kolejnymi zderzeniami wigzek to tylko 25ns

« 25ns to odlegtos¢ 8m dla czastek poruszajacych sie z predkoscig
Swiatta (to jest mniej niz promien detektora)

 Naraz w detektorze ,fale czastek” od 3 kolejnych zderzen

« Tylko niewielka czesc¢ tych oddziatywan moze zostac¢ zapisana ,na
tasmie” . System ktéry podejmuje decyzje nazywa sie TRIGGER.



eInteractions every 25 ns ..
«In 25 ns particles travel 7.5 m

lorimeters

// \\ .\‘

y s . Forward Calorimeters
i e Solenoid _,
3 y /

I \ ' f,-"x End Cap Toroid

Hadronic Calorimeters

7000 “m ‘oCable length ~100 meters ..

L

. i BATETORI Inner Detector | i Shielding
Weight

«In 25 ns signals travel 5 m

I'TUL. Ul IIdU. LIZUITLd INIUIITTIT VY S o V4



Jak w ciqgu 1 sekundy wybraé¢ 1 sposréd 107 ?

Co to znaczy niewielka czesc?

+  25ns = 40 x 109%/s zderzen

. 23 oddzial/zderzenie = 23 x 40 x 106 /sek ~ 109 /sek oddziat

. mozemy zarejestrowac tylko ~ 100/sek zderzen — redukcja 107

lle informacji trzeba przetworzyc¢?
trigger elektron: 8bit x 40MHz x 7500 ~ 3 000 Ghit/sek

Czy mozna podjgc¢ decyzje w 25ns?
nie mozna: czas rejestracji w detektorze dtuzszy (ok. 50 x 25ns)

informacje trzeba wystac do procesora (ok. 15 x 25ns)
informacje trzeba przetworzy¢ (ok. 10 x 25ns)

trigger
\ YES

o

10? evts/s

save

detector D PIPELINE




SO AT AC

¥ A EEs =
S rVDEDIMEMT

http://atlas.ch

first beam event seen in ATLAS , ‘
10.09.2008



Motivations for LHC

Motivation 1 : Origin of particle masses

Standard Model of electroweak interactions
verified with precision 10 - 10* by
measurements at LEP at Vs >m,

and at the Tevatron at Vs = 1.8 TeV

discovery of top quark in ‘94,
m, [1174 GeV

However: origin of particle masses not known.
Ex.:m =0
m,, , =100 GeV
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Motivation for LHC

SM : Higgs mechanism gives mass to particles
(Electroweak Symmetry Breaking)

Lﬁf

f

my < 1 TeV from theory

However:

-- Higgs not found yet: only missing (and essential) piece of SM
-- present limit : m;, > 114.4 GeV (from LEP)

-- Tevatron may go beyond (depending on luminosity)
[1 need a machine to discover/exclude

Higgs from = 115 GeV to 1 TeV
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Motivation for LHC

Motivation 2 : Is SM the “ultimate theory” ?

* Higgs mechanism is the weakest part of the SM:
-- “ad hoc” mechanism
-- due to radiative corrections

H O H A : energy scale up to which SM

is valid (can be very large).

»

Am 2 ~ N2
[ radiative corrections can be very large (“unnatural”)

and Higgs mass can diverge unless “fine-tuned”
cancellations — “ bad behaviour ” of the theory
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Motivation for LHC

Motivation 2 : Is SM the “ultimate theory” ?

*Hints that forces could unify at high energy oof ;\_‘\

a,, =0, =1/128 =0.008 O e :

Vs = 100 GeV Tl -
Oypax =0, = 0.03 > ° e e are o ageo
o, =a, = 0.12 o
_

E-dependence of coupling constants proven experimentally

. : EM/Weak/Strong forces unify at
E ~ 10% - beyond physics become simple (one force with strength a, )
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Motivation for LHC

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

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

e e.g. Supersymmetry : Mg, ~ eV
Many other theories predict New Physics at the TeV scale
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Motivation for LHC

Motivation 3 : Many other open questions

* Are quarks and leptons really elementary ?

