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What are the aims 
of hadron physics?
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3Lecture plan

A. Hadron physics
– Aims
– Hard probes of hadron structure
– QCD tests in hard scattering
– Similarities between soft and hard processes

B. Dynamics of hard processes
– Resolution
– Rescattering
– Light-Front time ordering
– Fock states
– DIS as dipole scattering
– Shadowing
– Diffraction
– Coherence at large x
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C. Bound states in field theory
– General features of relativistic states
– Dyson-Schwinger and Bethe-Salpeter equations
– Wave functions at equal time vs. equal Light-Front time
– Lorentz contraction

D. The confinement regime
– The QCD vacuum
– QCD sum rules
– Boundary condition in field theory
– Dressed perturbation theory
– Spontaneous breaking of chiral symmetry
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5The divisibility of matter

Since ancient times we have wondered whether matter can be divided into 
smaller parts ad infinitum, or whether there is a smallest constituent.

Common sense suggest that these are the two possible alternatives.
However, physics requires us to refine our intuition.

Quantum mechanics shows that atoms (or molecules) are the identical 
smallest constituents of a given substance 

– yet they can be taken apart into electrons, protons and neutrons.

Hadron physics gives a new twist to this age-old puzzle: Quarks can be 
removed from the proton, but cannot be isolated. Relativity – the creation of 
matter from energy – is the new feature which makes this possible.

We are fortunate to be here to address – and hopefully develop an 
understanding of – this essentially novel phenomenon!

Democritus, ~ 400 BC
Vaisheshika school
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6Can confinement be understood?

Hadrons are “infinitely complicated” structures – but so are QED atoms.
We have two powerful tools:

Experimental data. Hadronic resolution (~ 0.1 fm) is routinely achieved. 
– Hadron structure is being revealed in unprecedented detail
– Data indicates similarities between short and long distance scales

Theory. The fundamental interaction is given by LQCD:

– Physics at short distance is understood through perturbation theory
    αs(mZ)= 0.1189(10)
– Insights into soft phenomena exist through qualitative models and 
      quantitative numerical (lattice) calculations

The mission is to find a systematic approximation scheme based on  LQCD 

– it may be wise to let data indicate the choice of scheme

Ex: What electron energy is required to probe a proton (at 
rest) with a resolution of 0.1 fm in ep → ep scattering?

Quark-Gluon coupling strength, cf. α = 1/137
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7The accuracy of measurement and theory

Many of our most accurate predictions come from QED atoms.
For example, the 2S1/2 – 1S1/2 splitting in Hydrogen:

Δ(2S1/2 – 1S1/2)H = 2 466 061 413 187.103(46) kHz  QED
                       = 2 466 061 413 187.103(46) kHz  EXP

U.D. Jentschura et al, 
PRL 95 (2005) 163003

The QED result is based on perturbation theory: 
– an expansion in  α = e2/4π ≈ 1/137.035 999 11(46)

However, the series must diverge since for any α = e2/4π < 0 the electron 
charge e is imaginary: The Hamiltonian is not hermitian and probability not 
conserved. F. Dyson

The perturbative expansion is believed to be an asymptotic series.
The good agreement with QED seems fortuituous, from a purely
theoretical point of view. For a recent discussion of the truncation effects 

in asymptotic expansions see Y. Meurice, hep-th/0608097
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Scaling of Deep Inelastic Cross section, e + p →  e + X

x = 1/ω  = 0.25

ep → ep
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e
h

e’

~ 6 fm

f!

Semi-inclusive Deep Inelastic Scattering (SIDIS)

e + A →  e + h + X

Hadron formation length

The nucleus is a
“femtodetector”
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p = (M,0)

q = ( ,q)
e

e' Hadron structure is probed by a variety of
probes, including real and virtual photons

Data has revealed the pointlike
nature of quarks and gluons,
their electric and color charges,
their momentum and spin
distributions, etc.

Hadrons are highly relativistic
bound states, with, 50% of the
proton momentum carried by 
gluons.

