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Quark-hadron duality

Complementarity between quark and 
hadron descriptions of observables

∑

hadrons

=

∑

quarks

Can use either set of complete basis states
to describe all physical phenomena
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Duality in hadron-hadron scattering
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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.

scaling curve ω� =
1
x

+
M2

Q2

Duality in electron-hadron scattering

2M

Q2

∫
νm

0

dν νW2(ν, Q2) =

∫
ω

′

m

1

dω′ νW2(ω
′)

finite energy sum rule for eN scattering

“hadrons” “quarks”
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Niculescu et al., PRL 85, 1182 (2000)

≈
2

average over
(strongly Q   dependent)
resonances 
     Q   independent
     scaling function

2

ξ =
2x

1 +
�

1 + 4M2x2/Q2

“Nachtmann” scaling variable

Duality in electron-hadron 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.

∆

S11

also exists “locally” in individual resonance regions

Duality in electron-hadron scattering
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Duality in QCD
(“global duality”)
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Mn(Q2) =

∫ 1

0

dx xn−2 F2(x, Q2)

= A(2)
n

+
A

(4)
n

Q2
+

A
(6)
n

Q4
+ · · ·

Duality in QCD

τ

matrix elements of operators with 
specific “twist”

τ = dimension − spin

Operator product expansion

expand moments of structure functions
in powers of 1/Q2
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(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Duality in QCD
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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

Duality in QCD

Operator product expansion

expand moments of structure functions
in powers of 1/Q2
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Mn(Q2) =

∫ 1

0

dx xn−2 F2(x, Q2)

= A(2)
n

+
A

(4)
n

Q2
+

A
(6)
n

Q4
+ · · ·

     

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

Duality in QCD

Operator product expansion

expand moments of structure functions
in powers of 1/Q2

Duality          suppression of higher twists
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Much of recent new data is in resonance region,  W < 2 GeV

common wisdom:  pQCD analysis not valid in resonance region

in fact:  partonic interpretation of moments  does  include
resonance region

Resonances are an integral part of DIS structure functions!

implicit role of quark-hadron duality

Resonances & higher twists

(      talks of Owens,  Accardi / CTEQX)

13



F
p

2
At                     ,  ~ 70%  of lowest moment of      Q2

= 1 GeV
2

comes from W < 2 GeV

n

relative contribution
of resonance region
to n-th moment

Resonances & higher twists
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Ji, Unrau, PRD 52, 72 (1995)

BUT resonances and DIS continuum conspire to
produce only  ~ 10%  higher twist contribution!

total

leading twist

∼ 10% at Q2 = 1 GeV2

higher
twist

Resonances & higher twists

15



on average, nonperturbative interactions between
quarks and gluons not dominant at these scales 

suggests strong cancellations between resonances, 
resulting in dominance of leading twist

total higher twist  small  at Q2
∼ 1 − 2 GeV

2

OPE does not tell us why higher twists are small

need more detailed information
(e.g. about individual resonances & their cancellations)
to understand behavior dynamically

Resonances & higher twists
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Local Duality:
truncated moments
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complete moments can be studied via twist expansion

need prescription for how to average over resonances

rigorous connection between local duality & QCD difficult

truncated moments allow study of restricted regions in x
(or W) within pQCD in well-defined, systematic way

Bloom-Gilman duality has a precise meaning

Mn(∆x, Q2) =

∫
∆x

dx xn−2 F2(x, Q2)

(i.e., duality violation = higher twists)

Truncated moments
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truncated moments obey DGLAP-like evolution equations,
similar to PDFs

can follow evolution of specific resonance (region)
with      in pQCD framework!Q2

dMn(∆x, Q2)

d log Q2
=

αs

2π

(

P ′

(n) ⊗ Mn

)

(∆x, Q2)

suitable when complete moments not available

where modified splitting function is

P ′

(n)(z, αs) = zn PNS,S(z, αs)

Truncated moments

Forte, Magnea, PLB 448, 295 (1999)
Kotlorz, Kotlorz, PLB 644, 284 (2007)
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resonance spectrumF
p

2

how much of this region is leading twist ?

