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Short Recap 
Hadron collider kinematics

Cylindrical coordinate system, η = -ln tan(θ/2)
Transverse quantities: pT, MET

Onion shell: tracking, calorimetry, muon detector

ATLAS: 
Large muon spectrometer with independent magnets

Silicon + transition radiation tracker, LAr EM calorimeter

CMS:
Solenoid magnet outside calorimeters, muons: flux return

All-silicon tracker, PbWO4 crystal calorimeter
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Mandelstam Variables
Definitions:

Example: Compton Scattering

Center of mass energy of a collision: 
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Invariant Mass
Consider production of an s-channel resonance 
(example: Z!boson production at LEP):

Reconstruct mass of the Z!boson from measured four-
momenta of fermion pair:

Related: “transverse mass” (one possible definition)
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QCD Literature
Today’s main topic: basics of QCD at hadron colliders 
→ additional literature

Textbooks on particle physics and field theory, e.g.
Ellis, Stirling, Webber: QCD and Collider Physics

A lot of theory reviews and lectures, e.g.

Reya: Perturbative QCD, Phys. Rept. 69 (1981) 195
Nason: Introduction to QCD, CERN-98-03 (1998) 94

Campbell, Huston, Stirling, Rep. Prog. Phys. 70 (2007) 89
Plehn: An LHC Lecture, arXiv:0910.4182![hep-ph]
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The Standard Model

Very economic model of nature 
at the fundamental level

12 matter particles (fermions)
3 forces (carriers: bosons)

Experiments have confirmed this 
model to incredible precision in 
the last 30+ years, but…
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[CERN]

The Standard Model fits on a t-shirt!

[Fermilab Media Service]
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…what about the Higgs?
Cornerstone of the SM: the Higgs boson

Responsible for electroweak symmetry breaking 
→ masses for gauge bosons and fermions

Despite many efforts: not yet discovered…
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Open Questions 2009
But even with the Higgs: 
many open questions, e.g.

Unification of forces: why is 
gravity so much weaker than 
the other forces?

Energy density of the 
universe: only 4% baryonic 
matter

Matter/antimatter 
asymmetry: why is there 
almost no antimatter in the 
universe?
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Measuring a Cross Section
Characteristic quantity for any process/particle (SM and 
beyond): production cross section 

Master formula (simplest approach: “counting experiment”)
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Number of 
observed events

just count…

Background
measured from data/

calculated from theory

Luminosity
determined by 
accelerator, 
triggers, …

Efficiency
many factors, 
optimized by 

experimentalist

σ =
Nobs − Nbkg

�
Ldt · ε
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Luminosity
Accelerator “generates” luminosity (“lumi”) via collisions

Principle: measure (absolute or relative) rate of well-
known process

Cross section calculable with high precision, e.g. QED process

Precision cross section measurement possible (large statistics, 
low background)

Relative luminosity at hadron colliders (e.g. ATLAS, CDF)
Cherenkov counters measure rate of inelastic pp scattering 

Example: ATLAS LUCID detectors at |η| " 5.8
→ expected accuracy of luminosity measurement: approx. 5%
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Luminosity

Absolute luminosity: ALFA (Absolute Luminosity for ATLAS): 
Small-angle (3 μrad) pp scattering in “Coulomb-nuclear” 
interference region → high-resolution fiber tracker at ±240 m

Absolute calibration of LUCID luminosity monitors (<5%)
12
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Efficiency
Efficiency from Monte Carlo (MC) 
simulations or control samples:

Composed of many factors:
Cut efficiency (data/MC)

Geometric acceptance (MC)

Trigger efficiency (from data)

Particle ID efficiency (data)

Each factor could depend on event 
properties (η, ϕ, pT, …)
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Calculating a Cross Section
Hadron collider = QCD machine

Collisions of partons inside hadrons (i.e. quarks, gluons) 
→ (anti-)proton = “broadband beam” of partons

Partons carry color charge → subject to QCD interactions: 
any high-energy collision contains QCD sub-processes

QCD interactions are difficult to handle
Quantum field theory: rely on approximate solutions via 
perturbation theory (e.g. expansion in small coupling constant)

