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Ingredients to a Cross Section
Cross Section Measurements

Mostly Deep Inelastic Scattering
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➙

Prerequisites and Reminders ...

Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

4-vector scalar product
Lorentz invariant

All quantities like cross sections etc. 
should be in terms of scalar products of 4-vectors ...
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Prerequisites and Reminders ...

Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

Particle momentum as viewed from a
frame moving with velocity βf ...

Lorentz Transformation:

with

Particle momentum as seen 
in laboratory frame ...
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1 Natural Units

Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

Prerequisites and Reminders ...

η=1 (~40°)

η=0 (=90°)

η=2 (~15°)

η=3 (~6°)

η=-1

θ

Pseudorapidity

x1p x2p

√s

〉

Relevant kinematic variables:

• Transverse momentum: pT

• Rapidity: y = ½⋅ln (E-pz)/(E+pz)
• Pseudorapidity: η = -ln tan ½θ
• Azimuthal angle: φ

Schematic
proton-proton scattering

pT

Proton

Proton

pT is conserved, pl of colliding objects is unknown 
→ constraint only in transverse plain
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1 Natural Units

Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

Invariant Mass:

Prerequisites and Reminders ...

Center-of-mass Energy:

Particle 2 at rest:

Particle Collider:
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Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Cross Section
Particle Decays
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

Prerequisites and Reminders ...

Physics

Kinematics
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Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

Prerequisites and Reminders ...

s-channel t-channel
u-channelf

f

f

f

f

f

f

f

f

f

f

f

s = (p1 + p2)2 = (p3 + p4)2
t  = (p1 – p3)2 = (p2 - p4)2
u = (p1 – p4)2 = (p2 – p3)2

Mandelstam variables:

Relativistic limit (mi is the mass of particle i):
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Prerequisites and Reminders ...

Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section
Matrix Element
Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
...

2 partons

Invariant Parton Parton mass
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Proton-Proton Scattering @ LHC

Proton

Proton

Product

Product

Hard Process
[calculable]

PDFs
~ large angles

Proton remnants ~ 
forward direction

Proton remnants ~ 
forward direction
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Feynman Diagrams
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Some Hard Processes with quarks and gluons ...
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QCD Matrix Elements

Hard scattering with quarks and gluons!

gs = QCD coupling strength 
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Proton-Proton Scattering @ LHC

Proton

Proton

PDFs

Hadronization
[phenomenological]

Parton 
Shower H

ad
ro

n-
Je

ts
Le

pt
on

s...

Hard Process
[calculable]

P
ar

to
ns

dr
es

s 
up
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Electron-Proton Scattering

Proton

Quark

Hard Process
[calculable]

PDFs

Electron

Electron

e
e

q
q

γ
eq ➛ eq

PDFs are needed to compute cross-section
→ How to measurs e PDFs ? Unfolding 2 PDFs is ~difficult → replace p with e !



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1

Proton

Electron

Quark
Scattered

Electron
Scattered

Electron-Proton
Scattering

Electron-Proton Scattering @ HERA
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HERA was an Hadron-Electron Ring Accelerator in Desy, Hamburg-DE. It began operating in
1992 around 15 to 30 m underground and has a circumference of 6.3 km. . At
HERA, electrons or positrons were collided with protons at a cms energy of 318 GeV. HERA
was closed down on 30 June 2007. The HERA tunnel is located under the DESY site and the
nearby Volkspark Leptons and protons were stored in two independent storage rings on top
of each other inside this tunnel. There are four interaction regions, which were used by the
experiments H1, ZEUS, HERMES and Hera-B. Leptons (electrons or positrons) were pre-
accelerated to 450 MeV in the linear accelerator LINAC-II. From there they were injected into
the storage ring DESY-II and accelerated further to 7.5 GeV before their transfer into PETRA,
where they were accelerated to 14 GeV. Finally they were injected into their storage ring in the
HERA tunnel and reached a final energy of 27.5 GeV. This storage ring was equipped with
warm (non-superconducting) magnets keeping the leptons on their circular track by a
magnetic field of 0.17 Tesla. Protons were obtained from originally negatively
charged hydrogen ions and pre-accelerated to 50 MeV in a linear accelerator. They were then
injected into the proton synchrotron DESY-III and accelerated further to 7 GeV. Then they
were transferred to PETRA where they were accelerated to 40 GeV. Finally, they were injected
into their storage ring in the HERA tunnel and reached their final energy of 920 GeV. The
proton storage ring used superconducting magnets to keep the protons on track. The
characteristic build-up time expected for the HERA accelerator was approximately
40 minutes.

