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Why Colliders

Particles with high mass and B
low production cross section must 1 mo-

be experimentally discovered to = -
. . o o

verify the validity of the 5
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Colliders vs. fixed target: Rate

Fixed target:
Beam with n, particles per second

Target of length | with density particles n, per m’
For each single particle the number of interaction in the target:
N=g,.n,:"l
where ¢, is the interaction cross section.
If the target is larger than the beam, the rate R
R=dN/dt =g,,°n *n,"l
R=o0,L
L=n +n,:l is the luminsity [cm”s™]
The luminosity depends only on target and beam
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Colliders vs. fixed target: Rate (2)

Colliders
Two beams with n, and n, particles per area

dn, n - : Co : :
1 _"1 e Gaussian distribution normalized to

ds 2 .
TSy number of particles

x2/20)26 +y2/202

dn, :n2 e_ x2/20§+y2/2cy
ds 2mo o
Y Y Y " Y
o . n\ _.X/*Gx‘ky /Y(jy
Number of particles n in an area dxdy dn .(x,y)zY e -dxdy
o O
X7y

The probability of interaction of a particle in beam 1 in (x,y) is the
number of particles of beam 2 in the area o,
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Colliders vs. Fixed Target: Rate(3)

Total number of interaction per bunch per'2cr'o2$sing N.:

X

I eI
— | dxe "7 =\/7r-0
2n0\/2f

A Jv dre “x = \/%0-

o V2n
- : nyn,
Given k packets in each bunch R=0, L= fo,
with a frequency f, the rate R 4mo ok
- = nyn,f
47o .0,k
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Colliders vs. Fixed Target: Rate

Assumptions:
- same C.M. Energy
- same interaction cross section (e.g. o~ 1ub)

Fixed target
n= incident beam density =102 particelle s™
‘- p= target density = 1gr/cm?
n(sh s |= target thickeness =1cm

o) int= 1“ b

A= Avogadro number = 6x1023

R=nlpUA,  =6x10"s"
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Colliders vs. Fixed Target: Rate cont'd

Collider
_00_ n,=n,= beam particles
n n
o .= ,=50 mA D n,=n,=i_Jef = 3.3x10"

F= transverse section of beams= 0.1x0.01 cm?
B= bunch number=1
f= revolution frequency = 10°¢ s

r=P g~ b g o040

F int f I}z
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Center of Mass Energy

Beam/target particles interaction:

Fixed target Collider

o— O C— +-—0
El' P1 EZ' PZ El' Pl EZ' PZ
PZ =0 in The lC(b SYSTem Co”inear beam5:

EZCMZ mf+ m§+2 El m, EQCM: mf_|_ m§_|_4 E'1 E2
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~Center of Mass Energy cont'd
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Luminosity

_ nn,fB _ N°fB n=n,=N, B=number of bunches
dro o k A

A= interaction area

In the ideal case particles are lost only due to interactions:
dN/dt = -L-0._-n/B where n=number of detectors receiving luminosity L

L{r)=—

- nlL,o, 1= [ oo

[1+( N )¢] fn

- .

I\ L£(t) I(t)
- g .
g E_ g ;_ /
g :: \ E; W —
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A bit of History

1961 AdA, Frascati Italy 1989 LEP CERN 205 GeV
1964 VEPP 2 Novosibirsk, URSS 1992 HERA, Amburg Germany

1965 ACO, Orsay, France 1994 VEPP-4M Novosibirsk Russia
1969 ADONE, Frascati 1998 PEP-II Stanford USA

1970 ISR, CERN Swiss 1999 DA®NE, Frascati Ltaly

1971 CEA, Cambridge, USA 1999 KEKB Tsukuba Japan

1972 SPEAR Stanford USA 8 GeV 2003 VEPP-2000 Novosibirsk Russia
1974 DORIS, Amburg, Germany 2008 LHC CERN Swiss 14 TeV

1975 VEPP-2M Novosibirsk, URSS
1978 PETRA Amburgo Germany 45 GeV
1979 CESR Cornell USA

1980 PEP Stanford USA electron-positron
1981 Sp-parS CERN Swiss 630 GeV proton-proton
1982 TEVATRON Fermilab USA 2TeV electron-pronton
1989 SLC, Stanford USA 90 GeV proton-antiproton

1989 BEPC, Bejin china
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Hadron Colliders
ISR: p-p [/s= 63 GeV (1970-1980)
SpS: p-pbar J/s= 630 GeV (1980-1991)
Tevatron: p-pbar Js=1.960 TeV (1978-2011)
LHC: p-p [s=14 TeV (1998-)

