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• Scattering: Rutherford, Mott, Rosenbluth 

• Elastic electron-nucleus and electron-

nucleon scattering 

• The Stanford Linear Accelerator 

• Deep Inelastic Scattering 
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Rutherford taught us the most important lesson: 
use a scattering process to learn about the structure of matter 

? 
θ 

H. Geiger and E. Marsden  observed that α-particles 
were sometimes scattered through very large angles. 
Rutherford interpreted these results as due to 
the coulomb scattering of the α-particles with  
the atomic nucleus  

Projectile: electrical charge ze 
Nucleus: electrical charge Ze 
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In a subsequent experiment 
Geiger/Marsden verified 
Rutherford’s prediction and 
discovered the atomic nucleus 
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Composition of the nucleus remained  
a mystery until … α +Be → C + n 

Discovery of the neutron 

(Sir James Chadwick 1932) 

By this time many things were known about the nucleus, for example: 
R=r0A1/3  fm, with r0= 1.45  fm 

ρm= 0.08 nucleons/fm3 and ρc=(Z/A)0.08 (prot. charges)/fm3 
R nuclear radius, A mass number, Z atomic number 

Nucleon: Isospin I=½ proton  I3= + ½ 
neutron I3= - ½ 

paraffin wax target in the path of the neutral  
rays: measuring the velocity of the emitted  
protons and requiring the conservation of  
momentum he measured the neutron mass 
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Rutherford

=
α 2

4E2 sin4 θ / 2( )

Rutherford Cross Section:  
Scattering of spinless relativistic electron from a static point charge 

Mott Cross Section:  
Scattering of spin 1/2 relativistic electron from a static point charge 
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Mott

=
α 2 cos2 θ / 2( )
4E2 sin4 θ / 2( )

E: energy of incident electron 
θ: scattering angle in laboratory frame 

Projectile: electron (spin ½) Target: pointlike Dirac particle with mass M (recoil) 
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Target, mass M 

electron, energy E 

scattered  
electron  
energy E’ θ 

Recoil Interaction of electron with 
magnetic moment of nucleon 

q = 4 momentum transfer 

Formulas obtained in 
Chapter 5, Povh et al. 

α

α
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F (q2 )
2

If target is not point-like, the scattering amplitude is multiplied by a  
form factor dependent on the charge distribution ρ(r) 

Nucleus form factor 
Rosenbluth Cross Section: 
Proper relativistic treatment of scattering of electrons by protons 
yields 2 form factors. Single photon exchange. 
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Target mass M 

electron energy E 

scattered  
electron 
energy E’ θ 

Exchanged  
photon 

F1 = F1(Q2), F2=F2(Q2) 
For pointlike Dirac proton: F1(Q2)=1, κF2(Q2)=0 

Q2 = -q2 

q 

 κ= anomalous magnetic moment coupling 

Proton as an extented object… 
F1: electric distribution 
F2: magnetic distribution 
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q 
 
r ⋅ ρ(r )

Point-like particles (electrons)  
have a constant form factor: 
independent of q2 
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15.7 MeV electron beam from  
the Betatron, Illinois 
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Point-like electron probe better 
than Rutherford’s α particles 
Probing power λ~ 1/E 

D.W. Kerst 
(betatron) 

scattered at 30 degrees by 
polystyrene (carbon) 
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Mark III Linac 
•  1953: Electron beam up to 225 MeV 
•  180º magnetic spectrometer with 18 inches    
   bending radius → rotate around axis to     
   measure different scattering angles 

R. Hofstadter 

Measure radial charge distribution of 
various nuclei 
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ρ(r ) =
ρ(0)

1+ e( r−c ) / a
c: radius at which ρ( r)  
has decreased by half 
c=1.7fm A1/3 , a=0.54 fm 

t: thickness of layer which 
charge density drops from 
90 to 10 % of max. value 
t~ 2.4 fm  
for all heavy nuclei 
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•  1955: electron beam up to 550 MeV 
hydrogen target: first determination 
of the proton form factor 
Measurement of cross section: 

Hofstadter, McAllister: form factor less 
than unity and decreasing with 
momentum transfer 
Protons are composite particles 

Rosenbluth 
point charge 

spinless  
point proton     
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For pointlike Dirac proton: F1(Q2)=1, κF2(Q2)=0 

F(Q2)=1 for  
point-like particle 
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Electron-Proton elastic scattering is described in terms  
of the exchange of a single photon between the incoming 
electron and the target proton 

ep elastic scattering could be understood fully in terms of QED:  
electrons interact as structureless point-like particles whereas  
protons are expected to be extended objects and show structure 

The first measurements at SLAC showed the cross section at large  
angles in ep scattering were much smaller than ee scattering: 
ee scattering: electrons act as “hard” objects bouncing off one another 
ep scattering: protons could be considered as diffusely extended objects  
giving only a “nudge” to passing particles 
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   “As we have seen, the proton and neutron, 
which were once thought to be elementary 
particles are now seen to be highly complex 
bodies. It is almost certain that physicists will 
subsequentely investigate the constituent parts 
of the proton and neutron - the mesons of one 
sort or another. What will happen from that 
point on? One can only guess at future 
problems and future progress, but my personal 
convinction is that the search for ever-smaller 
and ever-more-fundamental particles will go  
on as Man retain the curiosity he has always 
demonstrated”  
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On april 10, 1956 the Stanford staff met in Prof. W. Panofski’s home  
to discuss Hofstadter’s suggestion to build a linear accelerator that  
was at least 10 times as powerful as the Mark III 
The idea was called the “M(onster)-Project” because the accelerator  
would need to be 2 miles long! 
-  1957:  A detailed proposal was presented 
-  1959: Eisenhower said yes 
-  1961: Congress approved the project ($114 Million) 

One year later construction started 
M-Project: 
•  2 miles long linear accelerator (Linac) 
•  20 GeV energy accelerator: study both elastic and  
  inelastic scattering 
•  1000 Klystrons 



Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)



Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)

Paleoparadoxia is a member of a small family of large, herbivorous marine 
mammals that inhabited the northern Pacific coastal region during the Miocene 
epoch (20 to 10 million years ago). It ranged from the waters of Japan, to Alaska to 
the north, and down to Baja California, Mexico. Paleoparadoxia had cousins, 
Desmostylus, Cornwallius, Vanderhoofius, and an ancestor called Behemotops. This 
entire family has been terminally extinct for the last 10 million years; they have no 
living descendants. 

