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DUALITY
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What is duality 7

@ QED: Electrons+Nuclei vs Atoms or Molecules
U =|pe pe” ...)~|HH...) ~|H2Hs...)

@ QCD Quarks+Gluons vs Hadrons
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@ Is the PDG complete ? Are there missing states 7
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Completeness and Inclusive Processes
@ eTe™ — X (hadrons)
T = ®v(p+)yuu(p-)(1/4°)(nlJu(0)|0)

@ g=p_+py, X=n"n",pp,KK,...

a(ete” = X) = > |TI*5(pn — q) = wuv(9) L (q)

@ Hadronic tensor

Wi (q) = D _(2m)*6(q = pa) (0|7 (0)[n)(n] 1, (0)]0) D |n)(n| =1

n

@ Optical theorem
Wy (q) = 2DiscIl,y (¢) = 2ImlIl,,,, (q)

@ Vacuum polarization

My (q) =i / d*ze (0|T {J,.(2) 1, (0)} |0)
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Completeness and Inclusive Processes: High energy

@ cte” - X =gqq
T(e*e™ = Gg) = €20(p+ ) utu(p—)(1/a?)0q (ks )Qur g (k)

@ g=p- +p+

Bky  dBk_
o(e+67%X):/ TPk + ke — )+
(2m)3E4 (2m)3E
@ Duality
1= ZIX (X| = |ag)(qql + |q99)(qagl + - .. = |=T7 = Y(w 7~ |+|pp) (ppl+| K K) (K K|+ ..
QCD
@ Ratio

U(e+67 - X) _ Zq=u,d,m J(6+e — qq _ ZQQ — ZQ2 s —4m? )

olete™ = ete™) olete” —ete™
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Completeness and Inclusive Processes: DIS
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@ Hadronic tensor

W (P, q) = Z(ZW (P +q —pn){(P|Ju(0)n)(n|J.(0)| P)

@ Completeness relation

> In)nl =1

n

@ Optical theorem
Wy (P, q) = 2DiscTy, (P, q) = 2ImT,,, (P, q)

Tuv(Prq) = i/d%eiq'z(PIT {Ju(@) 00 (0)}|P)
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Questions to consider

Quark-Hadron Duality: Physical observables can be computed in quark-gluon or hadronic
language: Measurements can only be made in terms of hadrons

What states can we use to saturate sum rules ?
How do we reconcile the picture of intermediate ¢ free states with confinement 7

Does quark hadron duality impose constraints on results ?

Two point functions (Spectrum)
Three point functions (Form factors, Decays)

Four point functions (Hadron-Hadron scattering, Structure functions, GPD's)
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RESONANCES AND WIDTHS
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Quark potential and string breaking
Transition QQ — BB
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@ Energy of two heavy quarks
E(r) =mg +mq + V(r)

@ Meson masses
Mgq = Agq +mq Mg = Bqq +mQ

@ Uncoupled Born-Oppenheimer (diabatic crossings)
Vog(r) =or, Vogaa(r) = Bgq + Agy =2A.

@ Orthogonal eigenstates

o o0/ o A Q. o
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The radial Regge spectrum for light quarks

@ Two scalar quarks in the CM frame
P2
M=2p2+m?2+or—2m+—+or+... (1)
m
@ Bohr-Sommerfeld quantization L =0 and m =0
M/o
2/ prdr = 2m(n + «) (2)
0

@ Radial Regge spectrum for large n Anisovich, Anisovich, '02

M2 =p?n+ M2 % =1.25(15)GeV? (3)
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Empirical Regge Spectrum and Widths
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@ The half-width rule: AMr =Tg/2 or AM2 = MgTr
M2 =1.38(4)n + 1.12(4)J — 1.25(4) .
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The hadron resonance spectrum

@ Most states listed by the PDG are resonances (unstable with strong interactions)
@ Many are classified according to the quark-model

@ Meson and baryon spectrum resemble large N. QCD properties
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Large N. scaling rules

