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We present a phenomenological study of the yy* — KK*(892) process by including the s-channel
production of the 7(1475) and f (1420) resonances. The nonresonant channel via K- and K*-exchanges is
investigated carefully by performing the Lorentz tensor decomposition and is constructed to yield a correct

high-energy Regge behavior. The transition form factor of f(1420) is adjusted to achieve a reasonable
description of the existing L3 data in the f(1420) resonance region. This model is intended to serve as a
Monte Carlo generator for the analysis currently being performed by the BESIII Collaboration. We also

estimate the polarized yy* — KK*(892) cross sections and demonstrate how to extract the transition form

factors of f(1420) from the polarized cross sections.
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I. INTRODUCTION

The electromagnetic transition form factors (TFFs) of
mesons, accessed through the fusion of two (virtual)
photons into a meson, comprise the inner-structural infor-
mation of the hadrons. Studying the low momentum
behavior of these TFFs can deepen our understanding of
the quark structure of these mesons in nonperturbative
QCD. In the case of axial-vector mesons (A), the yy — A
process is forbidden due to the Landau-Yang theorem [1,2].
However, the measurement of their TFFs can be accessed
through singly virtual or doubly virtual processes.
Currently, several measurements focus on the spacelike
process e"e” — ete”A with A = f1(1285) and f4(1420)
[3-8] via the singly virtual yy* - A production. The
precision of the existing data makes it challenging to
accurately determine the TFFs of f(1285) and f,(1420),
particularly regarding their momentum dependence.
Phenomenologically, a commonly used parametrization
of f| TFFs is the dipole form [7-9], which relies on the
quark model [10]. The f; TFFs constrained by the large-N,.
and operator product expansion arguments are proposed
by Melnikov and Vainshtein [11], and are further anti-
symmetrized to satisfy the Landau-Yang suppression in
Ref. [12]. Most recently, the f(1285) and f(1420) TFFs
have been studied using the resonance chiral theory [13]
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and the holographic models [14]. When the virtuality
becomes very large, the asymptotic behavior of f; TFFs
is obtained from the light cone expansion [15]. Incor-
porating this constraint, a vector meson dominance inspired
parametrization of the f(1285) TFFs have been proposed
in Refs. [16,17] through a global fit of all relevant data.
However, the determination of the f(1420) TFFs remains
inconclusive due to the limited experimental data. A better
determination of the f(1285) and f,(1420) TFFs is also
timely in view of its contribution to the hadronic light-by-
light (HLbL) contribution to the muon’s g — 2 [11,18-37].

To improve upon the experimental situation, the BESIII
Collaboration conducted a preliminary analysis of the
yy" = K*K*7(892) - K*K~z° reaction [38]. The yy* —
KK*(892) process is considered as an ideal channel to
extract the f(1420) TFFs, since the KK* + c.c. channel is
the dominant decay mode of the f,(1420) state with a
branching ratio around 96% [39,40]. In the BESIII pre-
liminary data analysis, the “GaGaRes” Monte Carlo (MC)
program [41] was used to distinguish between different
resonance contributions, i.e., 7(1475) and f(1420), to the
yr* — KK*(892) process. However, the GaGaRes program
does not implement interference between these amplitudes,
nor does it include nonresonant mechanisms. These lim-
itations could potentially lead to misinterpretations of
the data.

In order to provide a more realistic MC generator for the
data analysis of the BESIII measurement, we propose a
phenomenological model for yy* — KK*(892) with the
charged K and K* final states. This model includes s-channel
contributions from the #7(1475) and f,(1420) produc-
tion mechanisms. Additionally, we consider nonresonant
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contributions via the K- and K*-exchange channels. The
corresponding amplitude is constructed to exhibit the correct
high-energy behavior using the Reggeized exchanges of K
and K* mesons. To determine the interference effects among
the different contributions, we utilize available L3 experi-
mental dataon e™e™ — eTe” K3K* 77T [8]. Subsequently, we
predict polarized (differential) cross sections of yy* — KK*
within the Q? regime of the BESIII experiment.

The paper is organized as follows: In Sec. II, we present
the yy* — KK*(892) amplitude in our phenomenological
model. To constrain the f(1420) TFFs, in Sec. III, we
describe the existing L3 data and present the prediction
of the polarized (differential) cross section of yy* —
KK*(892) in the BESIII energy range. The extraction of
TFFs is also discussed there. Finally, we summarize the
main results in Sec. IV. Some technical details are given in
two appendixes.

II. THEORETICAL FRAMEWORK

To parametrize the yy* — KK*(892) amplitude, one
needs to account for the contributions of 7(1475) and
f1(1420) resonances, as shown in Figs. 1(a)—(b). The
s-channel production of 5(1475) via two-photon fusion
is allowed, and the KK* channel is the major decay mode of
the 7(1475) state. For the real photon fusion process,
n(1475) is expected to be the dominant resonant process,
since the production of an axial-vector resonance by real
photons is forbidden by the Landau-Yang theorem [1,2]. If
one photon is virtual, the axial-vector mesons are allowed
to be produced in the photon-photon fusion. Thus, we have
an s-channel contribution to the yy* — KK*(892) reaction
via the production of the f,(1420) resonance. Besides, in
Fig. 1, the nonresonant channels, namely #- and u#-channel
K, K* exchanges mechanisms, along with the associated
contact terms to ensure the electromagnetic gauge invari-
ance, are included at the tree level. In our model, the total
amplitude of the yy* — KK* reaction is written as

M},y*_ﬂ(i(* - Mﬁ + Mfl + Mnon—rew (1)

where we use shorthand notation 7 to denote the 7(1475)
state in the following.

A. yy* - n(1475) — KK*(892) channel

The production of 7(1475) resonance by two photons,
v (g1, A1) +7*(qa2, 42) = n(1475), is described by the
matrix element,

Mo (A1, An) = —i€€,058" (q1. A1) € (g2, 42)
X q(llq/Z}Fﬁy*y*( %’ Q%)’ (2)

where the polarization vectors of (real and virtual) photons
are denoted as ¢(q;, 4;) with 1;, = 0,£1. The structure
information of the 5(1475) state is encoded in the spacelike
y*y* TFF, which is taken in the monopole form,

Fyr(0.0)
Fiy(0,03) = 1’7:LYT§/A2 (3)
n

with A; = 1470 MeV from Ref. [8]. The TFF at QF =

03 =0, F;-(0,0), is related to the decay width of
n(1475) - yr,

71'052

Uiy = 4 M?1|F ++(0,0)

ny

g (4)

with the 7(1475) mass M; = 1475 MeV and the fine-
structure constant a = e*/(4x) ~ 1/137. Since the decay
modes of the 7(1475) state are not well-established in the
experiment, we assume that the total width of 7(1475),
I; =90+ 9 MeV, is obtained by the sum of the 7(1475) —
KK* +c.c., n(1475) = ag(980)z°, and 5(1475) — yy
channels, as listed in PDG [40]. Using the determined
branching ratio by the L3 Collaboration [8], we obtain
the decay width of #(1475) — yy as I';_,, ~0.23 keV.

v K v K
na47s)y 2~ fi(1420) 27
Y* \\\ 'Y* \\\
@ K (b) K
¥ 441(*47 Vo = = ==KF T anvvwange = == =k*F
27 *K¢ *K*;
Y™ SNkt VMWW - ———kE TR — - — — g

(© )

FIG. 1.

