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1. Motivation

e Meson-photon transitions P(°%,n,n’) = y*y:
- Simplest exclusive processes involving the strong interaction
- Significantrole for both the low- and high-energy precision tests of the SM
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- Simplest exclusive processes involving the strong interaction
- Significantrole for both the low- and high-energy precision tests of the SM

1) Forthelow-energyregime:
The transition form factors(TFFs) enter the prediction of important observables

suchas P —» #€(£ = e, i) decays and the Hadronic Light by Light scattering (HLbL)
contribution to the muon (g — 2)

e.g.) Pseudoscalar-pole contribution to HLbL.
a, = (g—2)/2
14
Foo . [Exp. -Th.(SM)](~30)
Pyy = (278 +88) x 10711
HLbL
§ 227 = (116 + 40) x 10711

A. Nyffeler, PRD (2016)




‘ 2) For the high-energy regime: TFFs can be calculated from pQCD

e.g.)m™— vy TFF

y*  Atleading twist:
$(x,0%) I/'gz‘
Fny(Qz) = f T(x,0%)d(x,Q*)dx + -+

2
- T(x]0?)

-

T: Hard scattering amplitude for y*y = qq
transition which is calculable in pQCD

Y ¢: Nonperturbative meson DA describing P - qQ
transition

b 1) o ] a2k, p(x k)

|k |?<p?

In theory (pQCD):
‘L[ — CO

Qsz, = £NZ ~0.185 GeV 6x(1 — x): "Asymptotic DA

: Brodsky-Lepage(BL) limit (BL PRD (1980))
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e Experimental status for F,, (Q?) frome*e™ —» ete n°

e.g.) some data for ete™ — ~* — n(n')y
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e Experimental status for F,, (Q?) frome*e™ — ete n°
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1) BarBar vs. Belle?

2) What about timelike region?

e.g.) some data for ete™ — ~* — n(n')y

Analyzing both the spacelike and timelike
regions appears important to examine the
issue of scaling behavior.

@

We shall explore both spacelike and timelike
regions using the LFQM!




2. Manifestly Covariant Model for Meson-Photon Transition
[* = (y(P — Qlem|P(P)) = ie*Fp, (Q*)€ ¥ Py€pq,

d*k  H,
(2m)* N, NN,

AN T = iegegN, J SH

, P2

N, =p% —m§+ie(j =1,2)
/ p] J Q ’
SVAVAVAR

(a) N, =k2—m(2§+i6 (mQ =mQ)

St = Trlys(p1 + mo)v* (w2 + mg).e(=k+my)l  Hy(p%,k?) =g
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1) Covariant Calculation

:>F (2)o</1da:/1_xd e
i 0 0 yx(l —z —y)M? + zyq® — mg,




2) Light-Front Calculation

-

q

_|_

0<C\5:F<1)

(I) g™ = 0 frame

q=(0,9",q1)

() ¢ # 0 frame
2

7P_|_7
M2_q2

q= (P

P’ = (0,

Pt

0,)

7OJ_)
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(a) () (0 <z <)

Pt <kt < P*

2-1) Light-Front Calculation (g™ #£ 0 frame with 0 < aa <1 )
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(a)

2-1) Light-Front Calculation (g™ # 0 frame with 0 <a <1 )

1
dx m
[Fm](LbF)OC/O (1_33)/6121& (Q_SMgX(xakJ_)

1 /
dx m
F_]LF / v /d2k Q Kk
[Freale) o . (1—x) lag/(1—ac/)M2—;15(1—;I;)J\43X<:'3’ 1)

where 2’ = z/a

k? + m?
9 1
x(w k) = M=

x(M? — M§)
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ESNANANAE)

(a) ) (0 < x < a)

3) Equivalence between Covariant Calculation and Light-Front Calculation

Covariant Calculation LF Calculations in different reference frames

(b) + (c) for 0 <a <1 (gt #0)

Diagram (a)=
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3) Equivalence between Covariant Calculation and Light-Front Calculation

Covariant Calculation LF Calculations in different reference frames

(b) + (c) for 0 <a <1 (gt #0)
(b) for a=0 (¢t =0): defined in ¢* <0

Diagram (a)=

Ingt =0 frame: ¢=(0,¢ .q1) — ¢* = —ql = -Q°

::>[ FrorJato(Q%) o /01 x(ldf ) / d’k | M'2X(I’,kj_)a

0

MéZMo(k%k/l)Withk,L:kJ_—F(l—CC)qJ_
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(a) (b (@ <x<1) (0 <x<a)

3) Equivalence between Covariant Calculation and Light-Front Calculation

Covariant Calculation LF Calculations in different reference frames

b)+(c) for 0<a<1(¢gr #£0)
(b) for « =10 (q+ == ): defined in q2 <0

Diagram (a)=

(c) for @ = 1(qg" #0) : defined in ¢* > 0
ngv(q ) = [F(b) T F(c) Joca<1 = [F(Iéf]azo = [F(ﬁf]a:1

q .
In a = 1 frame : g = (P, s 0,) Our New findings!