During the construction of SLAC, a "lucky mistake" 
brought an ancient fossil to the surface: Paleoparadoxia 

 http://www2.slac.stanford.edu/VVC/paleo.html 
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Stanford linear collider still operates today for BaBar  
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•  1968-1969: electron – proton scattering 
•  20 GeV electron beam 
• Three magnetic spectrometers to detect 
scattered electron: 
  20 GeV  (elastic e– p → e– p) 
  8 GeV  (inelastic e–  p → e– hadrons) 
  1.6 GeV (extremely inelastic collisions) 

Taylor, Friedman and Kendall 

person 
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ν = E − ′ E 

Proton does not recoil as a whole system: 

Energy lost by electron in lab. Frame: 

Exchanged photon virtuality: 
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λ = 1/ Q
Resolution power = photon wavelength: 

The higher the photon momenta the finer the probed structures 
•  In elastic scattering:  
P’2  = W2 = (P+q)2 = P2+q2+2Pq = M2-Q2+2Mν = M2 →  Q2=2Mν  
→ only 1 independent variable  

•  For inelastic scattering:  
• P’2=(P+q)2= M2-Q2+2Mν = W2> M2 

→ 2 independent variables (E’,θ) , (Q2, ν), … 
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exchange 
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•  analogue to Rosenbluth cross-section   
•  W1, W2 summarize information about the structure of the target 
•  W1 contains the magnetic interaction and is small at small angles (θ) 

The inelastic cross section is given by: 

Inelastic ep scattering was also thought to be mediated by single-
photon exchange and it was expected that the most important 
process would be resonance production 
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Electron-proton inelastic scattering 
•  excitation spectra measured in deep  
  inelastic electron-proton scattering as  
  function of the invariant mass W for  
  different beam energies E 
•  The average Q2 range of the data  
   increases with increasing beam energy 
•  Measurements at fixed scattering angle θ=40 

The resonances, in particular the first one, 
becomes less and less pronounced as  
Q2 increases 

The continuum (W>2.5 GeV) decreases  
only slightly as  Q2 increases 
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•  Cross section normalized by the Mott 
cross section as a function of Q2 for 
different values of the invariant mass W 

•  For larger values of W>2GeV  
(deep inelastic scattering) the  
cross section  depends only  
weakly on Q2
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x=0.25 

Q2 (GeV) 

Range of Q2 but structure function  
does not depend on Q2, only on  
the variable x

This behaviour is called “scaling”  
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Bjorken Scaling → implies that the photon scatters off   
pointlike constituents in the proton 
By 1967 Bjorken was examining deep inelastic scattering by 
imagining the nucleon to be composed of pointlike quarks 
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νW2 ν ,Q2( ) = F2 x,Q2( )     
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x =
Q2

2Mν

The two dimentionful structure functions W1 and W2 are usually  
replaced by two dimensionless structure functions F1 and F2 

The data showed a scaling behaviour 
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F1 x,Q2( ) ≈ F1( x)

F2 x,Q2( ) ≈ F2( x)
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Some understanding of the interactions between hadrons emerged when Gell-Mann 
and independently Zweig proposed in 1964 that hadrons were composite particles  
built from 3 basic constituents the quarks: up, down and strange 
Quarks have unusual properties: 
•  spin ½ and baryon number 1/3 
•  the u and d formed and isospin ½ doublet with 0 strangeness 
•  the s was an isospin 0 singlet of unit strangeness 
•  the electric charges were Qu = +2/3, Qd,s = -1/3 
Mesons are composed of a quark-antiquark pair: in SU(3), nine combinations can be 
formed from a qq, an octect and a singlet   
Baryons are produced from 3 quarks: in SU(3) theory, only decuplets, octects and 
singlets are expected  "

The simplicity and elegance of the quark description of the fundamental particles was 
most impressive; still the quarks seemed more a shorthand notation than dinamical 
objects since no one had observed quarks: their later acceptance as building blocks 
of hadrons came as a result of a great variety of experiments 
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π +(ud );K +(us );π−(du );K 0( sd )
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Δ++(uuu);Ω−(sss);Λ(uds); p(uud );n(udd )



Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)

 The internal constituents of the proton (nucleon) were  
ultimately identified as the quarks, previously used to 
classify hadrons by  Gell-Mann, Zweig 

 This picture was not favored at the time   
• General belief that nucleons had diffuse internal structure 
•  Lack of direct quark production: quarks very massive,  

        very large binding 
• No fractionally charged objects clearly observed 

 Later: field theory of hadrons = Quantum Chromodynamics 
                                                   = QCD      

u 

u 
d 
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•  In an independent effort (from Bjorken), Feynman concluded 
from his analysis of hadronic collisions that the proton ought to  
be composed of pointlike constituents: partons 

•  Partons share the total momentum of the proton taking a variable 
fraction x of the momentum with a probability f(x)  

•  f(x) is independent on process or proton energy in the case of  
large momentum transfer 

It was natural to assume that the Partons were, in fact, quarks 

There would not be just 3 quarks in the proton:  
  3 valence quarks 
  but also many quark-antiquark pairs: the sea quarks 
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pquark = ξ ⋅ P

The combination of Bjorken’s and Feynman’s studies was a perfect  
explanation of  “scaling” observed at SLAC: νW2 only depends on x

If the quark-partons are treated as real particles which are on-shell before and  
after the exchange of the virtual photon and the quark and proton masses  
could be neglected 

→The fraction of the proton momentum ξ carried by the struck  
parton (quark) is the same as the variable x singled out at SLAC 
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Deep Inelastic Scattering (DIS): incoherent sum of scattering of electron 
off free point-like spin ½ particles (quarks = partons) 
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 Inelastic cross section: 

Cross section of elastic scattering of a spin ½ electron with a dirac particle:  
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fi (x): probability that a parton carries 
a fraction x of the proton momentum 
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Incoherent sum of scattering of electron off free point-like Dirac 
particles (partons=quarks) 

Just assuming pointlike Dirac partons: Callan-Gross relation 

→ Quarks are  
spin ½ fermions 

Relation  
confirmed  
by the data 
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• Elastic and inelastic electron-nucleon experiments 
showed nucleons not point-like 

• Naïve quark-parton model became widely accepted 

• DIS: Incoherent sum of scattering of electrons off 
free pointlike Dirac partons (quarks) 

• This lead later on to the development of QCD and 
the Standard Model (SM) of particle physics 
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• Recapitulation: proton has substructure 

• Gluons and the sea quarks 

• Quark and gluon interactions: QCD 

• Scaling Violations 

• Running of the coupling constant 

• Jets: more evidence for quark and gluons 
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F2 
x=0.25 

Deep inelastic scattering: incoherent sum of elastic 
scattering electron off free partons of the proton 

Bjorken Scaling: 

Scaling observed → nucleons consist of electrically charged 
point-like particles: partons (quarks) are pointlike 

Q2 (GeV2) 

Proton structure function F2(x,Q2) is independent of Q2 

F2(x,Q2) 
for a range  
of Q2 values  

x 
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•  The F1 structure function results from the magnetic interaction  
   and vanishes for scattering off spin 0 particles 
• Charged constituents of the proton are Dirac particles: spin ½  
   Callan-Gross relation: 

Bodek et. al, 1979 

Spin 1/2 

Spin 0 
x 

Pointlike constituents of the nucleon have spin 1/2 
2x

F 1
/F

2 
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By means of deep inelastic scattering found that nucleons consist of electrically  
charged point-like particles: the quarks  
It should be possible to explain properties of nucleons (charge, mass, isospin …)  
from quantum numbers of the constituents. For this we need at least two types 
of quarks which are designated u (up) and d (down). Quarks have spin ½ so in 
the naïve quark model, spins must combine to give total spin ½ of the nucleon 
 nucleons are built of at least 3 quarks 
proton: two u-quarks + one d-quark 
neutron: one u-quark + two d-quarks 

u d p 
(uud) 

n 
(ddu) 

Charge +2/3 -1/3 1 0 
Isospin 
I 
I3 

1/2 
+1/2 

1/2 
-1/2 

1/2 
+1/2 

1/2 
-1/2 

Spin s 1/2 1/2 1/2 1/2   
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p
n

 

 
 
 

 
 

