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Pentaquark Summary

•  Existence or otherwise is a CRUCIAL question in

 strong interaction physics

•  Wilczek, Jaffe: That we cannot say whether such

   such exotica exist or not shows HOW LITTLE WE

   UNDERSTAND NON-PERTURBATIVE QCD

•  Jefferson Lab

  is the ideal

  facility to

  definitively

  answer this

  question!

“quarks”“hadrons”
?

long
distance

complementarity between quark and hadron 
descriptions of observables

∑

hadrons

=

∑

quarks

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

distance
short
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in practice, at finite energy typically have 
access only to limited set of basis states
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in practice, at finite energy typically have 
access only to limited set of basis states

question is not why duality exists,
but how it arises where it exists
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question is not why duality exists,
but how it arises where it exists

in practice, at finite energy typically have 
access only to limited set of basis states
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s channel resonances
R s t channel poles αj t

∑

R
AR s, t ≈

∑

j
Aj s, t

R(s)
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"! (t)

R

s =

t

= =

Finite energy sum rules

σ
π

+
p
− σ

π
−

p

s-channel 
resonances

t-channel 
“Regge” poles

Duality in hadron-hadron scattering

Igi (1962),  Dolen, Horn, Schmidt (1968)

“finite energy sum rules”
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Duality in e   e   annihilation+ -

!"

!

!

! "

!

"

!!

#

#

$

#

%
# %

#
!"

R =
σ(e+e− → hadrons)

σ(e+e− → µ+µ−)

total hadronic cross section at high energy 
averages resonance cross section

s (GeV2)
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Duality in heavy meson decays

D

D1

mxc

dmxc

D*

D*

2

2

2
dΓ

Voloshin, Shifman, SJNP 41, 120 (1985);   Isgur, PLB 448, 111(1999)

mQ +mQ� � mQ −mQ� � ΛQCD

(Qq̄) → XQ� l ν̄l

δm = mQ −mQ� ≈ M(Qq̄) −MQ�q̄

Q → Q� l ν̄l

ΓPS =
G2

F δm
5

60π2
|VQQ� |2

ΓV =
G2

F δm
5

20π2
|VQQ� |2

Γq =
G2

F δm
5

15π2
|VQQ� |2

sum over hadronic-level decay rates
     = quark-level decay rate

ΓPS + ΓV Γq
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Duality in large-N  limitc

‘t Hooft model:   QCD in 1+1 dimensions in              limitNc → ∞
discrete spectrum of infinitely narrow       bound statesqq̄
Green’s functions calculable exactly

Structure function for n-th bound state 

ν2Wn ∼ e2qm
2
q φ

2
n(x) + e2q̄m

2
q̄ φ

2
n(1− x)

Wn ∼
�

m

��F q
nm(Q2) + F q̄

nm(Q2)
��2 δ(W 2 −M2

n)

where form factors F q
nm ∼ (−1)meqmq φn/Q

2

Scaling structure function obtained in              limit
from   -function spectrum

Q2 → ∞
δ

exactly as from handbag diagram at quark level 

for quark distribution amplitude φn
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“Bloom-Gilman duality”

Bloom, Gilman
PRL 85, 1185 (1970)

148 W. Melnitchouk et al. / Physics Reports 406 (2005) 127–301

Fig. 9. Early proton !W2 structure function data in the resonance region, as a function of "′, compared to a smooth fit to the
data in the scaling region at largerQ2. The resonance data were obtained at the indicated kinematics, withQ2 in GeV2, for the

longitudinal to transverse ratio R = 0.18. (Adapted from Ref. [3].)

perturbative QCD (as will be discussed in Section 4). Nevertheless, the astute observations made by

Bloom and Gilman are still valid, and may be summarized as follows:

I. The resonance region data oscillate around the scaling curve.

II. The resonance data are on average equivalent to the scaling curve.

III. The resonance region data “slide” along the deep inelastic curve with increasingQ2.

These observations led Bloom and Gilman to make the far-reaching conclusion that “the resonances are

not a separate entity but are an intrinsic part of the scaling behavior of !W2” [2].