JLab Hall C

*

*
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entire
resonance

region

Psaker, WM, Christy, Keppel
PRC 78, 025206 (2008)
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small     HT∆

larger       HTS11

higher twists  < 10-15%  for Q2 > 1 GeV
2

Psaker, WM, Christy, Keppel
PRC 78, 025206 (2008)

22



Local Duality:
insights from models
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consider model with symmetric nucleon wave function

cat’s ears diagram  (4-fermion higher twist ~        )    1/Q2

∝
�

i �=j

ei ej ∼
� �

i

e2
i

�2
−

�

i

e2
i

coherent incoherent

need to test duality in proton and neutron!

proton

neutron

HT ∼ 1 −
�
2× 4

9
+

1

9

�
= 0 !

HT ∼ 0 −
�

4

9
+ 2× 1

9

�
�= 0

Brodsky (HiX’00)
hep-ph/0006310

Is duality in the proton a coincidence?
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How can the square of a sum become the sum of squares?

in hadronic language, duality is realized by summing over at 
least one complete set of even and odd parity resonances

Close, Isgur, PLB 509, 81 (2001)

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

assume magnetic coupling of photon to quarks
(better approximation at high Q )2

in this limit Callan-Gross relation valid F2 = 2xF1

structure function given by squared sum of transition FFs

25



How can the square of a sum become the sum of squares?

in hadronic language, duality is realized by summing over at 
least one complete set of even and odd parity resonances

Close, Isgur, PLB 509, 81 (2001)

Close, WM,  PRC 68, 035210 (2003)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

λ (ρ) = (anti) symmetric component of ground state wfn.

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

26



SU(6) limit λ = ρ

Table 2: Relative Photoproduction Strengths of 56, 0+ and 70, 1− Mul-
tiplets

SU(6) : [56, 0+]28 [56, 0+]410 [70, 1−]28 [70, 1−]48 [70, 1−]210 total
F p

1 9 8 9 0 1 27
F n

1 4 8 1 4 1 18
gp
1 9 −4 9 0 1 15

gn
1 4 −4 1 −2 1 0

In contrast to the proton case, this table predicts that for neutron targets,
the S11(1530) region ([70, 1−]28) will fall below the scaling curve. The third
resonance region, containing [70, 1−]48 as well as [56, 2+]28 and [56, 2+]410,
is expected to be locally enhanced over the scaling curve for both proton and
neutron targets. Note that to order q2 the [56, 0+] and [70, 1−] multiplets are
sufficient to realise duality. Formally the analyis can be extended to higher
q2 by including correspondingly higher multiplets; however, the credibility
of the non-relativistic harmonic oscillator may become questionable. These
predictions will be interesting tests of our analysis.

Inclusion of both magnetic and electric interactions shows that the duality
is non-trivial. Inasmuch as the magnetic terms dominate at large Q2 in the
quark model, duality can be realised for the dominantly transverse scattering
of the deep inelastic region. For the longitudinal structure function, FL,
duality is again realised, with the breakdown into 56 and 70 as in Table 3:

Table 3: Relative Longitudinal Production Strengths, as in Table 2

SU(6) : [56, 0+]28 [56, 0+]410 [70, 1−]28 [70, 1−]48 [70, 1−]210 total
F p

L 1 0 1 0 1 3
F n

L 0 0 1 0 1 2

However, for F1(Q2 → 0) both electric and magnetic multipoles contribute
and interfere with phases determined by the JP and the spin-Lz correla-
tions in the various 56 and 70 states. This causes dramatic Q2 dependence

7

summing over all resonances in 56   and 70   multiplets+ -

R
np

=
Fn

1

F
p

1

=
2

3
as in quark-parton model (for u=2d) !