N. — oo with aN, fixed (t'Hoot, Witten)

@ Hadronic spectrum (baryons and mesons are stable)
M pwo~NS Topw~1/Ne mya~Ne Ta~1/Ne
@ Couplings
gvmnm ~1/V/Ne  gunenvns ~1/Ne g ~ v/ Ne
@ Scattering

T(xmw — nw) ~ 1/Ne, T(rN — 7N) ~ NO, T(NN — NN) ~ N,
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LARGE MOMENTUM
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Operator Product Expansion

@ Vector-Vector and Axial-Axial correlators

b
15" (q)

; / a0 (0|7 { 75 (@) 0} 0)
¥ (¢?) (¢"q” — 9" q%) 5°°,
W) = i [ dtee o {75 @50} o)

= 15(¢%) (¢"a” — g""¢?) 6°° + 15 (¢%) ¢"q” 577,

with J{ = ii’y“{l,%}%w QCD currents. At large Q

1 Ne. Q%  w{asG?) | 256w ag(gq)?
nf 2y = —d-Llog2t +—
Fea@) = gl Flee g+ i T e
327 as{dq)?
M@ = -2F 7228 +o )
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Narrow Meson resonances

ud,s
p.pp,
v AT
@ Saturating with narrow resonances
T(H2) — \n
M@ = Zm*”w
T(H2\ _
ey = L+ Z M2 +Q2 +et,

@ Spectral function

oS} F2
T 2 2 ) Vin
ImIly, (s) — Z_: Fy o 0(My,, — s) nl;mw dn/dM
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Regge phase-space

@ For large meson masses, the level density is given by

p(M?) = > §(M*—M2)— /dné(M2 — M2)
n
. 1 ) _dn 1 (5)
T dM2/dnlM2=M2  dM? 270
@ So, using the WKB approximation we get
dn 1 [%dr 1
- = 7/ a_ - (6)
aM T Jo pr 2mo

@ Finite quark mass corrections

dn 1 4m?
= — /1 - —0(M? —am? 7
aM? ~ 2mo \| T M2 ( m) (7)

@ Two body phase space factor = Absortive part of two point correlators for FREE
PARTICLES.
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Finite width

Polarization operator
N
1 Z fTQLFn\/g

1
Slmll(s) = = S Jnonvs
_— (s) Tt (s — M2)? +TZs

f2 =1/(247%N.), M2=n+1, M,Tn=vn, n=0,1,2,...,N.
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FORM FACTORS
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Pion Form Factors

@ Large N. (generalized meson dominance)

@ Minimal Ansatz

Fem(QQ) =

E. Ruiz Arriola (U. Granada)

cVM‘z/ c
Fem@) =2 3z ~ of
P @

MZ B I'y
MZ+Q2 2

Q% [GeV]
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Pion Transition Form Factor

1 cy M2
E Q? Z \% Z
(@) An? f M‘Q/ + Q2 ev=1 ()
v \%

@ 1 state V = p (no pQCD constraint) Lattice: Gerardin et al. PRD94 (2016) 074507
@ 2 states V = p, p’ (with pQCD constraint)

@ |Fepr(-Q%0)
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Nucleon Form Factors

i qy

(NG OING) = a6 |3 (0 +

o F =N (d) | ulp)
t3E(t) = 0

FI=0(4) Z JwNN fwy FI=0( Z JoNN fuy

mZ —t My —

FI=1(1) Z QZiVijv FI=Y( Z SoNN foy
P

mp —

SU(3) = gwnN = 3g,NN ~ 9 Violations of 30%

E. Ruiz Arriola (U. Granada) Excited Hadrons and Quark-Hadron Duality Workshop on Resummation, Evolution, Facto



GUOY
s

Q%)

0.15F 1

0.05

ﬂ I
0.00 -+

Q' [GeV’]

(0"
B

G

(0%

Q' [GeV]

E. Ruiz Arriola (

Q' [GeV]

Granada) Excited Hadrons and Quark-Hadron Duality Workshop on Resummation, Evolution, Facto



Nucleon Axial Form Factor
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Single resonance saturation
T. Ledwig, J. Nieves, A. Pich, E. Ruiz Arriola and J. Ruiz de Elvira, Phys. Rev. D 90, no. 11, 114020 (2014)
@ Pion Transition form factor

