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Background and Motivation

Measurements of F; in different energy regions

o Spacelike data is available in the narrow region ¢ € [—2.5, —0.25]GeV?
Jefferson Lab 2006,2008, - - -, NA7 1996, CLEO 2005

o Timelike data is dominated by the resonant states, have not extend to large momentum
transfers (perturbative QCD available)

IFia™

Real form factor g* < 0 Spacelike q% > 0 Timelike  Complex form factor
- 4mZ
pQCD and analyticity PQCD and analyticity
asymptotic behaviour asymptotic behaviour

Resonants

unphysical
regions

Whole region of momentum transfers for electromagnetic form factor

o Mismatch between the QCD based calculation and the available data
o could be restored by employing the dispersion relation

e pQCD prediction at large |¢?| is indispensable
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Electromagnetic form factor of Pion

1 Dispersion Relation
1 Three scale factorization
1 Electromagnetic form factor of 7 from pQCD

1 Intrinsic transversal momentum distribution functions
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Dispersion Relation

o spacelike data is available in the narrow region ¢ € [—2.5, —0.25]GeV?2
o the mismatch destroys the direct extracting programme from Fj(¢? < 0)
e timelike data Fr(g?> > 0) provides another opportunity

Standard dispersion relation:

1 [ ImFp(s
FPOOP(g?) = 7/ as IR s
T Jso q* — ie

modulus squared dispersion integral:
[S. Cheng, A. Khodjamirian and A. V. Rusov, PRD 102 (2020) 074022

J. Chai, S. Cheng and J. Hua, EPJC 83 (2023) no.7, 556.]

PQCD (2 V- [ In | Fr (s)[*
FRACD () = oxp | TV s
27 sv/s —sg (s — q?)

2
4mZ

1P ()12 = O(smax — ) [ Fiier. ()12 + ©(s = smax) [FRAP (s) 2

,Inter
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Three scale factorization

e end-point singularities appear in exclusive QCD processes
m%’Q < @2, light-cone coordinate ps = (%,0,0T),pg = (0, %,OT),

(anti-)valence quarks: k2 = z2p2, ko = Topo

| pL—p2
k2

— ¢ o u(l —u), mEPT ocm?
: t
o as()oh (u1) b (u2)
M, My o 30 durduzres (i) = TR0 L G

o pick up k7 in the internal propagators
t t
M xSy g4 [ durdugdkypdkypi (u;) 2o bn) 6 (ua)

uyuz Q% — (k1T —kar)?
e end-point singularity at leading and subleading powers
o — s o _Cs(p) s (k7 4.

wug Q2 —k2,  wiupQ?  (upupQ?)?

e the power suppressed TMD terms becomes important at the end-points
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Three scale factorization

kT Factorization Soft+colinear divergence appears double logarithmic term asln®(Q/kr)

kg

0 r@Q) ~ A\ at small x for soft parton
scales g can be x/’a
in QCD keptin H
dlagrams O? 7 Q@ .
form Y / QA In I In oS inH
various »
logs ¢ Hinsensitive

to iy ~ A

Q@ Q3 ~A
A In 5> 1,"21717 = factorization
7 7

large logs

consider contribution from the iTMD

fﬂmp d2 kr dQI_C‘Tl dQETQ - -
O = [ T>+/ L g (o, ).
~ fam, -
) = Z78 08 (a0 o),

fr m(})p

¥8 (u kyr, kyr) = W N3 @, (0 1) (cvi, By, B ).
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Intrinsic transversal momentum distribution functions

Two-particlie Fock state

2 (u, k) = 167282 g(u) Exp [-B2k%g(w)] , g(u) = 1/(un)

2k,
/ LS (k) = 1

167
82 = !
T8 (1+af+af+---)
br) = T S (u,br), % (u,br) = 47 E b
b (u, T)—T\/Bw(ueﬂ) (u,br), % (u,br) = 47 Exp {*m}

Three-particle Fock state

¥3p ( 7, kor) = T3, (u, 1) /“ /ﬂ
u, k17, k = U, da do
o rh 2V/6 o 0 ! 0 2

three-particle iTMD Gaussian function is:
S 3574 k2 k‘2 . 2
Y (an ki1 ko) = — 22087 _Exp {—5'2 (713 + 2L+ (kL rdhar)” )}

