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The quest to understand the building blocks of
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λ
j (γ∂ +mλd )dλj + igswAµ[−(ēλγµeλ) +
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0
µ(∂µX̄+X+ − ∂µX̄−X−)

+ igswAµ(∂µX̄+X+ − ∂µX̄−X−)−
1
2
gM [X̄+X+H + X̄−X−H +

1
c2
w

X̄0X0H] +
1− 2c2

w

2cw
igM [X̄+X0φ+ − X̄−X0φ−]

+
1

2cw
igM [X̄0X−φ+ − X̄0X+φ−] + igMsw[X̄0X−φ+ − X̄0X+φ−] +

1
2
igM [X̄+X+φ0 − X̄−X−φ0]Theory of strong interactions



Key questions

5 / 32

How do the quarks and gluons
carry the spin of protons?

What is the detailed partonic
structure of the nucleons?

How does confinement work?



Key questions

5 / 32

How do the quarks and gluons
carry the spin of protons?

What is the detailed partonic
structure of the nucleons?

How does confinement work?



Key questions

5 / 32

How do the quarks and gluons
carry the spin of protons?

What is the detailed partonic
structure of the nucleons?

How does confinement work?



Key questions

5 / 32

How do the quarks and gluons
carry the spin of protons?

What is the detailed partonic
structure of the nucleons?

How does confinement work?

To answer these questions we need to look inside the hadrons
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Deep inelastic scattering (DIS) at HERA
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How small is 1 fm = 10−15 m?
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Candidate from NC sample

Q

2

= 25030 GeV

2

; y = 0:56; M = 211 GeV

e

+

jet

�

�

E

t

/GeV

Ldet ∼ 10 m

Lint ∼ 10−15 m

LX ∼ 1025 m

LEarth ∼ 107 m

LX = (Ldet/Lint)LEarth ∼ 109 ly
Diameter of Milky Way ∼ 105 ly
Distance to Andromeda ∼ 106 ly
High energy experiments allows one to resolve the inner
structure of protons from far away detectors
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How do we describe the
data?
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of events
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Q
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e

+

jet
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i.e. dΩ = dφdη Calculable
using QCD

The events can separated into subprocesses
dN

dΩ = dN (e+P→e+X)

dΩ + dN (e+P→νX)

dΩ + ... (2)

dσ

dΩ = dσ(e+P→e+X)

dΩ + dσ(e+P→νX)

dΩ + ... (3)

(4)
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dσ = 1
flux|Ψ|

2dΩ

Ψ Ψ†

The upper part of the diagram can be calculated using QED
The lower part is more complicated → Factorization
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It is possible to identify the most relevant contributions to the
blob classifying them into different regions (Libby-Sterman)
Using kinematic approximations one can disentangle the various
regions assuming Q2 = −q2 is large
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Additional information about the lower blob can be accessed by
measuring hadrons in the final state (i.e., flavor separation,
intrinsic transverse momentum)

The upper blob along with tagged hadrons characterizes
formation of hadrons from partons
Factorization of these regions assumes large Q2 = −q2
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Extensions to hadron-hadron
collisions
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Schematically

dσ ∼ |H|2︸ ︷︷ ︸
Hard

∫
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A , k
−, k⊥)︸ ︷︷ ︸

Parton densities

∫
dl−dl⊥U(xbP+

B , l
−, l⊥)︸ ︷︷ ︸

Parton densities
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The LHC and the Higgs P, P → h→ ZZ → νν̄, e+e−
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The parton densities and nucleon structure
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Factorization allows us to characterize nucleon structure

f(x) =
∫
dk−dk⊥L(xP+, k−, k⊥)

f(x) : Probability of finding a quark/gluon with
momentum fraction x = k+/P
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Helicity distributions

f(x) = f↑(x) + f↓(x)

∆f(x) = f↑(x)− f↓(x)

Spin of the proton

1
2 =

∫ 1

0
dx

(1
2∆Σ(x) + ∆g(x)

)
+L

From existing analysis

∆Σ(1) = 0.28± 0.04

∆g(1) = 1± 15
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Fragmentation functions
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Factorization allows us to characterize nucleon structure

D(z) =
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h dk
⊥
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D(z) : Probability of finding a hadron from quark with
momentum fraction z = P−h /k
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π analysis (χ2/Nnpts = 1.31)
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K analysis (χ2/Nnpts = 1.01)
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Extract reliable collinear polarized and unpolarized parton
distribution functions (PDFs) and fragmentation
functions (FFs)

Improvements in fitting methodology:
Iterative Monte Carlo

Reliable description of qT integrated SIDIS data.
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PDF/HT

DIS (q + q̄)

DY (q, q̄)

JETS (g)

WASY (u, d)

pp→ γX (g)

∆PDF/HT

∆DIS (q+ q̄)

∆SIDIS (q, q̄)

∆JETS (g)

~pp → πX

∆WASY (u, d)

FF

SIA (q + q̄)

SIDIS (q, q̄)

pp → πX

αS

∆DIS (q+ q̄) SIA (q + q̄)τ2,3,4 Dπ,K
q
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Summary and outlook
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Factorization is a powerful framework
to study nucleon structure

It allows to separate short distance
scales from the long distance scales so
that nonperturbative scales can be
studied.
Reliable extractions of nucleon
structures depend on how good is the
factorization framework and the fitting
methodology.
Parton distributions are universal and
they play an important role for LHC
physics

JLab 12 has just started and the new theoretical and
analysis innovations will allow the nucleon’s quark
structure to be reveled in unprecedented detail
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