Isospin doublet: SU(2) 
I= 1/2 

•  The 3 quarks that determine quantum numbers of nucleon: valence quarks 
•  Nucleon also contains virtual quark anti-quark pairs called sea quarks. Their 
effective quantum numbers average out to zero and do not alter that of nucleon 
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1968, SLAC electron-proton : evidence for quarks 
1974, SLAC and Brookhaven  
electron-positron: charm quark (J/ψ == c c-bar)
1977, Fermilab proton-proton: bottom quark (Υ == b b-bar)

1995, Fermilab proton-antiproton: top quark discovery 

u d s c b t 
Mass 
(MeV) 

360 360 540 1500 5000 174000 

Effective masses of quarks  
bound in hadrons  

Standard Model: 3 families of quarks and leptons 

Apart from the u and d quarks there are additional quarks in the “sea”: 
s (strange), c (charm) , b (bottom)  and t (top)   

Discovery of quarks 
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Charm, bottom and top quarks far heavier, so contribution to sea is small 

Virtual photons can couple to sea quarks so take into account in nucleon 
structure functions 
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Isospin symmetry proton→neutron (u→d) 

The quark charges (qu=2/3, qd=-1/3) are confirmed comparing the structure  
functions of the nucleon as measured in DIS neutrino and electron scattering 
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In neutrino DIS, the quark charge factors not present as the “weak charge” 
is the same for all quarks  

The structure function of an “average” nucleon: 
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F2
νN : Gargamelle bubble chamber   

           at CERN  
F2

eN: ep and ed scattering at SLAC 

Comparison of electron-nucleon 
and neutrino-nucleon results 

Relation confirmed by the data 
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Bodek et. al, 1979 

x x 

Quark distribution 
functions from 
analysis of DIS data 
Halzen & Martin 

If a quark carries 90% of the proton 
momentum it is almost certain a  
u quarks. If it is only 10% it is only 
slightly more likely to be a u. 

Using experimental measurements of  
F2 and F1 

The contribution of the sea quarks  
important at small x 
 Example strange-quark 
•  sea u and d have similar behaviour 

u 

u 
d 
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If we sum over all the partons we must reconstruct the total momentum of  
the proton p 
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Integrating over the experimental data gives: 
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xu( x)dx + xd( x)dx =
0

1

∫
0

1

∫ 0.54

divide by p 

Strange quarks neglected as 
they carry small fraction of 
nucleon momentum 

Only 54% of the proton momentum is carried 
by the charged quarks 

The rest is accounted for by uncharged partons: the gluons 
Indirectly DIS experiments provide evidence for gluons as well as for quarks  
Note: the momentum fraction carried by the gluons (εgluons =0.46) is  
not directly exposed by the photon probe as gluons carry no electric charge 
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If nucleons consist of three bound quarks expect measurement to  
peak at 1/3 (washed out momentum distribution due to the   
                     interactions of quarks) 

F2
ep(x) proton 

DIS SLAC data 
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Proton: three bound valence quarks  
              + some slow (small x) debris 
 (eg. gluon radiates  quark-antiquark pair) 

quark distribution  
functions 
Halzen & Martin 

F2
ep(x) 

proton 
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From Deep Inelastic Scattering fixed target experiments using  
electron/muon/neutrino beams 

•  Structure functions show Bjorken scaling behavior (pointlike 
  partons in the nucleon) 
•  F2=2xF1 as expected from spin ½ quarks 
•  Comparison of neutrino and electron scattering confirms quark  
   charge assignments 
•  Comparison of proton and neutron data confirms valence  
   structure of the nucleon 
•  Only ~ 50% of the proton momentum is carried by quarks,  
  rest by something electrically neutral and not probed by the 
photon → these are the gluon of QCD … 
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The colour property had to added to quarks in  
order for the quarks in hadrons to obey the Pauli  
Principle (                    J=3/2, wave function symmetric) 
The interaction binding quarks into hadrons is  
called strong interaction 

• colour plays the role of the charge in 
electromagnetic interactions 

Gluons are the carriers of the strong force 
• they themselves carry colour – different from 
electromagnetic interactions 
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Quarks interact with each other through the exchange of gluons 
Gluons exchange colour between the quarks: colour interaction 
3 possible colours : Red, Green and Blue  
•  quarks carry one color charge 
•  gluons carry two colour charges:  
 coulour and anticolour 
•  hadrons are colourless 
9 colour combinations but only 8 coulored gluons  
Colour octet (posssible choice colour basis): 

Inexistent neutral colour-singlet:                  Invariant respect to re-definition of colour names  
(rotation in colour space) so cannot be exchanged by colour charges 

•  Strong interactions are described by Quantum Chromodynamics  (QCD)  
•  Both in QED/QCD interaction mediated by massless spin 1 particle 
•  QCD was developed during the 1970’s 
•  Local gauge theory SU(3) 

Colour charge is conserved at 
 each quark-gluon vertex 
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Fundamental QCD interaction diagrams 
 Gluon emission 
 Gluon splitting in quark-antiquark 
 Gluon self-couplings – no analogous in QED 

 “non-Abelian” theory 
QCD incorporates two of the most important features of  

the interactions among quarks and gluons:  
confinement and asymptotic freedom 
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The concept of confinement provided a solution of the  
non-observation of free quarks, only colourless (“white”)  
objects are seen: the hadrons 

•  The potential energy required to separate two quarks  
    increases linearly with their distance r 

  quarks and gluons cannot be seen free in nature: exist as colourless hadrons 
  the energy injected into a hadron does not separate the quarks but goes into  
   the creation of new quark-antiquark pairs  
   and hence additional hadrons 

Example: try to isolate a charm quark →  
production of D mesons 

r
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Mesons: Baryons: 
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If we place a test charge closer to the 
electron we penetrate the positron cloud 
and the measured charged increases.  

In QED the effective coupling (effective 
charge) becomes smaller when we get 
away from the charge (probe at smaller 
energies) → screening 

In quantum field theory an electron can suddenly emit a photon which can  
then annhiliates into an electron-positron pair and so on 

                    The original electron is surrounded  
                    by e+e- pairs. As opposite charges  
                    attract, the positive charges are closer  
to  the electron.The negative charge of the  
electron is effectively screened 

Large distance 
Low Energy probe 
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Small distance 
High Energy probe 



Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)

Cloud around quark does not decrease 
but increases its effective charge ! 

In QCD, due to quark radiation of 
gluons the effective coupling increases 
when we get away from the charge 
(probe at higher energies) →  
anti-screening 

In quantum field theory a quark can suddenly emit a gluon. The gluon also 
carries colour so they spread out the effective colour charge of the quark 

                    The original quark is surrounded  
                    by qq pairs.  The additional           

         diagrams in QCD reverse the   
         behaviour. A red charge is        

preferentially surrounded by red charges. 
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Large distance 
Low Energy probe 

Small distance 
High Energy probe 
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The anti-screening of the colour charge is called asymptotic freedom 
Asymptotically (for very small separations) two red quarks  
interact through colour fields of reduced strength and approach a  
state where they behave as essentially free non-interacting particles 

    The physics nobel prize 2004 
     Gross, Politzer, Wilczek 

   http://nobelprize.org/nobel_prizes/physics/laureates/2004/phyreading.html 

QCD theory established  
in the 70’s 
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α is a measure of the strength of the electromagnetic interactions: α = e2/4π
In the gauge theory of the electromagnetic interactions QED, α gives the  
probability for emitting or absorbing a photon: 

→ a factor        is associated with each absorption 
or emission of a photon by an electrical charge e 