Tree-level diagrams of the yy* — KK*(892) reaction via the s-channel 77(1475) (a) and f,(1420) (b) production, the contact

term (c), and the t-channel charged K and K* exchange (d,e). The diagrams with crossed photon lines are not shown but are included in

the calculation.
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This leads to the value of the normalization of the
TFF Fj,-,+(0,0) ~0.0414 GeV~.
The effective Lagrangian to describe the interaction of

n(1475)K*K*T is written as

= igpkk* [ﬁ(@,/(‘l(**’” - 0”K+K*_’”)
= (K~K*+# = KF K1)

E?[KK*

(5)

where the charged K*)* fields denote the annihilation of
K™®F and creation of K*)* particles. The dimensionless
coupling gzxg+ is fixed by the partial decay width of
n(1475) - KK*,

igz [Qﬁ—»KI_(* (M%>]3
inKK*
27" M%.

, (6)

Fﬁ—»Kl_(* =

with the momentum in the rest frame of 5(1475) - KK*
channel,

W2 (W2, M. )
2w ’

ki (W?) = (7)

where 4 denotes the Kéllén triangle function, A(x,y,z)=
x* +y* + 72 — 2xy — 2xz — 2yz, and W is the total energy
of the KK* system. To estimate the magnitude of Cymkkes
we assume

Fﬁ—»Ki(n = Fﬁ—»Kf(*+c.c. + Fﬁ—»ayr” ~ Fﬁ

Using the available measurements of the branching ratio,
ikt tee/Timkke = 0.5 [42] or < 0.25 [43], we obtain
the maximum value of Iy_ gz c. =45 MeV, which
results in the value of g;xg- ~2.04.

Finally, the tree-level amplitude of yy* — n(1475) —
KK*(892) reaction is

M —2ie? 9iKK* Fy (0 Q2)€;waﬂ
x &(q1,41)€" (g2, 22)e™ (p1, Ag+)
(91)°(g2) (P2)a
(g1 + q2)* = M5 + iMT;(W?)
X@mwmwmgw
[Cln—w( DR 1'7]
< [q KK*(Wz) ])1/2
Di|gy-xg (M3)R;])

(8)

where the energy-dependent width of #(1475) is written as

I;(W?) = F,,(M%){Br(ﬁ - KK*)

w
% [%‘,—»KK* (Wz)] . D, [Clry—ﬂ(f(* (Wz)Rﬁ]
di—KK* (Mi) D, [%7—>K1‘<* (M%)Ri]]
x O(W? —

(mg +Mg-)?)

M; Qa0 (W?)
W Qi]—moﬂo <Mrg/)

<OV = (1 + My, ) .

+ Br(i7 = ayn®)

©)

with the Blatt-Weisskopf barrier factor [44] D(x) =1/
(1 + x?), and the momentum

/11/2(W2 0 QZ)

Dii—yr* (Wz) W

(10)
The barrier effective radius R; for the #7(1475) resonance,
accounting for finite size effects, is usually taken from
1 GeV~! to 7 GeV~! [45]. Since the results are found to
display very little sensitivity to this value in the kinematical
region studied here, then we set R; = 3.0 GeV~! as used
in Ref. [46].

B. y7* — f1(1420) - KK*(892) channel

The production of the f;(1420) resonance by two-
photon fusion is allowed when one or both photons are
virtual. The amplitude of y*(g;,4;) +7*(g2,4) —
f1(1420) can be parametrized by three structures [10,47],

Mg e = iezfy(%»/ll)8u(612’/12)£“’*(611 + 42, Ay,)

X%AMWMMW%M@—MT

XM—ZFJH,*;,( %,Q%)‘FRW(CIDCIZ)
" Q% M o T 1 LT 2 2
X\ q "’7% fh‘]zMz Ff]yy (01,07)

Q2 O T
+ R (q1.q>) (qﬁ + 72617 954;

XLFTL

iz i (010D (1)

where the symmetric transverse tensor is defined as

R*“(qy.qp) = =g + [ udias + dha%) + Qidhds
+ Q2‘11‘11]’ (12)

2
1° f]z) -
structure

with the virtual photon flux factor, X = (g
913 =v* - 0705, and v=gq, ¢, The
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information of the f;(1420) state is encoded in the three
TFFs F;lTy’*Tyf‘LT, which are functions of the virtualities of
both photons. The superscript 77 indicates the two trans-
verse photons, while 7L (LT) stands for the first photon
being transverse (longitudinal) and the second photon
being longitudinal (transverse). The TFFs FLT and FT*
are related as

FiT. (0%, 03) = FTL. (03, 07). (13)

In the current work, we consider the process with one
real photon and take Q7 = 0. The amplitude of y(g,, 4,) +
(g2, 42) — f1(1420) is then expressed as [48]

My = i€e,(q1,41)e,(q2.2)e” (91 + g2, Ay,

X €pa‘rw{ |:Dg/4/)guo'(q1 _CIZ)T _gupngzqué
P v v Q% v c T 1 T 2
+g" %"’%"‘7‘11 9193 M—zFfly*y*(O’QZ)
fi
P v Q% v C T 1 TL 2
+g" %"’741 qquWFf]y*y*(O’Q2) )
1

(14)

which results in the helicity amplitudes of yy* — f(1420)

2
h=h=t1An=0 V05 oo 2
Mfm/* o= e WFfﬂ*V*(O’ Q7).
J1
I==1J=0A; =0 vQ,
My T = —e2 22 FIL (0, 03). (15)

M?'l hr'r
Note that the third TFE, F”. (0, Q3), decouples in the
single virtual case." The remaining two TFFs can be
independently determined from the polarized cross sec-
tions, opr and oy;, of the yy* — f,(1420) resonance
production process,

270 Q% 03
2 2 2 T 2112
= — | 14+—=||F% .. (0, ,

4”2a2 Q2 Q2
2\ 2 2 2112
(0=t (13 ) IFT OGO (19

Note that o7 is suppressed by Q3/(2M7,) in comparison

with o7, , in the low Q% region, for the case where the TFF
Fil..(0,03) and Fi". (0, Q3) are of similar magnitude,
as discussed further on.

The relations of Eq. (16) are strictly valid for the

resonance production process at the resonance position.

'F %T* .(0, 03) can be extracted from the interference observ-
iy . .
ables 77, or 7%, as discussed in Ref. [48].

The model for the process yy* — KK*(892) developed in
this work will allow to quantify the resonance dominance,
and enable to extract the TFF by a fit to the yy* —
KK*(892) data at the resonance position. For this purpose,
we need to work out the matrix element of f(1420) decay
to KK*. The corresponding effective Lagrangian of
f1(1420)K* K*~ vertex is given by

Efl kit = gflKK* (dﬂK*+D _ aDK*Jr#)
fi
x (D (f1)" =" (f1)")K™, (17)

where the coupling g7 k- is determined by the decay width
of f1(1420) - K*K*,

_ 2
Up k- = m qf,-KK* (Mf,)
J1

X 2M3.M2 + (M3, + M%. —m})?,  (18)

where the rest frame momentum of f; — KK* channel
47, k& (W?) has the same functional form as g;_, g~ (W?).
According to the branching ratio of

Br(f,(1420) - KK* +c.c.) = 96.0 + 1.0 + 1.0%

measured by WAI102 Collaboration [39], we have
[t Sk 4ce. = 52.32 MeV, which leads to the coupling
value gy gx = 1.027.