Confinement: colored partons bound in color-neutral hadrons

Asymptotic freedom: at high energies partons are quasi-free

How can theorists calculate cross sections for hadron-
collider processes at all?
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QCD: SU(3)
QCD = gauge theory based on group: Color SU(3) 
→ 8 SU(3) generators: Gell-Mann matrices ta = 1/2 λa 

with commutation relation

Structure constants of SU(3): all fabc = 0, except
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[λa, λb] = if abcλc
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1
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Gauge Principle
Lagrangian for free quarks (cf. Dirac equation):

Gauge principle: require that Lagrangian is invariant 
under local SU(3) transformation → QCD interactions

Covariant derivative → new gauge field: 

Transformation of gauge field:

Field strength tensor:

Comparison QCD vs. QED:
QED: abelian U(1) → gauge field (photon) uncharged

QCD: non-abelian → self-interactions of gauge fields (gluons)
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L = q̄(i∂µγµ −m)q

∂µ → Dµ = ∂µ + ig taAa
µ

Aa
µ → Aa

µ −
1
g

∂µαa(x)− f abcαb(x)Ac
µ

F a
µν = ∂µAa

ν − ∂νAa
µ − g f abcAb

µAc
ν
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QCD Lagrangian
Full QCD Lagrangian:

with

Interactions at tree level: quark-gluon vertex & 
self interactions of colored gluons (absent in QED)
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LQCD = q̄(i∂µγµ −m)q − g(q̄γµtaq)Aa
µ −

1
4

F a
µνF a,µν

∼ ψ̄γµT aψAa
µ ∼ A3 ∼ A4

F a
µν = ∂µAa

ν − ∂νAa
µ − g f abcAb

µAc
ν
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Feynman Rules: Propagators
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Covariant gauge:
λ = 1: Feynman
λ = 0: Landau
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a, µ b, !

a b
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δijδab
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p/−m + i�

δab i
�
−gµν
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Gluon
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δab
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indices: flavor, color

indices: color, Lorentz

index: color
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Feynman Rules: Vertices
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−ig (ta)ji γ
µ
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c, µ

a, µ b, !
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p q

r

q
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Probing the High Energy Frontier at the LHC, U Heidelberg, Winter Semester 09/10, Lecture 3

Radiative Corrections
Lagrangian only reflects leading order (LO) in 
perturbation theory (“tree level”, “Born level”)

Higher order QCD calculations:
At least next-to-leading order (NLO) required to compare to 
precision measurements, first NNLO calculations becoming 
available

Various divergences: artifacts of perturbation theory, full 
theory gives finite results (but we don’t know how to solve it) 

Ultraviolet (UV) divergences: very large momenta 
→ solution: renormalization program (“status of peaceful 
coexistence with divergences”, S.D. Drell)

Infrared (IR) divergences: very small momenta 
→ solution: cancellations, factorization, IR-safe observables

20
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Regularization
Typical higher-order processes contain “loop” diagrams, e.g. 

Typical integrals UV divergent (let’s cut off IR divergences for 
now by introducing a finite mass for the particle in the loop) → 
dimensional regularization: integral in 4-ε dimensions

All terms with 1/ε can be subtracted & absorbed in re-
definitions of “bare” masses & couplings from Lagrangian

Subtraction scheme not unique, most commonly used:
MS (“modified minimal subtraction”) 
→ subtraction: 1/ε + ln μ/m + universal constant
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QCD Running Coupling
Renormalization example: 
redefinition of strong coupling

Strength of renormalized strong 
coupling changes with energy
→ “running coupling”

Energy variable: four-momentum 
transfer Q2 = -q2 = -(p2-p2)2 

QED analog: charge screening

QCD more complicated: gluon 
loops change color charge 
→ also anti-screening
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RGE
Renormalization group equation (RGE) for αS:

QCD predicts Q2 dependence of αS (but not the value itself)

Callan-Symanzik β function: Calculable from QCD vacuum 
polarization diagrams (state of the art: 4 loops)

Physical picture: “resummation” of infinite series of vacuum 
polarization diagrams ∼ln Q2 → absorbed in αS

RGE: important concept in physics → scale invariance, …
23

dαS(Q2)
d ln(Q2)

= Q2 dαS(Q2)
dQ2 = β(αS(Q2))

= + + + + . . .
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Asymptotic Freedom
Running of αS to 1 loop:

ΛQCD: scale at which QCD gets non-perturbative

Nf: number of quark flavors with mass2 < Q2 (#6)

Important result (Gross, Wilczek, Politzer, 1974):
Anti-screening (gluon) dominates screening (quarks) for Nf # 16
Consequence: β function negative (i.e. β0 positive) in QCD 
→ asymptotic freedom  

New scale introduced in perturbative QCD calculations: 
renormalization scale μR → evaluate αS at Q2 = μR2

24

Quarks

Gluons

αS(Q2) =
1

β0 ln(Q2/Λ2
QCD)

β0 =
1

12π
(−2Nf + 33)with
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Measurements of αS
Running of strong coupling 
constant can be tested 
experimentally, e.g.

