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We study the exclusive production of scalar § = 0™+ and tensor 7 = 2*" mesons through single-photon
annihilation ete™ — y* — yS(T). Using QCD compositeness of the involved hadrons considered as quark-
antiquark systems, the prediction for the scaling of the differential cross sections of these processes is
do/dt ~ 1/s> at large s. We further derive the scaling of the y* — 7S and y* — T transition form factors:
F,,5(s) ~1/sand F,7(s) ~ 1/s%. Results for the respective cross sections of the scalar and tensor meson
production are presented. Note, when scalar and tensor mesons are considered as tetraquark systems of two
tightly bound color diquarks, corresponding to them transition form factors and differential cross sections
have the same falloffs as in case of quark-antiquark picture. For other tetraquark or two-hadron molecules
configurations the transition form factors F,.g) (s) and the differential cross section do/dt have

additional 1/s and 1/s> falloffs, respectively.
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I. INTRODUCTION

In this paper we present a study of the exclusive
production of scalar S = 0" and tensor T = 2" mesons
through single-photon annihilation ete™ — y* — yS(T),
which is described by the diagram in Fig. 1. Here py, p,, ¢,
q:, and g, are the momenta of the initial electron, positron,
intermediate photon, final photon, and scalar (tensor)
meson, respectively.

The main idea of the paper is to make predictions for the
integral cross section of the production of scalar and tensor
mesons in the reaction e"e” — y* — yS(T) in whole
region of variable s = q2 (i.e., without restriction to small
or high values of s). Our strategy is the following. Using the
QCD prediction for power scaling of differential cross
section of ete™ — y* - yS(T) we constrain the power
scaling of the y* — yS(T) transition form factors (denoted
by big black vertex in Fig. 1). Explicit form of the form
factors can be finally fixed using available data or available
results from phenomenological approaches. Finally, we
make the numerical analysis of the integral cross sections of
ete™ — y* - yS(T) processes. Our predictions are valid in
whole region of s and will be useful for planning experi-
ments at electron-positron colliders.

The scaling results for the exclusive cross section e™e™ —
y* = yS(T) must be consistent with the leading-twist quark
fixed-angle counting rules [1-3]: (A + B —» C + D)
F(0cy)/sN~2,whereN = N4 + Ny + N + Ny is the total
twist or number of elementary constituents and F(6¢,) is
the square of the fixed 6.y,—angle amplitude. In our case
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when scalar and tensor mesons are considered as gg systems
we have N —2 =3 resulting in the scaling behavior
% ~ 1/s3. Alternatively, the scalar and tensor mesons could
have tetraquark or two-hadron molecule structure.
Application of the QCD compositeness for the tetraquarks
has been done in Refs. [4-6]. It was shown that when
tetraquarks are systems of two tightly bound color diquarks,
the differential cross section has the same falloff as in the
case of quark-antiquark picture. For other tetraquark con-
figurations and hadronic molecules the differential cross
section do/dt have additional 1/s? falloff for each exotic
state in the final state.

Note that recently, in Ref. [6], QCD compositeness was
successfully applied to the study of production of vector
mesons—of single and double vector meson production in
ete™ annihilation. It was shown that both the differential
and integral cross sections scale as 1/s. The reason for this
behavior is that the corresponding amplitudes are domi-
nated by the spin —% electron exchange in the ¢ and u

channels, which gives an extra factor of s2. The results for
the production of vector mesons have been generalized in

ot D2 a2 S(T)

FIG. 1. The single-photon annihilation eTe™ — y* — yS(T).
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Ref. [6] to the exclusive double-electroweak vector-
boson annihilation processes, accompanied by the
forward production of hadrons, such as ete™ — ZOV?
and ete™ — Wp™, and the exclusive production of exotic
hadrons—tetraquarks. It motivates to continue study of
production of other meson states using principle of the
QCD compositeness. In particular, in this paper we focus
on production of scalar and tensor mesons.

In the case of yS(T) production the dominant diagram is
the s channel process ete™ — y* — yS(T). Such processes
have been searched for experimentally by the SND
Collaboration at the VEPP-2M e™ e~ collider in Ref. [7],
and studied in Refs. [8,9]. In particular, in Refs. [8,9] the
production of scalar mesons has been studied using the
vector dominance model (VDM) and the kaon loop model,
while in the case of tensor mesons only the VDM was used
in the analysis. It was found that the kaon loop model gives
a good description of data up to /s =2 GeV.