proton sum saturated by lower-lying resonances

expect duality to appear earlier for p than n

relative strengths of N     N* transitions:

Close, WM,  PRC 68, 035210 (2003)
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Comparison with data
proton data expected to overestimate DIS function in
2nd and 3rd resonance regions (odd parity states)

(      talk of Malace)

Malace et al., PRC 80, 035207 (2009)

data exceeds DIS function

28



“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%

Comparison with data
neutron data predicted to lie below DIS function in 2nd region

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

duality is not accidental, but a general feature
of resonance-scaling transition!
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Duality in Semi-Inclusive
Meson Production

30



Hypothesis:  equivalent descriptions of semi-inclusive
meson production afforded by scattering via partons
or  N* excitations

Duality expected to work better for inclusive observables
(e.g. structure functions)

test hypothesis with models and data

1

2*

21 *

Afanasev, Carlson, Wahlquist, PRD 62, 074011 (2000)
Hoyer, arXiv:hep-ph/0208190
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Partonic description

fractional energy carried by pionz = Eπ/ν

decay functiontransition
form factor

q → π fragmentation function

Hadronic description

32



Partonic description

Hadronic description

ratios given by quark charges

magnetic interaction operator for γN → N∗
1�

i

ei σ+
i

�

i

τ∓i σzi

pion emission operator for N∗
1 → N∗

2 π±

33



Relative probabilities       in SU(6) symmetric quark model
(summed over     )
N π

N

N∗
1

π−/π+ ratios for p and n targets (summing over     )N∗
2

Consistent with parton model in SU(6) limit,  d/u=1/2

spin-averaged

spin-dependent

Close, WM, PRC 79, 055202 (2009)
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For spin-dependent ratios (e & N longitudinally polarized)

Consistent with parton model ratios

∆d/d = −1/3 ,∆u/u = 2/3 , ∆d/∆u = −1/4

Inclusive results recovered by summing over π+ & π−

35



SU(6) symmetry may be valid at x ~ 1/3, but is (badly)
broken at large x

suppression of transitions to states with S=3/2

consistent with d/u=1/14 at parton level

Color-magnetic interaction

Scalar diquark dominance

suppression of symmetric (  ) component of wfn.λ

consistent with d/u=0 at parton level
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SU(6) symmetry may be valid at x ~ 1/3, but is (badly)
broken at large x

suppression of helicity-3/2 amplitude

consistent with d/u=1/5 at parton level

Helicity conservation
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SU(6) symmetry may be valid at x ~ 1/3, but is (badly)
broken at large x

suppression of helicity-3/2 amplitude

consistent with d/u=1/5 at parton level

Helicity conservation

All three scenarios consistent with duality!
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Comparison with data (JLab Hall C)

∆
n ratio    p ratio�

region

N elastic
p ratio    n ratio�

expect
p ratio   
   n ratio�

Navasardyan et al.,
PRL 98, 022001 (2007)
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smaller
than SU(6) 

predictions
(secondary 

fragmentation)

More quantitative comparison requires secondary fragmentation

Comparison with data (JLab Hall C)

“favored”“unfavored”
z → 1

Navasardyan et al.,
PRL 98, 022001 (2007)
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smaller
than SU(6) 

predictions
(secondary 

fragmentation)

More quantitative comparison requires secondary fragmentation

Comparison with data (JLab Hall C)

Navasardyan et al.,
PRL 98, 022001 (2007)

Target & (produced) hadron mass corrections recently 
computed for first time Accardi, Hobbs, WM

JHEP 0911,084 (2009)

(      talk of Accardi)
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Summary

Progress in deconstructing local duality  

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

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

evolution of truncated moments in QCD

duality is not due to accidental cancellations of quark charges

First glimpses of duality in semi-inclusive pion production

understanding degree to which duality  “works” would 
greatly aid extraction of nucleon’s partonic structure

insight from quark models into how resonance 
cancellations may arise in nature
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The End
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