QCD at short distances: Perturbation theory   

Ex: Sketch the x-distribution of the electron 
and photon in the Hydrogen atom.

f(x): Probability that a parton carries a 
fraction x of the proton momentum
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c

d

hC/c

CSpec-
tators

Spec-
tators

• One active parton in each hadron
• No interactions with spectators
• Hard subprocess is pointlike

Cartoon: In fact:

Soft spectator interactions 
influence the hard process, 
even as  Q2 → ∞

⇒

• Shadowing of parton distrib.

• Hard diffractive scattering

• SSA (SIDIS) = – SSA (DY)

• DVES?

Soft Coherence in Hard Inclusive Processes
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CDF Collab., hep-ex/0701051

pp → jet + X–

ECM = 1.96 TeV

Quarks and gluons
are pointlike down 
to the best resolution
that has been reached

Highest energy:

Ex: Estimate the maximum
radius of quarks and gluons, 
given the agreement of 
QCD with the Fermilab jet 
data.

Rapidity:

〈0|q̄q|0〉 #= 0 and 〈0|Fa
µνF

µν
a |0〉 #= 0

F2(x) =
∑

q

e2
q xfq(x)

x =
Q2

Q2 + M 2
X

ξ =
2x

1 +
√

1 + 4m2
px

2/Q2

y = log
E + p‖√
m2 + p2

⊥
& − log tan(θ/2)

M 2
X =

Q2(1− x)

x

αs(Q
2) =

12π

(33− 2nf) log(Q2/Λ2
QCD)

ECM = 1960 GeV
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18Breaking News: QCD factorization violated

No universality of (k⊥-dependent) 
parton distributions in hh → h

J. Collins and J-W. Qiu, 
arXiv:0705.2141 [hep-ph]

c

d

hC/c

CSpec-
tators

Spec-
tators

Soft rescattering of active 
partons on spectators in both 
initial and final states is not
consistent with universal
parton distributions.
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〈0|q̄q|0〉 #= 0 and 〈0|Fa
µνF

µν
a |0〉 #= 0

F2(x) =
∑

q

e2
q xfq(x)

x =
Q2

Q2 + M 2
X

ξ =
2x

1 +
√

1 + 4m2
px

2/Q2

y = log
E + p‖√
m2 + p2

⊥
& − log tan(θ/2)

R =
σ(e+e− → hadrons)

σ(e+e− → µ+µ−)

M 2
X =

Q2(1− x)

x
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20 L3 events at E=mz= 91.2 GeV
Run #    655718    Event #   514�

Transverse Imbalance : Longitudinal Imbalance : 

Thrust : Major : Minor : 

Event DAQ Time :

  Total Energy :   68.40 GeV

 .1533     .0384    

 .7362  .4816  .1585

   960630   64605

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

23.11.06 5:02 PM

http://l3.web.cern.ch/l3/scan_program/160GeV/events/qqbar2xz_fixed.gif

e+ e– → 2 jets
e+ e– → 3 jets

e+ e– → hadrons

e+

e–

Z q

q_

h’s

h’s

h’sg
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QCD has been extraordinarily successful in explaining the data

Rate of 3-jet events 
in e+ e– annihilations

S. Bethke, hep-ex/0606035

e+ e– → q q g
        → 3 jets
Ex: Estimate the CM 
energy in e+ e– annihila-
tions at which 2-jet struc-
ture emerges. In quark 
fragmentation, pions get an 
average fraction <z> ≈ 0.1 
of the quark energy, and 
<p⊥> ≈ 350 MeV.
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Angular distribution
of 4-jet events in
e+ e– annihilations

S. Bethke, hep-ex/0606035
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Measurement of quark
and gluon color charges
 in e+ e– annihilations

S. Bethke, hep-ex/0606035
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q

q

The interactions are given by LQCD = Ψ̄(i/∂ − gA/ −m)Ψ− 1

4
F a

µνF
µν
a

Hadron structure is being studied experimentally using Elab ≥ 1 GeV = 0.2 fm-1 
at Jefferson Lab, DESY, Fermilab, CERN, BNL, KEK, SLAC, Mainz, GSI, ...

How could we fail to reach an understanding of the basic features?