We stress that the claim presented in Refs. [8,9] which
states that the integral cross section for yS and yT
productions should scale as 1/s does not appear to be
correct since it contradicts the results of QCD composite-
ness (quark counting rules). The integrated cross section
should scale as 1/s%, while the differential cross section
should scale as 1/s3. Our observation is consistent with
Ref. [6], where the falloff of the differential cross section
for the production of photon and vector meson is 1/(s#?),
i.e., a generic Mandelstam variable with power —3. The
difference of yV and yS production is clear: in the first case
the falloff of the differential cross section is 1/(s#?), while
in the second case it is 1/s.

As we mentioned above, using the specific falloff of the
differential cross section for yS(7) production we can
constrain the falloff of the y* — yS and y* — yT transition
form factors atlarge s as F - 5(s) ~ 1 /sand F . r(s) ~ 1/52,
respectively. Note that the 1/s and 1/s* scalings of the
F,,s(s) and F, r(s) form factors are to be expected,
because in the Euclidean region the y*(Q?)y — f,(980)
and y*(Q?)y — f»(1270), a,(1320) transition form factors
have similar power scaling, 1/Q? [10]and 1/Q*[11] atlarge
Q2, respectively.

Note that when the scalar mesons f(980) and a,(980)
are considered as tetraquarks, there are two scenarios for the
quark configuration—hadronic molecular (HM) and color
diquark-antidiquark (CD) configuration. In Refs. [4,5] it
was shown that for the a system of two tightly bound diquark
in the CD scenario the corresponding form factors, involving
these states, have the same falloff as form factors involving
quark-antiquark systems, otherwise each tetraquark state
costs an additional 1/s falloff. This model-independent
feature was recently confirmed in Ref. [6], where electron-
positron annihilation into single and double tetraquarks was
considered in a soft-wall AdS/QCD approach. It means that
in case of the f((980) and a((980) states two possible
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scenarios for their inner structure—quark-antiquark configu-
ration and tetraquark system with two tightly bound color
diquarks we have 1/s scaling of the corresponding y* — S
transition form factor at large s, which is consistent with
results of Ref. [10]. Therefore, in this paper we consider
these scenarios for the f,(980) and a((980) states.

In the following we proceed to set up the effective
formalism with the aim of describing the ete™—y*—
yS(T) annihilation reactions constrained by the scaling
behavior for large s. We introduce form factors in these
transitions which are minimally parametrized to reproduce
the available cross section data and results of other phenom-
enological approaches. We also give predictions for e e~
annihilation reactions of a variety of scalar and tensor mesons.

II. FORMALISM AND RESULTS

Our starting point is the effective Lagrangian for the
couplings of scalar (§) and tensor (7) mesons to two
photons. In Table I we specify quantum numbers, masses
and their two-photon decay widths, which will be used in
numerical analysis.

The off-shell behavior of one photon annihilating into y.S
and yT is parametrized by the form factors F',-, g and F
included in the Lagrangians:

rorT

82
Lrrs(0) =G 95 S 00 3) [ AT ps(x=2) ()

62
£yt = S0 Tw WP () [ 951 (=) (0,
g:y*yS(T)(x_y):2Fy*yS(T)<x_y)_54(x_y)’ (1)

F, =0,A,—0,A, is the stress tensor of the electromag-
netic field, S is the J*© = 0" scalar field, and T, is the
JPC =2+ tensor field, which is a symmetric (7, = T,,),
traceless (7%, = 0) rank-2 tensor obeying the transversity
condition (9*T,, =0) [12]. Here e is the elementary
electric charge. The on-shell couplings gs,, and gr,, define
the two-photon decay widths of the S and 7" mesons:

TABLE I. Scalar and tensor mesons.

Name 16(JPC) Mass (MeV) C(H = yy) (keV)
£0(980) 0t (0t*) 990 +20 031709
fo(1370) 0+ (0*F) 1370730

fo(1500)  0H(0T*) 150446

fo(1710) 0+ (0**)  17237¢

ay(980) 17(0t+) 980 +20 0.30 4+ 0.10
ap(1450)  17(0FF) 1474+ 19

ay(1950)  17(0FF) 1931 +£14+22

f>(1270)  0*(2*%)  1275.5+0.8 26+05
a>(1320)  1-(2**) 13183103 1.00 + 0.06
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i1
azgéwMg, L(T—yy) :%azg%wMST’ (2)

I(S—yr)=
where Mg and My are the respective meson masses.
The relativistic form factors which take into account
the off-shellness of the virtual y* photon are normalized
|

M(ete™ —»y* —yS)=—e g5, v(p2)y,u(pr)ei (q1) (¢ a1 — ¢ 4}

— * = * *A c ov P
M(ete™ =" —yT)==€gr, 0(p2)vau(pr)es (q1)en’ (a2) (95" — 9*a,) (9 q — 9™ ¢
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to 1 at s = 0. Note that the idea to introduce a form factor
for the y* — yT transition was originally proposed
in Ref. [9].