Using the above vertices, the s-channel amplitude

of 7(q1)r"(q2) = K*(p1)K(p2) via the f(1420) state
[Fig. 1(b)] can be written as

_ 2iezgflKK*
l Mfl

(p1-pr)g? = (p1)(ps,)"
p]%l _M}2C1 + iMfIFfl(Wz)

Mf €ﬂ<qlv/11)€l/(q27/12)€:§t(pl7AK*)

X

X e,mﬂ{ [vg"f’g”"(ql —- 4"~ 979597495
P v v Q% v o T 1 T 2
+ 97\ a2+ 4i +7‘11 491492 WFfﬂ*y*(O’ 03)
1

2
+gﬂp qu_'_%v T 1FTL
2T 4 qlsz]% firy
1

0.0},
(19)
where the f(1420) momentum is ps = g; + ¢,. The

energy-dependent width of the intermediate f,(1420)
resonance is introduced in the propagator
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M e (W2
X O(W? ~ (M + mK)z)} : (20)

In order to extract the TFFs FfT..(0,03) and

Fft..(0,03) in Eq. (19), one needs the polarized cross
section for the yy* — KK*(892) reaction. Currently only
the helicity averaged data is available, as measured by the
L3 Collaboration [8]. To estimate the smaller o7 contri-
bution to the cross section, which is suppressed as
03/(2M7,) compared to o7, at low Q3, we will use the
quark model estimate [49], which relates both TFFs as

Fil.,.(0,03) = —F}.. (0, 03). (21)
Therefore, the matrix element [Eq. (14)] of the
v(q1,21)7" (g2, 42) = f1(1420) reaction depends solely
on one dominant form factor, F;IL” (0, 03), which is
parametrized by the dipole form,

TL
Frir (0.0)

(1+03/A7)*

This parametrization shares the same functional form as
the one proposed in the nonrelativistic quark model [10]
with Ay = M . The dipole form has been demonstrated to
satisfy the large Q, asymptotic 1/Q35 behavior in Ref. [15].
However, there is no compelling reason to identify A, with
M, . Instead, this value can be adjusted to better describe
the L3 data in the energy range of f(1420). Regarding the
normalization of the TFF, F;ILM (0,0), it is conventional to
define an equivalent two-photon decay width of f;(1420)
as [5]

Fip(0.03) =

hirr (22)

M2

lim —T(f) = y77})

r
fi 020205

-y =

na? 1
= TM,.] 3 [F7L..(0,0)]%, (23)
via the decay width I'(f;(1420) — y7y;) into a real
transverse photon (Q% = 0) and a quasireal longitudinal
photon with virtuality (Q3 — 0). The branching ratio
r i

>y X Ff]_)](f(ﬂ/rfl =~ 19 :l: 04 keV

is averaged by PDG [40] among the existing measurements
from 1987 to 2007. The latest value of

Ly X T _xie/Ty, =32 keV, (24)

was reported by the L3 Collaboration [8], which are
the data we are comparing to in more detail in this work.

The normalized TFF F1" . .(0,0) can in principle be
adjusted as a free parameter. However, as discussed in
Sec. Il A, an extra global normalization factor is intro-
duced to describe the L3 events of yy* — KOK*x¥.
To avoid a large correlation in both parameters, we fix
the TFF normalization to the L3 value of Eq. (24)
as Fil ..(0,0) = 0.401.

C. Nonresonant channels for yy* — KK*

In addition to the resonance production mechanism
described above, we also need to incorporate the contri-
butions from the contact term and the #- and u-channel
charged K, K* exchange mechanisms, depicted in
Figs. 1(c), 1(d), and 1(e). The pertinent interaction vertices
for the charged K and K* are described by the effective
Lagrangians,

Lk = ieA, (KK~ — K~0"K™"),
Lo = —ie[FK; K
+ A (K) (0"(K7), = 0,(K))
— A (K7) (9*(K™T), = 0,(K*T)")],

€YykK* % - *m

2
€ gyKK*

L, xx = —i o~ ¢ PE (K ) K™ = (K),KT]Ag,

(25)

with the electromagnetic tensor F,, = d,A, — d,A,. For the
spin-1 K* fields, we use the triple gauge boson interaction
terms as in the SU(2) ® U(1), Yang-Mills theory, which
indicates the nonminimal term F””K;‘ij* in £, gg+. Such
effective interaction guarantees tree-level unitarity for the
nonresonant process in contrast to minimal substitution.
The dimensionless coupling g,xx- is determined from the
decay width of K** — Ky,

ki, (ME)P. (26)
with the rest frame momentum of the K** — K™y channel

M2(s,m%,0)
2./s ’

Using the experimental value of I'g«_ g+, =50 £ 5 keV
given in PDG [40], one obtains g,xx- = 0.203.

The amplitudes for the y(q;)r*(q2) = K*(p1)K(p>)
reaction corresponding to Figs. 1(c), 1(d), and 1(e) are
expressed as follows:

M non-res

qK**—ﬂ(*y(S) = (27)

8ﬂ<ql ’ ll)ED(Q% 12)82(p1 ’ AK*)
X (M M, (28)
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with
M/wa 26297]([(* etvap
[FK(% ( KK*(%)(%) ]
va _ E”Mﬁ 611 (P1)s2P2—an)*
M” gyKK*|: —2q/2 I3 FK(Q%)
”"“ﬁ( 2)6(P1)s(2P2—q1 )
=241 P> Frxx(g3)|. (29)
2¢%g, k- 6Wpﬁ(‘]2) (p2)
M — 14 [ [ P . qz
© mg qi—2q-p1 i (42)
x (g5 2p1 = a1 ) = o (p1 =291)" = ¢“(P1 +q1),)
e (q1),(p2)s
————LF(3) (g5 2p1 — 42)"
B=2qy-p, ORI
—9,(P1 =242)" = 9" (P1 + 42),) | » (30)

where we included the electromagnetic kaon form factor
Fi(q3) and the vector meson transition form factor
F, kk+(g3). Both are considered in the monopole form,

1
i) = T ggiar
1
Frgx-(q3) = T+ 0%/AL. (31)

with the monopole masses Ax = 872 MeV [50] and
Ag+ = Mg = 893.5 MeV. The electromagnetic form
factor Fg-(q3) is set equal to the Fg(g3) in the above
amplitude to satisfy gauge invariance.

To extend the above amplitude into the high-energy
region, as we used in Ref. [51], we first express the
amplitude using the Lorentz tensor decomposition,

9
M

(c+d+e) — § :

i=1

(g1, q2: p1 — p2)Fi(W2 t,u).  (32)

Here Tﬂw stands for the complete set of the nine gauge
invariant tensors for the yy* — VP reaction, and F;
corresponds to the scalar functions. Both expressions can
be found in Appendix B.

We assume that in the high energy region the above
amplitude is dominated by Regge poles. Then, one can
calculate the residues of the K and K* Regge exchange
based on the amplitudes calculated with Feynman propa-
gators. We apply the Regge trajectory of K and K* to
replace the corresponding propagators. The Reggeized
propagators of the K and K* mesons in the z-channel are

(58]

2\ ax(1) /
LKW = (—W2> R L -
t—my W5 sin (wag (1))

1+e—i7m,((t)
X\ =7,
<2F(1 + aK(f))>

1 X W2\ ag (1)-1 -
- PE (W2, 1) = (_2> .L
t— M. W§ sin (rag- (1))

Carern ) o

with the trajectories of K and K* mesons are given by
ag(t) =0.7(t—m%) and ag(t) =025+ 0.83¢ [52],
respectively. The same form applies to the K and K*
Reggeized propagators in the wu-channel. The gamma
function I'(a(#)) ensures that the propagator only has poles
in the timelike region. The mass scale is conventionally
taken as Wy =1 GeV.