* Why 3 fermion families ?

* 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 ?

* Can quarks and gluons be deconfined in a quark-gluon plasma as in early
stage of universe ?

° .... etc.
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Motivation for LHC

Motivation 4 : The most fascinating one ...

Unexpected physics ?

Motivation 5 : Precise measurements
Two ways to find new physics:

-- discover new particles/phenomena

-- measure properties of known particles
as precisely as possible [1 find deviations
from SM
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Motivation for LHC

LHC: known particles (W, Z, b, top, ...)
produced with enormous rates thanks to
high energy (-~ high 0) and L (- high rate)

Ex.: 1 year at low luminosity Note : measurements of Z parameters

51082 W =S v performed

5107 Z = 11 at LEP and SLD, however
tt precision can be improved for :

10>  bb pairs - W physics

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

— mmany precision measurements possible -- top-quark physics
thanks to large statistics
(stat. error ~ 1/V N)
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Phenomenology of pp collisions

p Transverse momentum
| (in the plane perpendicular to the beam) :
6  Pr .
> - - p, = p sinf
B =90° - N= 0
Rapidity: ~ /7=-log(tg )  @©=10° - n0O24
0=170° - n0Q-24
Total inelastic cross-section:
o, (pp) = 70 mb Vs =14 TeV
L n.
Rate = ents = L x 0, (pp) = 10° interactions/s

L 1034 Cm-2 S—l
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\Kinematics

g
n= —ln‘tani‘
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Phenomenology of pp collisions

Class 1:

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

T g e

<p,>=500 MeV  of charged particles in final state dN ~ 7

charged particles uniformly distributed in ¢ dn
Most energy escapes down the beam pipe.

These are called minimum-bias events (“ soft “ events).
They are the large majority but are not very interesting.
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Phenomenology of pp collisions

Class 2:

Monochromatic proton beam can be seen as beam of quarks and gluons with a wide band

of energy. Occasionally hard scattering (“ head on”) between constituents of incoming protons

OCCurs. /
[a
X,P VS X,P
‘_

p = momentum of incoming protons = 7 TeV

Interactions at small distance — large momentum transfer — massive particles and/or

particles at large angle are produced.
u
These are interesting physics events but they are rare. W+

Ex. u +d -~ W'
o(pp - W)=150nb=10°0_, (pp)
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Unlike at e+e- colliders

faralxa, @9) Parton distributions

A i : measured in 013

7 ™o Hard scatering
E-eém h parion subprocess
. -y
particles Glab = X)

Beany fragmenriss
spectatar jels

foialxn, Q%)

* effective centre-of-mass energy /S smaller — toproducem= 100GeV x~0.01
than Vs of colliding beams: toproducem= 5TeV x~0.35
pa = Xa pA I~ — —
P,=Pg=7TeV /S= /X, XS =X/S
Py, =Xy Pg

if x, =x,
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Unlike at e+e- colliders

*cross-section :

o= ZIan de fa (Xa’ Qz) fb (Xb’ Qz) OA-ab (Xa’ Xb)
a,b

]{Il and ZEUS HERA I+II PDF Fit
f
\

Q% = 10000 GeV*

March 2011

U
|| Gluons
—— HERAPDFLS NNLO (prel.) A

I cxp. uncert. 0-
l:l model uncert. ab

- parametrization uncert.

i
0.8 - 1

hard scattering cross-section

0.6~
Quarks de la mer

f. (x, Q%) = parton distribution function

netion Working Group

0.4 -*
Quark u (~2/3)

Incertitude ...
0.2

p = uud

HERAPDF Structure Fu

-

=

e
=\
-
=

=

-

@

-
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Two main difficulties: pile-up

R = Lo = 10° interactions / second
Protons are grouped in bunches (of = 10! protons)
colliding at interaction points every 25 ns

25 L] At each interaction on average
=~ 25 minimum-bias events are produced

Sz .
>O</‘/./ These overlap with interesting (high p,)
/./’/ \Q\CD\ physics events, giving rise to so-called

T pile-up

detector

~1000 charged particles produced over |n| < 2.5
at each crossing. However < p.> =500 MeV

(particles from minimum-bias).