The invariant matrix elements describing the ete™ —
y* = ¢S and eTe~ — y* — yT annihilation processes are
given by

El

) FMSS(S)
REENE

where ¢;* and e;’,f"' are the polarization vectors of final photon and tensor meson, respectively. The corresponding differential

cross sections are derived as

471'0(F(S - yy) |F7*},S(s)|2

d
—6(e+e_ —>7S) =

|:1+g_2_]\4§+2_t2_2M§[ M_§:|

dt M3 s s s 52 52 52
@(ﬁe‘ ST) = 107al (T = yy) |Fypr(s)*s 1 2t 2M3 2_t2 M3 3 14tM3.
dt 3M3. M3 52 52 52
3 122 M2 . 24tM% 3 12M5%  1212°M% 3 12tM5 n 6M5. (@)
53 53 st st st
As digtated l?y the QCD cgmpositeness, the 1 /'s3 scaling of Casymp(ete™ = 1S) = 8mal (S :’ rY) A_§ ’ (7)
the differential cross sections for the production of scalar 3My s
and tensor mesons as quark-antiquark systems requires the 207al (T = yy) A}
following scaling of the F,-¢(s) and F,-,7(s) transition Oasymp(eTe” = yT) = TS—ZT (8)
T

form factors at large s

1 1

Fy*yS(s)N;’ Fy*yT(S)N?' (5)

These results are hold when scalar and tensor mesons are
systems of two tightly bound diquark in a possible CD
tetraquark scenario, while for other tetraquarks we get extra
falloffs 1/s and 1/s* for F, s(s) and F,r(s), respec-
tively. The integral cross sections are in agreement with

Refs. [8,9] and are given by

8ral'(S — yy) M3\3
te~ NN=———— L F.. 2 1 _=Ss s
0(6 e —y ) 3M§ | ny(s)| s

207al (T — yy)| s
M3, M3

M2 3 MZ M4
x<1——T> [1+h+6—f} (6)
N N

2

olete - yT) = ()

N

The total cross sections scale as 1/s> when the correspond-
ing form factors scale according to (5). In particular, the
asymptotic expressions for integral cross sections at leading
order in 1/s expansion for scalar and tensor mesons read

First, we focus on extraction of transition form factors for
scalar and tensor mesons. In case of scalar mesons, using
production data on f((980) and ay(980) we deduce the
behavior of the F,- ¢ 030)(s) and F-4 (930 (s) form factors
depending on the variable s (total energy squared). For two
scenarios—scalar mesons f((980) and a,(980) are quark-
antiquark systems and tetraquark as a system of two tightly
bound color diquarks we use the double-pole expression for
these form factors, which has 3 free parameters—scale
parameter A and two dimensionless parameters a and b,
fixed from a fit to the data:

1 N
+ as fv:i. (9)

F, - e
i) = T s e A2

The F,.,s(s) form factor is normalized to 1 at s = 0 and
displays the 1/s scaling for large s, as required by the QCD
compositeness, with

A2
F7*75<5)NT- (10)

Therefore, the value of the scale parameter A must be fixed
from the asymptotic behavior of the cross sections for yf
and ya, production. Using the available data from Ref. [8],
we fix the values of A for yf and ya, production as
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As, =350+ 50 MeV, Ay =250 £50 MeV.  (11)

In this case the parameters a and b are fixed as
a=00117058, b =0.19070% (12)

for the case of the f, form factor, while we have
a=0.003"9%,  b=0.090"058 (13)

for the case of the aj. For the ratio of the e*e™ — y£((980)
and eTe™ — yay(980) cross sections at large s we get

Mfo

- () () R

Aao F(aO - 77/)
(Af 0) 4
Ay)

Plots of the form factors F y*yfo(ggo)(s) and F y*yao(ggo)(s)
are shown in Fig. 2. In case of tensor mesons we have only
results of phenomenological consideration in Ref. [8]. We
use the predictions of Ref. [8] for integral cross sections
of production of tensor mesons to constraint the y* — yT
transition form factors. Taking into account the 1/s?

scaling of these form factors at large s we use for them
the following parametrization

(14)

T

Iy 1, O]
B W

8] (5%}
T T
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1 1+ as s
= N A:_. 15
1+51 =05+ ai s (15)

F}/*yT(S)

In case of the specific tensor meson states f,(1270) and
a,(1320) the parameters a,b and A are fixed as

a =0.241, b =0.771, A =950 MeV

(16)
for the case of the f,(1270) form factor, while we have
a = 0.310, b = 0.964, A =1000 MeV  (17)

for the case of the a,(1320). The plots of the y* —
vf2(1270) and y* — ya,(1320) transition form factors
are shown in Fig. 3.