1 m2 6
2 _ 1% s
FW’YY* (q ) B 47T2f7-r ) m%/ - q2 - Ncq2
N—— —— N——
ChiralAnomaly VMD BL
24 2 £2
m? = ;f’f . fr=88(MeV) >  my = T781(MeV)
c

@ Analysis involving OTHER form factors

mp ma 24f
mg=my = — = —— =T4| — fr.
VT VR T vz N7
@ Widths
r
V. = T 2026 (exp:0.20)
my 4N,
T
Is 2 9% 19 (exp:1)
mg 8N,
@ The Low Energy Constants of Chiral Perturbation Theory
1 1 4 f2 N,
9LSRA — [SRA _ _“SRA _ ~SRA _ Z7SRA _ = 02
2 2 3 8my, 1927

@ EVERYTHING IS DETERMINED FROM f !l
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DIS
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Deep inelastic scattering

e T wooow wa 7
I;N* A :i
N N
N N N N

@ Forward Compton scattering

Webo.ai9) = - [ d'aet€ (p,s| 172, 52 O] . s) ©)
» . . 1
= (—gw + q:g ) MyWi (v, QQ) + (Pu - %%) (Pu - %quq) FNW2(V, QQ)
= S NIIRXRILING (0 + 0)* ~ M) (10)
R

@ Bjorken limit:
Q% - with z=Q?*/2p-q fixed.

@ Scaling and Spin 1/2 (parton model)

MNWi(z, Q%) —, Fi(z) and %Wg(z, Q%) = Fa(z)  Fa(z) = 22F (z)
N
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Narrow resonance approximation

@ Invariant mass

W2=(p+q® =M +Q G”)

@ Bjorken limit

Wa = S [Gnonla MBS = 2aR) = [ Y [Gnoni(— @) 2500
R i

dn
P —

1
2u2 (

By(x) = Y [Gnoi(a/(1-2))

i

@ Scaling limit
ME =pPn+M?  Gnor(q) = F(¢?/ME)

@ Drell-Yang relation

n

GN*)R(—QQ) — Qi FQ(I) — (1 — :E)n_l
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The radial Regge spectrum for quark-diquark states

@ Quark-diquark in the CM frame

M= /p>+m% +p+or (13)

@ Bohr-Sommerfeld quantization L = 0

M/o dn 1 m?2
2 dr =2 - —=—01--2 14
| = 2mnr ) 5 S = s - TRy (14)
@ Radial Regge spectrum for large n
M3 = p®n + Mg (15)

@ Quark-Hadron duality in DIS requires Quark-Diquark dynamics !

@ Problem of missing resonances —Quark model with qqq states predicts more states than
observed
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Regge Fits

Radial Regge trajectory parameterized as:

MZ’J =a+u’n+8J (16)

M2 [GeV]?
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Photoproduction

@ We take
Mp=098 My =13 Mx=16  M2=an+ M2

700 [

600 :
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o(s)(mb)

300F -
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100 F T
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@ For electroproduction many more details are needed.
@ High spin formalism
@ Callan-Gross relation 2zF (z) = Fa(z) spin 1/2 quarks (e.g. pion structure function)
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Electroproduction

@ Structure function

7 Gn(Q)" T'n
Zf[ )I?Tny/s

W b
(s— M2)2 25

2 =1/(247%2N.), M2=n+1, M,Tp=vn, n=0,1,2,...,N.
@ Form Factors
1

@@= g

Wl(s) QQ) — F1(17Q2)
Bj
@ Phenomenological analysis by Bosted and Christy (Phys.Rev. C81 (2010) 055213)

05 T T T T T T
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Conclusions

@ Quark-Hadron Duality requires infinitely many resonance states at high energies
@ Large N¢ inspired approach including widths provides a working scheme

@ Minimal number of resonances leads to parameter reduction at low energies

(]

Radial Regge formulas for hadrons (mesons and baryons)
MEL ~an—+bJ+c

@ Effective two-body dynamics (Quark-diquark for baryons)
@ Detailed description requires higher spin fields

Can we describe quark properties of hadrons WITHOUT explicit ?
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