D. Cross sections of yy* — KK* reaction

Since the yy* — KK* process enters the cross section for
the unpolarized single tagged ete™ — eTe”KK* process,
we first present the differential cross section for the latter
reaction

do B F2r+ . i
agzaw’ = w5 g3) W 00
+ eor (W20, 03)], (34)

in order to fix the convention for o7 and o7, . Here, W? =
(g1 + q»)?* denotes the invariant mass of the KK* system,
the dimensionless quantity F 3" stands for the integrated
transverse virtual photon flux factor, and ¢ is the longi-
tudinal photon polarization parameter. Their expressions
and the details of the derivation of Eq. (34) are given in
Appendix A.

The differential polarized cross sections of the
7(q1)7*(q2) = K*(p1)K(p2) process are then given by

B AW M3 my)
dcos®  64zW? A12(W2,0,-03)
XD (IMopael + IMiac ),

Ag

dUTT 1

dGTL - 1

2 (35
dcosd )

N2 (W2, M2, m%)
Mo
©32aW? AVA(W2,0,-03) AZ,; O

where M, ;. A,. stands for the helicity amplitude of the
photon fusion process, and @ is the scattering angle in the
yy" c.m. system.

Before proceeding to the numerical results, it is neces-
sary to discuss the relative phases of the #(1475),
f1(1420), and nonresonant contributions. For the 7(1475)
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FIG. 2. The W = M(K}K*z7T) dependence for the events of et e~ — eTe”K3K*z7 reaction via the photon-photon fusion for the
four Q2 bins; 0-0.01 GeV?, 0.01-0.12 GeV?2, 0.12-0.4 GeV?, and 0.4-0.9 GeV>. The gray dots are the data points from the L3
Collaboration [8]. The black solid curve denotes the full results of our model, and the red dashed, blue dot-dashed, and green dotted
curves are the contributions of #7(1475), f(1420), and nonresonant channels, respectively.

contribution, only helicity amplitudes with 4,, =1 and
Ag+ = 0 are nonzero. For the f,(1420) contribution, the
nonzero helicity amplitudes occur when the relative
helicity of both photons is either zero or one. We found
an interesting result; the constructive and destructive
interferences between the 5(1475) and f;(1420) ampli-
tudes do not affect the polarized cross sections for
yy* — KK*. This arises from the fact that M., o(7j) is
independent of cos®, while M, o(f;) is proportional
to cosf. Consequently, the differential cross section
do,,/dcos@ with constructive/destructive interference
modes M, o(i7) £ M, o(f)) are symmetric in cos@
ranging from —1 to 1. This symmetry leads to the same
total cross section o7 upon integration over cos 6. Thus,
the experimental measurement of doyy/dcos@ allows to
distinguish the relative phase between the #(1475) and
f1(1420) contributions. Including the nonresonant contri-
bution, we find that the constructive interference with the
n(1475) and f,(1420) components yields a better global

description of the L3 data compared to the ones with the
destructive interference, as shown in Fig. 2.

III. RESULTS AND DISCUSSION

In this section, we first describe the available exper-
imental data related to the yy* — KK*(892) process,
i.e.,, the L3 measurement of the eTe™ — eTe yy* —
e+e‘KgKiﬂjF events [8], to constrain the TFFs of
f1(1420) state. Then, the theoretical prediction of the
polarized cross sections of yy* — KK*(892) reaction is
presented for the forthcoming BESIII measurement.

A. Description of the L3 data

In our phenomenological model, the free parameter is
the dipole mass Ay, which enters the transition form
factor Eq. (22) for the f,(1420) resonance. The other
parameters, along with the PDG values of masses and
widths of resonances [40], are listed in Table I. The L3
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TABLE 1. Values of resonance (R) parameters used in our
model.
mg [MeV] TI'p [MeV] Coupling TFF

gﬁKK* Fﬁy*y* (O’ 0)

n(1475) 1475 90 2.04 0.0414 GeV~!
9f KK F}"][j/*y* (0, 0)

f1(1420) 1426.3 54.5 1.027 0.401
9yKK*

K*(892) 893.5 514 0.203

data of yy* — K3K*xT reaction, where the f,(1420) state
is prominently observed in five Q? bins from 0 to 7 GeV?,
provide a way to empirically determine A .

To apply our cross section model to the L3 measurement,
we need to establish the connection between the polarized
cross sections of the yy* — KK* reaction and the events
of the yy* - K%K*x¥ process for e*e™ c.m. energies of
183-209 GeV as reported by the L3 Collaboration. First,
we take into account the K*~ — (Kx)~ decay effectively

by using
» (W=m)? ) )
677*—>K+(K71)‘(W )= (g m. AWy F(Wx.)
X 677*—>Kk*(W2’ WK*), (36)

to obtain the unpolarized cross section of yy* — KKz
reaction, where the K* mass in the o, gg- is replaced
by the variable W -, starting from the Kz threshold. The
lineshape function F(W%.) is defined as

1 My T (W2,
F(Wg.) =~ 2 2K2 ke (Wie) 2 \)\2° (37)
(Wi = Mz.)* + (Mg Tk (W)
in order to satisfy the normalization
[7 awirov) =1, (38)
(mK+mzr>

where the energy-dependent width in Eq. (37) is given by

39
M%(* - (m[( + m,,)z ( )

2 2

T (W2.) =g (M%(*)\/WK* (g &)

To access the unpolarized cross section combination
6,/ ~kk* = orr + €07, which enters Eq. (34), one needs
to know the longitudinal photon polarization parameter .
In principle, such value is provided by the L3 experimental
conditions. Since the eTe™ beam energy (from 183 GeV to
209 GeV) at LEP is significantly larger than the yy* total
energy W = 1-3 GeV, one can safely approximate ¢ = 1.

We obtain the unpolarized cross section of the yy* —
K" (Kz)~ by allowing K* decay to Kz. More specifically,
we have this process; yy* — KTK*~ — K*(Kx)~. In order
to estimate the yy* — K+ K%z~ reaction, its cross section is
given by

2
6;/}/*—»1(*1_{071" = 36},},*_)1@(1(71)—. (40)

However, the L3 data are for the yy* - K%K*z¥ process
and include two intermediate processes yy* — K9(Kx)°
and yy* — (K%xF)K*. The charged KK* process, i.e.,
Y — (Kgﬂ':F)Ki, can be directly related to the yy* —
K* Kz process studied above under isospin conservation.
Ignoring the tiny effect of CP violation, we have |K9) =
% (|K%) + |K")), then the L3 measured cross section can

be related to the cross section of yy* — K*K%z~ via

1
0yy*—>(K27r’)K* = EO'W*_)KJrKO”—. (41)

Thus, we have the following relation

1

6;/;/*—»(1(2,7[')K+ = 56}/}’*—>K+(Kﬂ')_' (42)
Another intermediate process of L3 measurement, yy* —
K9 (K=)? involves the neutral K and K*. Since both 17(1475)
and f(1420) have isospin zero, the yy* — K°K* ampli-
tudes are identical to those for yy* — KTK*~, given in
Egs. (8) and (19), respectively. However, for the nonresonant
channel, the contribution to yy* — K°K* may differ from
that of yy* — KTK*~ as the charged K and K* exchange
processes of Figs. 1(c)—(e) do not contribute for the
former process, and require further investigation. As the
nonresonant process is quite small in the kinematic region
shown in this work, we assume in the comparison with
the L3 data that they are the same for both channels.
Finally, considering both intermediate processes of the L3
experiment, we establish the following relation between
the cross sections:

2
ny*_,[(g[(iﬂx = gdyy*_,KJr(Kﬂ)—. (43)
Next, we need to establish the relation between our yy*
cross section prediction and the L3 events for the ete™ —
e"e"KYK*nT process through the two-photon collision.
Such comparison typically requires specific information
about the L3 detector, such as the virtual photon flux
factors, the minimal and maximal virtualities of photons,
etc., as presented in Appendix A. Based on the differential
cross section given in Eq. (34), we parametrize the
experimental events as measured by L3 as
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o 12
Events(W?) = N thgh dQ2@§0-yy*—>K+(Kﬂ)_(W2)v (44)

where the integral limits correspond to the different Q2
bins. The normalization factor A depends on the
specific details of the experimental detector. Since this
information is not accessible, we approximate a global
normalization factor in practice. This factor is determined
to simultaneously describe the L3 events across all
Q> bins; Q*~10,0.01], [0.01 —=0.12], [0.12-0.4],
[0.4 —0.9] GeV?, and [0.9 — 7] GeV?. Note that the exist-
ence of such a single normalization factor leads to a
meaningful comparison with the L3 data.

