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Hadronic form factors: (1/Q?%)™~! counting rules
Expectation: some fundamental /easily visible reason
Most natural suspect: scale invariance

Implementation: hard exchange in a theory with

dimensionless coupling constant.
QCD: (a,/Q*)"a~1

Suppression: Fr(Q?) = (2a5/m)s0/Q? |sg = 4w?f2 ~ 0.7 GeV?

Looks like O(a;) correction to VMD’s FYMP(Q%) ~ 1/(14 Q?*/m?)

Known: ag/m ~ 0.1 is penalty for an extra loop

Growing consensus: pQCD gives small correction,

dominant contribution comes from soft terms modeled by
GPDs F(z,Q?) with exponential fall-off e~Q°9(@) for fixed x




AdS/CFT claims: nonperturbative explanation
of quark counting rules

Reason: conformal invariance & short-distance
behavior of normalizable modes ®(()

Form factor in AdS/CFT:

1/A
F(Q%) = /0 g—g%f(OJ(Q,C)@p(C)

Nonnormalizable mode: J(Q,({) = (QK1((Q) = K1({Q)
For large Q: K1(¢Q) ~ e ¢? = only small ¢ <1/Q are important
Normalizable modes: ®(¢) = CC?JL (B xCA)




In light-cone formalism:
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F(2)(Q2) :/0 dx/d?bJ_el(l—x)bJ_‘CU_ q’g(ﬂ?,bj_)‘
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Observation: fol dz Jy (@z@) = K1(2Q)
Need: |¢(z, 2)[* = 22x*(2)= 222%(() /¢*
“SJB/GdT” correspondence = Holographic LFWF

x




Normalized to 1:

1
/ dx/deLlllfeff(w,bL)F — 1
0

= Effective wave functions

Lowest meson state: M = By 1A

oz, b) = 5];41 Jl‘/’ézé 7;) Jo(VzzMb) 0(\Vxzb < Bo1 /M)




In k | -representation:

Uz, k) = M Jo(Bo1ki/VzzM)
@KL = e T e

Note: No singularity for k2 /zz = M?,
zeros when k% /xZ = (mass)? of higher state

5/2
1

Oscillates for large k| , magnitude decreases as 1/k

Below first zero: ~ exp(—k3 /2zzM?)




Lowest state form factor:

2 Q/A
Far(Q) = gﬁf : /0 € de K1 (€) JE(EM/Q)

(v = Bo,1J1(Bo,1) = 1.2)
Asymptotic behavior:

Fr(Q?) =

4AM? [ AM? 9 (4M2

Q2 —|—§ Q2> +O(M /Q ):|

0.64
1+ Q?/4M?
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Note: Unlike VMD Q°/(1 + Q?/m?) (blue),
Q*Fy;(Q?) (red) is not constant
in accessible region Q% < 10 GeV?
Question: What mechanism generates these huge corrections?

Observation: if ¢ is interpreted as \/xxb,
then ( = 0 may correspond to z =1




Use Drell-Yan formula:

1
FM(Q2) :/ d.’]ﬁ/d2kj_ \I!}k\/[(x,kL—F;T:qL)\I!M(x,kL)
0

Two possible asymptotic regimes:

e finite x and small |k, |, e.g., region |k | < Z|q |, where
U (z, k) is maximal. Then

1 ~
Far(Q?) ~ 2 / dz |9 (2, 2. ) ()]

= form factor repeats large-k | behavior of WF
= second possibility:

e z is close to 1, so that |Zq| ~ |k [, and |k | is small
= both ¥ys(x,k; ) and ¥}, (z,k, + Zq, ) are maximal.




DY estimate: dominant contribution comes from

z|qL| < m = const

= large-Q? behavior of form factor reflects phase space
available for such configurations

Dedicated estimate: represent form factor as z-integral of GPD

2 50,1 .’E Q
20\ v 2

=G(o) , o=zQ°/zM*
Fyu(Q%) = M /000 da( 9(0)

o 1+ 0M2/Q?)?
= Asymptotic 1/Q? term given by 0*! o-moment of G(o)
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Blue line: G(o). Red line: e=9/3 = e—ZQ° /32 M>

= comes from 0 <10 = z < 10M?/Q?
Note: Asymptotic estimate applicable only if Q% > 4M?