ISR(InTer'sec’rmg Storage Rings)
1971: first p- p ZT TN

Proton
Synchrotron

E—

Fig. 2.1. Schematic view of the PS and ISR rings.
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Hadron Colliders: ISR

Standard Model just at the begin, most phenomenology

T, k, p production cross sections on protons seem constant with E

Most important results:

» measurement of o(pp), increasing with energy

» determination of do/dt(quadri-momentum). It follows
optical-diffractive model R

> first hint of jets: excess of secondary _ |%a,,
tracks at (high) transverse |
energy

—

&

oy (ppl-oy (pp) (mb)

)
Sy
—a

Difference of p-p and p-p — ]
. . i 5 1
cross section, at high T R T

. PLag 10eV /)
energies goes to zero

Fig. 43 Measurements of the
total cross-section difference,

GT{pﬁ}-ﬂT{pp}, V8. Prap
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Hadron Colliders: SpS (Super Proton Synchrotron)

1982 CERN was able to produce, accumulate, cool and accelerate pbar
thanks to Simon Van der Meer 5 PRODUCTION
00Gev/c p IARGET

35 GeVle p EXTRACTED
&
LINE

p STACKING 10 EXP AREAS

/P

MAIN RING

p p INTERACTION
POINT (B°=35M, a5~ 0)

Fig. 3. General layout of the pp colliding scheme, from Ref [9]. Protons (100 GeV/c) are
periodically extracted in short bursts and produce 3.5 GeV/ec antiprotons, which are accumulated
and cooled in the small stacking ring. ‘Then p's are reinjected in an RF bucket of the main ring and
accelerated to top energy. They collide head on against a bunch filled with protons of equal energy
and rotating in the opposite direction,
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SpS Results

The detectors UA1 & UA2 (Underground Area 1,2: 35 meters underground)

The Standard Model is a reality: | | cur
- jets identification > L w
- measurements of hadronic cross section ~ *7 .
- discovery of W and Z bosons ¥ i -
owm| R PP collider |
SpS pbar [ 1 ::4
T, N I

1 i [ i | 1 1 i
1] 0 Lo 60 B0 w120 g 164

5 N | ISR pbar ﬂl |
EN \.,\ _l | 1 |
RN A siem | ISR just

Py (GeVAcl

- PR
[ ISRp p & e e under threshold
S (IR S o WE AN for jets production

Fig. 7. The behaviour of o, (np} and o,,ip) 15 5 fenction of 3
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SpS Results: W discovery

 Fip Ma Evest of the rype W™ —re” 44, All tracks aed eslerimeter celly are disiloved

S
— |

P> 1 GeVoc

o~

Fig. J5d The same an picoare (a}, cxcept thar new anly particles with I Gl
calorimetera with Epa1 GeV are phown. . = e

April, 15 2010

First W candidate

Showing all tracks

it is difficult to

declare it isa W

Cutting tracks
with E<1GeV
there is only
the e

Corso Dottorato 2010

UA2 demonstrated that
these events were W
comparing to
expectations

EHERGY
Bl SCALE

10 GEV

showiog the Ep distributica in & ond ¢
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SpS Results: W & Z discovery
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Hadron Colliders: Tevatron

The first super-conducting syncroton
Electric field to accelerate particles
Magnetic field to drive and focus particles
using dipoles and quadrupoles

Complex chain:

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON k EcchEH s \
- \ S J'\J"

i

s
. _f//"/TARGETHALL

ANTIPROTON
SOURCE
‘.\I
E—

Y
"'Ht\\ BOOSTER

LINAC

/
£
fﬂ
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/1?%\

" COCKCROFT-WALTON

s (55005
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FEEMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

TARGET HALL

ANTIPROTON
< SOURCE

SON

Cockroft-Walton
accelerator:
H- ions produced and




FEEMILAB'S ACCELERATOR CHAIN

TEVATRON

MAIN INJECTOR

. TARGET HALL

ANTIPROTON
< SOURCE

BOOSTER

COCKCROFT-WALTOMN

proton Praton
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—
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FERMILAB'S ACCELERATOR CHAIN
MAIN INJECTOR

TEVATRON

TARGET HALL

ANTIFROTON
OURCE

BOOSTER
LIMNAC
COCKCROFT-WALTOMN

PROTOMN

ntiproton  Proten
Diwwction Dirsctien

NEUTRING ESON

The Booster synchrotron strips
electrons off H- and accelerates
remaining protons up to 8




