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Understanding the structure
and interaction of hadrons

iIn terms of the quark and gluon
degrees of freedom of QCD

IS the greatest unsolved problem

of the Standard Model of

Nuclear and Particle Physics !




'QCD and the Strong Nuclear Force

Of all the forces of Nature, QCD has the
most bizarre properties!

e Asymptotic freedom:

— quarks feel almost no strc
when close together
e Confinement:
— restoring force betwee
distances equivalent to 10 tons

QCD in principle describes all of nuclear phvsics
— at all distance scales —
but how does it work?




‘Quark-Hadron Duality

Complementarity
between quark and hadron

descriptions of observables
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hadrons quarks

Can use either set of complete basis states
to describe physical phenomena




At high energies: interactions between

quarks and gluons become weak

(“asymptotic freedom'")

— efficient description of phenomena
afforded in terms of quarks

At low energies:. effects of confinement make
strongly-coupled QCD highly non-perturbative
—— Collective degrees of freedom

(mesons and baryons) more efficient

Duality between quark and hadron descriptions

—— reflects relationship between con finement
and asymptotic freedom

— Intimately related to nature of transition
from non-perturbative to perturbative QCD




 Theoretical Tools

Theoretical tools currently available ar

e Perturbation theory
— calculate in terms of quarks & gluons
—— expand in powers of a

— o N

e Chiral effective field theory

- use symmetries (e.g.chiral) of QCD
-+ hadronic degrees of freedom

— expand in powers of A/ \I

S | A

Does not address question of how hadrons are
built from quarks and gluons:
=== iCaAR e SertH Dhenomena, but r

necessarily wriie rstand ...




MUsT use nonperturbative methods:

e QCD-inspired models
—— can provide guidance on effective
degrees of freedom at low energy
but ad hoc

e |attice QCD
—— making progress (e.g.LHPC)
but realistic calculations available
only for spectroscopy
—— can only calculate moments.
not ., £ dependence

Phenomenology will remain essential for

a long time ...

— empirical information will provide
critical input from which to re

complete picture







‘Where Are We Now?

What do we know about the quark-gluon
structure of hadrons?

e Forward parton distributions (at xp; ~ 0.6)
— IS (rg) ~ Ny wh —g(z) + X) 70
—s gl (i) ~ Yy vk = ¢l (@) + X)
vh! —qi(z) + X)
— tnclusive
e Elastic and (some) transition form factors
(over modest ()< range)
— LA F) =~ X x WCR(p) — g(zp) + X)
T (h'(p+4¢) — glzp+q) + X)

— exclusive




‘Where Are We Going?

Complete understanding of quark—gluon

substructure of hadrons demands

tinfe graled approach

—— must be tested in exclusive, INclusive
and semi-inclusive, reactions

Relation between exclusive and inclusive
observables — in preasymptotic region —
provided by ( Yo h-Hadeog [

Mathematical framework provided by
Coo tre varlezodd Pavton 1)ist

What is the origin of jre cowcion s
—— accident or systematic?

How iIs perturbative —— nonperturbative
(quark - hadron) transition maodified
in the nuclear environment?




Bloom-Gilman Duality

Individual resonances are

strongly Q2 dependent

But their average remains

~ (Q? independent!

— resembles scaling (leading twist)

structure function

(Bloom, Gilman 1970)




Resonances, Scaling & Higher Twist

e Bloom-Gilman duality = distinction
between “resonance” and "DIS" regions
is artificial

e E.g. at () = 1 GeV- about 70% of
comes from 11 2 GeV

e Buf, because of duality, resonances
and DIS continuum conspire to produce
~ 10% higher twist (l-"(_f) contribution!

Resonances are an integral part of the

scaling structure functions !




Can

we Test Duality for g17

vW:

&

—_ -

03 =~ == a=l.2 &
h ¥ -y
- - % Fose
b e e
—HI = Jr i - — i | | —|
D=~ -
M | ‘ Q=14
A i
> 2w N
=1l E t e [ I —
W B S 4 i
e i O=1.7
W . E'_—.ﬁ]'-"j_—.
A\f{\ IR
—().] = t = = i =
0.4 - B -
~ 1 ()=2.1
U "'\-\.I "
e A




‘Local Duality

Contribution of (narrow) resonance R to
structure function:
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Exclusive—Inclusive Connection

“Drell-Y an — West relation’