In order to quantify these observations, Bloom and Gilman drew on the work on duality in hadronic

reactions to determine a FESR equating the integral over ! of !W2 in the resonance region, to the integral

over "′ of the scaling function [2],

2M

Q2

∫ !m

0

d! !W2(!, Q
2) =

∫ 1+W 2
m/Q2

1

d"′!W2("
′) . (63)

Here the upper limit on the ! integration, !m = (W 2
m −M2+Q2)/2M , corresponds to the maximum value

of "′ = 1 + W 2
m/Q2, where Wm ∼ 2GeV, so that the integral of the scaling function covers the same

range in "′ as the resonance region data. FESR (63) allows the area under the resonances in Fig. 9 to
be compared to the area under the smooth curve in the same "′ region to determine the degree to which
the resonance and scaling data are equivalent. A comparison of both sides in Eq. (63) for Wm = 2GeV

showed that the relative differences ranged from∼ 10%atQ2=1GeV2, to!2%beyondQ2=2GeV2 [3],
thus demonstrating the near equivalence on average of the resonance and deep inelastic regimes (point II

above). Using this approach, Bloom andGilman’s quark–hadron duality was able to qualitatively describe

the data in the range 1!Q2!10GeV2.

high energy 
function

ω� =
1
x

+
M2

Q2

2M

Q2

∫
νm

0

dν νW2(ν, Q2) =

∫
ω

′

m

1

dω′ νW2(ω
′)

“hadrons” “quarks”

nucleon
resonances

     structure 
function

F2

Duality in electron-nucleon scattering
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d2σ

dΩdE′
=

4α2E′2 cos2 θ

2

Q4

(

2 tan2
θ

2

F1

M
+

F2

ν

)

structure functionsF1 , F2

contain all information about structure of nucleon

Electron-nucleon scattering

ν = E − E
′

x =
Q2

2Mν}
Bjorken scaling variable

Q2
= !q 2

− ν2
= 4EE′

sin
2

θ

2

N

e

e
′

X

γ
∗

eN → eXInclusive cross section for
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In deep inelastic region (                                    ), structure 
function given by quark and antiquark (“parton”) distributions 

q(x,Q ) = probability to find quark
              type “q” in nucleon, carrying
              momentum fraction x

2

F2(x, Q2) = x
∑

q

e2

q
q(x, Q2)

=
4

9
x(u+ ū) +

1

9
x(d+ d̄) +

1

9
x(s+ s̄) + · · ·

W � 2 GeV, Q2 � 1 GeV2

(τ = 2)
(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

N N

γ∗

q

γ∗

q

In resonance region (                ), or at low      (                  )
can no longer resolve individual quark structure

W � 2 GeV Q2 Q2 � 1 GeV2

see gross features of hadron (complex, multi-parton effects)
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Niculescu et al., PRL 85, 1182 (2000)
WM, Ent, Keppel, PRep. 406, 127 (2005)

≈
2

     average over
 (strongly Q  dependent)

      resonances 
     Q   independent
     scaling function

2

ξ =
2x

1 +
�

1 + 4M2x2/Q2

“Nachtmann” scaling variable

deep inelastic
function

Duality in electron-nucleon scattering
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Fig. 13. Proton F2 structure function in the ! (top) and S11 (bottom) resonance regions from Jefferson Lab Hall C, compared

with the scaling curve from Ref. [7]. The resonances move to higher " with increasing Q2, which ranges from ∼ 0.5GeV2

(smallest " values) to ∼ 4.5GeV2 (largest " values).

higherQ2 values. It is difficult to evaluate precisely the equivalence of the two ifQ2 evolution [60] is not

taken into account. Furthermore, the resonance data and scaling curves, although at the same " or #′, are
at different x and sensitive therefore to different parton distributions. A more stringent test of the scaling

behavior of the resonances would compare the resonance data with fundamental scaling predictions for

the same low-Q2, high-x values as the data.

Such predictions are now commonly available from several groups around the world, for instance,

the Coordinated Theoretical-Experimental Project on QCD (CTEQ) [61]; Martin, Roberts, Stirling, and

Thorne (MRST) [62]; Gluck, Reya, andVogt (GRV) [63]; and Blümlein and Böttcher [64], to name a few.