[FE5ler (@%) o ] o | ke g aek)




4) Direct vs. DR Calculations Dispersion Relation(DR) for
F(g?) = Re F(g?) + ilm F(g?):

| Diagram (b) . © Im F( ,2)
Re[F(¢*)] | Re F(q?) = — f 1

) IHI[F(qz)] 9 Im F(qZ) — __P

X Im from DR
—JRe[F]? + Im[F]?

for0<a<1(g* = 0)

—
wn
1 T T 1

Diagram (c)

timelike

2
F (@)/F_ ()

b e e e e o,

FO3P(@®) = [Fgy + Flg loca<t = [Figy Ja=o0 = [F{&) la=



3. Application to Light-Front Quark Model (LFQM)

Manifestly Covariant Model : LFQM 1wy (x, k) = Ry% (x, k) pr(x ko)
_ 9 k) =C(x.k -
X(x, kl) - N (MZ — Mg) (pR(x _L) ('x _L)exp( 8ﬁ2)
1 a2k,
" ™ 1= | de | Tes oo k)P

Process-independent [2N
correspondence: “1

mg + ki
CJ: PRD91,014018(15) ,

@ PRD89,033011(14)

m Pr
d*k, ———
(1—2) M= e

(F, 1515, = JWJ

Ja1= 4173

[F ]SLF VZNf fdzk d)R
myla=0" gn3 x(1—x) lM'2 \/ S
mg + ki




e Summary for the LFQM Calculation of F, CR)

1
A R e Sy VE P L B )
el 43 )y (1—x) T ME - g2
0 0 ng + I3

[Fy 1505, = Y20 J fdzk Pr
y la—0 3 L /2
41 x(1—x) 2 2
\/mQ + k7

@ At sufficiently high Q2

N2 d ;
F () = 2 | gz tento+ 001/ | (@ =

where

¢2;7T(x) =

c 2 ¢R (X, k_l_) .
f,813 dk, Mg : Twist-2 DA
P \/ki +m}




Forthe (17,n’) — yy™ transitions:

Use n — n’ mixing scheme in the quark-flavor basis

yNg = SS

(-G8 G -t

Transition form factor F p,, mixingscheme forP — yy* (P = 0, n.n)

2 2
(eu - ed) Imu(d)

\/’Z tot

(85 + 82) Imu(d)

\/’Z tot

(e + eé) ()

\/’i tot

Ffry(qz) —

Fy(g*) = cos ¢ —sing e21¢

Fyy(g%) = sin¢ +cosp eZ ¢




Forthe (17,n’) — yy™ transitions:
Use n — n’ mixing scheme in the quark-flavor basis

W=Cre G w= g e

Quadratic(linear)

Gell-Mann-Okubo ¢ = [44.7°, 31.77]

mass formula:

Transition form factor F p,, mixingscheme forP — yy* (P = 0, n.n)

2 2
(eq —egq) @

\/’Z tot

(elzt + eé) Imu(d)

\/’i tot

(35 + eé) ()

\/’i tot

Fny(qz) —

Fy(g*) = cos ¢ —sing e21¢

We shall use
> ¢ = (37 + 5)°

Fy (q?) = sing + cos¢p e2I.0¢




4. Numerical Results

0.8

1) Pion E&M form factor

(in unit of GeV)
MOdel mq mg qu 635
Linear 022 1045 (0.3659 (04128

| T I T I T T T

4  Amendolia et al. (86)
e Bebeketal. (78)
= Huber et al. (08)

Q’[GeV %]

CJ: PRD91,014018(15)

CJ: PRD59, 074015(99); PLB460, 461(99)

2) Pion Charge Radius

LFQM

Exp.

™

(r2)1/? [fm]

0.652

0.672(8)

3) Decay Constants

LFQM Exp.
fr [MeV] | 130 130.41(23)
1.17f, [1]

Jo 1.16 Lo5f. 2
1.26f [1]

J8 1.32f, 128 f, 2]

[1] Feldmann, Kroll, Stech, PRD58, 114006(98)
[2] Leutwyler, Nucl. Phys. B (Proc. Suppl.) 64,223(98)




Transverse momentum dependent DA(TDMA) 2. p (2, k| ) :
Radyushkin, PLB(2014)

\/2Nc ¢R(x7kJ_)

¢2.p(x) d’k mg = /d2kJ_ VYo.p(x, k)

- 2
fp8m \/k2L +mg,




1.5

1.0

0.0

0.5F

1
(&ny = fo dx En b 1 ()

i - where & =x — (1 — x)
I 1 (&?); measure of the width
l of the DA
i Twist-2 pion DA
— ! 11 CJ, PRD(2007)
0.0 0.2 0.4 0.6 0.8 1.0
be
<€2>LFQM = 0.24 (%) n (PB) — [Chang et al. 13]

(£2)5 = 0.20 (¢pysy =

(e =1/3(d =

(fz 7c_ltelta =0 (d)delta

6x(1 —x)) (§2)LAT = 0.27 + 0.04[Braun etal. 06]

D

1
S(X — 5)

(fz)AdS/QCD -0 25(¢AdS/QCD \/X(l — X))

[Brodsky et al. 11]
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Results for F,, (qz)
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5. Conclusion

« We investigate meson-photon transitions for both spacelike and timelike regions
using the LFQM

- Find the new direct method to explore for both timelike and spacelike region.

By ISR = L0 f T
a—
M=), @ Mg — q? Jm+ie

- Observe the resonance peaks corresponding to P-type pole for F.-, and (p,®) meson
type poles for F{, ),

- Our results for Q°Fr(Q”) are consistent with the PQCD prediction showing a scaling

behavior for both timelike and spacelike regions.

» Future works:

- Apply our new method to other timelike form factor calculations!