Scaling violations in deep 
inelastic scattering 
(Q " 10–300 GeV)

Jets in e+e– collisions:

Tau lepton decays (Q = mτ):

Heavy quarkonia (Q! bound 
states), e.g. ϒ decays (Q"10 GeV) 
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12 Siegfried Bethke: The 2009 World Average of !s

of the measurements with the others, exclusive averages,
leaving out one of the 8 measurements at a time, are cal-
culated. These are presented in the 5th column of table 1,
together with the corresponding number of standard de-
viations 5 between the exclusive mean and the respective
single measurement.

As can be seen, the values of exclusive means vary only
between a minimum of 0.11818 and a maximum 0.11876.
Note that in the case of these exclusive means and ac-
cording to the ”rules” of calculating their overall errors,
in four out of the eight cases small error scaling factors
of g = 1.06...1.08 had to be applied, while in the other
cases, overall correlation factors of about 0.1, and in one
case of 0.7, had to be applied to assure !2/ndf = 1. Most
notably, the average value "s(MZ0) changes to "s(MZ0) =
0.1186±0.0011when omitting the result from lattice QCD.

5 Summary and Discussion

In this review, new results and measurements of "s are
summarised, and the world average value of "s(MZ0), as
previously given in [7,28,6], is updated. Based on eight
recent measurements, which partly use new and improved
N3LO, NNLO and lattice QCD predictions, the new av-
erage value is

"s(MZ0) = 0.1184± 0.0007 ,

which corresponds to

#(5)

MS
= (213 ± 9 )MeV .

This result is consistent with the one obtained in the pre-
viuos review three years ago [28], which was "s(MZ0) =
0.1189±0.0010. The previous and the actual world average
have been obtained from a non-overlapping set of single
results; their agreement therefore demonstrates a large de-
gree of compatibility between the old and the new, largely
improved set of measurements.

The individual mesurements, as listed in table 1 and
displayed in figure 5, show a very satisfactory agreement
with each other and with the overall average: only one
out of eight measurements exceeds a deviation from the
average by more than one standard deviation, and the
largest deviation between any two out of the eight results,
namely the ones from $ decays and from structure func-
tions, amounts to 2 standard deviations 6.

There remains, however, an apparent and long-standing
systematic di!erence: results from structure functions pre-
fer smaller values of "s(MZ0) than most of the others, i.e.
those from e+e! annihilations, from $ decays, but also
those from jet production in deep inelastic scattering. This
issue apparently remains to be true, although almost all of
the new results are based on significantly improved QCD

5 The number of standard deviations is defined as the
square-root of the value of "2.

6 assuming their assigned total errors to be fully uncorre-
lated.

predictions, up to N3LO for structure functions, $ and Z0

hadronic widths, and NNLO for e+e! event shapes.
The reliability of “measurements” of "s based on “ex-

periments” on the lattice have gradually improved over
the years, too. Including vaccum polarisation of three light
quark flavours and extended means to understand and cor-
rect for finite lattice spacing and volume e!ects, the overall
error of these results significally decreased over time, while
the value of "s(MZ0) gradually approached the world aver-
age. Lattice results today quote the smallest overall error
on "s(MZ0); it is, however, ensuring to see and note that
the world average without lattice results is only marginally
di!erent, while the small size of the total uncertainty on
the world average is, naturally, largely influenced by the
lattice result.

QCD !  ("  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

!!s (Q)

1 10 100Q [GeV]

Heavy Quarkonia
e+e–  Annihilation
Deep Inelastic Scattering

July 2009

Fig. 6. Summary of measurements of !s as a function of the
respective energy scale Q. The curves are QCD predictions for
the combined world average value of !s(MZ0), in 4-loop ap-
proximation and using 3-loop threshold matching at the heavy
quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Full sym-
bols are results based on N3LO QCD, open circles are based on
NNLO, open triangles and squares on NLO QCD. The cross-
filled square is based on lattice QCD. The filled triangle at
Q = 20 GeV (from DIS structure functions) is calculated from
the original result which includes data in the energy range from
Q =2 to 170 GeV.

