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Historical Perspective
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B Duality hypothesis: complementarity between
quark and hadron descriptions of observables

2. = 2.

hadrons quarks

— can use either set of complete basis states
to describe physical phenomena
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B In practice, at finite energy typically have
access only to limited set of basis states

B Question is not why duality exists,

but how it arises where it exists,
and how can we make use of it?



Duality in hadron-hadron scattering
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Duality in electron-nucleon scattering

“Bloom-Gilman duality”
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Duality in electron-nucleon scattering
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B average over resonances
(strongly Q% dependent)

~ Q7 independent
scaling function
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Duality in electron-nucleus scattering

@ further resonance
averaging from Fermi

smearing in nuclear
structure functions

WM, Ent, Keppel, Phys. Rep. 406, 127 (2005)
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Duality in polarized eN scattering
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m evidence of duality in
spin-dependent functions,
but detailed workings
must be different

e.g. gy in A(1232) region

—> | Robert Fersch




Duality in neutrino-nucleon scattering
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@ indications of duality in neutrino structure functions
from models of weak transition matrix elements
from resonance neutrino-production data (FNAL,ANL)

—> | Toru Sato




Duality in QCD
— global duality —




Duality and QCD

B Kinematics of inclusive deep-inelastic scattering (DIS)
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B In deep-inelastic region (W =2 GeV, Q% > 1 GeV?)
structure functions given by parton distributions

FQ(xv 2) = L 6c2] Q(x7Q2)




Duality and QCD

B Operator product expansion in QCD

—> expand moments of structure functions in powers of 1/Q*

1
M, (Q?) = /0 dr "2 Fy(x,

A?(;l) A7(7,6)

_ Ag) 4+

/

Q%)

matrix elements of operators
with specific “twist” T

e.g. (N|Y~y ¢ |N)
<N| Eé—w% (0 ‘N>

T =2 T > 2

7 = dimension — spin

elc.




Duality and QCD

B Operator product expansion in QCD

— expand moments of structure functions in powers of 1/Q

1
Mn(QZ) = /0 dr x™ 2 Fg(:C,QQ)

B If moment = independent of Q2

—  “higher twist” terms A{">%) small

B Duality «—=> suppression of higher twists



Duality and QCD

B Note: at finite O?, from kinematics any moment

of any structure function (of any twist) must,
by definition, include the resonance region
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Duality and QCD

B Note: at finite O?, from kinematics any moment
of any structure function (of any twist) must,
by definition, include the resonance region

B Resonance and DIS regions intimately connected
— resonances an integral part of scaling structure function

e.g. in large-N. limit, spectrum of zero-width resonances is
“maximally dual” to quark-level (smooth) structure function



Local Duality

— truncated moments —




Truncated moments

B Complete moments can be studied via twist expansion

—> Bloom-Gilman duality has a precise meaning

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

B Rigorous connection between local duality & QCD difficult

—> need prescription for how to average over resonances

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

M, (Az, Q%) — / dz 2" Fy(z, Q?)

Ax

Forte, Magnea, PLB 448, 295 (1999)
Psaker et al., PRC 78, 025206 (2008)
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Truncated moments
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—> duality appears in various resonance regions
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Resonances & twists

Total “higher twist” is small at scales Q% ~ O(1 GeV?)

On average, nonperturbative interactions between
quarks and gluons not dominant (at these scales)

— nontrivial interference between resonances

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

Can we use resonance region data to learn about
leading twist structure functions (and vice versa)?

—> expanded data set has potentially significant
implications for global quark distribution studies



Local Duality

— insights from models —




Scaling functions from resonances

B Earliest attempts predate QCD

—> ¢.g. harmonic oscillator spectrum M? = (n + 1)A?

including states with spin = 1/2, ..., n+1/2
(neven: I=1/2, nodd: I=3/2) Domokos et al. (1971)

—> at large O* magnetic coupling dominates

2y _ Hn
Gn(Q7) = (1+ Q27“2/M,,%)2 r? ~ 1.41

— in Bjorken limit, >, — [dz, z = M,/Q*

23/2(1 412 /2)~4
z+1—w +T3522

Fy ~ (W' = 1)Y2(ud 5 + Ng/z)/o *

—> scaling function of W' =w+ M?/Q?* (w=1/2)



Scaling functions from resonances

B Phenomenological analyses at finite Q?
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— valence-like structure of dual function suggests
“two-component duality’:

e valence (Reggeon exchange) dual to resonances Féval) ~ g?®

e sea (Pomeron exchange) dual to background Fésea) ~ 008



Scaling functions from resonances

B Explicit realization of Veneziano & Bloom-Gilman duality
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“dual amplitude with Mandelstam analyticity” (DAMA) model

Jenkovszky et al.



Scaling functions from resonances

B Explicit realization of Veneziano & Bloom-Gilman duality

—> for large x and Q?, have power-law behavior
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Is duality an accident?

cat’s ears diagram (4-fermion higher twist ~1/Q”)
2
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9 9
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—> duality in proton a coincidence!

—> should not hold for neutron !! Brodsky (2000)



Is duality an accident?

B Duality in neutron more difficult to test because of
absence of free neutron targets

B New extraction method (using iterative procedure for solving
integral convolution equations) allowed first determination
of FJ' in resonance region & test of neutron duality
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M2 (data) / M (theory)

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

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

— globally, violations < 10%

Malace et al. (2010)

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

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



Applications of Duality




CTEQ-JLab (CJ) global PDF analysis

B Global QCD analysis of high-energy scattering data,

including large-x, low-Q* region

B Systematically study effects of Q% & W cuts

cutO:

cutl: Q% >3 GeV?, W? > 8 GeV?
cut2: Q? > 2 GeV?, W? >4 GeV?
cut3: Q*>m?, W? >3 GeV?

—> larger database with weaker cuts
significantly reduced errors,
especially at large x

up to ~ 40-60% error reduction
when cuts extended into

near-resonance region
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B Valence d/u ratio at highx o5

— significant reduction of 0.4}

CTEQ-JLab (CJ) global PDF analysis
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—> upcoming experiments at JLab

Accardi, WM, Owens (2016) determine d/u up to x ~0.85



Duality in (semi-inclusive) meson production

B Extend duality to less inclusive processes, such as
meson electroproduction

- M
X
*
N N
s-channel resonance parton level scattering
excitation and decay and fragmentation
2
DD Favon (@7 M7) Doy e (M7 M5) | = 3 e ale, Q%) DY (2 Q%)
N3 | NT q

Afanasev, Carlson, Wahlquist, PRD 62, 074011 (2000)
Hoyer, arXiv:hep-ph/0208190
Close, WM, PRC 79, 055202 (2009)



Outlook

B Confirmation of duality (experimentally & theoretically) suggests
origin in dynamical cancelations between resonances

— explore more realistic descriptions based on
phenomenological v*NN* form factors

— incorporate nonresonant background in same framework

B Practical application of duality

—> use resonance region data to constrain PDFs at high x

B Extend quark-hadron duality concept to e.g. electroproduction

—> application to semi-inclusive DIS, DVCS / GPDs, ...