A reasonable description of all events, as shown in
Fig. 2,> can be achieved by adjusting the dipole mass
scale in the f(1420) TFF of Eq. (22) to Ay, = 920 MeV.
This value is consistent with the one given in Ref. [8]. From
Fig. 2, we observe that the n(1475) contribution is
dominant for quasireal photons and gradually decreases
with increasing photon virtuality. In the low Q? region
[0—0.01] GeV?, the contribution of the nonresonant
channel is large relative to the f,(1420) result. This is
because the production of axial-vector mesons at any small
Q? is suppressed. Furthermore, the constructive interfer-
ence between the 7(1475) and the nonresonant channels
provides a rather good description of the L3 events at large
yy* c.m. energy. For the Q7 range of 0.01-0.12 GeV? and
larger, the f(1420) contribution is dominant. Thus, the
theoretical calculation of the et e~ — eTe”K{K*zT proc-
ess is sensitive to the f(1420) TFF.

In the last two Q7 bins, we notice that the L3 data show
an enhancement relative to our results at very low yy*
energy. This discrepancy arises due to the missing con-
tribution of the f,(1285) resonance in our model. Addi-
tionally, the deviation from the L3 data is also observed on
the higher-energy side of the f;(1420) resonance. One
reason is that we use quasitwo-body states to mimic the
three-body final states, neglecting the nonresonant mech-
anisms involving KKz states in our analysis. Such con-
tributions have been noticed in the L3 data analysis, e.g.,
the background contribution to the K* invariant mass
distribution, as shown in Fig. 7 of Ref. [8].

To further improve upon the description of the L3 data, it
is possible to include the contributions from the f;(1285)
exchange in the s-channel and potentially higher mass
resonances like #(1760) [53]. However, including these
higher resonances in our model is not expected to sig-
nificantly change the data description within the energy
region of f;(1420). The reason is twofold: these higher

*Note that the comparison with the broad and high Q2 ~
[0.9,7] GeV? bin is not shown as it is beyond the applicability of
our model, but a reasonable description of the L3 data is still
achieved.

resonances are far away from the f(1420) state; the total
cross section of yy* — KK* is dominated by o7,, while
n(1760) can only contribute to the transverse-transverse
part. For a more realistic description, we plan to extend the
current model of the yy* — KK* reaction to the process
with actual three-body final states via the K* decay to K,
ie, yy* = K*K*T - KTK=2% which is an ongoing
analysis process at BESIII.

B. Prediction of polarized yy* — K*K*¥(892)
cross sections

Based on the reasonable description of the L3 data in
the f,(1420) region, we first present our predictions
for the polarized differential cross sections in Fig. 3 with
W =M;. We take Q> =0.25, 0.5, 0.75, 1.0 GeV? to
cover the range of forthcoming BESIII data for the ete™ —
ete” K™K~ 7° process. Since both K and K* are charged in
the process measured by BESIII, our model for the
nonresonant process is directly applicable. From Fig. 3,
we notice that the constructive interference between the
S-wave f(1420) and the P-wave 7(1475) channels, deter-
mined by the L3 data, is clearly shown in the transverse
part. The contribution from the nonresonant channel is
rather small. In contrast, the f(1420) production mecha-
nism dominates the doy;/dcos@ cross section, which
leads to the quasiangular-independent results across all
Q? values. The forthcoming BESII data will provide
valuable validation of these predictions.

Using the phenomenological model of yy* —
K*K*¥(892), we also predict the polarized cross sections,
orr and o7y, in Fig. 4. For the transverse cross section
orr at Q% = 0.25 GeV?, we found a broad peak around
/s = 1.45 GeV, consistent with a preliminary analysis of
the BESIII data [38]. This peak originates from the
interference of the two closely located resonances,
n(1475) and f,(1420). Our study provides a natural
explanation, which could facilitate the extraction of the
f1(1420) resonance parameters from experimental data.
Furthermore, the constructive interference between the
n(1475) production channel and the nonresonant channel
can be further validated by the forthcoming high-statistics
BESIII data. As Q2 increases, one notices from Fig. 4
that the contribution from the f(1420) production mecha-
nism dominates. Accordingly, the contributions from the
n(1475) and the nonresonant channels decrease. However,
a small shoulder on the higher energy side of the f(1420)
peak remains visible.

Since the 77(1475) channel does not contribute to the o7,
cross section, the f;(1420) production mechanism domi-
nates o7, for all Q% values shown and accounts for over
95% of the total or,. As Q? increases, the f,(1420)
production cross section decreases gradually, attributed
to the dipole form of the TFF. Thus, forthcoming
BESIII data are promising to provide an extraction of
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0% =0.25, 0.5, 0.75, 1.0 GeV? for W = 1.42 GeV. The curve notations are the same as in Fig. 2.

the f;(1420) TFF. Furthermore, one can see that the
magnitude of o7; is approximately 10 times larger than
that of o7; in the low-Q? region. This difference arises
because oy is suppressed by Q?/(2M7 ), as seen from
Eq. (16) and discussed above.
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Finally, from the measurement of the above-mentioned
polarized cross sections, we demonstrate the possibility to
extract the F1T. .(0,03) and F{". .(0, 037) TFFs. Based
on Eq. (16), one can define the quantities at the f(1420)

resonance at W2 = M?-] as
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FIG. 4. Prediction for 671 (left panels) and o7, (right panels) cross sections for yy* — K*K*T with Q%> = 0.25, 0.5, 0.75, 1.0 GeV?
and with the full angular coverage |cos 6| < 1. The curve notations are the same as in Fig. 2.
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(45)

Here we employed the polarized cross sections of yy* —
KK*(892) instead of those of yy* — f,(1420) in Eq. (16),
by introducing the branching ratio Br(f; — KK*) for
charged final states. The obtained quantities are presented
in Fig. 5 as functions of Q3. Due to the significant
contributions from #(1475) and nonresonant channels at
low Q7 the extracted quantity F’. . is larger than the
dipole parametrization [Eq. (22)] for the f,(1420) TFF,
which is given by the blue curve in Fig. 5. As Q? increases,
e.g., 03 > 0.5 GeV2, the contribution of f(1420) channel
dominants over the 5(1475) channel, as shown in Fig. 4.
Consequently, F ?ITM can be reliably extracted in the larger
Q3 region. The situation regarding Ff". . form factor is
more straightforward. One can directly extract F?LW from
ory via Eq. (45) in the whole Q3 region, since the 7(1475)
channel is forbidden, and the nonresonant contribution is
relatively small.