HERA
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HERA: pe Accelerator in Desy, Hamburg-DE:

Ø It began operating in 1992. and was closed down in 2007.
Ø circumference of 6.3 km
Ø Leptons and protons were stored in two independent storage rings on top of each

other inside this tunnel.
Ø warm (non-superconducting) with a magnetic field of 0.17 Tesla for leptons

superconducting magnets for protons

• electrons (or positrons): 450 MeV (LINAC-II) → 7.5 GeV (DESY-II) → 14 GeV (PETRA)
→ 27.5 GeV (HERA)

• Protons : 50 MeV (Linac) → to 7 GeV (DESY-III) → 40 GeV (PETRA) → 920 GeV
(HERA).

• final cms energy: 318 GeV

• four interaction regions, → experiments H1, ZEUS, HERMES and Hera-B.

HERA
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Hera Accelerator at Desy
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Electron

Quark

[H1 NC Event]

e
p

Electron-Proton Scattering @ HERA

920 GeV

27.5 GeV

Asymmetric beams → unbalanced event, mostly in the p direction
→ asymmetric detector

H1 Experiment
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SF
Structure function

Electron-Proton Scattering @ HERA

Electron (e±)
Electron (e±)

Proton

Quark

Quark

Proton
Remnant

4πα2/q4 x⋅∑eq q(x)2

dσ ~ dσeq × F2

Cross Section:

describes proton structure
probability to find quark with mom. fraction x 

SF g

x

Q2 = -q2

= -(k-k')2

k
k'

eq quark charge
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Structure Function F2

p = |uud〉
x = 1/3

QPM: Structure Functions F2 independent of Q2
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Proton

Proton

Proton

1

1

1

1/3

F2(x)

x

x

x

1/3

1/3

Three
valence quarks

Three bound
valence quarks

Bound valence 
quarks + gluon radiation

small x
[see e.g. Halzen/Martin]

sea

valence
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Invariant Quantities in DIS
E

E’
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Kinematics of DIS - 1

Particle Data Group 
– PDG CERN
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Kinematics of DIS - 2
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Kinematics of DIS - 3
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Kinematics of DIS - 4
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Kinematics of DIS - 5
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F1 and F2
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Hera

Reduced uncertainty
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Proton Parton Densities

H1 and ZEUS HERA I+II Combined PDF Fit H1 and ZEUS Combined PDF Fit
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Q2 = 10 GeV2 Q2 = 10 GeV2

Linear scale

Downscaled by 20
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H1 and ZEUS HERA I+II Combined PDF Fit H1 and ZEUS Combined PDF Fit
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Proton Parton Densities

Linear scale
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Parton Distributions @ Q2 = 10 TeV GeV

Gluons
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Scaling violations in DIS
Increasing Q2 probes inner structure of proton
High x: quarksl Low x: gluons

Pivot point at x~ 0.14

Sea

Quarks

At low x we have gluon
at high x we have

quarks
Quarks: when Q2

increases F2(x) 
goes down

Gluons: when Q2

increases F2(x)
Goes up
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Scaling Violations [SLAC 1972]



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1

Which region x-Q2 is seen by different experiments?

mass of the recoiling quark 
against the lepton
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x

DGLAP

100 GeV Higgs

Particle Production @ LHC
Q

2
[G

eV
2 ]

M2 = x1x2⋅s
i.e. to produce a particle with mass M    

at LHC energies (√s = 14 TeV)

〈x〉=  √x1x2 = M/√s

p

XM: particle with mass M
e.g. Higgs

[x1 = x2: mid-rapidity]

LHC needs:
Knowledge of parton densities
Extrapolation over orders of magnitudes

x1

x2

M2

pp ➛ XM + remnants

p
LHC parton kinematics
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• x and Q2 domains probed by 
fixed-target and collider 
experiments. 

• Some of the final states
accessible at the LHC are 
indicated

• Q2 = M2 is the mass of some 
states accessible to LHC.

• For example, exclusive J/ψ
and upsilon production at
high |y| at the LHC may
probe/imply the gluon PDF 
down to x ∼ 10−5.

Kinematic domains in DIS

y 
is

th
e 

ra
pi

di
ty

→ need PDFs in unmeasured 
regions

→ extrapolation
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DGLAP Equations: extrapolating F2

PDFs

[DGLAP: Dokshitzer, Gribov, Lipatov, Altarelli, Parisi][z: momentum fraction of radiated parton]
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Measurement of parton functions: which data?

Fixed – target experiments

HERA & Tevatron

LHC
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Higgs Cross Section
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10 – 20 % PDF 
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The left column 
shows absolute 
results, the central 
column results 
normalized to the 
MSTW08 result, and 
the right column 
results normalized to 
each group's central 
result.
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DIS cross-section for Charged and Neutral Currents
ds2/dxdy

x = fraction of momentum
carried by struck quark
y =  fraction of lepton energy
lost
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@ HERA

electron