FEEMILAB'S ACCELERATOR CHAINMN

MAIN INJECTOR

CROFT-WALTON




ETY In]ectnr
& Recvcler

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

. TEVATRON

TARGET HALL

ANTIFROTON
_SOURCE

BOOSTER
LINAC

COCKCROFT-WALTOM

PROTOMN

MEUTRING _—

Main Injector:

+»p up to 120 GeV for anti-p prod.
+ deliver p-beams to fixed target exp
+ accelerate p/anti-p up to 150 GeV
for Tevatron Injection.

4 send to recycler ant| -p after stores




Main Inje&gr
& Recycler

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TARGET HALL
ANTIFROTON
£ _SOURCE

BOOSTER
LINAC

COCKCROFT-WALTOM

PROTON
NEUTRING

L ‘
o - :
Recycler, 8 GeV fixed energy
i 17 storage ring: recover and recool
# :
e anti-p left over after Tevatron

C

-
|




FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TARGET HALL
ANTIFROTON
. SOURCE

BOOSTER
LINAC

COCKCROFT-WALTOM
PROTOMN

NMEUT F:lr-J_g____:._._-_ : " MESON
« Tevatron:

p/anti-p beams up to 980 GeV,
providing a

Main InjecfEr
& Recycler

o __.-'T"-:.
_\—\_\_\_-_.-._--iLT_._._,_I-.F..I
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Tevatron bunch structure
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/ Abort Gap
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Traln
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Hadron Colliders: Tevatron results
... Up To now...

- Quark top discovery

- High precision measurements of electroweak process (W,Z)

- Higgs searches

- Beyond Standard Model

- Heavy flavor physics competitive o b-factories: Bs mixing frequency
measurement, new hadrons discovery, high precision lifetimes, masses
and cross section determination
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The new hadron Colliders: LHC

1982 :
1983 :
1989 :
1994 .
1996 :
2000 :
2002 :
2003 :
2005 :
2008 :

2009 :

April, 15 2010

First studies for the LHC project
Z0/W discovered at SPS proton antiproton collider (SppbarS)
Start of LEP operation (Z/W boson-factory)
Approval of the LHC by the CERN Council
Final decision to start the LHC construction
Last year of LEP operation above 100 GeV
LEP equipment removed
Start of LHC installation
Start of LHC hardware commissioning
Start of (short) beam commissioning
Powering incident on 19th Sept.
Repair, re-commissioning and beam commissioning

J. Wenninger
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The new hadron Colliders: LHC

CERN Accelerators

(not to scale)

0.999999c by here

ALICE

protons
— EUEOIONS
B i ]

nauinnes & Gran Sasse (()

0.87c by here

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator

ISOLDE: Isotope Separator Online DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neuatrinos to Gran Sasso

0.3c by here

mdolil LEY, P Diveos, CERN, 02 09 96
Revised wnel adugied by Sl Dl Raowas, BTT D6,
il Do laBsarssn wigh I8 Dwaloiges. 30 D4v, asd

113, Munglaedo, PR Div. CFRM, 230000

LHC animation

Start the protons out here
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http://hands-on-cern.physto.se/ani/acc_lhc_atlas/lhc_atlas.swf

Electrons-Positrons Colliders
Js=200 MeV

RADIOFREQUENCY
BENDING CAVITY

MAGHNET _’K’
\ N R
:I-li - L

s
e

Problem: Synchrotron radiation.

The energy loss AE~K(E/m)" p'r 1971 AdA nello Di ccumulazione)

demonstrated that e+ e- can collide

| in the same tunnel
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Electrons-Positrons Colliders

ADONE Js=3 GeV

N i o Tt e : _
A f l’,"' .:' .. "r::-.-_ ' ’ 'i’a-‘ . BN g g "..l: 16 .
L e PN To avoid problems the

B }“..ﬁ-i machine ran at /s=2.8 GeV
7 sothe J/y ...

o o,

G. Bellettini
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Electrons-Positrons Colliders
SPEAR (Stanford Positron Electron Accelerating Ring)

I _
EXPERIMENTAL PIT:

R m—ﬂ?ﬁ
ELECTRIC Q-IJ.\'AD-».H_\_H \.Ii-F- BB 20 Ba-:_:-j;.:/

- STANDARD GIRDER

- . 1 STANDARD GIRDER _

v Ll 10.4m Ty, £
g ¥ e :423 RF CAVITY

N0, A RF CANTY

.