IV. CONCLUSION

In this work, we have developed a phenomenological
model for the yy* — KK*(892) reaction. Our model
includes the production mechanism of the 7(1475) and

f1(1420) resonances in the s-channel. Additionally, we
have parametrized the nonresonant contribution using the
charged K and K* crossed-channel exchanges. By perform-
ing the Lorentz tensor decomposition of the yy* — PV
amplitude, we employ the Regge trajectories to replace the
K and K* propagators, ensuring a correct high-energy
behavior.

In order to constrain the transition form factor of
yr* = f1(1420) in our model, we utilize the available
L3 data from the yy* — KgK “x7F process, which leads to a
dipole mass parameter Ay, = 920 MeV in good agreement
with the L3 extraction. Subsequently, we predict the
polarized cross sections within the Q2 regime of the
forthcoming BESIII measurement. Finally, we emphasize
that the f;(1420) form factors, particularly F7". .(0, Q3),
can be obtained nearly model-independently from the
polarized cross sections, as the f;(1420) channel domi-
nates in the yy* — KK* process around the f,(1420)
resonance excitation and in the Q% range up to
around 2 GeV?.

The presented model of the yy* — KK* process in the
f1(1420) energy region includes the necessary interference
between the s-channel production of the #(1475) and
f1(1420) states. This interference is not accounted for in
the Monte Carlo generator GaGaRes, typically used to
simulate two-photon resonance production in e*e~ colli-
sions. Therefore, our model can serve as a Monte Carlo
generator for the BESIII measurement of the yy* — K+ K~ 7°
reaction, providing a tool to extract the f(1420) TFFs.
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APPENDIX A: CROSS SECTION FOR THE
UNPOLARIZED SINGLE TAGGED
ete” - ete X PROCESS

In this Appendix, we present the formulae for the cross
section of the process e(p;)e(py) — e(p))e(p))X, where
X represents the produced hadronic state or system (e.g.,
X = KK*), in the c.m. system of the colliding beams. The
general cross section formalism has been outlined in
Ref. [54]. Here, we specifically focus on the unpolarized
single tagged process eTe” — eTe”X and present an
accessible formalism for the experimental analysis.

The four-vector momenta of the incoming electron
and positron in the e”e™ c.m. frame are denoted as
pi(E,py) and p,(E,—p;) with the beam energy E =
V/s/2 and s = (p, + p,)>. The outgoing electron and
positron have momenta p'| (E},p)) and p}(E%,p5), respec-
tively. Regarding the unpolarized single tagged process, the
lepton momentum p), is detected, and the lepton momen-
tum p'| goes undetected. This corresponds to the kinemati-
cal situation where the first photon is quasireal, and
the second photon has a finite virtuality. Then the photon
four-momenta are

1 =p1—P,.  G2=PpP2—Dh (A1)
with the corresponding energies (in the e~et c.m. frame)
and virtualities of the two photons expressed as
Wy = q(z) =E-E,

o =q)=E-E}, (A2)

0i=-qi =0,  03=—q5 =4EE)sin’0,/2 + 03 i,

(A3)

where 6, is the polar angle of the scattered lepton relative to
the beam direction. The minimal value of the virtuality is
given by

3
EE,’

Q%.min = m2 (A4)

in the limit where E', > m with m being the electron mass.
The W? = (g, + q»)* stands for the squared invariant mass
of the hadronic system.

For the unpolarized single-tagged process, both the
outgoing lepton four-momentum p/, and the invariant mass
W? of the hadronic system are measured, which allows the
energy @; of the quasireal photon to be fixed as

2 2
W, = E<M> (A5)
4Ea)2 + Q2

The differential unpolarized cross section of the single
tagged measurement can be expressed as

do 1
2 w2
dard@rdW (02 43 )Qz(W2 +03)
X {F;+6TT(W2’ Q% - O’ Q%)
+ FQop (W2, 07 =0,03)},

(A6)

where the virtual photon flux factors Fi* and FJ° are
given by

a\? 1 0
Fyt = (;) Fl,soft|:1 E(w2+4g>
1 Q2
+ﬁ< 2+4EH

2
FgO — (g) Fl,soft |:1 é‘ (Coz + fg>:| (A7)

resulting from the integral over the quasireal photon
virtuality Q%, with F| . defined as

o? 2
I,
Fy soft = (1 -—+ ﬁ) In 2'm£,lX

1,min

% .
-0 (1- L)
< E %,max

The bounds on the quasireal photon virtuality Q% are
given by

(A8)

6()2 w1
%,min = m2 Wl_ml) s 1 max = 4E2 < f) . (A9)

E

Since the yy* — X polarized cross sections, o7y and o7, in
Eq. (A6) do not depend on w,, one can perform the
integration over the experimentally accepted range of w,
values, ie., o3ph <@, <w;p.., which leads to the
doubly differential cross section,
do Fit
_ 6 (W2, 0% = 0, 02
dQ%sz Q%(WZ + Q%){ TT( Ql QZ)

+ tc"GTL(Wzv Q% = 09 Q%)}a

with the (dimensionless) integrated transverse virtual pho-
ton flux factor F3* expressed as

WP d
T+ 2,max wz ++4
it = 2 FiT
exp
@) min (a)z + 2)

(A10)

(Al1)

and the longitudinal photon polarization parameter &

defined as
1 v dw,
€= =" / : e P FY.
F2 w;xrrr)un (wz + 4E)

(A12)

054004-12



PHENOMENOLOGICAL MODEL FOR yy* — KK*(892) ...

PHYS. REV. D 110, 054004 (2024)

APPENDIX B: LORENTZ DECOMPOSITION OF
THE yy* — VP REACTION

To perform the Lorentz decomposition of the nonresonant
contribution of the yy* — KK*(892) amplitude, Eq. (28),
we first derive the linearly-independent tensor basis for
the fusion of one real-photon and one virtual-photon into
|

a vector meson and a pseudoscalar meson: y(g;)y*(g,) —
V(p1)P(p,). Following the general recipe outlined by
Bardeen, Tung, and Tarrach (BTT) [55,56], and considering
the on shell condition of the final vector meson, we found
nine independent tensors for the yy* — VP reaction after
applying the Schouten identity,

91 - 42)€map( @1 + @) + (q1) €aups(01) (42)) + (qZ),uem/yﬁ<QI)y(QZ)ﬂ’
(‘Il)yeaﬂyﬁ(QZ)yAﬁ + (QZ)ﬂeauyﬂ(QI)yAﬁ + g/weaay/i(ql)ﬂ(QZ)yAﬁ’

Thwa = (

/wa = (611 9)e ;wa/iAﬁ

Tiva = (41 = 42)aCurp(01) (02)

pwa = (q1 + 92) aCyp(a1) (a2 ),

Towe = (a1 ) (41)aChyp(@1)7 AP + (g1 - 42)(02) a€yp(q2) A,

) I
+( )a(ql)v ﬂayﬂ(Q])a(QZ)yAﬂ +( 2)a( ) €vayﬂ(Q])
(4

/wa (g/w(QI 612) (q ) ) )eaoyﬁ(CIl)a(QZ)yAﬁ
Tia = (427 A)(a1) €aup(01) A + (a1 - B)(42) 4€rp(02) A = (a1
Thva = —(q2 - A) (1) €auyp(01) A + (g1 - D)(92) i €ayp(92)" A = (g,
;wa: —(q2-A)(q1), auyﬂ(QI)y(QZ)/}_

+ (g1 - 42)Dveays(a1) (02)”
with A = p;

(q2)7 A,

QZ)Ayeawﬂ(qZ)yAﬂ - (ql : CIZ)Aueayy/i(QI)yAﬂ’
: QZ)Aueavyﬂ(q2>yAﬂ + (QI : q2)Av€aﬂyﬂ(QI)yAﬂ7

(ql ’ A)(QZ)yeauyﬁ(ql)y(Q2)ﬁ + (ql : QZ)Aueauyﬁ(ql)y(QZ)ﬂ

(BI)

— p». It is worth noting that the six independent tensors for the yy — VP reaction can be easily obtained by

choosing T3, T4, T%, T7, T%, and T? terms. Also, the current basis and the one obtained in Ref. [51] are identical after using a

linear transformation.