These groups provide results from global QCD fits to a full range of hard scattering processes—including

lepton–nucleon deep inelastic scattering, prompt photon production, Drell–Yan measurements, jet pro-

duction, etc.—to extract quark and gluon distribution functions (PDFs) for the proton. The idea of such

global fitting efforts is to adjust the fundamental PDFs to bring theory and experiment into agreement

for a wide range of processes. These PDF-based analyses include pQCD radiative corrections which give

rise to logarithmicQ2 dependence of the structure function. In this report, we use parameterizations from

all of these groups, choosing in each case the most straightforward implementation for our needs. It is

not expected that this choice affects any of the results presented here.

also exists locally in individual resonance regions

Duality in electron-nucleon scattering

2nd res. region

1st res. region

15



Duality and QCD

Mn(Q2) =

∫ 1

0

dx xn−2 F2(x, Q2)

= A(2)
n

+
A

(4)
n

Q2
+

A
(6)
n

Q4
+ · · ·

     

Operator product expansion

expand moments of structure functions
in powers of 1/Q2

τ

matrix elements of operators with 
specific “twist”

τ = dimension − spin

(a) (b) (c)

τ = 2 τ > 2

16



Mn(Q2) =

∫ 1

0

dx xn−2 F2(x, Q2)

= A(2)
n

+
A

(4)
n

Q2
+

A
(6)
n

Q4
+ · · ·

     

If moment      independent of Q≈
2

higher twist terms            smallA
(τ>2)
n

Operator product expansion

expand moments of structure functions
in powers of 1/Q2

de Rujula, Georgi, Politzer
Ann. Phys. 103, 315 (1975)

Duality          suppression of higher twists

Duality and QCD
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larger       HTS11

Analysis of JLab       resonance region dataF p
2

Psaker et al.,
PRC 78, 025206 (2008)

small     HT∆

higher twists  < 10-15%  for Q2 > 1 GeV
2
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On average, nonperturbative interactions between
quarks and gluons not dominant (at these scales)

nontrivial interference between resonances

Resonances & twists

Total higher twist  “small”  at scales Q2 ∼ O(1 GeV2)
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On average, nonperturbative interactions between
quarks and gluons not dominant (at these scales)

nontrivial interference between resonances

Resonances & twists

Total higher twist  “small”  at scales Q2 ∼ O(1 GeV2)

Can we understand this dynamically,  at quark level?
is duality an accident?

expanded data set has potentially significant 
implications for global PDF studies

Can we use resonance region data to learn about
leading twist structure functions?
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form factors
coherent scattering from quarks dσ ∼

(

∑

i

ei

)2

dσ ∼

∑

i

e
2

i

structure functions

incoherent scattering from quarks

Consider simple quark model with spin-flavor symmetric 
wave function

how can square of a sum become sum of squares?

For duality to work, these must be equal
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e.g. for toy model of two quarks bound in a harmonic 
oscillator potential, structure function given by

F (ν,q2) ∼

∑

n

∣

∣G0,n(q2)
∣

∣

2
δ(En − E0 − ν)

Dynamical cancellations

charge operator                           excites
∝ (e1 + e2)

2

∝ (e1 − e2)
2

Σi ei exp(iq · ri)

odd  partial waves with strength 
even partial waves with strength

resulting structure function
F (ν,q2) ∼

∑

n

{

(e1 + e2)
2 G2

0,2n
+ (e1 − e2)

2 G2
0,2n+1

}

if states degenerate, cross terms               cancel when 
averaged over nearby even and odd parity states 

(∼ e1e2)

Close, Isgur, PLB 509, 81 (2001)
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duality is realized by summing over at least one 
complete set of even and odd parity resonances

in NR Quark Model, even & odd parity states generalize
to 56 (L=0) and 70 (L=1) multiplets of spin-flavor SU(6)

Dynamical cancellations

of squares of form factors, FN→R(q!
2), describing the transi-

tions from the nucleon to excited states R,

F1!" ,q! 2#$%
R

!FN→R!q! 2#!2&!ER!EN!"#, !2#

where EN and ER are the energies of the ground state and

excited state, respectively. In terms of photoabsorption cross

sections !or W boson absorption cross sections for neutrino

scattering#, the F1 structure function is proportional to the
sum '1/2"'3/2 , with '1/2(3/2) the cross section for total
boson-nucleon helicity 1/2 !3/2#. The spin-dependent g1
structure function, on the other hand, corresponds to the dif-

ference '1/2!'3/2 .
Resonance excitation and deep inelastic scattering in gen-

eral involve both electric and magnetic multipoles. Excita-

tion in a given partial wave at Q2#0 involves a complicated
mix of these. However, as Q2 grows one expects the mag-

