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motivation

@ Measurement of timelike form factor in the resonant regions, which makes up the piece
lacking solid QCD-based calculation.

@ With the perturbative QCD calculation up to next-to-leading-order of strong coupling
and twist four level of meson distribution amplitudes, compare with the experimental
results and extract relevant information about the meson structure.

@ The results of the transition form factors of n and 7’ are experimentally given. Based on
this, we give the mixing angle related to the flavor eigenstate.

Jian Chai (HNU) PQCD 42 2023 4 11 A5 H  4/20



outline

© 7 and K distribution amplitudes from the electromagnetic form factor
o Perturbative QCD formulism
o Dispersion relations
© Result and discussion

Jian Chai (HNU) PQCD 412 2023 4 11 A5 H  5/20



Perturbative QCD formulism

le
i

Fig 1: Feynman diagrams of my* — 7 (left) and v* — 77 (right) form factors at leading-order. which the
EM vertexes are denoted by ® and the possible attachments of internal hard gluons are denoted by X.

o p1 = (Q/V2,0,0), p2 = (0, Q/v2,0); k1 = (2Q/v2,0,Kir), k2 = (0, 2Q/V2, Kar)
The momentum transfer squared is ¢ = (p1—p2)? in the spacelike form factor, whereas
it reads as ¢ = (p1 + p2)? in the timelike.

e The invariant amplitudes of transitions with EM curents can be defined by the nonlocal
matrix element:

(= () |55 7= (p1)) = (w~ (p2)| (Typu— dyud) |7~ (p1)) = eq(p1 + p2) Fr(@?), )

@ separating the contributions from short and longdistance interactions, the matrix element
is written in the factorizable formulism as:

(m= (p2)[ Ty ™ 7~ (p1)) =

§ dz1dz Hlfgw (22, 21) (7~ (p2)

{@ G2)exp (igs [52 dos Aur () us ()},
<0‘ {EQ(O) exp (igs fzol dUVAV(U)> dé(zl)} .

[t

O

”7(p1)>m
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Perturbative QCD formulism

(= (p2)|J™ |7~ (p1)) =
$ dz dZQHijgla(;(Zz, 21)(m (p2) {%(22)9"19 (igs [5* dor Ayr () ug (0)}kj
<0' {EQ(O) exp (z’gs fzol doVAV(J)) d6(21)}il T

° Hi’dm;(ZQ, 21) is the perturbative hard kernel

M

D

HIE (21, 22) = (—1) [ig57mlap T [(ieqv) So(0 — 21) (igsyn)] 5 T [<iD0n(21 — 22)]
° (o’ {ﬂa (0) exp <1g I da,,A,,(o)) dtg(zl)}”

<0’ {ua(O exp (igs /; dUVAV(U)) dé(h)}”

=5 {5 050 OO e (1 /d"” @) () )l (), +++ |

7r_(p1)>m is the LCDAs

7 (p1)),,,

Then, we can get space-like Fr(q2) = F2P(q2) + F2P(¢?).
¢? is converted to —q?, we can get time-like form factors Fr(s).

s
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Dispersion relations
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Fig 2: data(left) Space-like form factor(right) derived from
standard dispersion relation.

The measurement of timelike form factor is carried out for the modulus square | Fi(s)|2, and
the information of imaginary part is usually obtained by a parameterization of Fr(s), which
brings an inevitable model dependence which results in an additional uncertainty to the
spacelike form factor.

The modulus squared dispersion integral is
[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.]

FDR(2) —
e V(s )

4

o0
q?\/so — 2 /ds In | Fr(s)|?
27 .
m?
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Result and discussion

Space-like form factor derived from modulus squared dispersion relation

FRR(q?) =exp

5 1 75 76 75 30
Q%(Gev?)

Fig 3:
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Fig 4: Time-like form factor.
|Fx(8)|* = O(smax — )| F**(s)|*

+O(s — smax) |73 (5) |

Y
[P (8)1> = O (smax — ) | Fiier. ()17 ¢
+O(s — smax) [FEP ()7 %
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Result and discussion

Space-like form factor derived from pQCD

FPRCP(Q?) = (mf)*F1(Q%) + mfF2(Q%) + F3(Q*) + miag F4(Q?) + a7 F5(Q%) + (a7)*Fo(Q7) .