1—a; —a

ajaz(l-—a;—az) 1-—ay—az

_2043(5% +03) + (01 + a2) (b1 — b2)?
1652

3 (u, by, by) = 4w Exp|

]

X (ag, ki, ko)
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Electromagnetic form factor: m

LO feynman diagrams of spacelike(left) and timelike(right) form factors

Invariant amplitudes of EM current can be written as:

(= ()15 7~ (p1)) = (m~ (p2)| (v — dyud) |7~ (p1)) = eq(p1 + p2) Fr(@?), J

Separating the short and long distance interactions, written in the factorizable form:
(= (p2)|Jg™ |7~ (p1)) =

§ dardz HYG (22, 21) (n (p2)

{gry (22)exp (igs f022 do,r Ay (U)) ug (0)}kj
<0' {EQ(O) exp (z‘gS fz(l dUuAU(U)) ds(zl)}il

Different twists from different spin structures:

o

7T_(171)>M

1
4q10925 = {Q1Q2 + 75 (@2vsq1) + 77 (@2vpq1) + v57” (@vpysan) + 50’” (qzomqﬂ}
Sa
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Pion LCDAs

o Three sources of high twist LCDAs

1 ”bad” components in WFS in particular of those with ” wrong” spin projection
t transversal motion of ¢(g) in the leading twist components

given by the integrals with additional factors of ki
1 higher Fock states with additional g and ¢g pairs

@ higher twist contributions to exclusive QCD processes are commonly power suppressed
o(1/Q)

e but twist 3 contribution are dominate in the 7, K evolved processes due to chiral
enhancement O(mo/(z;Q))

[SC, 1905.05050] R
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Fit

u [FPR2(g2) - 2P (@3]
"L @

FE(Q?) = (m§)*Fa(Q%) + mp FeB(Q%) + Fe3(Q%)
+ mf af FEGOP(Q%) + a2n FER(Q?) + (a3)2FE3(Q%)

o. o,

=

007 007 el
0.06 0.06
0.05 0.05
0.04 0.04
0.03 0.03
0.02 002
001 001
0.00 - o.

10 12 14 16 18 20 22 24 26 30 . 10 12 14 16 18 20 22 24 26 28 30

Q%(Gev?) Q%(Gev?)

13/18



Electromagnetic form factor of Pion
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Set IA 1B 1T II1

mg(GeV) | 1.37+0.10  1.304+0.100 | 1.56+£0.06 | 1.85+0.07
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Electromagnetic form factor of Pion

o the precise pQCD calculation
e modular dispersion relation with et e~ annihilation data

o a comprehensive description of Fr(g¢?) in the whole kinematics

5 ]
q*(GeV?)

o the slight derivation is still there despite its sensitive to iTMD in the small ¢?

o form factor of K meson is being studied
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Transition form factor of m

Frq~» is the theoretically most clean observable o aj

0.5
= CLEO
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’ A Balle @ Model-I [Brodsky, Teramond 0707.3859, RQCD
0.3 * 1903.08038]
o2 ; e Model-II [SC, Khodjamirian, Rosov 2007.05550]
t o Model-III [Mikhailov, Pimikov, Stefanis 1604.06391]
0.1
0-0% 10 20 30 10
Q* [GeV?]
= pQCD
0.30} W pocDT
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t NLO pQCD calculation with the iTMD 025
contribution, modification in the small 020
and intermediate regions is significant
0.15

t TFF of n") are being studied
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Summary

Form factors and the light-cone distribution amplitudes of light
pseudoscalar mesons:

e Electromagnetic form factor of 7 and K
t in the light-cone dominated processes, hadron structure is well studied in terms of LCDAs
t a comprehensive studies of F,r(qz) with pQCD calculation and modular dispersion relation
t help to reveal inner structure of pion (moments, iTMD)

e Transition form factor 7 and n(")
settle down the 7 fat pion” issue in Fir«
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Thank you for your patience...
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