€ 

α

→ a factor        is associated with each absorption 
or emission of a gluon by a colour charge gs 

Similarly αs is a measure of the strength of the strong interactions: αs=gs
2/4π
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Large distance 
Low Energy probe 

Small distance 
High Energy probe 
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α ≈ 1/137 

αS ≈ 1 

•  In QED due to charge screening the 
magnitude of the electric charge depends 
on the distance to the particle 
 the coupling constant α varies with 
the 
distance and the coupling is said to “run” 

•  Similarly, in QCD the magnitude of the 
strength of the interaction also depends 
on the distance to the particle 
  the coupling αS “runs” 

•  Due to asymptotic freedom small values 
of the coupling occur for small distances 
  Therefore perturbation theory works  
for small distances (high energy) in QCD 

1 fermi 
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Since the couplings run, it is expected 
that they merge at a very large scale of 
order of 1015 GeV 
•  At this scale, a Grand Unification Theory 
(GUT) would unify the strong, weak and 
electromagnetic interactions and all  
interactions observed at small scales 
are then different aspects of the same  
interaction 

•  Several models have been proposed, one of them 
is the grand unification under SU(5) group proposed in 1974 by Georgi and Glashow 

•  The most important prediction of GUTs is the decay of the proton: GUTs predict 
a lifetime of 1031 years for the proton 

Many experiments have been setup to detect the decay 
of the proton, but no such event has been observed so far 

GUT scale 
1015 GeV 
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To determine whether QCD is the theory of the strong interactions  
 confront the predictions with experiment 

The most important predictions of QCD are: 
•  Scaling violations: with increasing Q2 the structure function  
  F2(x,Q2) should increase at small x and decrease at large x 
•  Running of αS: αs(Q2) should decrease with increasing Q2 and  
  become small for short-distance interactions (asymptotic freedom) 
•  Jets: since quarks and gluons are not seen free in nature due to 
  confinement, sprays of hadrons or “jets” should be observed 
•  Gluons jets: jets originating from gluons should be observed 
•  Gluon self-coupling: since gluons carry colour charge, the vertex 
  ggg should be observed 
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•  The quark parton model predicts scaling 
•  QCD predicts that exact scaling is broken by the need to include terms to describe:  

These terms give rise to contributions proportional to αSlnQ2 which break scaling 

The DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equations give the quark and gluon 
distribution for any value of Q2  provided they are known at a value Q0 (from experiment):  

Splitting Functions Pij(x): probability of finding a 
parton I with fractional momentum x originating from 
parton of type j  

The structure functions measured can be compared to other experiments and  
predictions can be made in regions where no measurements exist, e.g. the LHC 

gluon emission by quark 
(QCD compton process) 

scattering with gluons  
(boson-gluon fusion) 
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Measurement of F2(Q,x) in deep inelastic scattering 
of electrons on protons in fixed target experiments 

F2 increases with Q2 at small x 
F2 decreases with Q2 at large x 

The virtual photon can resolve dimensions   

•  At small Q2=Q2
0 : quarks and emitted gluons cannot be 

distinguished and a quark distribution q(x,Q2
0) is measured 

(point-like valence quarks) 

•  At larger Q2 and higher resolution: the quark is surrounded 
by a cloud of partons. The number of resolved partons 
increases with Q2. There is an increased probability of finding 
a quark at small x and a decreased chance of finding one at 
high x, because high momentum quarks lose momentum by 
radiating gluons 
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•  Due to colour charge anti-screening the magnitude of bare charge is modified 

In             the gluon propagator     is modified to first order to 

plus the terms of the self-coupling 

Chapter 7, Halzen & Martin 

•  The colour charge gS  Sum of geometric series 
 

    

€ 

gs
2 = gS0
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 the charge measured depends on Q2  

: the coupling constant depends on Q2  αS runs 
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αS =
gS

2

4π
→αS Q2( )
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•  For QCD                                                where µ2 is a reference scale 

•  At sufficiently low Q2 the effective coupling becomes large. The scale at which 
this happens is defined as: 

•  αS(Q2) decreases with increasing Q2 and becomes small for short interactions 
•  For Q2 >> Λ2 the effective coupling is small and perturbative description in 
 terms of quarks and gluons interacting is possible 
•  For Q2 ~ Λ2 quarks and gluons interact strongly and bound themselves into  
  clusters (hadrons) and perturbation theory does not work 
  Λ marks the boundary between quasi-free quarks and gluons and hadron       
    interactions 
Λ is a free parameter not predicted by the theory and must be determined from 
experiment: Λ ~ 250 MeV 
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I (Q2 ) =
αS

2 (µ)
12π

(11Nc − 2N f )ln Q2

µ2
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Λ = µ2 exp −12π
(33− 2N f )αS (µ2 )
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αS (Q2 ) =
12π

(11Nc − 2N f )ln Q2

Λ2

Nc = number of colours (3: r,g,b) 
Nf = number of flavours (6:u,d,c,s,t,b) 
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The strength of strong interactions is set by  
the coupling constant αs  
Due to anti-screening 
•  αs becomes smaller the stronger we probe it  
  (smaller distances) → asymptotic freedom 
•  αs becomes larger at smaller scales  
   (larger distances) → confinement 
This dependence of the strong coupling  
constant on the scale is called running 

Nc = number of colours (3: r,g,b) 
Nf = number of flavours (u,d,c,s,t,b) 
Λ = mass scale (exp.: ~250 MeV) 
Q2 ~Λ2: confinement limit 

Perturbation Theory only works at  
Small distances (high energies) in QCD 
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αS (Q2 ) =
12π

(11Nc − 2N f )ln Q2

Λ2
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•  Due to colour confinement quarks and gluons cannot be observed directly:  
 are they real or just a useful tool of the theory? 
•  The collision of very high energetic electron and positron beams provides a  
 technique to probe quarks and to have direct evidence of their existence 

•  The original quark is never seen free, only showers or jets of hadrons  
 produced by the quark and travelling more or less in the same direction hit 
the experimental detectors 
•  As the virtual photon is produced at rest, the quark and antiquark should  
emerge in opposite directions to conserve momentum; 
 two spray of hadrons (jets) should be observed on opposite sides of the  
annihilation point where the photon is produced 

The photon produced by the collision of the e- and e+ can 
decay into a qq pair. When the pair is separated by distances 
of the order of 1 fermi, αS becomes large: the colour interaction 
between the q and the q becomes very strong and the quarks 
decelerate the quarks which produces hadrons 
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Example of event from JADE detector at the PETRA 
 e+e- storage ring in Hamburg: 31 GeV c.m. energy 
……….. photons (π0  γγ) 
--- --- --- mainly π+ & π- 

 (B = 0.5 T → curved trajectories) 
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e +e− → qq → 2 jets

First observation of back-to-back two-jet events 
in  the SPEAR collider (SLAC) in 1975 

•  Back-to-back collimated bunches of tracks from 
charged hadrons in the central tracking detector 
•  Back-to-back clusters of energy deposits from 
charged and neutral hadrons in the calorimeter 

Back-to-back 
structure 
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•  At leading order (no QCD corrections) 

Since the muon cross section is well known, a measurement of the hadron cross  
section counts directly the number of quarks, their flavour and their colour: 
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R =

2 (u,d , s)
10 / 3 (u,d , s,c)
11/ 3 (u,d , s,c,b)
15 / 3 (u,d , s,c,b,t )

 

 
 
 

 
 
 

QCD prediction confirmed by data! 

s: center of mass energy 
s=Q2=2Ebeam α α α α
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s = 2Ebeam (GeV )

R Increase beam energy: access more 
and more quark flavours 
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e +e− → qq g → 3 jets

Gluons:  useful tool or real particles? 
•  The order αS corrections to 
  gives three jets in the final state 
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e +e− → qq 

Are such events observed? 