Conclusion: large-Q?% asymptotics of Fy;(Q?) is governed by

soft Feynman mechanism




= Power law is determined by x — 1 behavior of

@) = Flz, Q> = 0) = / b, [T(z b )2 =1,

f(x) = parton distribution function of the model
Extra 2%V = Fy(Q?%) ~ (A%2/Q?)N 1
Question: Is interpretation of

holographic variable ( as product

v xxb of light-cone variables justified?




MEROMORPHIZATION

Erlich et al.: some results of holographic approach

are reproduced in Migdal’s program

Meromorphization substitutes correlator

p(s)

by

M (p?) = (p?) — >

1 /°° p(s) Qs)

mQ(p?) S—p

= cut of II(p?) is eliminated

zeros of Q(p?) = poles of Il (p?)

= hadronic bound states

Explicit Padé construction: Q(p?) = Jo(Bo,1v/p?/M)
for .7 — Y and ju — ¢7u¢7 j5u — ¢75’7u¢



Coupling of the lowest state

2 1 2 .9 2y _ 1 >~
fio= Jim OF =T = 5 |

Explicit calculation with p(s) = pg 0(s)

2 _
The = 760.1J1(Bo.1) M* —s - o i(Bo))

po = 1/167 for 5 = pyp, and pg = N./127 for uvy,(ys)d

2po M* /OO Jo(Bo,1v/8/M) Js — 4poM?
0




Dosch et al.: Meromorphize 3-point function to get form factors

Lowest order: triangle diagram has only double spectral density
p(s1,82,Q%) = build function

Tp17p27Q2) (p17p27Q2)

7T2Qp1 p2/ dsl/ 1 817827621;(9(81)19%(82)

= removes cuts & has poles at II(p?) locations

Elastic form factor of the lowest state:

FaFu(@) = g | ds [ ds




Spectral densities: use Cutkosky rules

(z)

1
p(s1, $2, Q%) :PO/ dr —— /d2k¢
0

X

5 (o1 1L) 3 - s

T X

<
n(z) =1for j = pp, j* =ip O ¢




Form factor:

(@) = i [ 2 [ex

Q(ki/x:ﬁ) Q((kL —I—qu) /xT)

X
M? —k? Jxzz M? — (k. +2Zq,)?%/z%

— has structure of Drell-Yan formula




Using Q(s) = Jo(Bo,1v/s/M) and
2 4,00M2

f

M 7[B0,1J1(B80,1)]?

gives
M Jo(ﬁo,lkL/\/ CIZSEM)
Vi  M? —k? [z

= Same expression as in holographic model

{I\}?&alar(x’ kJ_) _

=
Meromorphization supports interpretation of ¢
in terms of light-cone variables x, b




Spinor case: vector currents j,, jg for hadronized vertices
= tensor amplitude T ;(p1, p2)
= choose tensor structure to meromorphize

Simplest projection: Tc’jﬁnuno‘nﬁ, with n?2 =0, (ng) =0
picks out F1(Q?) + kF2(Q%) — k°F3(Q%), K = Q% /2m)
Compare to leading pQCD:

Frr(Q?) = F1(Q%) — kFy(Q?) + (k° + 2k) F3(Q?)
(expects F1(Q?) ~ F5(Q?) ~ 1/Q* and F3(Q?) ~ 1/Q°)

For this projection: n(x) = 6xZ




— Extra 7 factor in GPD F(z, Q?) should result in
1/Q* asymptotics

Note: Extra 6z gives

1 1
6/ dx:ch()( sz
0 I

3 1
=3 22Q% K2 (2Q) — 1 2> Q°K3(2Q)= K2(2Q)
instead of nonnormalizable mode K1(2Q)) = zQ K1 (2Q)
Still, Ko(€) ~ e7¢, and z ~ 1/Q dominates for large Q

= Apparently, we should get 1/(Q? again!




Resolution of paradox:

2M? M2

F;/f[)mor (Q2)

/Oodsglcz(@ [1——5

Q2 2 QQ

M6
Q6

M? M? M4 M®©
~ 022 0+ 4@_ @"‘ 400626‘|‘O(M8/Q8)}

= F1 st te m vanishes because OOO d§§ K2 (§) =

56 (MS/QS)]

= leading te m has /Q* behavi
ut:  /Q°®c ecti nexceedsitupt Q?= M?*~7 Ge ?
=  /Q* asympt tics establishes ab ve 0Ge ?