We applied the above tensor basis to perform the decomposition of the yy* — KK* amplitude, Eq. (28), and found the

corresponding scalar functions,

. 1 2 Z—MZ* 2 W2 2 2—M2* _ 2 W2
(W2 ru) = @5 2{FK(—Q%>[ g = M) + {03+ WD) | 2o = M) 103+ )]
mg Q5+ W 2(t — my) 2(u— Mz.)
3O+ W) Q3+ W?
Fopoe(— 2\ | 2 _ 2
ke QZ)[ 2t-M2)  2u-md)| [
9ykK 2
F Wz,t, - 2222 F —-0? 7—}7* = 2 ,
o u)=e My [ & ( QZ)u—M%(* ik ( QZ)t—M%]
9yKK* 1 -M%.  m%—Mz. 1 - M.
Fy(W2,t.u) = 22 Fol(—02 K K K Foovir(—02 K
3( u)=e . { x( QZ)Q%—}—WZ [Z(t—m%() 2(u— M) + Fpgie( QZ)Q%+W2 20u—m2)
- My —4(03 + W?)
2(t— M%) '
. 1 2 —M2* _ 2 W2 —MZ* -5 2 2
Fy(W2 1, u) = e grk’(.{FK(_Q%) — [mK K (% + W) K (2Qz +W )]
mg o+ W 2(t — my) 2(u—My.)
+F *KK*(_QZ) 1 _M%(* - (Q% + Wz) _M%( - S(Q% + W2>
! 03+ w? 2(u —m%) 2(t - M2.) ’

Fs(Wz, t, u) — 0,
FG(Wz, t, I/l) = 0,
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R e e 1 1
. (Q§+W2){FK( Q) L-m;ﬁu—M;J T Fre (-0)) L—M%{* +u—m%<]}’

1 1
+ ] -F *Kk*(—QZ)[ + } }’
u— Mz ! Plt-Mr  u-m}

(B2)

. 1 1 1
F;(W2,t,u) = ezgyKK
9,KK* 1 1 1
Fo(W2 1) = —e % 7{F _2[
9,KkK* 1 1 1
Fo(W2,t,u) = —e*= 7{F —0? [ 4
9( ) my (Q%+W2> K( QZ) t_m%(

1 1
- F *KK*(_Q2)|: + } }
u—M%(] ! 2 =M% u—m%

[1] L. Landau, Dokl. Akad. Nauk SSSR 60, 207 (1948), https://
inspirehep.net/literature/1187680.

[2] C.N. Yang, Phys. Rev. 77, 242 (1950).

[3] G. Gidal et al., Phys. Rev. Lett. 59, 2012 (1987).

[4] G. Gidal et al., Phys. Rev. Lett. 59, 2016 (1987).

[5] H. Aihara et al. (TPC/Two Gamma Collaboration), Phys.
Rev. D 38, 1 (1988).

[6] H. Aihara et al. (TPC/Two Gamma Collaboration), Phys.
Lett. B 209, 107 (1988).

[7] P. Achard et al. (L3 Collaboration), Phys. Lett. B 526, 269
(2002).

[8] P. Achard et al. (L3 Collaboration), J. High Energy Phys. 03
(2007) 018.

[9] V. Pauk and M. Vanderhaeghen, Eur. Phys. J. C 74, 3008
(2014).

[10] G. Schuler, F. Berends, and R. Van Gulik, Nucl. Phys. B523,
423 (1998).

[11] K. Melnikov and A. Vainshtein, Phys. Rev. D 70, 113006
(2004).

[12] F. Jegerlehner, The Anomalous Magnetic Moment of the
Muon, Springer Tracts in Modern Physics Vol. 274
(Springer International Publishing, Cham, 2017).

[13] P. Roig and P. Sanchez-Puertas, Phys. Rev. D 101, 074019

(2020).

[14] J. Leutgeb and A. Rebhan, Phys. Rev. D 101, 114015
(2020).

[15] M. Hoferichter and P. Stoffer, J. High Energy Phys. 05
(2020) 159.

[16] M. Zanke, M. Hoferichter, and B. Kubis, J. High Energy
Phys. 07 (2021) 106.

[17] M. Hoferichter, B. Kubis, and M. Zanke, J. High Energy
Phys. 08 (2023) 209.

[18] T. Aoyama et al., Phys. Rep. 887, 1 (2020).

[19] T. Aoyama, M. Hayakawa, T. Kinoshita, and M. Nio, Phys.
Rev. Lett. 109, 111808 (2012).

[20] T. Aoyama, T. Kinoshita, and M. Nio, Atoms 7, 28
(2019).

[21] A. Czarnecki, W. J. Marciano, and A. Vainshtein, Phys. Rev.
D 67, 073006 (2003).

[22] C. Gnendiger, D. Stockinger, and H. Stockinger-Kim, Phys.
Rev. D 88, 053005 (2013).

[23] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, Eur.
Phys. J. C 77, 827 (2017).

[24] A. Keshavarzi, D. Nomura, and T. Teubner, Phys. Rev. D
97, 114025 (2018).

[25] G. Colangelo, M. Hoferichter, and P. Stoffer, J. High Energy
Phys. 02 (2019) 006.

[26] M. Hoferichter, B.-L. Hoid, and B. Kubis, J. High Energy
Phys. 08 (2019) 137.

[27] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, Eur.
Phys. J. C 80, 241 (2020).

[28] A. Keshavarzi, D. Nomura, and T. Teubner, Phys. Rev. D
101, 014029 (2020).

[29] A. Kurz, T. Liu, P. Marquard, and M. Steinhauser, Phys.
Lett. B 734, 144 (2014).

[30] P. Masjuan and P. Sanchez-Puertas, Phys. Rev. D 95,
054026 (2017).

[31] G. Colangelo, M. Hoferichter, M. Procura, and P. Stoffer,
J. High Energy Phys. 04 (2017) 161.

[32] M. Hoferichter, B.-L. Hoid, B. Kubis, S. Leupold, and S. P.
Schneider, J. High Energy Phys. 10 (2018) 141.

[33] A. Gérardin, H. B. Meyer, and A. Nyffeler, Phys. Rev. D
100, 034520 (2019).

[34] J. Bijnens, N. Hermansson-Truedsson, and A. Rodriguez-
Sanchez, Phys. Lett. B 798, 134994 (2019).

[35] G. Colangelo, F. Hagelstein, M. Hoferichter, L. Laub, and P.
Stoffer, J. High Energy Phys. 03 (2020) 101.

[36] T. Blum, N. Christ, M. Hayakawa, T. Izubuchi, L. Jin,
C. Jung, and C. Lehner, Phys. Rev. Lett. 124, 132002
(2020).

[37] G. Colangelo, M. Hoferichter, A. Nyffeler, M. Passera, and
P. Stoffer, Phys. Lett. B 735, 90 (2014).