JADE detector at the PETRA e+e- storage ring 
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Spin ½ quarks: α = +1 
Spin 0 quarks:  α = -1  
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dσ
d cos(θ)

≈ [1+α cos2(θ )]

Quark induced jets: spin ½! 

Distribution of angle of the highest energy 
jet in 3-jet events with respect to the line of 
flight of the other two jets in their cms frame 
Predictions for spin 1 (vector) and 
spin 0 (scalar) gluons 
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e +e− → qq → 2 jets
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e +e− → qq g → 3 jets

 Gluons are spin 1 particles 

TASSO detector  
at PETRA e+e- collider 
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σ 0(e +e− → qq ) = 3eq
2 4πα 2

3s

Real corrections: Virtuals corrections: 

•  The leading order cross section: 

•  Adding order αS diagrams 

Mandelstam variables: 

Halzen and Martin: Chapter 11     
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σ(e +e− → qq ) +σ(e +e− → qq g) = 3eq
2 4πα 2
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αS (s)
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Diverges when:  
t0 (gluon momentum goes to 0: infrared divergence) 
u0 (gluon collinear with q or q: mass singularity) 
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s = (q + q )2,t = (q + g)2

u = (q + g)2
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Including all order αS contributions: 
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The cross section can be written in terms of the transverse momentum pt of  
the q and q , which is a result of the emission of gluon 
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dσ
dpt

2 ≈αS
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2 ln s
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 •  Only when the qq pair recoils against the gluons is  

  the pt non-zero 
•  For a fixed pt the cross section increases with increasing center of mass energy s 

27.4 < s < 31.6 GeV 

s = 12 GeV 

35 < s < 36.6 GeV 

Data from 
PETRA 

• The hadrons from one of the quarks should also 
 have a large pt with respect to the direction of 
the other quark 
Measure pt distribution wrt the thrust axis of hadrons 
at different centre of mass energies at PETRA 

The pt distributions of hadrons: 
•  decreases with increasing pt  
•  increases with increasing centre of mass energy  
  due to the increased probability to radiate a gluons 
as predicted by QCD 
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Four jet events have been  
observed in e+e- collider LEP 

Diagrams that also contribute to  
the 4-jet cross section: 

Diagrams that contain triple-gluon vertex: 

QCD is based on SU(3) non-abelian group which 
induces self-coupling of the gauge boson.  
The triple-gluon vertex should be observed 

Events with at least four jets in the final state 
should be observed 
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Use variables sensitive to non-abelian character of QCD, self interacting gauge boson  
in contrast to abelian theories like QED, in 4-jet events 
Eg. SU(3) group of QCD could be replaced by the abelian |U(1)|3 group 

CA=3   CF=4/3   TF=1/2 

χΒZ= angle between planes  
determined by two lowest and  
two highest energy jets 

Results are in agreement 
with predictions of the 
SU(3) theory (QCD) 

Colour factors: relative strength of splitting functions 

Obtained by fit of angular  
correlations in 4 jet events 
using LEP data 

For SU(Nc):  
CA=Nc CF=(NC

2-1)/2NC, TF=1/2  
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Experimental Foundation of 
Quantum Chromodynamics 

Lecture III 

http://cern.ch/monicava/Lectures/QCDLectures_MVazquezAcosta_2009.pdf 
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• HERA Collider 

• HERA Experiments and kinematics 

• Neutral and Charged Current Interactions 

• Structure Function Measurements 

• Parton Distribution Fits 

• Physics with jets 

• Strong Coupling Constant Measurements 
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H1: ep interactions 

HERA-B:  
p beam+fixed target 

HERMES:  
polarised e+fixed target 

ZEUS: ep interactions 

e+/e- p 

27.5 GeV 920 GeV 
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Multi-purpose detector  
Characterizes energy, direction and type of particles in the final state 

e+ 

CAL 

CTD 

p 

x z 
ZEUS coordinate system 

y 
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•  Measure charged particle trajectories and momentum 
•  Determine interaction vertex (ΔX , ΔY ~ 0.1cm Δ Z ~ 0.4cm 

View Along Beam Pipe Side View 

Drift Chamber inside 1.43 T Solenoid 
      Angular coverage: 15 < θ < 164 º  

θ

e p 

Pseudo-Rapidity: 
η = - ln ( tanθ/2 ) 
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•  sampling - uranium (absorber) and 
scintillator (readout) plates 

•  compensating - equal signal from  
hadrons and electromagnetic 
particles; uranium yields spalation 
neutrons  

•  Energy resolution (E in GeV): 

 σe/Ee= 18%  / √E  
 σh/Eh= 35%  / √E  

•  Angular coverage: 2.2  < θ  < 176.5 º 

Measure the  energies  of neutral and   
charged particles 
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Complete 4π detector  

Tracking: 
  - central jet chamber 
  - z drift chambers 
  - forward track. detector  
  - Silicon µ-Vtx 
 (operate in a B field of 1.2 T) 

Calorimeters: 
  - Liquid Argon calorimeter  
  - Lead-Fiber cal. (SPACAL) 

Muon chambers 
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Neutral Current: 
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e± p→ e ±X (γ ,Z 0 exchange)

Charged Current: 
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e+ p→ν e X (W + exchange)

Bjorken kinematic variables 
Q2 ≡ -q2  
x  ≡ Q2  / 2pq 

y  ≡ pq / pk 

Q2  =  s x y 

ep centre-of-mass energy: s = (p+k)2 
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e− p→ν e X (W − exchange)

Quark parton model 

ξ :  proton momentum fraction in the interaction 

( ξp + q )2  = ξ2 mp
2  + 2 ξ p q - Q2 = mq

2 ≈ 0  

ξ=          = x  
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Hadron-hadron (Tevatron, LHC) and 
lepton-hadron (HERA) interactions are 
described in QCD as: 
Incoherent sum of the interaction of the  
constituent partons (quarks, gluons) from  
one proton with those of the other proton 

A separation of the short ranged (hard processes) and long-ranged (soft processes) 
is introduced called Factorization. 
The QCD factorization theorem states that for hard scattering reactions the cross 
section can be decomposed into the flux of incoming particles and the cross section 
(matrix element) for the hard scattering of the two partons i and j. 
                                                                          The flux of incoming particles (fi, fj ) depends on        
                                                                           the parton distribution functions : 
probability that a parton carries a fraction x of the hadron momentum 

In order to perform factorization a hard scale (µF) is introduced and the long-ranged 
non-perturbative effects are absorbed in the parton distribution functions 
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High energies (virtuality)  
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σ( −e p →  ν eX) =  dx  fq i
(x)  σ(∫

i
∑ −e qi →  ν e ′ q i )
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dσ ~ LµνW
µν

•  The leptonic tensor can be written as: 

The DIS cross section can be factorised into a leptonic 
and hadronic tensor:   

electron-neutrino weak interaction 
•  The most generic form of the hadron tensor (proton structure) can be written as: 

e-(k) ν(k’) 

W- (q) 