In order to demonstrate the agreement of measure-
ments with the specific energy dependence of "s predicted
by QCD, in figure 6 the recent measurements of "s are
shown as a function of the energy scale Q. For those results
which are based on several "s determinations at di!erent
values of energy scales Q, the individual values of "s(Q)

Latest Compilation of αS Measurements
(S. Bethke, arXiv:0908.1135![hep-ph])

R3 ≡
σ(e+e− → 3 jets)

σ(e+e− → hadrons)
∼ αS

Rτ ≡
Γ(τ → hadrons)

Γ(τ → eνν̄)
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Infrared Divergences
Consider splitting of outgoing gluon:

Energy fractions of outgoing particles:

Propagator of initial gluon ∼1/pa2 with

→ divergent for z → 0,1 (“soft”) and θ → 0 (“collinear”)

Physical reason for divergences: soft/collinear partons 
probe “long” distances (>1 fm), where perturbative QCD 
cannot be applied
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z =
Eb

Ea
= 1− Ec

Ea

Ea

Eb

Ec

!

p2
a = (pb + pc)2 = m2

b + m2
c + 2(EbEc − �pb · �pc)

≈ 2EbEc(1− cos θ) = 2E2
a z(1− z)(1− cos θ)
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Infrared Divergences
Useful predictions of perturbative QCD need careful 
treatment of IR divergences

General property of quantum field theory: soft divergences 
cancel with similar divergences in loop corrections, e.g.

Factorization: absorb IR behavior into non-perturbative 
factor (to be determined experimentally)

IR safe observables: only calculate observables that are 
insensitive to soft/collinear effects → examples later

Technically: dimensional regularization (as in UV case)

27
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The Drell-Yan Process
Drell-Yan process: 

Production of lepton pairs at 
large CMS energy $s and 
large invariant mass M

Prototype for calculable 
process in hadron-hadron 
collisions

Inspired by success of parton 
model in deep inelastic 
scattering (DIS): quasi-free 
partons for large Q2 
→ factorization of long-
distance and short-distance 
physics
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pp̄ → �+�−(e+e−/µ+µ−) + X
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Drell-Yan Cross Section
Postulate: calculation of Drell-Yan (DY) cross section

Calculate cross section for “hard” partonic subprocess, in 
perturbative QCD, e.g. 

Weight subprocess cross sections with probability to find 
partons in colliding hadrons (parton distribution functions, PDF)

PDFs universal, can be determined e.g. in DIS (more later)
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qq̄ → µ+µ−

Sum over 
partons j, k

parton j (k) 
carries fraction 

xj (xk) of proton 1 (2) 
partonic

subprocess

xjp1

xkp2

p1

p2

!̂
fj(xj)

fk(xk)

σDY =
�

jk

�
dxj dxk fj (xj ) fk (xk ) · σ̂(qjqk → �+�−)
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Drell-Yan & IR Divergences
Problem with naïve approach: 
collinear divergences from gluon 
emission off initial state partons

Solution: 
PDFs are non-perturbative objects that parameterize the 
parton content of the proton (to be determined from data)

Factor all collinear divergences into redefinitions of PDFs

→ PDFs get scale dependent, in DY typically μF2 = M2

Bottom line: introduction of new “factorization scale” μF 
→ separation: short distance vs. long distance physics

30

σDY =
�

jk

�
dxj dxk fj (xj , µ2

F ) fk (xk , µ2
F ) · σ̂(qjqk → �+�−)

p1

p2

!̂
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Parton Model & PDFs
Naive parton model: structure function
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F
2
(x
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2
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)
F

2
(x

)

three valence quarks

three valence quarks
plus gluon exchange

three valence quarks,
gluon exchange, gluon 
radiation

F2(x) =
�

i

q 2
i x fi (x)
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RGE for PDFs
Similar to RGE for running coupling: RGE for PDFs

Resummation of all possible collinear emissions

Cross section depends logarithmically on energy scale, ∼ln Q2

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi 
(DGLAP) evolution equations

Quarks: 

Gluons:

32

p

zp

(1 ! z)p

p

zp

(1 ! z)p

p

zp

(1 ! z)p

p

zp

(1 ! z)p
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splitting 
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dq(x , Q2)
d ln Q2 =

αS(Q2)
2π

�
q ⊗ Pqq + g ⊗ Pqg

�

Pqq Pqg

Pgq

dg(x , Q2)
d ln Q2 =

αS(Q2)
2π

�
q ⊗ Pgq + g ⊗ Pgg

�

Pgg
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DGLAP Equations
Quarks:

Gluons:

Interpretation (e.g. for quarks): 
Get additional quarks with momentum fraction x at scale 
Q2 via parton splitting q→qq or g→gq at larger x 
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dq(x , Q2)
d ln Q2 =

αS(Q2)
2π

1�

x

dx �

x �
�

q(x �, Q2)Pqq(x/x �) + g(x �, Q2)Pqg(x/x �)
�

dg(x , Q2)
d ln Q2 =

αS(Q2)
2π

1�

x

dx �

x �

�
�

q

�
q(x �, Q2) + q̄(x �, Q2)

�
Pgq(x/x �)

+g(x �, Q2)Pgg(x/x �)
�
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PDF Sets
PDF determination:

x dependence: fits to data (HERA, 
Tevatron, fixed target, …)

Q2 dependence: fits & DGLAP 
evolution

Several (competing) PDF sets 
available, most widely used

CTEQ (latest: CTEQ6.6)

MSTW (latest: MSTW2008)

Common interface & comprehensive 
library: Les Houches Accord PDF 
Interface (LHAPDF)
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Summary: Factorization
Recipe to calculate QCD production of final state X
(generalized from DY)

Identify & calculate partonic subprocess(es) to produce X

Combine with appropriate PDFs for incoming partons 
(e.g. NLO PDFs if partonic process is known to NLO)

Choose (sensible) renormalization & factorization scales 

Perform numerical integration over momentum fractions x

Additional complication: “hadronization”
Confinement: no colored particles observed in nature 
→ all final state partons hadronize to color-neutral hadrons

Hadronization = non-perturbative process: no ab-initio 
calculations, only phenomenological models
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Summary: Factorization
The full picture:
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Summary: Scales
Two new energy scales introduced as “artifacts” of QCD 
renormalization & factorization procedures

Numerical result of perturbative calculation changes as 
function μR und μF , but physics is scale independent 
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Renormalization Scale μR Factorization Scale μF

Source: UV divergence Source: collinear IR divergence

Reference scale for running 
coupling αS(μR2)

Separation of long-distance 
physics into PDFs fi(xi, μF2)

Resummation of QCD vacuum 
polarization loops 
→ RGE for αS 

Resummation of parton splitting 
→ DGLAP equations

after T. Plehn, arXiv:0910.4182![hep-ph]
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Scale Choice
Sensible scale choice: 
μR = μF = “typical” 
momentum scale, e.g.

Drell-Yan: μR = μF = M

Top production: μR = μF = mt

Theory uncertainty:
Scale dependence: measure 
of stability of perturbative 
result

Recipe: vary μR and μF 
(independently) between 
0.5μ and 2.0μ
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energies
!!!
ŝ

p
! 2mt & O"50# GeV. Beyond that value the

soft logarithms (being proportional to the Born cross sec-
tion) smoothly vanish.

In addition we show in Fig. 6 also previous approxima-
tions to the NNLO correction from Ref. [9] (dashed lines)
employing two distinct differential kinematics to define the
partonic threshold. They agree with our NNLO (approxi-
mate) corrections for

!!!
ŝ

p
! 2mt & 30 GeV if Eqs. (19) and

(21) are truncated to the first three powers in ln!. However,
at higher partonic center-of-mass energies, the results of
Ref. [9] receive large numerical contributions from sub-
leading terms and become unreliable (see, in particular,
Fig. 6 on the right).