netic multipole to dominate over the electric, even by Q2

$0.5 GeV2 in specific models (7,11). Furthermore, recent
phenomenological analyses of electromagnetic excitations of

negative parity resonances suggest that for the prominent

D13 resonance the ratio of helicity-1/2 to helicity-3/2 ampli-

tudes is consistent with zero beyond Q2*2 GeV2 (17),
which corresponds to magnetic dominance. This dominance

of magnetic, or spin flip, interactions at large Q2 for N*
excitation matches the dominance of such spin flip in deep

inelastic scattering. For instance, the polarization asymmetry

A1#g1 /F1 is positive at large Q
2, whereas A1$0 if electric

interactions were prominent (18). Thus in the present analy-
sis we assume that the interaction with the quark is domi-

nated by the magnetic coupling. In this approximation the F1
and F2 structure functions are simply related by the Callan-

Gross relation, F2#2xF1 , independent of the specific mod-
els we use for the structure functions themselves.

The relative photoproduction strengths of the transitions

from the ground state to the 56" and 70! are summarized in

Table I for the F1 and g1 structure functions of the proton

and neutron. For generality, we separate the contributions

from the symmetric and antisymmetric components of the

ground state nucleon wave function, with strengths + and , ,
respectively. The SU!6# limit corresponds to +#, . The co-
efficients in Table I assume equal weights for the 56" and

70
! multiplets (7). Similarly, neutrino-induced transitions to

excited states can be evaluated (8), and the relative strengths
are displayed in Table II for the proton and neutron. Because

of charge conservation, only transitions to decuplet !isospin-
3
2 ) states from the proton are allowed. !Note that the overall
normalizations of the electromagnetic and neutrino matrix

elements in Tables I and II are arbitrary.#
Summing over the full set of states in the 56" and 70!

multiplets leads to definite predictions for neutron and proton

structure function ratios,

Rnp#
F1
n

F1
p , !3#

R"#
F1

"p

F1
"n
, !4#

and polarization asymmetries,

A1
N#

g1
N

F1
N , !5#

A1
"N#

g1
"N

F1
"N
, !6#

for N#p or n. In particular, for +#, one finds the classic
SU!6# quark-parton model results (19):

Rnp#
2

3
, A1

p#
5

9
, A1

n#0 (SU!6 #) , !7#

for electromagnetic scattering, and

TABLE I. Relative strengths of electromagnetic N→N* transitions in the SU!6# quark model. The
coefficients + and , denote the relative strengths of the symmetric and antisymmetric contributions of the
SU!6# ground state wave function. The SU!6# limit corresponds to +#, .

SU!6# representation 2
8(56") 4

10(56") 2
8(70!) 4

8(70!) 2
10(70!) Total

F1
p 9,2 8+2 9,2 0 +2 18,2"9+2

F1
n (3,"+)2/4 8+2 (3,!+)2/4 4+2 +2 (9,2"27+2)/2

g1
p 9,2 !4+2 9,2 0 +2 18,2!3+2

g1
n (3,"+)2/4 !4+2 (3,!+)2/4 !2+2 +2 (9,2!9+2)/2

TABLE II. As in Table I, but for neutrino-induced N→N* transitions.

SU!6# representation 2
8(56") 4

10(56") 2
8(70!) 4

8(70!) 2
10(70!) Total

F1
"p 0 24+2 0 0 3+2 27+2

F1
"n (9,"+)2/4 8+2 (9,!+)2/4 4+2 +2 (81,2"27+2)/2

g1
"p 0 !12+2 0 0 3+2 !9+2

g1
"n (9,"+)2/4 !4+2 (9,!+)2/4 !2+2 +2 (81,2!9+2)/2

SYMMETRY BREAKING AND QUARK-HADRON DUALITY . . . PHYSICAL REVIEW C 68, 035210 !2003#

035210-3

(anti) symmetric component of ground state wave function

Close, WM,  PRC 68, 035210 (2003)

summing over all resonances in 56   and 70   multiplets+ -
Fn
1

F p
1

=
18

27
=

2

3
as in parton model (if u=2d) !