P(p) 
xp 

xp+q 
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Lµν ≡ ν e ( ′ k )γ µ 1− γ 5
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*

= 2 kµ ′ k ν + ′ k µkν − gµν + iεµναβkα ′ k β[ ]
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Wµν ≡ −W1gµν +
W2

M 2 pµ pν + iεµνρσ pρqσW3 +
W4

M 2 qµqν +
W5

M 2 ( pµqν + qµ pν )

Conservation of 4-vectors: 
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W5 = −
p ⋅ q
q2 W2;W4 =

p ⋅ q
q2
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W2 +
M 2

q2 W1
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F1( x,Q2 ) = MW1( x,Q2 )
F2( x,Q2 ) = νW2( x,Q2 )
F3( x,Q) = νW2( x,Q2 )

3 independent structure functions of proton: 

quarks in the proton quasi-free 
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 Chapter 8 

Halzen & Martin 
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MW is the mass of the W boson and GF is the fermi coupling constant 
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d 2σ(e ± p→νX )
dxdQ2 =

GF
2

4πx
MW
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Y+F2 − y2FL Y−xF3[ ]
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F3( x,Q2 )describes the parity violation contribution due to the weak interaction  
and is only relevant in the high Q2 region ( Q2 ≥MW

2,MZ
2) 

•  Charged Current cross section  

•  Neutral Current cross section  
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d 2σ(e ± p→ e ±X )
dxdQ2 =

2πα 2

xQ
4

 

 
 

 

 
 Y+F2 − y2FL Y−xF3[ ]
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FL( x,Q2 ) = F2 − 2xF1

•  FL=0 in quark-parton model 
•  small contribution  

Virtual photon exchange: photon can be longitudinal or transversely polarized  
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σ tot =σL +σT     
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FL( x,Q2 ) = F2 − 2xF1 =
Q2

4πα
σL
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FL = F2 − 2xF1
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F2 = F2
em +

Q2

Q2 + MZ
2 F2

γZ +
Q2

Q2 + MZ
2

 

 
 

 

 
 F2

Z ∝ (q + q )
q= u,d ,...
∑

xF3 =
Q2

Q2 + MZ
2 xF3

γZ +
Q2

Q2 + MZ
2

 

 
 

 

 
 xF3

Z ∝ (q − q )
q= u ,d ,...
∑

The dominant contribution comes from F2 
FL only contributes at high y 
xF3 is important at high Q2 ( Z exchange) 

Structure Functions 
Proportional to the quark  
and anti-quark parton  
distribution functions (PDFs)  
given by q(x), q(x) 

γZ interference 
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•  The dominant contribution comes from F2 
•  xF3 is important at high Q2 (W exchange)  
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UU + = U +U = I

Uud ≈Ucs ≈Utb >> Ucd ≈Uts ≈Uus ≈Ucb >> Uub ≈Utd

Cabibbo-Kobashi-Maskawa matrix 

W+ 

d  
q= -1/3 

u  
q= 2/3 

e+ 

W- 

u  
q=2/3 

d  
q= -1/3 

e- 

ν

ν

s  c  

c  s    

€ 

Wµ
−

    

€ 

ig
2 2

γµ (1− γ 5 )U q ′ q q 
q’ 

electron (e-) and positron (e+) beams probe  
different quark content of the proton 
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Previous Fixed  
Target experiments 

HERA 

HERA: Extension by several orders  
of magnitude in x and Q2 
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φ 
η 

pt 

e+ 

γ/Z0 (Q2) 

Jet 

collimated flow  
of particles 

Scattered  
positron 

negative η   positive η   

Isolated high pt positron with hadronic jet balanced in φ 
η = - ln ( tanθ/2 ) 
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•  ν escapes undetected 
•  pt is not compesated in the CAL      / 

Jet 

e + p 

ν e 

φ 
η 

p 
t 

negative η   positive η   

collimated flow of particles 
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1993 2000 

Before HERA: 
Wide range of predictions Vast progress since the beginning of HERA 

F2 

x x 

F2 
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Proton F2
ep(x) 

In
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e QPM 

QCD 

x 
Halzen & Martin 
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HERA extends the proton structure 
measurements to low x 
Rise at low x is a function of Q2 

F2 

x 

increasing Q2 
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Fixed Target (BCDMS) 
δF2/F2~7% 

HERA typical 
uncertainty 
δF2/F2~2-3% 

•  F2 dominates cross section 
•  Sensitive to sum of quarks 
and antiquarks 
•  F2 sensitive to gluon density    
  via QCD radiation 
•  Scaling violations:  
-  largest at low x 
- driven by gluon density 

    

€ 

F2 ∝ eq
2x(q + q )

q = u ,d ,...
∑

Impact of HERA data clear 

Well described by QCD  

Increase w. Q2 at low x 
Decrease w. Q2 at high x 

F 2
-lo

g(
x)
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•  Effect of QCD 
 - Increase F2 at low x 
 - Decrease F2 at high x 

•  Sensitivity to gluon distribution  
  from accurate determination of  
  scaling violations 

•  Quantitative test of QCD evolution 
  DGLAP evolution 
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Q2 (GeV2) 

x=0.25 

x=0.02 

x=0.002 
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σ NC
± =

1
Y+

xQ 4

2πα
d2σ NC

±

dx dQ2  =  F2 −
y 2

Y+

FL 
Y−

Y+

xF3

•  obtained from difference σ(e-p)-σ(e+p) 
•  comes from interference of photon and Z0    
   exchange processes 
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xF3 ∝ x(q − q )
q = u ,d ,...
∑

xF3 

x Q2 (GeV2) 

σ∼     
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€ 

σ NC
± =  F2 −

y 2

Y+

FL 
Y−

Y+

xF3 ≈ F2 −
y 2

1+ (1− y)2 FL
∼

@ small Q2 Q2  =  s x y 
Change inelasticity y by  
changing the centre of mass 
 energy s 

decrease s 

Data with different  
proton beam energies 

Ep=460, 575 & 920 GeV 

FL contribution is small 
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Charged current reduced cross section 
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σ (e+p→ν eX) = x u + c + (1− y)2(d + s)[ ]
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σ (e-p →  ν e X) = x u + c + (1− y)2(d + s )[ ]~ 

~ 

~ 

Intercept: u+c 
Slope:       d+s 

Contrains the d and u PDFs 

x 

(1-y)2 

σ∼
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Charged current 

Neutral current 
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dσ
dQ2 ∝GF

2 MW
2

MW
2 + Q2
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f(Q2 )

  

€ 

dσ
dQ2 ∝  α 2 1

Q4 f(Q2 )

low Q2: (dominated by F2) 

high Q2: 

effect 
of xF3 f(Q2): varies slowly with Q2 

Measurements confirm 
EW unification at high Q2 
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Q 2 ~ MW →
GF

16π
~ 2πα 2

MW
4

σ (CC ) ≈σ (NC )
e+ probe d-quark 
e- probe u-quark 

σ (e+ NC) ≈ σ (e- NC) 

σ (e+ NC) ≠ σ (e- NC) 

σ (e+ CC) ≠ σ (e- CC) CC 
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Parton distribution functions  
from fits to HERA data 

xg(x) from scaling violations 

Determination of the proton PDFs 
• Assume different analytic shapes for the  
  PDFs (valence, sea and gluon) at a starting  
  scale Q2 = Q0

2 
  Q0

2 arbitrary but large enough for αS(Q0
2) to be small 

•  Use DGLAP equations to evolve PDFs up to 
  different Q2 values and use to predict  
  structure functions 
•  Fit prediction to data 
Parameters needed:  
analytical shape of PDFs, ΛQCD, αS(MZ)  
  can use fits to determine the strong coupling constant as well as the PDFs 
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QCD Studies 
Studies of SM and beyond  

•  color dynamics 
self coupling of the gluon 

•  Measure αS 
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•  Test the proton structure •  Test the photon structure!! 