The form factor with the contributions from 2p-to-2p and 3p-to-3p scattering:

CD 2 CD 2 CD 2 CD 2
: FRAOP(Q) = FEH V(@) + FRE (@) + Frdigua (@)
0.07 " CD 2
+ PSP
002 D
FPUP(QH) = F2(QY) + aF FE(Q) + (a)? FEA(@Y),
o0 10 12 14 16 18 20 22 24 26 28 30 CD 2 ,tg 2 7t3
FRE (@) = (m§)PFP Q) + m§ P3P (QF)
Fig 5: The spacelike form factor obtained T\2 2p,t3 /1 12 7 2p,t3 1 2
from the modified dispersion relation and + ((L2) ]:3 (Q ) + a2 ]:4 (Q )

the pQCD calculation. + mg ag]_-gp,tii(qf) + ]_—62p,t3(Q2) ,

FTI;%QC@])thl(QQ) — F12P,t2®t4(Q2) 4 a72'r ]:22P,t2®t4(Q2) .

ptaog
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Result and discussion
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Fig 6: The spacelike form factor obtained from the modified dispersion relation and the pQCD calculation
with the new obtained parameters in scenario II.

Tab 1: Fitting results of m{ and a] at the default scale 1 GeV.

Scenario 1 11 ITA IIB
mg (GeV) 1.377923 1.3170-37 0.937527 1.5970-30
a3 0.25 £ 0.25 0.23 £ 0.25 0.25 £ 0.25 0.26 £ 0.25

Tab 2: Results of mé( by the fit, the a{( = —0.108 and aé{ = 0.170 form lattice.

Scenario 1 II ITA I1B
mg (GeV) 1.6270-28 1727033 1.437038 1977032
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Result and discussion
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Fig 7: The magnitude of 7 electromagnetic form factor
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Fig 8: The magnitude of K electromagnetic form factor
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Transition form factors of 7°, n and 1’

Fig 9: Feynman diagrams of Pseudoscalar meson transition form factors at leading-order. Which ‘e’

represent virtual photon vertices.

Vate [
- /0 da /0 bdbem () expl—S(a, b, Q, 1)) S1(z, Q) Ko(v/7Qb)

]'—W“/(QQ) =

_as(p) u>b o
X [l y Cp(lnzﬁQ + g+ 2lnz+ 3 3 )]

[H. n. Li and S. Mishima, PRD 80 (2009), 074024]

Tab 3: Fit a3 and aJ,aj form data.

G-m Belle Babar
az 0.156700%% 0.28770-082
az 0.170 £ 0.080  0.280 £ 0.070
0 B 1 15 Oz‘gevzis 30 35 40 a4 _0b03tggg§ 0'009:8?)3)8

Fig 10: T f-f, the vertical axis QZF(QZ)A
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Transition form factors of 7°, n and 1’

Considering the difference in charge factors between 7(In the transition form factor, 7 refers

2 2
_eutes _ 5 _ 2 _1
Cng= 5" =g and G =6 =3,

2 2
Cu—"% _

5t =

3
to ﬂo)? Mq and Mss C’7'r(J = m7

so we have

-anw(Qz): gfwv(QQL ]:nsw(QQ):

fng = (1.07 £ 0.02)fr, fng = (1.09 £ 0.03)fx, fng = (1.08 £ 0.04) fr,
fns = (1.34 + 0.06) fr, fns = (1.66 % 0.06)fr, fns = (1.25 + 0.08)fr,
¢ = 39.3° + 1.0° ¢ =40.7° £ 1.4° ¢ =37.7° +£0.7°

[PRD 58 (1998), 114006] [JHEP 06 (2005), 029] [PRD 85 (2012), 057501
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Transition form factors of 7°, n and 1’

quark flavor basis 1y =

V2

L (wu+ dd), ns = s3

singlet-octet basis ng = %(uﬁ—&- dd — 2s3), m = %(uﬂ—&- dd + s3)

ng \ _ [ cosb4.7° —sinb4.7° Ngq
Ns - sin 54.7° cos 54.7° s

Physical state 7, ’ is mixed with ng, n1 or ng, 7s

(m)-

PN

V2
V3
1

V3

n [ cosfg —sinb; 78

n ~\ sin6g cos 01 m
_( cosfg  —sinb; cos54.7°  —sin 54.7° Mg
—\ sinfg cos 01 sin 54.7° cos 54.7° Ns
[ cosfgcos54.7° — sin 61 sin 54.7° — cos fg sin 54.7°
~ \ sinfg cosb54.7° + cos 01 sin 54.7°

