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Quantum fields

...not directly observable



1 of 19What’s in a proton?

Acts like a collection of particles, or partons

quarks
gluons
photons
electrons
W bosons
Z bosons
Higgs bosons
etc.
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Information about proton’s structure comes from collisions

probe

target

Particles come out and hit the detector
Q ∼ transverse (sideways) momentum transfer between partons
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Information about proton’s structure comes from collisions

probe

target

Behavior of target classified by

xt : forward momentum fraction

Q: transverse momentum transfer

which are calculated from measurements of outgoing particles
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3 of 19Classifying collisions

Each collision contributes to
a “snapshot” of the proton

at the corresponding (x ,Q2) point
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Low energy collision:

Target momentum fraction x : large
Transverse momentum transfer Q: small
Proton acts like few large partons
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High energy collision:

Target momentum fraction x : large
Transverse momentum transfer Q: large
Proton acts like few small partons
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3 of 19Classifying collisions

High energy collision:

Target momentum fraction x : small
Transverse momentum transfer Q: small
Proton acts like many large partons
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5 of 19Parton distributions
Parton distribution function
(PDF) xfi(x ,Q

2) roughly
represents number (or density)
of partons of type i

x = 1

ln1 x

small x

small Q ln Q 2
Q 20

large Q

high energy collisions

highmomentumtransfer
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Shown for some types of partons:

gluon up down antiup antidown

This effective description is the parton model
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Quantum chromodynamics (QCD):
theory of strong interactions

Can we derive parton distributions from QCD?
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Quantum chromodynamics (QCD):
theory of strong interactions

Can we derive parton distributions from QCD?
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Translation into math: BFKL equation
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Problem:

As xg(x ,Q2) increases, so
does gluon interaction
probability

At very small x , trend breaks
probability conservation!
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10 of 19Multiple scattering

Multiple interactions occur with lots of partons in the target

probe

target



11 of 19BK equation

Translation into math: BK equation

∂S(x , r 201)

∂ ln 1
x

= −αsNc

2π2

∫
d2r2

r 201
r 202r

2
12

[
S(x , r 201)−S(x , r 202)S(x , r 212)

]

r02

r12
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Translation into math: BK equation

∂S(x , r 201)

∂ ln 1
x

= −αsNc

2π2

∫
d2r2

r 201
r 202r

2
12

[
S(x , r 201)−S(x , r 202)S(x , r 212)

]

r01
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BK predicts slower growth
This is called saturation
Details depend on parameters in
the equation
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To connect gluon distribution to measurable cross section:
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d3σ
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14 of 19Perturbation series

d3σ

dYd2p⊥
=
∑
i,j,k

∫
dxgdxp

Cxg

x2p
xp fi (xp ,Q

2)Dh/j

(
z(xg ),Q

2) ∫ d
2r⊥ H(k)

ij (xp , xg r⊥)S(xg , r
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Leading order:

H(0)
qq ↔

H(0)
gg ↔

Next to leading order:

H(1)
qq ↔ +

H(1)
gg ↔ + +

H(1)
qg ↔ only in our

calculation

H(1)
gq ↔

But are these contributions enough?
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15 of 19Determining the gluon distribution

1 Postulate a form for gluon distribution S(x , r 2)
using e.g. BK equation (section 2)

2 Plug in to cross section formula
(section 3)

3 Compare results to data

Two reasons it might not match:

Proposed model of gluon distribution is not accurate; or

Cross section formula is not precise enough



16 of 19Comparison with data

Best available: from BRAHMS @ RHIC (Brookhaven)
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17 of 19What next?

If the leading order

and next to leading order terms

don’t work, look for largest terms at higher orders.

Like but with more loops.
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Simplest resummation scheme:
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Three possible conclusions:

Cross section formula is not precise enough

Model of gluon distribution is not accurate, or

Model of gluon distribution is accurate
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