3 CONTROL i
m BUILCHNG FA5ST FEED BACK
[
[=1
E — = =
- FOWER SUFPLY
E KICKER SHELTER
o ~KICKER
1
SUBSTATION
TARD

B, KICKER
¢

SPEAR radius 40 meters "‘\

Maximum J/s=8 GeV

G. Bellettini
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SPEAR Results: Charm discovery(1974)

Only one experiment MARK1 s o

BNL Muon production had an “anomaly” ol B
LI
i . o
L .. 1 MARKI Cross section scanas .-
r g’ function of Ecm showed o
L a huge peak: the J/y s N
o8 o | " : ol
B 1 :_ - teh |
i £ 1#
—— I; I Izi f + t +_
oot

1
[
T . N
AL EIZ 314
E:.-'l LG

FIE, ..c:muu-l-uﬂna.muu ﬂrﬂmmmm
h-l:lrw Nnnl sinkon, M & final statoa, and o) g

-II‘I"ﬂnl:Isu'hu Tlnu'umlnwllﬂ:ru“—
pm!uhpel -ct'unuﬂo:l n raponance folded with the

anergy Sf d of tha 1 and inoludlng

rﬂ!ﬂ“pﬂ.‘n-cfn The oroas sections shown = (b
and fo) are b wwhduwmnm
“Tha total Badron croad section, (m), has been correctsd
for doteotion alllelency.

FIG. &, dofdm. Proton energy =20.5 GeV,

. G. Bellettini
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SPEAR Results: Tau discovery(1975)

Short-Lived, Unsssan
et + & —-r\_E' + 1:—7r

—=uT+ v+ vy |—-e— + V g+ Vr
Saan

Saan

L Urneean Meuirinos —
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%, g IR

First observation of events
e'e’->qqg. Events with three
jets in the final state.

. G. Bellettini
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Electrons-Positrons Colliders

LEP: where the Standard Model was
deeply verified.

ALEPH

It ran at several /s up to 205 GeV

The large circumference, 27 Km,
made it a “linear-like" collider to
minimize synchrotron radiation losses

electrons
positrons
protons
antiprotons
Ph ions

April, 15 2010 Corso Dottorato 2010
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B-Factories

Interaction
Point

Hiph Enerpy Ring
[upgrade of existing ring)

Both Rings Housed in Current PEF Tunnel ﬁ+
5 HER : High Energy Ring
:‘ LER : Low Energy Ring
3
(!
-9 Positron Target
Electron
Source
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Detectors: Fundamental Principles

Detectors used at accelerator are complex devices.

Very little mass

in the beam path.
I - |
Charged particle
tracking chambers,
g If it gets through
Il this, it must
Incoming . ,
|
. be a muon!
Time of flight.
magnetic field
// of curvature, radius
measurment
Vertex detectors:
good spatial
resolution, can Plus coherent
sustain high -~
data rates. radiation
detectors for Calorimetric measurameant
Cerenkov and of electromagnatic
transition radiation.  ghowers.
April, 15 2010
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Detector for each particles

Tracking Electromagnetic Hadron huon
chamber calorimeter calorimeter chamber

photons éé

'

ot
S

IMUONS
—_—
+

=P

—

. ~< <

[nnerrmost Layer... P .. .Cutermost Layer
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An example: CDF detector

Central Calorimeter (E H)

Central Muon

Wall Calorimeter (H) \/

Plug Calorimeter (E/H)

Forward NMuaon

Forward Calorimeter (E)

Luminosity Monitor

Time of Flight
entral Quter Tracker
Silicon Vertex Detector
Intermediate Silicon

April, 15 2010 Corso Dottorato 2010 40



An example: Babar

1.5 T solenoid

Cerenkov Detector
(DIRC)

e (9 GeV)

-—""""H

Instrumented Flux REeturn

Electromagnetic Calorimeter

= Drift Chamber

Silicon Vertex Tracker

SWT: 97% efficiency, 15 um z hit resolution (inner layers, perp. tracks)
SWVT+DCH: aolpspy=013 % xpy + 0,45 %

DIRC: K-t separation 4.2 ¢ @ 3.0 GeVic= 25 ¢ @ 4.0 GeVic

EMC: TegE=23%EME15%

April, 15 2010

Corso Dottorato 2010
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Jet Energy determination

Jet energy corrections are needed to scale the

measured energy of the jet back to the energy

of the final state particle level jeft:

- non-linearity effects and energy loss in the
un-instrumented regions

- multiple

(24
=2
(=]
=
3
@D
(=
(1]
=
ol
(el

. . 2> e e e e e s e e T .| T |. | L |:

iInteractions é 0,082 e ey

[} k = == Absolute jet energy scale -

M Q Out-of-Cone + Splash-out _

- Underlylng g 0.00 Relative - 0.2<)n]<0.6 .

