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T.Hebbekerp p  physics ?

Here: center of mass collisions of

• proton + proton    (          )  

• proton + antiproton (          )

at high energy (                                )

Not in focus: 

• one nucleon at rest (fixed target)   DONUT ....

• electron/positron + proton HERA

• low energy collisions CPLEAR ...

• heavy ion collisions RHIC ...

pmEEs >>+= 21

pp + hadron 
collidersSPS, TEVATRON

ISR, RHIC, LHC

pp+

Wanted: 
high energy
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• p p collisions 
• accelerators and detectors
• kinematical variables
• structure functions
• cross sections
• challenges
• luminosity determination



T.HebbekerCollider versus Fixed Target
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T.HebbekerCollider versus Fixed Target
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T.HebbekerDONUT: fixed target experiment
Machine: p (800 GeV) + A

DONUT = 

Direct Observation 

of the Nu Tau

LHC =
Neutrino
Source !



T.HebbekerHERA electron microscope

Machine: e (30 GeV) + p (900 GeV)

Detectors: H1, Zeus
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1992-
2007

Physics: structure proton (0.001 fm),

...



T.HebbekerLEAR: Low energy hadron collisions

Low 

Energy

Antiproton Ring

Machine:  p (100 MeV – 2 GeV) + H   ... (gas)

Experiments: CPLEAR, Crystal Barrel ...

1982-1996

Physics: CP violation, exotic mesons, H ...

CPLEAR
−+→ ππ0K

2

complete 
annihilation 

pp +1982-1996



T.HebbekerRHIC: Heavy ion collisions
Machine: A (200 GeV*Z) + A (200 GeV*Z)

Detectors: Phobos, Star, ...

Physics: quark gluon plasma  

proton spin (pol. p)

multi quark 
physics

Relativistic Heavy Ion Collision

2000-2006 ?



T.HebbekerEffective Center of Mass Energy

center of mass energy          of colliding partons (q, g):

In high energy hadron collisions 2 constituents undergo hard scattering:

s′

p p

gluon

quark

Rough estimate: ss •≈′
6
1

Examples:                                                               

Calculation: structure functions!

Wqq → )(!hgg→ qgqg→

CMS not at rest in laboratory !



T.HebbekerCross Section

Total inelastic 
cross section

Pointlike cross 
section

p
p

2252 1010 cmfm −≈≈σ

236
2

10 cm
s

−≈≤
α

σ

BACKGROUND

SIGNAL

strong

electroweak

p

p

Elastic cross 
section

strong, 
electromagnetic

scattering angle tiny

LUMINOSITY

LHC
Signal / Background 1110−<

LUMINOSITY



T.Hebbeker

or               or Hadron Collider ?−+ ee −+ µµ
• leptons 

• hadrons = (anti)protons

• electrons

• muons

Composite

strong

Pointlike

electroweak

• storage ring

• linear accelerator

• storage ring

synchrotron
radiation

gradient,
length

NOT YET

magnetic field• storage ring

200 GeV

800 GeV ?

14 TeV

~s



T.HebbekerLivingston plot

factor ~ 6 !

„Moore‘s law“ 
of particle physics



T.HebbekerProton or Antiproton ?  Physics:

p
gluon

(anti)quark
p

p

quark

At low energy: pppp ≠valence quarks dominate hard scattering: 

At high energy: pppp ≈sea quarks and gluons dominate hard scattering: 

Example: 

inclusive W 
production

(Pythia)



T.HebbekerProton or Antiproton ?

pp

pp

SPS

Tevatron

LHC

• one accelerator

• antiproton production:

• two accelerators !

• no antiprotons !

LHC

dipole

pp

p11105 ⋅

p12101⋅

p14103 ⋅

pperp 51031 ⋅



T.HebbekerKinematics I

p p

„boost“ of center of mass system along beam axis = a priori unknown !

p p

p p
θ

„boost“ measurable ? Need ALL particles ... Difficult!



T.HebbekerKinematics II
Kinematical variables:

• azimuthal angle

• polar angle

• energy

• momentum

• transverse momentum

• longitudinal momentum

• rapidity   

• pseudorapidity 

L

L

pE
pEy

−
+

= ln
2
1

z

y

x

2
tanln θ

η −=

θ

E

φ

p

Lp
Tp

Tp

Lp
θ

E p

φ

LpEm ,<<



T.HebbekerKinematics III
Kinematical variables:

• azimuthal angle

• polar angle

• energy

• momentum

• transverse momentum

• longitudinal momentum

• rapidity   

• pseudorapidity 

L

L

pE
pEy

−
+

= ln
2
1

2
tanln θ

η −=

θ

E

φ

p

Lp
Tp

Boost 
invariance ?