•  Measure αS 

•  Search for new particles 
eg. excited quarks •  Search for anomalous couplings 
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•  Perturbative calculations lead to partonic final states which are not accessible 
by experimentalist hadrons and not partons are observed in the detectors 
•  The observed hadrons are the result of the fragmentation of coloured partons 
•  At high energies, due to the low mass of the partons, all hadrons originating 
from a given parton are contained in a narrow region around the original 
parton direction of motion, forming what is commonly known as “jet” 
•  The first step in comparing experimental results  
with theoretical calculations is to group the hadrons  
into jets to recover the parton topology 
•  This is best done by applying jet algorithms to  
the observed hadrons 
• Several jet algorithms exist that give a proper  
definition of a jet 
clustering algorithms, cone algorithms, … 
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•  Jet algorithms are tools to reconstruct the final-state quarks and  
   gluons 
•  Jet algorithms have to be 
 measurable 
 calculable 
 accurate 
Jet search depends on: 
•  reference frame: best frame according to the study 
•  variables of hadrons  
•  combining hadrons: cone algorithms and  
                                      cluster algorithms 
Searching for jets with a jet algorithm is something  
more sophisticated than collecting the observed  
hadrons with a bucket 
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Cone algorithms Maximize total transverse energy in a cone in η-φ 

Cone algos not-infrared/collinear safe to all pQCD orders 
Clustering algorithms: kt 

below threshold 
(no jets) 

above threshold 
(1 jet) 

Cone jet KT jet 

1) For all particles the quantities di, dij are calculated:   

  

€ 

dij = min ETi

2 ,ETj

2{ } Δη2 + Δφ 2( )   

€ 

di = ETi

2

The distances are weighted with the transverse energies to 
combine particles with small relative momentum  
2) An iterative process is made   
      - If min{dij,di}=dij the particles i and j are combined  
      - If min{dij,di}=di the particle i, a protojet, is excluded from clustering 
    until no particles remain for clustering Kt is infrared and collinear safe 

widely used at LEP/HERA 
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• Fragmentation and  
hadronizations can  
mean the same thing  
but we mostly talk of  
fragmentation of a heavy  
quark into a hadron 
• Hadronization is a  
non-perturbative process 
and phenomenological  
models are used to  
describe it 

Lund Fragmentation
•  colour "string" 
stretched between q 
and q moving apart 
•  string breaks to form 
2 colour singlet strings, 
and so on until only on-
mass-shell hadrons.
•  Implemented in 
PYTHIA MC
Cluster Fragmentation
•  colour-singlet clusters 
of neighboring partons 
formed
•  Clusters decay into      
  hadrons
•  Implemented in      
HERWIG MC
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x = fractional moment of the proton 
Impulse approximation: neglect transverse  momentum 
and parton mass → very fast moving system  
•  Breit frame: boost such that no energy transfer    

from the photon (proton-parton collide head-on) 
•  In terms of four momenta 

“Brick Wall Frame” 

lab frame 

Breit frame 

In the Breit Frame: at least two partons (jets)  
in the final state to have a parton with pt>0 

Inclusive Jet Cross Section 
in the Breit Frame is directly 
proportional to the strong 
coupling constant αS 
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€ 

dσ
dET , jet

Breit = A1α S + A2α S
2

NLO QCD predictions: order αS
2 

Fit cross section  
extract strong coupling constant 

 Measurement of inclusive jet cross section 
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In Dijet  events sensitive to  
gluon content of the proton  
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 u density most constrained 

Hera typical jet uncertainty ~5% 
Compared to ~60% at Tevatron  

Gluon density poorly constrained at high x 
HERA jet data has an impact at medium x 
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Jet data constrains αS: 
αS(MZ) = 0.1183 ± 0.0028 (exp) ± 0.008 (model) 
Theoretically limited! Need Next-to-Next-to-Leading-Order QCD  
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Energy scale dependence of the strong coupling constant 
compared to the “running” predicted by QCD 

Probe with different 
jet transverse energies 
Et

jet 
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The Proton structure function F2 has been 
measured with large precision at HERA which 
will have a great impact in reducing uncertainties  
at the LHC 

HERA is "the QCD collider" which allows 
•  deep understanding of QCD dynamics    
•  precise extractions of strong coupling constant  
in a clean environment (no underlying event!) 
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The proton structure is complex ! 



Experimental Foundation of 
Quantum Chromodynamics 

Lecture IV 

http://cern.ch/monicava/Lectures/QCDLectures_MVazquezAcosta.pdf 
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• Impact of HERA data on the LHC 

• QCD studies at the LHC 
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pp collisions at 14 TeV 



Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)

Lake of Geneva 

CMS 

ATLAS 

LHCb 

ALICE 

The Large Hadron Collider 
is a 27 km long collider ring 
housed in a tunnel about 100 m  
underground near Geneva 
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1232 high-tech superconducting  
dipole magnets 
Magnetic field:   8.4 T   
Operation temperature:   1.9 K  
Dipole current:   11700 A 
Stored energy:   7 MJ 
Dipole weight:   34 tons 
Nb-Ti superconducting cable:  7600 km 
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•    pp: √s = 10-14 TeV, Ldesign = 1034 cm-2 s-1 (after 2012-2013) 
                                      Linitial  < few x 1033 cm-2 s-1  
           √s(LHC) ~ 7 √s (Tevatron), Ldesign (LHC) ~100 Ldesign (Tevatron)  
•   Heavy ions: (e.g.  Pb-Pb  at  √s ~ 1000 TeV) 

ALICE  
ion-ion 
p-ion 

ATLAS and CMS  
pp, general purpose 

LHC 27 km ring (previously  
used for the LEP e+e- collider)  

LHCb  
pp, B-physics, CP-violation 

Plus two experiments with  
very forward detectors at 
Point-1: LHCf 
Point-5: Totem  

First collisions: 
expected in 2009 
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Tracker: η< 2.5 
Calorimeter: η<5 

Lowering of the central wheel  
with the 4 Tesla Solenoid 

Heaviest detector @ LHC! 
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Pseudo-Rapidity: 

Rapidity (mass ~0): 
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The central, heaviest slice (2000 tons) 
including the solenoid magnet lowered  
in the underground cavern in Feb. 2007 

In total 15 slices were installed in this way 

February 2007 
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ATLAS superimposed to 
the 5 floors of building 40 

Largest detector @ LHC! 