GlO%) ~ A /Q%)"

uality can be used 10

i
Wl
relate large r structure functions -:

transition ) form factors




Local Elastic Duality

Threshold relations:
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Extract magnetic form factor from JLab data
on integral of F>
(Niculescu et al, Phys. Rev. Lett. 85 (2000) 1186)
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R ratio from duality

R = % = (14 1) 2690

or in terms of Pauli & Dirac form factors:
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Q- /xF

Duality relation between I and elastic (Pau

form factor ratio




‘Local Duality for the Pion

e charged pion form factor
—— pion structure function at » = 1

where « =1 /.r, A — 1 + {11 r: me) L

Maoffat, Snell, 1971
Mahapatra, 1978

e Compare with pion structure function

measured in =N Drell-Yan production
(NA1Q @ CERN, E615 @ FNAL)

e shed light on +- — 1 controversy!




‘Pion Form Factor, pQCD and Duality
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Pion form factor at large ()2 rel:

pion structure function at r
via quark-hadron duality

Drell, Yan, West 1970
Maoffat, Snell 1971
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e Additional suppression due to quark—hadron
helicity mismatch

AG, = | gBuary ghadron

r_,'f(.f‘) > (1__1,.):’.\—1-4-.:’.3.5

e FoOr spinless pion, N =1, AS§-=1/2

FI ~ (1 - 1)2

e Drell-Yan data consistently harder

FZ| o~ (1—z)?
- -
p=1.25— 1.30 (E615 @ FNAL)
0.96 - 1.12 (NA10 @ CERN)
1.17 (NA3 @ CERN)




‘How Local is Duality?

“Global Duality"
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Duality In _S_ef_:mi—inclusive Scattering

e Factorization of interaction and productian
vertices —
I_;'Irgr".'r'

\ ‘ ai : ,. e
drd=d()? et Y )

e Duality for fragmentation functions’
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e Essential for flavor and spin separatiol
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IDuaIity In Semi-Inclusive = Production

Non-relativistic quark model predictions fou
production amplitude

F(AN - xX) = Y F(EHN—=W)

Close, Isgur (2001)

W WP — 7T '.p—r.'_-‘n o -
56 8 100 e | 0 25
56; 10 32 24 96 e
70,28 | 64 0 0 1
70,18 16 0 0 4
70: 10 4 3 | i3 1
TOTAL 216 27 | 108 54




| Duality in DVCS

(Close. Zhao 2002)

GPD given by sum over (infinitely narrow)
resonances:

(g .0 ~ N (01 £62)° d(r =+ £g 1 13)

In limit Q2 — x, GPD becomes smooth
(scaling) function!
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‘Generalized Parton Distributions

Unifying framework for correlating wvast array
of observables: elastic form factors, lransition
form [actors, erclusive meson production, DV C'S,
RCS, DIS structure functions,

iy Lkhp) — glCe =+ E)p) += X))

b G+n)

e Powerful tool for studying pre-asymptotic re




e Moments:

clastic & transition form facltors

total angular momentum of quarks

e Forward limit:

decp-inelastic parton distributions

o Forces us to confront models of QCD
with broad range of data




Nuclear Medium Dependence

e Fermi motion of nucleons in nucleus
ity /scaling should set in eai

Arrington et al. 2001

e Earlier onset of duality/scaling for
meson production?

- precocious factorization?
Eides et al. 1999
(c.f. HERMES data

— nuciear Titering ot conng
l largée Quark separati

Ralston, Pire et al 2000

—+ COIOr Transparency a necess:
— Bt T sufficient —
naition for factorization

(&2 access 10 nuclear GPD s’

Strikman 2000



Color transparency should be seen
eventually also in A(e.e'p)
— pQCD prediction (if therg &>

point like configurations in nucleus

— s scale of onset unknown

Evidence for PLC's in other observables?
— nuclear EMC effect: deformat
intrinsic nucleon structure f
Frankfurt, Strikman 1988

WM, ‘Sargsian, Strikman 1996

- 5 wse local duality to re
modificat of form factors
P

W, Tsushima, Thaomas 2001



0.7

dtio of in-medium to free proton

magnetic form factors

WM, Tsushima, Thomas
nucl-th/0110071




iSynopmsy

e Understanding strongly interacting matter
requires detailed knowledge of /i~
building blocks of hadrons and nuclei
—— quark & gluon wave functions

e Reconstructing structure of matter from
dquarks & gluons requires measurement of
wide range of observables over broad
Kinematic regions

e Hall C @ 12 GeV, with HMS-SHMS
(high £, small #, high ) will uniguely
determine critical inputs for solving the
puzzle

(W]
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