21 ηη −

21 yy −

1            2



T.HebbekerRapidity I
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T.HebbekerRapidity II
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T.HebbekerRapidity III

UA1

Z  ee

pseudorapidity

azimuthal angle

Particle directions  ηφ , distance measure:

21

21

222 )()(

ηηη
φφφ

ηφ

−=∆
−=∆

∆+∆=R

ϕ∆

η∆
R

Note:
• rotation: 

• boost:

const=∆φ

const=∆η



T.HebbekerMissing transverse energy/momentum
a) energy = momentum (masses small)

b) can be measured for all „visible“ particles:

i)  small angle to beam pipe: escapes but       small

ii)  large angle: seen in detector

c) „invisible particles“ (neutrinos, gravitons, ...):

Tp
r

Tp
r

T
invis

pr∑

|| T
invis

pMET r∑=

Example: →W µ ν

plane perpendicular to beam:
T

vis
pr∑−=

Tp
r
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Hadron colliders and detectors

Tevatron
(CDF, D0) SPS

(UA1, UA2...)

LHC
(Atlas, 
CMS, 
LHC-B)

2 TeV
0.6 TeV 14 TeV

2007 - 20201981 - 1990

1987- 2007

Fermilab CERN



T.HebbekerFermilab/Tevatron

FNAL = 

Fermilab
(Enrico Fermi)

1967

Tevatron = TEV machine  

Chicago

60 km ->

2 km
top

1995



T.HebbekerSPS, LHC / CERN

A
tl

as

p                     p

SPS = Super Proton Synchrotron

LHC = Large Hadron Collider

European Laboratory 
for Particle Physics

UA1
UA2W,Z

1983

Higgs
?



T.HebbekerSPS, Tevatron, LHC

253963800
Bunch separation

ns

2835 + 283536 + 366 + 6
Bunches

10000
100

50
0.5 

6
0.05

luminosity
1030 /cm2/s
1/fb / year

142.00.6
c.m. energy

TeV

Particles

LHCTevatronSPS

pp+ pp+ pp+

2003



T.HebbekerCDF = Collider Detector Facility η

2/tanln θη −=



T.HebbekerD0 

6 m

muon
toroid

mini drift
tubes scintillators

PDT‘s

LAr
calorimetertracking system:

silicon, scint. fibres

solenoid

electronics, trigger, DAQ

new



T.HebbekerATLAS = A Toroidal LHC ApparatuS



T.HebbekerCMS = Compact Muon Solenoid
superconducting coil

iron yoke

silicon tracker

elm. calorimeter

hadron calorimeter

muon chambers



T.HebbekerCMS response to particles



T.HebbekerStructure functions

momentum 

momentum px ⋅

p

„Bjorken x“
depends on resolution, 
given by Q2:

2F

...])(
9
1)(

9
4[)(2 ++= xdxuxxF

e p 
scattering



T.HebbekerStructure functions
Measurements:

F2 , F3 ... in DIS 

(n,p,elm.,weak, Q2-depend.)

valence, sea, gluons...

Fits/parametrisations:
• CTEQ

• MRST



T.HebbekerCross section calculation in pp 

Vd
Qsd F ),( 2σWanted: 

Calculable: 

Known: 

Vd
Qxxd ji

ij
F ),,( 2σ

),( 2Qxf ii

kinematical
variable

final state

sxx 21='s

),(),(),( 22

,

2

QxfQxfdxdx
Vd
Qsd

jj
ji

iiji
F ∑∫=

σ

2Q

Vd
Qxxd ji

ij
F ),,( 2σ

Spectator jet

Q2 = („momentum transfer“)2

depends on final state



T.HebbekerCross 
Sections 

at 
Hadron 

Colliders

Note:

may trade:

energy       luminosity

Example:

In principle top discovery at SPS !



T.HebbekerChallenges

scmL //10 234=

huge background

particles /s

1110
100 particles /collision 

LN ⋅=
•

σEvent rate (Higgs...) > 1/hourRequire:

high luminosity

sN tot /10 9=
•

radiation damage detectors (~ 10 Mrad)

many bunches to limit #interactions/Xing

(25 ns bunch distance   = >  20/Xing)

5.2|| <η



T.HebbekerExample: Higgs event in CMS tracker



T.HebbekerExample: Higgs event in CMS tracker



T.HebbekerLuminosity determination in pp

a) from collider  
parameters:

yx

pp NNf
L

σσ ⋅

⋅⋅
~

...not very precise (10%)...

b) via reference 
process:

ref

refN
L

σ

•

=

...to be measured by detector(5%)...

Remember:                                    per „year“ !fbscm /100//10 234 ≈

(in)elastic forward scattering 

known,

large
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T.HebbekerRapidity IV
Distribution of particles                  (form invariant !) in p p collisions ?  ηddN /

In center of mass system of  hard collision (         ):       

m
s

m
E

mp
pEy

T

L 'ln2lnln
22

=≤
+

+
=

Rapidity range:

m
sy

m
s 'ln'ln ≤≤−

22→

Empirical in pp collisions:

sNtot ln~

const
d
Nd ~
η

s small

s large

...

„plateau“
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