24 m 

45 m 

7000 Tons 

Toroidal magnets 
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After almost 20 years of design and construction  
the experiments started taking data with LHC beams 

●  Sunday/Monday 7-8 September 
   Single shots of Beam 1 (clockwise via ALICE) onto  
   collimator 150 m  upstream of CMS, ~ 1 hour 
●  Tuesday 9-September 2008 
   20 shots of Beam 1 onto collimator 150m upstream of CMS 
●  Wednesday 10 September 2008 
   Nice splash events observed when beam onto collimators  
   100-1000 TeV observed in the CMS/ATLAS calorimeters 
   Halo muons observed once beam started passing experiments 

collimators 140 m 

Beam splash events  
onto all four detectors 
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Beam Pickup (ch1) CMS Beam 
Condition Monitors (ch 3, 4) Point 5 Control Room 

CMS Centre Meyrin 

Halo Muons in CSCs and HB 
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Online display 

Offline display 

The very first beam-splash 
event from the LHC in ATLAS 
at 10:19, 10th September 2008 
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CMS blog 

08 Nov, 2009 12:15  
More beam splash displays  
from overnight  
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QCD jets is dominant background 
pp collision at 14 TeV cms energy 

Searches for Higgs particle 

Searches for Supersymmetry 

EW Physics 





Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)

Deep Inelastic Scattering 
  Q2 ≤ x s 
  10-6 < x < 0.9 
  0.45 < Q2 < 20000 GeV2 
LHC-HERA 
•  same x-range 
•  factor 100-1000 in Q2 

PDFs measured at HERA 
can be propagated in Q2 
using DGLAP evolution 
LHC access particles mass M 

Scale: Q2 = M2 = x1 x2 s 
Rapidity: y = ½ ln (x1/x2) 

Central rapidity: y ≤ 2.5 
M~100 GeV (W/Z production) : 10-3 < x < 0.1  

M=100 GeV 

M=1 TeV 
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Z 

W/Z production can be used for Luminosity measurements @ LHC 

•  To access the W/Z mass we probe the kinematic region: 
   M~ 100 GeV → Q2~10000 GeV 
   |y| < 2.5 →         10-4 < x < 0.1 

  

€ 

Number of events =σ ⋅L

The lowest-order  
W and Z production 

σ   ≡  cross section 
L   ≡  luminosity

    

€ 

L =
nmeasured pp→ Z/W X( )
σ theoretical pp→ Z/W X( )

The measured luminosity can be used to convert  
the number of measured events of a certain type  
to a cross section measurement 

To obtain the luminosity (event rates) one can use: 

To do the theoretical calculation of the cross section one needs to 
extrapolate the PDFs measured at HERA PDFs 
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⇒ Theoretical uncertainty small but how well do we know the parton distributions? 
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•  Gluon PDF dominates at  
   Q2 =10000 GeV2 

•  W/Z  cross sections at the LHC  
  depend crucially on the gluon  
  distribution 

•  Before HERA large uncertainty  
   in gluon and sea quark PDFs 

Q2 = 10000 GeV2 

X 

xf(x,Q2) 
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W prod. @ LHC without HERA W prod. @ LHC including HERA 

PDFs including  
HERA 

PDFs without  
HERA 

~ 3.5 % ~ 16 % 

0.0001<x<0.1 0.0001<x<0.1 

⇒ PDF uncertainty will be the dominant error! 
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ZEUS-PDF 
before inclusion of 

W pseudo-data 

ZEUS-PDF 
after inclusion of 
W pseudo-data 

e+ CTEQ6.1 
Pseudo data 

•  W and Z cross sections predicted exactly for LHC  
•  Rapidity for lepton decays sensitive to PDFs 
•  Simulate events (HERWIG6.505+CTEQ6.1) with addition of a random   
  4% “systematic error” scatter on these pseudo-data.  
  Redo the PDF fit including them. 
•  Error on parameter λ (xg(x)~x-λ) reduced by 35% 
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ZEUS / 
 HERA 

JADE / PETRA 
gluon discovery 

DELPHI/LEP 
first 4-jet event 

CDF / Tevatron 
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•  Test the proton structure 
•  Measure αS 

Heavy quark production: 
top quark measurements 

Search physics 
beyond the SM 

•  Search for quark 
substructure 
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Jet multiplicities significantly higher  at LHC as compared to 
HERA/Tevatron, especially for gg initiated processes 

CMS Detector 

Center of mass 
Energy 14 TeV 



Experimental Foundation of QCD,  Mónica L. Vázquez Acosta (Imperial College London)

•  Not statistically limited 
•  First measurements  
  at multi TeV energy scale 
•  Re-establish the Standard Model 
  test extrapolations from  
  Tevatron/HERA energies 
•  Background to be understood  
 for almost every search for 
  new physics 
•  Key ingredient for physics  
 commissioning of LHC experiments 
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A schematic HEP  
interaction 
Hard interaction 

Parton Shower 

Hadronization 

Jets: flow of hadrons  
around the direction  
of the initial parton 

Hadron / Parton / Detector Jets 
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Underlying Event (UE) 
everything else in the event on top of the 
hard scattering 
•  softer interactions from the remaining    
  partons in the colliding hadrons 
•  model description. e.g.: multiple- 
  parton interactions 

Pile Up (PU) 
Additional minimum bias interactions overlayed  
to a physics collision in the same beam crossing 
statistical effect: Poisson distribution  
•  5 PU interactions at low lumi (1033cm-2s-1) 
•  25 PU interactions at high lumi (1034cm-2s-1) 
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Inclusive jet cross section 

Important to measure multi-jet and W,Z+jets cross sections as  
it is the main background of many searches (Higgs, SUSY, …) 

10 pb-1 

 in 2009 

•  Large jet cross sections 
•  LHC jet production 
  Dominance of gluon and sea  
     quark scattering 
  Largest phase space of  
    gluon emission → extra jets 

PDF uncertainty 
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New particles, X, produced in parton-parton 
annihilation will decay to 2 partons (dijets) 

They are observed as dijet  
resonances: mass bumps  

Tevatron has searched but not found any dijet resonances so far 
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Z’ →jet jet 

Extends the mass  
coverage range of  
the Tevatron 

Expected with CMS 
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New physics at a scale Λ above the observed dijet (dilepton) mass  
is effectively modelled as a contact interaction. 
•  Quark compositeness 
•  New interactions from massive particles exchanged 

M ~ Λ

M ~ Λ
q 

q 
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q q 
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Rate of QCD and Contact Interactions Sensitivity with 10 pb-1 

Contact interactions: large rate at high pT, immediate discovery possible 
•  Error dominated by jet energy scale (~10%) in early running (10 pb-1) 
•  PDF uncertainty and statistical errors (10 pb-1) smaller than Energy scale error 

With 10 pb-1 we can see new physics beyond Tevatron exclusion of 
Λ+ < 2.7 TeV  But systematic errors are large 
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θ* 

Center of  
Momentum 

Frame 

q q 

Jet 

Jet 

cos θ* 

QCD Background 

Signal 

0 1 

dN
 / 
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os
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* 

Contact interaction is often more isotropic 
than QCD 
Angular distribution has much smaller 
systematic uncertainties than cross section  
Effects emerge at high mass 

η = - ln ( tanθ*/2 ) 

Dijet Ratio =   
N(|η|<0.5)/N(0.5<|η|<1) 
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•  The fixed target DIS experiments laid the foundations of QCD,  
   the parton model of high energy interactions, and the entire  
   language of modern particle physics 

•  The high energy DIS experiments have allowed a quantitive QCD  
   analysis of Parton Distribution Functions of the proton 

•  The HERA experiments have expanded the kinematic range 
   to small x and high Q2 region by orders of magnitude,  
   pushing the accuracy to unprecedented levels 

• Understanding of QCD and jets crucial for LHC 
• Background to many searches 
• Many processes have jets in final state 
• There are jet-only-based searches 
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