[38] N. Effenberger, Investigation of axial meson production to
kaonic systems in two-photon fusion at BESIII, Master’s
thesis, Johannes Gutenberg-University Mainz, Mainz, 2022.

[39] D. Barberis et al. (WA102 Collaboration), Phys. Lett. B 440,
225 (1998).

[40] R. Workman et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2022, 083C01 (2022).

[41] F. A. Berends and R. van Gulik, Comput. Phys. Commun.
144, 82 (2002).

[42] P. Baillon, D. Edwards, B. Maréchal, L. Montanet, M.
Tomas, C. D’Andlau, A. Astier, J. Cohen-Ganouna, M.
Della-Negra, S. Wojcicki, M. Baubillier, J. Duboc, F. James,
and F. Lévy, Nuovo Cimento A 50, 393 (1967).

[43] C. Edwards et al., Phys. Rev. Lett. 49, 259 (1982).

054004-14


https://inspirehep.net/literature/1187680
https://inspirehep.net/literature/1187680
https://inspirehep.net/literature/1187680
https://doi.org/10.1103/PhysRev.77.242
https://doi.org/10.1103/PhysRevLett.59.2012
https://doi.org/10.1103/PhysRevLett.59.2016
https://doi.org/10.1103/PhysRevD.38.1
https://doi.org/10.1103/PhysRevD.38.1
https://doi.org/10.1016/0370-2693(88)91840-0
https://doi.org/10.1016/0370-2693(88)91840-0
https://doi.org/10.1016/S0370-2693(01)01477-0
https://doi.org/10.1016/S0370-2693(01)01477-0
https://doi.org/10.1088/1126-6708/2007/03/018
https://doi.org/10.1088/1126-6708/2007/03/018
https://doi.org/10.1140/epjc/s10052-014-3008-y
https://doi.org/10.1140/epjc/s10052-014-3008-y
https://doi.org/10.1016/S0550-3213(98)00128-X
https://doi.org/10.1016/S0550-3213(98)00128-X
https://doi.org/10.1103/PhysRevD.70.113006
https://doi.org/10.1103/PhysRevD.70.113006
https://doi.org/10.1103/PhysRevD.101.074019
https://doi.org/10.1103/PhysRevD.101.074019
https://doi.org/10.1103/PhysRevD.101.114015
https://doi.org/10.1103/PhysRevD.101.114015
https://doi.org/10.1007/JHEP05(2020)159
https://doi.org/10.1007/JHEP05(2020)159
https://doi.org/10.1007/JHEP07(2021)106
https://doi.org/10.1007/JHEP07(2021)106
https://doi.org/10.1007/JHEP08(2023)209
https://doi.org/10.1007/JHEP08(2023)209
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1103/PhysRevLett.109.111808
https://doi.org/10.1103/PhysRevLett.109.111808
https://doi.org/10.3390/atoms7010028
https://doi.org/10.3390/atoms7010028
https://doi.org/10.1103/PhysRevD.67.073006
https://doi.org/10.1103/PhysRevD.67.073006
https://doi.org/10.1103/PhysRevD.88.053005
https://doi.org/10.1103/PhysRevD.88.053005
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://doi.org/10.1140/epjc/s10052-017-5161-6
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1007/JHEP02(2019)006
https://doi.org/10.1007/JHEP02(2019)006
https://doi.org/10.1007/JHEP08(2019)137
https://doi.org/10.1007/JHEP08(2019)137
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1103/PhysRevD.101.014029
https://doi.org/10.1103/PhysRevD.101.014029
https://doi.org/10.1016/j.physletb.2014.05.043
https://doi.org/10.1016/j.physletb.2014.05.043
https://doi.org/10.1103/PhysRevD.95.054026
https://doi.org/10.1103/PhysRevD.95.054026
https://doi.org/10.1007/JHEP04(2017)161
https://doi.org/10.1007/JHEP10(2018)141
https://doi.org/10.1103/PhysRevD.100.034520
https://doi.org/10.1103/PhysRevD.100.034520
https://doi.org/10.1016/j.physletb.2019.134994
https://doi.org/10.1007/JHEP03(2020)101
https://doi.org/10.1103/PhysRevLett.124.132002
https://doi.org/10.1103/PhysRevLett.124.132002
https://doi.org/10.1016/j.physletb.2014.06.012
https://doi.org/10.1016/S0370-2693(98)01264-7
https://doi.org/10.1016/S0370-2693(98)01264-7
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1016/S0010-4655(01)00466-0
https://doi.org/10.1016/S0010-4655(01)00466-0
https://doi.org/10.1007/BF02823526
https://doi.org/10.1103/PhysRevLett.49.259

PHENOMENOLOGICAL MODEL FOR yy* — KK*(892) ... PHYS. REV. D 110, 054004 (2024)

[44] J. M. Blatt and V. E. Weisskopf, Theoretical Nuclear Physics [51] X.-L. Ren, I. Danilkin, and M. Vanderhaeghen, Phys. Rev.

(Courier Corporation, 2012), 10.1007/978-1-4612-9959-2. D 107, 054037 (2023).
[45] S. Uehara et al. (Belle Collaboration), Phys. Rev. D 80, [52] M. Guidal, J.-M. Laget, and M. Vanderhaeghen, Nucl. Phys.
032001 (2009). A627, 645 (1997).
[46] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 103, [53] C.C. Zhang et al. (Belle Collaboration), Phys. Rev. D 86,
092006 (2021). 052002 (2012).
[47] M. Poppe, Int. J. Mod. Phys. A 01, 545 (1986). [54] V. Budnev, I. Ginzburg, G. Meledin, and V. Serbo, Phys.
[48] V. Pascalutsa, V. Pauk, and M. Vanderhaeghen, Phys. Rev. D Rep. 15, 181 (1975).
85, 116001 (2012). [55] W. A. Bardeen and W.-K. Tung, Phys. Rev. 173, 1423
[49] R.N. Cahn, Phys. Rev. D 35, 3342 (1987). (1968).

[50] L. Danilkin and M. Vanderhaeghen, Phys. Lett. B 789, 366 [56] R. Tarrach, Nuovo Cimento A 28, 409 (1975).
(2019).

054004-15


https://doi.org/10.1007/978-1-4612-9959-2
https://doi.org/10.1103/PhysRevD.80.032001
https://doi.org/10.1103/PhysRevD.80.032001
https://doi.org/10.1103/PhysRevD.103.092006
https://doi.org/10.1103/PhysRevD.103.092006
https://doi.org/10.1142/S0217751X8600023X
https://doi.org/10.1103/PhysRevD.85.116001
https://doi.org/10.1103/PhysRevD.85.116001
https://doi.org/10.1103/PhysRevD.35.3342
https://doi.org/10.1016/j.physletb.2018.12.047
https://doi.org/10.1016/j.physletb.2018.12.047
https://doi.org/10.1103/PhysRevD.107.054037
https://doi.org/10.1103/PhysRevD.107.054037
https://doi.org/10.1016/S0375-9474(97)00612-X
https://doi.org/10.1016/S0375-9474(97)00612-X
https://doi.org/10.1103/PhysRevD.86.052002
https://doi.org/10.1103/PhysRevD.86.052002
https://doi.org/10.1016/0370-1573(75)90009-5
https://doi.org/10.1016/0370-1573(75)90009-5
https://doi.org/10.1103/PhysRev.173.1423
https://doi.org/10.1103/PhysRev.173.1423
https://doi.org/10.1007/BF02894857

