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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!

ÒquarksÓÒhadronsÓ
?

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 Þnite energy typically have 
access only to limited set of basis states
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in practice, at Þnite 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 Þnite energy typically have 
access only to limited set of basis states

6



s channel r esonances
R s t channel poles ! j t

!

R
A R s, t !

!

j
A j s, t

R(s)
j

!=
j

"! (t)

R
s =

t

= =

F ini te ener gy sum r ules

σ
π

+
p
− σ

π
−

p

s-channel 
resonances

t-channel 
ÒReggeÓ poles

Duality in hadron-hadron scattering

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

ÒÞnite energy sum rulesÓ
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Duality in e   e   annihilation+ -
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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
d!

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

mQ +mQ ! � mQ −mQ ! � ΛQCD

(Qøq) → XQ ! l ø! l

! m = mQ ! mQ! " M (Qøq) ! MQ! øq

Q ! Q� l øνl

! PS =
G2

F ! m5

60" 2
|VQQ ! |2

! V =
G2

F ! m5

20" 2 |VQQ ! |2

Γq =
G2

F ! m5

15" 2 |VQQ ! |2

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

ΓPS + ΓV Γq
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Duality in large-N  limitc

Ôt Hooft model:   QCD in 1+1 dimensions in              limitNc → ∞
discrete spectrum of inÞnitely narrow       bound statesqøq
GreenÕs functions calculable exactly

Structure function for n-th bound state 

! 2Wn ! e2
qm2

q " 2
n (x) + e2

øqm2
øq " 2

n (1 " x)

Wn !
!

m

"
"F q

nm (Q2) + F øq
nm (Q2)

"
"2

δ(W 2 " M2
n )

where form factors F q
nm ! (" 1)m eqmq ! n /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! n
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ÒBloom-Gilman dualityÓ

Bloom, Gilman
PRL 85, 1185 (1970)

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

Fig. 9. Early proton!W2 structurefunctiondatain the resonanceregion, asa functionof "!, comparedto a smoothÞt to the
datain thescalingregionat largerQ2. Theresonancedatawereobtainedat theindicatedkinematics,with Q2 in GeV2, for the
longitudinalto transverseratioR = 0.18. (Adaptedfrom Ref. [3].)

perturbative QCD (aswill be discussedin Section4). Nevertheless,the astuteobservationsmadeby
BloomandGilmanarestill valid, andmaybesummarizedasfollows:

I. Theresonanceregiondataoscillatearoundthescalingcurve.
II. Theresonancedataareonaverageequivalentto thescalingcurve.

III. TheresonanceregiondataÒslideÓalongthedeepinelasticcurvewith increasingQ2.

TheseobservationsledBloomandGilmanto make thefar-reachingconclusionthatÒthe resonances are
not a separate entity but are an intrinsic part of the scaling behavior of !W2Ó[2].

In orderto quantify theseobservations,Bloom andGilmandrew on thework on duality in hadronic
reactionsto determineaFESRequatingtheintegralover ! of !W2 in theresonanceregion,to theintegral
over "! of thescalingfunction[2],

2M
Q2

! !m

0
d! !W2(!, Q 2) =

! 1+W2
m/Q 2

1
d"!!W2("!) . (63)

Heretheupperlimit onthe! integration,!m= (W2
m " M 2+Q2)/ 2M , correspondsto themaximumvalue

of "! = 1 + W2
m/Q 2, whereWm # 2GeV, so that the integral of thescalingfunctioncoversthesame

rangein "! asthe resonanceregion data.FESR(63) allows the areaunderthe resonancesin Fig. 9 to
becomparedto theareaunderthesmoothcurve in thesame"! region to determinethedegreeto which
theresonanceandscalingdataareequivalent.A comparisonof bothsidesin Eq. (63) for Wm = 2GeV
showedthattherelativedifferencesrangedfrom# 10%at Q2=1GeV2, to ! 2%beyondQ2=2GeV2 [3],
thusdemonstratingthenearequivalenceonaverageof theresonanceanddeepinelasticregimes(point II
above).Usingthisapproach,BloomandGilmanÕsquarkÐhadrondualitywasabletoqualitativelydescribe
thedatain therange1! Q2! 10GeV2.

high energy 
function

! � =
1
x

+
M 2

Q2

2M
Q2

∫ ! m

0
d! !W 2(!, Q 2) =

∫ " !
m

1
d" ! !W 2(" !)

