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7. How to compute 
cross-sections at LHC
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Outline

• Hard processes and the factorisation theorem

• Parton Distribution Functions (PDFs)
• Kinematic variables

• Cross-section uncertainties

• pp → Z, W
• pp → Z´, W´

• pp → single t , double t

• pp → single T, double T



Soft and hard processes in hadron collisions

Reconstructed tracks 
with pt > 25 GeV



The Factorisation Theorem

• The collision of two hadrons, A and B, yield a                   
large number of particles in the final state ( ~1000   
particles for √s=14 TeV)
• Most of these particles originate in soft parton
processes
• We are interested only in particles originating in a    
hard parton process ( a+b → c+d)  where a,b are initial 
partons (q or g) and c,d any final particles
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Calculation of cross-sections

abσ̂ = hard scattering cross-section

Sum over initial partonic states  a,b
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Lab is the luminosity function
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The Parton Distribution Functions (PDFs) (1)

u- and d-quarks dominate
at large x-values

Gluons dominate at small x 

There are uncertainties in the
PDFs, in particular on the 
gluon distribution at small x

PDFs depend also on Q2

F(x)=xf(x) → F(x,Q2)

There are many sets of PDFs
(CTEQ, MRST, ZEUS, …)



The Parton Distribution Functions (PDFs) (2)



The Parton Distribution Functions (PDFs) (3)

Many sets of PDFs:

CTEQ, MRST, GRV, ZEUS, CMS, …
also LO, NLO, …(CTEQL, CTEQN,…)
and improved sets (CTEQ2, CTEQ4, CTEQ6,…)

Example of parametrization (ZEUS) at a given Q2:

F(x) = x f(x) = a1 (1-x)a2 (1+a3√x+a4x) xa5

Parameters a1, …,a5 fitted to data (HERA and fixed target expts)

Evolution of PDFs:

F(x,Q1
2) → F(x,Q2

2)  using DGLAP equations (perturbative QCD)
F(x1,Q2) → F(x2,Q2)  not predicted by perturbative QCD
Lowest measured x values are ~ 10-5



The Parton Distribution Functions (PDFs) (4)

F(x,Q1
2) → F(x,Q2

2)  
using DGLAP equations 
(perturbative QCD)

F(x1,Q2) → F(x2,Q2)  
not predicted by 
perturbative QCD

Evolution of PDFs:



The Parton Distribution Functions (PDFs) (5)

Uncertainties
-From fitting experimental data
-From comparing different sets of pdfs



Kinematic variables used in hadron collisions
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Kinematic variables for massless particles

p

θ pT

Pseudo-rapidity versus polar angle

θ = 90o → η = 0

θ = 10o → η ≅ 2.4
θ = 170o → η ≅ -2.4

θ = 1o → η ≅ 5.0

Transverse mass

mT = pT = p sinθ
Rapidity = pseudo-rapidity

η = - Log [tg(θ/2)]



Jacobean peak in resonance production

We consider the process ab → R →cd
where R is a Resonance with mass M
in c.m. frame of partonic process. 

( )
22

TTT

22
T

2
T

/M4p1

cosθf

dp

dcosθ

dcosθ

dσ

dp

dσ

/M4p1cosθ

θcos1
2

M
sinθ pp

−
==→

−=→

−==

The R transverse mass is in the W case
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Cross Sections at the LHC

• Inelastic pp 
reactions:                               70 mb

• bb pairs                                100 µb
• tt   pairs                                600 pb

• W  → e ν                                   10  nb
• Z   → e e                                 1  nb

• Higgs (500 GeV)                     1  pb
• Gluino, Squarks (1 TeV)        1  pb



Cross-Sections for pp →W and Z  (1)

Partonic process ab→R→cd Hadronic process pp→R→cd 
In the narrow width approximation
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Cross-Sections for pp →W and Z  (2)
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Cross-Sections for pp →W and Z  (3)