Q ) _

1- :g 0.04 o Underlying Event —

underlying even E 0.02 :’_i‘... — "»..............‘.....‘...............‘.....‘...............‘.....‘....:j
event g T, .
- OUT Of Cone E‘ o W':::::::::::::::::::::::::::::::ZZZZZZ]ZZZZZZIIIII::1:1::::::::1:1:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

] [ e .

S 0f= el I

8§ L -

. e -0.04 — —]

Low P1: Dominated by wosE E
MC/data uncertainties osET E
High PT: DominaTed by Calorime.rer' ).1;' clvvv b v b b v b L L |:
80 100 120 140 160 180 200

simulation uncertainties Corrected jet P; (GeV)
April, 15 2010 Corso Dottorato 2010 42



Neutrino Identification

Not enough material in collider detectors to have neutrino interactions.
Neutrinos are identified via the transverse missing energy:

E_t: Z E;sin(0,)7,

1 Event

34 mlk 43 9999 10.pad ZOFEE** 14:31:38 18-Nov-02 Bun 1 Bvent 34 wilk dd gugy 10.pad ACFEEY* 14:31:34 15-How-0%
P Phi  Eka METE } i

rac Bta-FPhi LEZ) Plok

towers
| Met Resolution | Chi2/ ndf = 100.3/ 34
Prob =1.115e-09
12 PO =-0.1109+0.01549

p1 = 0.60951+ 0.004244

A (GeV )

'

6 B - -
CDF Run Il Preliminary j Lat=301b" M|ss|ng Transverse Energy
$5000{ Regjon: DY «data [Di > =
. tt © 800 -1 March 2002 -
. & 0, (160) Oww  mwy 371 JL~10pbT T ne 2002
00001 OwWZ Owsets | §700[ 44
- I
9 Q Ozz oy n o + = Data
C5OOO* DSyst. Uncertainty EGDO: i 3 (5547 W — e v Candidates)
@ a - - i
oo e b e b vy v Ly > _ o, .
0 CL=0.0% 500
20000 E , = QCD Bkg (from Data
0 20 40 60 80 100 120 140 KS CL = 0.0% g Lt | g ( )
400 B "
15000 E +
300 .
10000 F o A
200+ CDF Run |l
B - Preliminary
5000 100. "
0 T T T T T T T T 0 ’il'-‘*-"J . S P
0 20 40 60 80 100 120 140 160 180 200 20 30 40 50 60 70 80
Met (GeV)
Er [GeV]
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Particle Identification
TOF at CDF DIRC at Babar

CDF Time-of-Flight : Tevatron store 860 - 12/23/2001

kmematically identified

=
N

p/c\N1/B%-1 (GeV/E)

o
o)

o
o

0.4
o-gl . . i . i . . . .
3 1
s il oot Momentum  {GeVic)
0 e~ :
-2 -1.5 -1 -0.5 0 0.5 1 1.
Momentum g
G L TN ES S i
E 6 . _
E 5 . -
= L
; 4 T LR |
w3 . L. .
&
|
. U 1 1 1 1
Apl"ll, 15 2010 ) 75 3 15 4 44
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Hadron Collider: Trigger!

Trigger Overview

Crossing rate:1.7 MHz

Raw Inelastic Cross

Data | section: 5emb Level 1 synchronous streams:
* Calorimeter

L1 Acc. Rate 40 KHz (400mb) . o X+remely Fast Tracker

_ Latency 5.5 us
TI'W?EI’ Pipeline: 42 clock cycles Muons

Acc. Rate 300 Hz (3 mb) Level 2 asynchronous systems:

T _L2 Latency 20 us

rigger :

$ Buffer: 4 events S V T
L3 L3 Acceptance Rate

Trigger 75 Hz (750 nb) Level 3:
i | Offline-like

Average size
Data Set| 60 kbytes/event

April, 15 2010 Corso Dottorato 2010 45



April, 15 2010

Ready for the Physics!
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