ÒhadronsÓ ÒquarksÓ

nucleon
resonances

     structure 
function

F2

Duality in electron-nucleon scattering
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d2σ

d! dE! =
4α2E!2 cos2 !

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

2M!}
Bjorken scaling variable

Q2 = !q 2 ! ν2 = 4EE′ sin2 θ

2

N

e
e!

X

! ∗

eN ! eXInclusive cross section for
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In deep inelastic region (                                    ), structure 
function given by quark and antiquark (ÒpartonÓ) distributions 

q(x,Q ) = probability to Þnd quark
              type ÒqÓ 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)

! = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

! = 2

single quark
scattering

! > 2

qq and qg
correlations

Higher twists

N N

! !

q

! !

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

ÒNachtmannÓ scaling variable

deep inelastic
function

Duality in electron-nucleon scattering
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Fig. 13. ProtonF2 structurefunction in the! (top) andS11 (bottom)resonanceregionsfrom JeffersonLab Hall C, compared
with the scalingcurve from Ref. [7]. The resonancesmove to higher" with increasingQ2, which rangesfrom ! 0.5GeV2

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

higherQ2 values.It is difÞcultto evaluatepreciselytheequivalenceof thetwo if Q2 evolution[60] is not
takeninto account.Furthermore,theresonancedataandscalingcurves,althoughat thesame" or # ", are
atdifferentx andsensitive thereforeto differentpartondistributions.A morestringenttestof thescaling
behavior of theresonanceswould comparetheresonancedatawith fundamentalscalingpredictionsfor
thesamelow-Q2, high-x valuesasthedata.

Suchpredictionsarenow commonlyavailable from several groupsaroundthe world, for instance,
theCoordinatedTheoretical-ExperimentalProjecton QCD (CTEQ)[61]; Martin, Roberts,Stirling, and
Thorne(MRST)[62]; Gluck,Reya,andVogt(GRV) [63]; andBlŸmleinandBšttcher[64], to name a few.
Thesegroupsprovideresultsfrom globalQCDÞtsto afull rangeof hardscatteringprocessesÑincluding
leptonÐnucleondeepinelasticscattering,promptphotonproduction,DrellÐYan measurements,jet pro-
duction,etc.Ñto extractquarkandgluondistribution functions(PDFs)for theproton.Theideaof such
global Þtting efforts is to adjustthe fundamentalPDFsto bring theoryandexperimentinto agreement
for awiderangeof processes.ThesePDF-basedanalysesincludepQCDradiativecorrectionswhichgive
riseto logarithmicQ2 dependenceof thestructurefunction.In thisreport,weuseparameterizationsfrom
all of thesegroups,choosingin eachcasethemoststraightforward implementationfor our needs.It is
notexpectedthatthis choiceaffectsany of theresultspresentedhere.

also exists locally in individual resonance regions

Duality in electron-nucleon scattering

2nd res. region

1st res. region
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Duality and QCD

Mn (Q2) =

! 1

0

dx xn−2 F2(x, Q2)

= A(2)
n +

A(4)
n

Q2
+

A(6)
n

Q4
+ á á á

     

Operator product expansion

expand moments of structure functions
in powers of 1/Q2

τ

matrix elements of operators with 
speciÞc ÒtwistÓ

τ = dimension − spin

(a) (b) (c)

τ = 2 ! > 2
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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
+ á á á

     

If moment      independent of Q≈
2

higher twist terms            smallA(!> 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 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  ÒsmallÓ  at scalesQ2 ∼ 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  ÒsmallÓ  at scalesQ2 ∼ O(1 GeV2)

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

expanded data set has potentially signiÞcant 
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 d! !

(

∑

i

ei

)2

d! ∼

∑

i

e2

i

structure functions

incoherent scattering from quarks

Consider simple quark model with spin-ßavor 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 (!, q2) ∼

∑

n

∣

∣G0,n (q2)
∣

∣

2
" (En − E0 − ! )

Dynamical cancellations

charge operator                           excites
! (e1 + e2)

2

! (e1 " e2)2

! i ei exp(iq ári )

odd  partial waves with strength 
even partial waves with strength

resulting structure function
F (!, 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-ßavor SU(6)

Dynamical cancellations

of squaresof form factors,FN! R(q! 2), describingthe transi-
tions from the nucleonto excitedstatesR,

F1! " ,q! 2#$ %
R

!FN! R! q! 2#!2&! ER!EN!" #, !2#

whereEN and ER are the energies of the groundstateand
excitedstate,respectively. In termsof photoabsorptioncross
sections!or W bosonabsorptioncrosssectionsfor neutrino
scattering#, the F1 structurefunction is proportionalto the
sum ' 1/2" ' 3/2, with ' 1/2(3/2) the cross section for total
boson-nucleonhelicity 1/2 !3/2#. The spin-dependentg1
structurefunction,on the otherhand,correspondsto the dif-
ference' 1/2! ' 3/2.