SppS Tevatron LHC

pp

pp
−

LO calculation
PDF=CTEQ5L
Q2=M2

Remarks

1) σ(W) = σ(W+)+σ(W¯)
σ(W+) = σ(W¯)  for  ¯
σ(W+) > σ(W¯)  for pp

2)    σ(   ¯ ) > σ(pp)  but
σ(   ¯ ) ≈ σ(pp)  at large s

3) σ increases at large s
σ ~ sdLog(s) with d ~1

4)    R = σ(W) / σ(Z) ~ 10

Uncertainties

1) QCD corrections
2) PDFs
3) Scale Q2

pp
pp

pp



Cross-Sections for pp →W and Z  (4)

Remarks

1) σ(W+) > σ(W¯)  for pp

2)    σ(   ¯ ) > σ(pp)  but
σ(   ¯ ) ≈ σ(pp)  at large s

3) σ increases at large s
σ ~ sdLog(s) with d ~1    

4)    R = σ(W) / σ(Z) ~ 10
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Cross-Sections for pp →W and Z  (5)

Uncertainties

1)    QCD corrections → LO, NLO, NNLO, …

2)    PDFs → CTEQ, MRST, …..

3)    Scale Q2                           → F(x,Q2)  with Q2~M2

Example:     ¯ collisions  at  √s = 2 TeV

Calculation at LO, using CTEQ5L and Q2~M2

σW = 2020 pb σZ= 189 pb R=10.7

Calculation at NNLO

σW = 2690 pb σZ= 252 pb R=10.7

K factors are large (+33%) but R is very stable

pp



Cross-Sections for pp →W and Z  (6)

More on uncertainties:

LO, NLO, NNLO, and ….

…. smaller Q2 dependence 
at larger orders



Cross-Sections for pp →W´ and Z´ (1)

The same formalism is valid for any heavy exotic resonance W´ or Z´
We select as an example the Little Higgs model (W´=WH, Z´=ZH)
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Therefore the result is

And the same for R=ZH replacing |Vab|2 by 1/2 



Cross-Sections for pp →W´ and Z´ (2)

√s = 14 TeV
pp collisions

LO calculation
PDF=CTEQ5L
Q2=M2

Branching ratios
BR (WH→lν) = 8.3 %
BR (ZH→l+l-) = 4.2 %

Ratio of cross-ssections

Mass dependence
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Cross-Section for double-top production (1)

Partonic processes Partonic cross-sections
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Cross-Section for double-top production (2)

Hadronic cross-sections

SppS Tevatron LHC
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Cross-Section for single-top production (1)

Partonic processes Partonic cross-sections
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Cross-Section for single-top production (2)
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Hadronic cross-sections

( ) ( ) ( )

( ) ( )τL  ττsσ̂ dz       

τL τsσ̂ dτs σ

abab
ba,

z

0

abab
ba,

1

τ

max

min

∑∫

∑∫

=

=

Thresholds

m0≈ mt for  s and t channels
m0≈ mt + mW for  gb fusion

Asymptotic limits

( ) fusion  gbfor      ŝ/ŝLogσ̂
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→ t-channel dominant
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Single-top vs. double-top production

Hadronic cross-sections

27558014 (pp)

2.86.02.0 (pp)

σ(pb)

(1 t)

σ (pb) 

(2 t)

√s (TeV)

¯

SppS Tevatron LHC

pp−

LO calculation
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2

Single top cross-section is
very large but top is produced
with low pT



Cross-Sections for pp →T and TT

Assume T=heavy top quark
(i.e. top quark with mass M > mt) 

Then single T production is in
general the dominant process

We consider 2 models:

1) T has the same couplings as t
(SM model)

2)    The WTb vertex is suppressed
by a factor (mt/M)2 

(Little Higgs model)

√s = 14 TeV
pp collisions

LO calculation
PDF=CTEQ5L
Q2=M2

_

_
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(SM)



Summary of the Lecture

Hadronic pp collisions involve soft and hard processes

The hard process can be easily calculated at LO using
the factorisation theorem and proton PDFs

The uncertainties are however large. They include:
- NLO QCD corrections
- PDF uncertainties
- Scale depedence

Examples of calculations: 
pp → Z, W, Z´, W´, t,  tt, T, TT
Also interesting but not discussed here
pp → hard photons, jets, H, SUSY particles, …