— applying p. cut allows extraction of interesting particles
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Two main difficulties: pile-up

Example of Z 2 pu decay with 20 reconstructed vertices
Total scale along z is ~ + 15 cm, p, threshold for track reco is 0.4 GeV
(ellipses have size of 200 for visibility)
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Two main difficulties: pile-up

Pile-up is 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
— integrate over 1-2 bunch crossings — pile-up of
25-50 minimum bias
[0 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. Yy from H — Yy decays)

— large number of electronic channels

[J high cost

* LHC detectors must be radiation resistant: high flux of particles from pp
collisions — high radiation environment

, , Note: 1 Gy =
E.g. in forward calorimeters: up to 10" n/ cm? unit of absorbed eneroy =
(10 years of LHC operation) upto 107 Gy gy
1 Joule/Kg
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Two main difficulties: QCD background

Common to all hadron colliders:
high-p.. events dominated by QCD jet production

q a. 9 :
e > Jet
>—o ——— Jet

q a, g

* Strong production — large cross-section
* Many diagrams contribute: qq@ - qq, qg¢ - qg, gg — gg, etc.
* Called “ QCD background “

Most interesting are rare processes:
* involve heavy particles

* weak-force mediated production mechanisms (e.g. W production)
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Proton - (anti) proton cross-section

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 - 1v) =30%
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CMS and ATLAS detectors

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

e, L, T,V,Y, jets, b-quarks, ....

— “ multi-purpose” experiments.

* Momentum / charge of tracks and secondary vertices (e.g. from b-quark decays)
measured in central tracker. Excellent momentum and position resolution required.
* Energy and position of electrons and photons measured in electromagnetic calorimeters
Excellent resolution and particle identification required.
* Energy and position of hadrons and jets measured mainly

in hadronic calorimeters. Good coverage and granularity are required.
* Muons identified and momentum measured in external muon spectrometer (+ central
tracker). Excellent resolution over ~ 5 GeV < p, <~ TeV required.

* Neutrinos “detected and measured” through measurement of missing transverse
energy E mss. Calorimeter coverage over | I |<5 needed.
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ATLAS and CMS detectors

Tracking Electromagnetic Hadron MMuon
chamber calorimeter calorimeter charmmber

photons éé

'

et

MUOons

_,mn —<

Innermost Layer... P .. Outermost Layer
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ATLAS and CMS detectors

Detection and measurement of neutrinos

* Neutrinos traverse the detector
without interacting . \
— not detected directly

* Can be detected and measured
asking energy-momentum
conservation:

Hadron colliders: energy and momentum of initial state
(energy and momentum of interacting partons) not known.
However: transverse momentum of the system = 0

if a neutrino produced p/# 0
— missing transverse momentum and p;’ =p, = E;™ss
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Examples of performance requirements

Excellent energy resolution ‘
of EM calorimeters for e/y and of H - yybad resolution
the tracking devices for |1 in order
to extract a signal over the

backgrounds. /
Example: H - vy

»

background from

/ PP — VY
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Examples of performance requirements

Excellent particle identification capability e.g. e/jet, Y/jet separation

> /V<: . . number and p, of hadron in a jet
q JEt have large fluctuations

~—_ »«.::: Y insome cases: one high-p, T; all other particles
TP Y  too soft to be detected

q

Inner detector EM calo HAD calo

d (yy) < 10 mm in calorimeter —
QCD jets can mimic photons.

+
e - Rare cases, however:
Y ap o 8

m,, ~ 100 GeV

need detector (calorimeter) with fine granularity to separate overlapping photons from
single photons
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Summary

LHC:
pp machine (also Pb-Pb)
Vs =14 TeV
L =10%-10**cm™ s’}
Start-up : 2007

Four large-scale experiments:
ATLAS, CMS pp multi-purpose
LHCDb pp B-physics
ALICE Pb-Pb
+ dedicated small experiment
TOTEM

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

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 identification
capability
-- complicated trigger
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