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complementarity betweegquarkandhadron
descriptions of observables

hadrons guarks

— can use either set afompletebasis states
to describe physical phenomena
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Duality in hadron-hadron scattering
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Duality ine” & annihilation
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— total hadronic cross section at high energy
averages resonance cross section
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Duality in heavy meson decays
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— sum over hadronic-level decay rates
= guark-level decay rate

' + IV o« I

Voloshin, Shifman, SINH, 120 (1985); Isgur, PLB48, 111(1999)
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Duality In largeN limit

m Ot léoft model: QCD in 1+1 dimensions iMN; — oo limit

—> discrete spectrum of inPnitely narro@@ bound states
—> GreenOs functions calculadactly

B Sructure functionfor n-th bound state

Wo U "FSL(QY) + FR (QY)F s(W2r M?)

m

where form factorsrF2, ! (" 1)Megmg! n/Q?
for quark distribution amplitudé ,,

B Scaling structure functioobtained inQ? — oo limit
from §-function spectrum

PWh Toegmg o (x) + egmg"a (1" X)

—> exactly as from handbag diagram at quark level
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Duality In electron-nucleon scattering
Ooom-Gilman dualityO
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Hectron-nucleon scattering

B Inclusive cross section faaN ! eX

d2o 4a’E2 cod | ,0F I
- = 2tan® = — + —=
d' dE! Q4 oM v

v=F1 E' Q2
X =
Q%= g2 u2:4EE’sng } 2M!!

Bjorken scaling variable

B F; ,Fs structure functions

—> contain all information about structure of nucleon
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B In deep inelastic regiofw ! 2 Gev, Q*! 1 GeV’), structure
function given by quark and antiquark (OpartonO) distributio

Fo(x,Q) =z ¢ q(x, Q)
q
:gx(quU)Jr%x(d+d)+%x(s+§)+---

— ((x,Q°) = probability to bnd quark
type @O in nucleon, carrying
momentum fractiorx

B Inresonance regiofW ! 2 GeV),or at low Q? (Q* <1 GeV?)
can no longer resolve individual quark structure

—> seegross featuresf hadron(complex, multi-parton effects)
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Duality In electron-nucleon scattering

deep inelastic
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Niculescu et al., PRES, 1182 (2000)
WM, Ent, Keppel, PRegd06, 127 (2005)

f 0.06 < Q< 0.09 (GeV/c)>

averageover
(stronglyQ? dependent)

resonances
~ @ independent
scaling function

ONachtmannO scaling variable
- 2T
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Duality In electron-nucleon scattering

— also existdocally in individual resonance regions
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Duality andQCD

B Operator product expansion

—> expandmoment®f structure functions
In powers ofl/Q2

1

My (Q?%) = dr "% Fy(z,Q?)
0
(4) (6)
S A@ L AT AN g
" Q- Q4

/

matrix elements of operators with
specibc OtwistO

7 = dimension — spin
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Duality andQCD

B Operator product expansion

—> expandmoment®f structure functions
In powers ofl/Q2

S|
2 n—2 2
Mn(Q7) =  dxz" " Fa(x,Q)
0

ALY AP
5 + 1 + aa
Q Q de Rujula, Georgi, Politzer

Ann. Phys103, 315 (1975)

= ASQ) +

B If momentx independent c:(D2
— higher twist termsA{~ 2 small

B Duality «= suppression of higher twists
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Analysis ofllab F} resonance region data
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— | higher twists < 10- 15% for Q* > 1 GeV’
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Resonances twists

m Total higher twist @mallO at scales)? ~ O(1 GeV?)

B On average, honperturbative interactions between
guarks and gluons not dominagat these scales)

—> nontrivial interference between resonances
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Resonances twists

Total higher twist 8@mallO at scales)? ~ O(1 GeV?)

On average, nonperturbative interactions between
guarks and gluons not dominagat these scales)

—> nontrivial interference between resonances

Can we understand this dynamically, at quark &vel
— IS duality an accide®t

Can we use resonance region data to learn about
leading twiststructure function8

— expanded data set has potentially signibPcant
iImplications for globe?DFstudies
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B Consider simple quark model with spin-f3avor symmetric
wave function

form factors 2
— coherentscattering from quarks d! ! (Ze.)

structure functions
—> Incoherentscattering from quarksd! ~ Ze?
i

m For duality to work, these must be equal

—> how cansquare of a surbecomesum of squares
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B Dynamical cancellations

— e.g.for toy model of two quarks bound in a harmonic
oscillator potential, structure function given by

F(Lg?) ~ > [Gon (@] "(En —Eg—!)

n

—> charge operator! ; g exp(iq ar;) excites
evenpartial waves with strength (e; + &)
odd partial waves with strength (e; " e)?