We would also like to point out that there is a discrep-
ancy between the NLL resummed cross section of Ref. [8]
and Eq. (11) and the fixed order NNLO approximation
discussed here. In particular, for the gluon fusion channel
in Fig. 3 (right) and Fig. 6 (right), the numerical differences
between "res and "NNLO"approx# are rather large. The all-
order NLL resummed cross section "res is significantly
smaller than its expansion to second-order Eq. (21) or the
corresponding result of Ref. [9], the latter two both being
consistent with each other. We can attribute this difference
to the following fact: For t!t-hadroproduction the Born
cross section exhibits simple (although nontrivial) N de-
pendence and the resummed cross section "res in Mellin
space [as implemented in Ref. [8] and Eq. (11)] contains
products of N-dependent functions. This is unlike other
cases considered in the literature, where the Born terms
have always been proportional to a delta function, i.e.
#"1! x# for DIS, Drell-Yan, or Higgs production. In mo-
mentum space products of N-dependent functions corre-
spond to convolutions, which induce formally subleading
but numerically large corrections in the resummed result.
Eventually, this leads to the observed suppression in Fig. 3.
Most likely this large discrepancy will also persist when
comparing "res to a full NNLO QCD calculation, or upon
matching the latter to a resummed cross section at NNLL
accuracy along the lines of Eq. (11). This fact has to be
kept in mind when using "res for predictions at LHC,
where the gg channel dominates. As mentioned above,
for any finite-order expansion in $s, there is no ambiguity

in performing the inverse Mellin transformation analyti-
cally up to power suppressed terms in N or, equivalently in
(1! %).
We are now in a position to present the new results for

the top-quark cross section "pp!t!tX at NNLO (approxi-

mate) as defined below Eq. (21) including the exact scale
dependence. We also quote the corresponding uncertainty
according to Eq. (4). In our study we use the same PDFs as
in Tables I, II, III, and IV above. In Fig. 7 the scale
dependence for "NLO and "NNLO"approx# is shown. For the
"NNLO"approx# we use the PDF set MRST-2006 NNLO while

for "NLO the PDF set CTEQ6.5 is used. To become less
sensitive to different normalizations, we normalize the
curves to the central value ""& $ mt#. In addition we
show also the results obtained by using the Alekhin PDF
set [40] available in NLO and NNLO accuracy. After
normalization one can see that the two curves for the
NLO predictions agree rather well as one might expect.
For the two NNLO curves the agreement is less good, in
particular, for extreme values of the scale. The origin of the

TABLE V. Numerical values of the individual powers of ln! and ! for various distances from threshold
!!!
ŝ

p
! 2mt for mt $

171 GeV as entering in Eqs. (18)–(21).
!!!
Ŝ

p
! 2mt [GeV] ln4! ln3! ln2! ln! !!2 !!1 !

0.1 191.9844 !51:5762 13.8558 !3:7223 1710.7500 41.3612 0.0242
0.5 72.5503 !24:8588 8.5176 !2:9185 342.7502 18.5135 0.0540
1.0 43.8302 !17:0345 6.6204 !2:5730 171.7504 13.1054 0.0763
5.0 9.9709 !5:6111 3.1577 !1:7770 34.9518 5.9120 0.1691
10.0 4.3130 !2:9928 2.0768 !1:4411 17.8536 4.2254 0.2367
50.0 0.2628 !0:3671 0.5127 !0:7160 4.1870 2.0462 0.4887
100.0 0.0434 !0:0951 0.2084 !0:4565 2.4919 1.5786 0.6335
500.0 0.0001 !0:0007 0.0081 !0:0901 1.1976 1.0943 0.9138

0

0.2

0.4

0.6

0.8

1

1.2

10
-1

1 10

µ/mt

!NNLO(approx) MRST2006 NNLO

!NNLO(approx) Alekhin A02m NNLO

!NLO CTEQ6.5

!NLO Alekhin A02m NLO

FIG. 7 (color online). Comparison of the scale dependence of
"NNLO"approx# with PDF set MRST-2006 NNLO [25] and "NLO

with PDF set CTEQ6.5 [24]. For comparison we show also the
corresponding results for the Alekhin set of PDFs [40]. The cross
sections are normalized to the value at & $ mt.

S. MOCH AND P. UWER PHYSICAL REVIEW D 78, 034003 (2008)

034003-10

[Moch, Uwer, PRD 78 (2008) 034003]

NNLO(approx) more stable than NLO

Scale dependence example: 
Top pair production
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Parton Luminosity
Rewrite factorization ansatz

Partonic cross section: strong 
dependence on available 
center of mass energy 
% = xjxks → decrease with 1/%
Product of PDFs: depends only 
on energy fractions, define 
scaling parameter

Introduce (dimensionless) 
“parton luminosity” Ljk via
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Example: gg Parton Luminosity
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