Resonanceexcitationanddeepinelasticscatteringin gen-
eral involve both electric and magneticmultipoles.Excita-
tion in a givenpartialwaveat Q2#0 involvesa complicated
mix of these.However, as Q2 grows one expectsthe mag-
netic multipole to dominateover the electric, even by Q2

$ 0.5 GeV2 in speciÞcmodels (7,11). Furthermore,recent
phenomenologicalanalysesof electromagneticexcitationsof
negativeparity resonancessuggestthat for the prominent
D13 resonancethe ratio of helicity-1/2 to helicity-3/2 ampli-
tudes is consistentwith zero beyond Q2* 2 GeV2 (17),
which correspondsto magneticdominance.This dominance
of magnetic,or spin ßip, interactionsat large Q2 for N*
excitationmatchesthe dominanceof suchspin ßip in deep
inelasticscattering.For instance,thepolarizationasymmetry
A1#g1 /F1 is positiveat largeQ2, whereasA1$0 if electric
interactionswereprominent(18). Thusin the presentanaly-
sis we assumethat the interactionwith the quark is domi-
natedby themagneticcoupling.In this approximationtheF1
andF2 structurefunctionsaresimply relatedby the Callan-
Grossrelation,F2#2xF1 , independentof the speciÞcmod-
els we usefor the structurefunctionsthemselves.

The relative photoproductionstrengthsof the transitions
from thegroundstateto the56" and70! aresummarizedin
Table I for the F1 and g1 structurefunctionsof the proton

and neutron.For generality, we separatethe contributions
from the symmetricand antisymmetriccomponentsof the
groundstatenucleonwavefunction,with strengths+ and, ,
respectively. The SU!6# limit correspondsto +#, . The co-
efÞcientsin Table I assumeequalweights for the 56" and
70! multiplets(7). Similarly, neutrino-inducedtransitionsto
excitedstatescanbeevaluated(8), andtherelativestrengths
aredisplayedin TableII for theprotonandneutron.Because
of charge conservation,only transitionsto decuplet!isospin-
3
2 ) statesfrom the protonareallowed.!Note that the overall
normalizationsof the electromagneticand neutrino matrix
elementsin TablesI andII arearbitrary.#

Summingover the full set of statesin the 56" and 70!

multipletsleadsto deÞnitepredictionsfor neutronandproton
structurefunction ratios,

Rnp#
F1

n

F1
p , !3#

R" #
F1

" p

F1
" n

, !4#

andpolarizationasymmetries,

A1
N#

g1
N

F1
N , !5#

A1
" N#

g1
" N

F1
" N

, !6#

for N#p or n. In particular, for +#, one Þndsthe classic
SU!6#quark-partonmodel results(19):

Rnp#
2

3
, A1

p#
5

9
, A1

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

for electromagneticscattering,and

TABLE I. Relative strengthsof electromagneticN! N* transitionsin the SU!6# quark model. The
coefÞcients+ and , denotethe relative strengthsof the symmetricand antisymmetriccontributionsof the
SU!6#groundstatewavefunction.The SU!6#limit correspondsto +#, .

SU!6#representation 28(56") 410(56") 28(70!) 48(70!) 210(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 TableI, but for neutrino-inducedN! N* transitions.

SU!6#representation 28(56") 410(56") 28(70!) 48(70!) 210(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 DUALIT Y . . . 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+ -
F n

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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catÕs ears diagram  (4-fermion higher twist ~        )    1/Q 2

∝
!

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 difÞcult to test because of 
absence of free neutron targets

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

2

F
2
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ÒtheoryÓ:  Þt 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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ÒtheoryÓ:  Þt 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 > m 2
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

ÒreferenceÓ Þt with cut0,
no nuclear/HT corrections

PDFs remarkably stable with respect to cut reduction,
as long as Þnite-Q  corrections included2
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Larger database with weaker cuts leads to signiÞcantly 
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

31



Summary

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

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

Remarkable conÞrmation 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 Þts at low Q   and large x with signiÞcantly 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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