λ (ρ) =

similar realizations of duality seen in other models
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cat’s ears diagram  (4-fermion higher twist ~        )    1/Q2

∝
�

i �=j

ei ej ∼
� �

i

e2
i

�2
−

�

i

e2
i

coherent incoherent

Accidental cancellations of charges?

should not hold for neutron

proton

neutron

HT ∼ 1 −
�
2× 4

9
+

1

9

�
= 0 !

HT ∼ 0 −
�

4

9
+ 2× 1

9

�
�= 0

Brodsky
hep-ph/0006310

duality in proton a coincidence!
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Malace, Kahn, WM, Keppel
PRL 104, 102001 (2010)

Neutron:  the smoking gun
Duality in neutron more difficult to test because of 
absence of free neutron targets

New extraction method (using iterative procedure for solving
integral convolution equations) has allowed first determination
of       in resonance region & test of neutron dualityFn

2

F
2

24



“theory”:  fit to W > 2 GeV data

Malace, Kahn, WM, Keppel
PRL 104, 102001 (2010)

Alekhin et al., 0908.2762 [hep-ph]

globally, violations < 10%

locally, violations of duality in
resonance regions < 15-20%
(largest in     region)∆

duality is not accidental, but a general feature
of resonance-scaling transition!

Neutron:  the smoking gun
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“theory”:  fit to W > 2 GeV data

Malace, Kahn, WM, Keppel
PRL 104, 102001 (2010)

Alekhin et al., 0908.2762 [hep-ph]

globally, violations < 10%

Neutron:  the smoking gun

use resonance region data to learn about
leading twist structure functions?

locally, violations of duality in
resonance regions < 15-20%
(largest in     region)∆
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New global NLO analysis of expanded set of p and d
data (DIS, pp, pd) including large-x, low-Q  region2

Systematically study effects of Q  & W cuts2

down to Q ~ m   and W ~ 1.7 GeVc

CTEQ-JLab (CJ) global PDF analysis *

Correct for nuclear effects in the deuteron,
subleading 1/Q   corrections (target mass, higher-twists)2

Dependence on choice of PDF parametrization

 CJ collaboration: A. Accardi, J. Owens, WM (theory)
E. Christy, C. Keppel, P. Monaghan, L. Zhu (expt.)

*
http://www.jlab.org/CJ/
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cut0:
cut1:

cut2:

cut3:

Q2 > 4 GeV2, W 2 > 12.25 GeV2

Q2 > 3 GeV2, W 2 > 8 GeV2

Q2 > 2 GeV2, W 2 > 4 GeV2

Q2 > m2
c , W 2 > 3 GeV2

x x

cut1
cut2

cut3

cut0

NMCBCDMS

JLab

SLAC

p d

Q
2

(G
eV

2
)

H1, ZEUS

factor 2 increase
in DIS data from
cut0     cut3

CJ kinematic cuts
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d quark behavior driven by nuclear
corrections at high x

Accardi et al.
PRD 81, 034016 (2010)x

“reference” fit with cut0,
no nuclear/HT corrections

PDFs remarkably stable with respect to cut reduction,
as long as finite-Q  corrections included2
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Larger database with weaker cuts leads to significantly 
reduced errors, especially at large x

x x

Accardi et al.
PRD 81, 034016 (2010)

up to 40-60% error reduction when cuts 
extended into resonance region
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Accardi et al., PRD 84, 014008 (2011)

Vital for large-x analysis, which currently suffers from
large uncertainties (mostly due to nuclear corrections)

uncertainty in d  feeds into larger uncertainty
in g at high x (important for LHC physics!) Brady et al., arXiv:1110.5398
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Summary

Confirmation of duality in neutron suggests origin in
dynamical cancellations of higher twists

duality-violating higher twists ~ 10-15% in few-GeV range

Remarkable confirmation of quark-hadron duality
in proton and neutron structure functions  

duality not due to accidental cancellations of quark charges

use resonance region data to constrain leading twist PDFs

Practical application of duality

stable fits at low Q   and large x with significantly reduced 
uncertainties

2

(global PDF analysis underway)
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The End
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See http://www.jlab.org/GAUSTEQ/
or contact one of the PIs (Jo Dudek, WM, Christian Weiss)
through <gausteq@jlab.org>

Newly approved DOE program for US-Germany exchange
in hadron/nuclear theory, centered around JLab and GSI-FAIR

Fully funds US-based physicists for up to 2-4 week 
collaborative visits to Germany
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