— resulting structure function

F(!, g?) ! (e1+ €)% Gfon +(€1" €)% G§ pns1

n

T

—> |f states degenerateross termg! eje;) canaehen

averaged over near

®ven and odd paritgtates

Close, Isgur, PLB09, 81 (2001)
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B Dynamical cancellations

— duality Is realized by summing over at least one
complete set okevenandodd parity resonances

— In NR Quark Model, ever& odd parity states generalize
to 56 (L=0) and70 (L=1) multiplets of spin-RavosU(6)

I#representation 28(56%)  *10(56") 28(70°)  “8(70°) 210(707) Total
F? 9, % 8+ 9, % 0 +2 18, 2+ 9+2
F! (3, ++)°/4 8+ (3, —+)%4  4+° +2 (9, 24 27+2)/2

A (p) = (anti) symmetric component of ground state wave function

— summing over all resonancessistt and70- multiplets

Fi' 18 2 - ifi=2d) |
FP =373 as in parton model (ifi=2d) !

— similar realizations of duality seen in other models
Close, WM, PR@8, 035210 (2003)
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Accidental cancellations of char@es

catOs ears diagra-fermion higher twist- 1/Q 2)

: ! ™9 :
x € e ~ e, — e’
5 i i T i T
coherent iIncoherent

‘ 4 1

;4 1
neutron HT ! 0" —-+4+2# — %0 Brodsky

9 9 hep-ph/0006310

— duality In proton acoincidence!

—> shouldnot hold for neutron
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Neutron: the smoking gun

B Duality inneutronmore difpbcult to test because of
absence of free neutron targets

B New extraction methodusing iterative procedure for solving
integral convolution equations)as allowed Prst determination
of FJ' In resonance regio& test of neutron duality
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M (data) / MZ (theory)

Neutron: the smoking gun
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PRL 104, 102001 (2010)

=P duality isnot accidental but a general feature
of resonancescaling transition!
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M (data) / MZ (theory)

Neutron: the smoking gun
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=P USe resonance region data to learn about
leading twiststructure function8
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CTEQ-JLab@J globalPDFanalysis *

B New globaNLO analysis of expanded setpandd
data(DIS pp, pd) including large, low-Q? region

m Systematically study effects Qf& Wcuts
—> down to Q ~ m. andW~ 1.7 GeV

m Correct for nucleareffects in the deutem,
subleadind/Q? corrections (target mass, higher-twists)

B Dependence on choice ¢iDFparametrization

* CJ collaboration: A. Accardi, J. Owens, Wiheory)

E. Christy, C. Keppel, P. Monaghan, L. Zfexpt.)
http://www.jlab.orgCJ
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CJkinematic cuts
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B PDFR remarkablystablewith respect to cut reduction,
as long as bnit€# corrections included
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0.5

W

— d quark behavior driven by nuclear
corrections at higlhx
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B Larger database with weaker cuts leads to signibPcantly

reduced errors, especia
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— Up to 40- 60% error reduction when cuts
extended into resonance region
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B Vital for largex analysis, which currently suffers from

d/u

large uncertaintiegnostly due to nuclear corrections)
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— uncertainty ind feeds into larger uncertainty

In g at highx (important for LHC physics!)

4, 014008 (2011)

Brady et al., arXiv:1110.5398
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Summary

m Remarkable conbPrmation of quark-hadron duality
IN protonandneutronstructure functions

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

B ConbPrmation of duality imeutronsuggests origin in
dynamical cancellations of higher twists

—> dualitynot due to accidental cancellations of quark charg

B Practical application of duality

—> USe resonance region data to constré@ading twistPDFs
(globalPDFanalysis underway)

— stable bts at low? and largex with signibcantly reduced
uncertainties
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GAISCER

GermanyandU.S:Nuclear Theory Exchange Pregram

for0CD/Studiesiof Hadrons and Nuclei

B Newly approvedOE program forus Germany exchange
In hadron/nuclear theory, centered aroudthbandGsSt FAIR

B Fully fundsysbased physicists for up @ 4 week
collaborative visits t@Gsermany

B e http://www.jlab.oraGAUSTEQ
or contact one of thePs (b DudekwM, Christianw eiss)

through<gauste@jlab.org
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