QCD at long distances: Color confinement   

Mystery remains:
Why do quarks and gluons always 
form colourless hadrons, with only 
two configurations predominating?



Paul Hoyer Jlab-HUGS June 2007

25

Data suggests:
• The momentum and multiplicity distribution of hadrons is similar to that 

of quarks and gluons in perturbative QCD

• Parton distributions fq/N(x, Q2) extrapolate smoothly from high to low Q2

There is a similarity between hard PQCD and soft NPQCD processes

⇒  The quark  hadron transition is soft rearrangement process

Bridging the quark and gluon transition to hadrons
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x0 = 0.04
Q0 = 0.5 GeV2

The F2 structure function
can be simply paramet-
rized from low to high
values of Q2 

The Q2 dependence
freezes at Q0 = 0.5 GeV2

2

2

There is no evidence
of a “phase transition”
between short and long
distance phenomena
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27Local parton-hadron duality

ξ = ln(1/x)

e+ e– → h± + X Y. Dokshitzer, hep-ph/0306287The momentum distribution
of partons in QCD agrees
with the measured distribution
of charged hadrons (up to one
normalization parameter)

Dokshitzer: The transition
from partons to hadrons is
local in momentum space,
ie., no redistribution of
momentum occurs.

Ex: Estimate the energy of 
the hadrons/partons at the 
maximum of the curves.

x = Eh/Ee
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Duality in the proton structure function 

Resonance contributions
at low Q2 average the
scaling distribution
(Q2 → ∞ at fixed x)

F2(x,Q2) e+p → e+X

≈ x

High Q
2

〈0|q̄q|0〉 #= 0 and 〈0|Fa
µνF

µν
a |0〉 #= 0

F2(x) =
∑

q

e2
q xfq(x)

x =
Q2

Q2 + M 2
X

M 2
X =

Q2(1 − x)

x

P− =
∑

i

p2
i⊥ + m2

i

xiP+

∑

i

xi = 1

M2
N∗ = m2

N +
(1 − xB)Q2

xB

〈0|q̄q|0〉 $= 0 and 〈0|F a
µνF

µν
a |0〉 $= 0

F2(x) =
∑

q

e2
q xfq(x)

x =
Q2

Q2 + M 2
X

M 2
X =

Q2(1 − x)

x

αs(Q
2) =

12π

(33 − 2nf) log(Q2/Λ2
QCD)

|p〉 =

∫
d[pi] [ψuud|uud〉 + ψuudg|uudg〉 + . . . + ψuudqq̄|uudqq̄〉 + . . .]

Bloom and Gilman, PRL  25 (1970) 1140

F2

= MX
2

ep → eX
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Resonance Region F2 vs.
NNLO Scaling Curve

29

Q2 ~ 1.5 GeV2 F2

Duality between ep → eN* resonance contri-
butions at low Q2 and the scaling curve for ep 
→ eX at high Q2 works locally.

E = 4 GeV
θ = 24°

W

W. Melnitchouk et al,, Phys. Rep. 406 (2005) 
127Workshop on Duality, Frascati 2005
http://www.lnf.infn.it/conference/duality05/

Q2 ≈ 4.5

ξ≈xB

Q2 ≈ 0.5

Jlab Hall C

Ex: Estimate the difference between 
the Nachtmann variable ξ and xB for 
the relevant Q2. Can you derive the 
expression for ξ ?

〈0|q̄q|0〉 #= 0 and 〈0|Fa
µνF

µν
a |0〉 #= 0

F2(x) =
∑

q

e2
q xfq(x)

x =
Q2

Q2 + M 2
X

ξ =
2x

1 +
√

1 + 4m2
px

2/Q2

M 2
X =

Q2(1 − x)

x

αs(Q
2) =

12π

(33 − 2nf) log(Q2/Λ2
QCD)

|p〉 =

∫
d[pi] [ψuud|uud〉 + ψuudg|uudg〉 + . . . + ψuudqq̄|uudqq̄〉 + . . .]