]:n«,(QQ) = (cos 0g cos 54.7° — sin 07 sin 54.70)]-'7](1-,,(Q2) — (cos 0g sin 54.7° + sin 61 cos 54'70)]:7]57(Q2)’

]:n/,Y(QQ) = (sin 0g cos 54.7° + cos 01 sin 54.70).7-'77117(Q2) + (— sin 6g sin 54.7° + cos 01 cos 54.70).?7,57(@2).

)

— sin 67 cos 54.7°
— sin fg sin 54.7° + cos 01 cos 54.7°

Nq
Ns
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Transition form factors of 7°, n and 1’

If 63 = 61 = 0, then
n _ cosf —sin6 n8 _ cos(6 + 54.7° —sin(6 + 54.7°) nq
n - sin 6 cos 6 1 - sin(@ + 54.7° cos(G + 54470) s

_ cos ¢ —sin ¢ Mg
- sin ¢ cos ¢ s

Therefore, we can get the well-known relationship ¢ = 6 + 54.7°.

Fry (@) = cos ¢ Fp v (Q7) — sin ¢ Fn ~ (Q7),
Fpr(Q%) = sin 6F 4 (@) + cos $Fn . (Q%).

T Babarz } Babart S Bebert
04 ¥ Babarl 0.4 ¥ Babarl 04 ¥ Babarl
i Babar2 ¥ Babar2 ¥ Babar2
0 ! 0 i 0 i
T S SR T S-SR T T
q%(GeVv?) q%(Gev?) q2(Gev?)
fng = (1.07 £ 0.02)fr, fng = (1.09 +0.03)f, fng = (1.08 +0.04) fr,
fns = (1.34 £ 0.06) fr, fns = (1.66 £ 0.06) fr, fne = (1.25 £ 0.08) fr,
¢ =39.3° +1.0° ¢ = 40.7° +1.4° ¢ =37.7°+0.7°
[PRD 58 (1998), 114006] [JHEP 06 (2005), 029] [PRD 85 (2012), 057501]
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Transition form factors of 7°, n and 1’

Far(Q%)
= (cos 05 cos 54.7° — sin 01 5in 54.7°) - (Q7)
— (cos Bs sin 54.7° + sin 6, cos 54.7°) Fy 4 (Q°),
Fry(Q%)
= (sin 05 cos 54.7° + cos 01 sin 54.7°) F,y, 4 (Q°)

Fry (Q%) = cos $F,+(Q°) — sin ¢.Fn o, (Q%),
Ty (@) = sin ¢ Fp 1 (Q%) + cos ¢ Fy i (Q7).

+ (—sin fg 8in 54.7° + cos 01 cos 54.70)]-'7757(622).
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Fig 11: Fit with an angle ¢ b
q2(Gev?)
6 = 40 6o+0A9° ¢ =39 10+1.4° Fig 12: Fit from two angles 0g and 61
- T —0.89° - to—1.1°

0 = —45.9°164° g, = _13.7°10.00

—6.39° +0.5°
10.3° —1.4°
0s = —53.3°119%, 0, = —15.5°" 13,
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Summary

@ we obtain the chiral mass of light pseudoscalar mesons mg = 1.31f8'§(7) GeV,
ml = 1727022 Gev.

@ Due to the chiral enhancement contribution from 3-twist distribution amplitudes in the
pQCD, we can not extract the lowest Gegenbauer moments of mesons from the
electromagnetic form factor.

This problem could be settled down with the foresee Belle-II and BESIII measurement of
the transition form factor especially in the large momentum transfers regions.

@ The mixing angles in 7 and 1’ should be two different mixing angles to better describe

the experimental data. Os = 753.301:}(2):?2, 01 = 715.50:}:‘112

Thanks for your patience...

Lt g
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