F2

ep → eN*
ep → eX

http://www.lnf.infn.it/conference/duality05/
http://www.lnf.infn.it/conference/duality05/
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30What we learnt so far

1. PQCD works quantitatively in hard processes: αs(MZ) = 0.1189 ± 0.0010

2. There is a surprising similarity between short and long-distance physics

The coupling αs may cease to run (i.e., freeze) at Q ~ ΛQCD 

⇒ Is an expansion in αs relevant also at low Q2 ?
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Scale dependence of the QCD coupling αs

S. Bethke, hep-ex/0606035

The coupling can be
determined perturbatively
only for Q ≥ 1 GeV

〈0|q̄q|0〉 #= 0 and 〈0|Fa
µνF

µν
a |0〉 #= 0

F2(x) =
∑

q

e2
q xfq(x)

x =
Q2

Q2 + M 2
X

M 2
X =

Q2(1 − x)

x

αs(Q
2) =

12π

(33 − 2nf) log(Q2/Λ2
QCD)

The expression 

is valid only up to corrections
of order 1/log(Q2).

Ex: How big is 
at the largest value plotted for αs?
ΛQCD = 200 MeV

αs(Q
2) =

12π

(33− 2nf) log(Q2/Λ2
QCD)

|p〉 =

∫
d[pi] [ψuud|uud〉+ ψuudg|uudg〉+ . . . + ψuudqq̄|uudqq̄〉+ . . .]

q⊥ =
√

1− yQ

r⊥ ∼ 1/Q

xB =
Q2

2p · q
=

Q2

2mν

r · q = 1
2 [r

+q− + r−q+]

∑

X

|T (γ∗ + p → X)|2 = Disc T (γ∗ + p → γ∗ + p)

fq/N(xB, Q2) =
1

8π

∫
dr−e−imxBx−/2〈N(p)|q̄(r−)γ+W [r−, 0]q(0)|N(p)〉

∣∣∣∣ r+=0
r⊥∼1/Q
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Furui and Nakjima, hep-lat/0609024

αs(q2) from MILC

pνMν
5(p) = −2 〈0|q̄q|0〉

〈0|q̄q|0〉 = −
∫

d4p

(2π)4 TrS(p) =
fχ

π2µ
2 .

α0 =
1

2 GeV

∫ 2 GeV

0
dk αs(k

2)

Y. Dokshitzer, hep-ph/0510199

It is plausible that αs freezes as Q → 0

In general: Do not expect sensitivity to Q when Q <<  ΛQCD

Analysis of power corrections Lattice determination
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http://pdg.lbl.gov/

Constituent Quark Model

Mesons
Baryons  qqq

qq–

Hadron spectrum is similar to 
non-relativistic QED atoms:
Another sign of perturbation theory

In strongly coupled field theory
the spectrum need not reflect 
constituent quantum numbers

Cf. QED in 1+1 dimensions
(the Schwinger model):

Theory of a free, pointlike boson
as me/e → 0. See also:
S. Coleman, Ann. Phys (NY). 101 (1976) 239

http://pdg.lbl.gov
http://pdg.lbl.gov
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1995

Baryon magnetic moments

H. J. Lipkin
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Charmonium spectrum: Charm-Anticharm mesons

J. L. Rosner, hep-ph/0609195
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Importance of the perturbative expansion

The perturbative expansion has been crucial for establishing QED and QCD. 
It satisfies analyticity and unitarity – very non-trivial constraints!

The coupling need not be large to generate qualitatively need physics:
Consider the behavior of high energy electrons in ordinary matter

The crucial new aspect of QCD appears to be its ground state:
The QCD vacuum is a condensate of quarks and gluons

The successful “QCD sum rule” approach combines a
perturbation expansion with effects of the vacuum

⇒ Need to consider around which state the expansion in is made
Standard perturbation theory expands around the empty state

Shifman, Vainshtein 
and Zakharov (1979)

Colangelo and Khodjamirian, 
hep-ph/0010175

D. Dietrich, PH, M. Järvinen, S. Peigné, JHEP 0703 (2007) 105

23
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“And now Edgar’s gone. ... Something’s going on around here.”

Gary Larson, The Far Side