In Fig. 4 we show our results for the integral cross
sections o(ete™ = yf((980)) and o(ete™ — yay(980))
and compare them with data points of the OLYA [13]
and DM2 [14] collaborations extracted in Ref. [8]. Also we
show the curves for asymptotical cross sections [see
Eq. (7)]. One can see that since values /s = 2.4 GeV
our exact results for integral cross sections in case of the
f0(980) and a((980) coincide with asymptotical ones.

In Figs. 5 and 6 we present our results for other isoscalar
[fo—family: f,(1370), f¢(1500), fo(1710)] and isovector
[ag—family: a((980), ay(1450), ay(1950)] states. In case of
fo family we present the results the ratio of the cross
section and two-photon decay width I'(f, — yy) because
there are no data for the T'(fy — yy). Note that the form
factors for the f) and a, families are chosen as for the case of

3.5F
3.0F
2.5¢
2.0
1.5F
1.OF

|Fy* Y3, (Q)l

0.5F

0.0 0.5 1.0 1.5 2.0 2.5 3.0
s (GeV?)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
s (GeV?)

FIG. 2. Form factors F.,z,(9s0)(s) and F 4 030)(s) at Ay =350 MeV and A, =250 MeV.
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0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
s (GeV?) s (GeV?)

FIG. 3. Form factors F,,r,(1270)(s) and F -4, 1320)(s) at Ay, = 950 MeV and A,, = 1000 MeV.
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FIG. 5. The integral cross section divided by two-photon decay width o(ete™ — y* — yfo)/T(fo — yy) for fo = fo(1370),

fo(1500), and fo(1710) with A;, = 350 MeV.

30F T T T T T m

ap(1450)

[}
[=)

o/T (pb/MeV)

/T (pb/MeV)

T T T T T =

ap(1950)

10

5

OA i i i i i i i

15 20 25 30 35 40 45 50
Vs (GeV)

FIG. 6. The integral cross section divided by two-photon decay
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the f,(980) and a((980), respectively, otherwise assuming
the same QCD compositeness for all the scalar state. One can
see that perturbative regime there asymptotical cross sec-
tions coincide with exact calculation starts approximately
from /s = 4 GeV in case of the f,(1370), f,(1500), and
ao(1450) states and from /s =5 GeV and /s = 5.5 GeV
in case of the f;(1710) and a((1950) states, respectively.

Finally, in Fig. 7 we present our predictions for the
integral cross sections of tensor mesons. For a comparison
we present results for asymptotic cross sections given by
Eq. (7). One can see that for tensor meson the perturbative
regime starts from /s = 3.5 GeV.

In conclusion, we summarize the main results of the
paper. Using quark counting rules for the differential cross
section of the scalar and tensor mesons in single-photon
annihilation processes we constrained the scaling of the
y* = yS and y* — yT transition form factors. We showed
that in case of quark-antiquark picture or tetraquark system
of two tightly bound color diquarks they should scale as
1/s and 1/s* for large s, respectively. In case of other
tetraquark configurations and two-hadron molecule con-
figurations according to counting of the constituents (this
result is known from Refs. [4-6]) they get extra 1/s falloff.
Restricting to the first choice (quark-antiquark picture or
tetraquark system of two tightly bound color diquarks) we
extracted from data the behavior of these form factors with
respect to the s variable, using a double-pole formula with

PHYSICAL REVIEW D 96, 094018 (2017)

3 free parameters. Using the obtained form factors for
f0(980) and a((980) we predict the integral cross sections
for the members of their families—isoscalar [f((1370),
Sfo(1500), fo(1710)] and isovector [ay(1450), ay(1950)]
states. Here we assumed that the transition form factors do
not depend on the mass of the corresponding scalar meson.
Similar analysis done for the tensor states f,(1270) and
a,(1320). We think that our predictions for the transition
form factors and integral cross sections of scalar and tensor
mesons will be useful for future experiments at electron-
positron colliders.

ACKNOWLEDGMENTS

This work was funded by the German
Bundesministerium fiir Bildung und Forschung (BMBF)
under Project 05P2015—ALICE at High Rate (BMBF-FSP
202): “Jet- and fragmentation processes at ALICE and
the parton structure of nuclei and structure of heavy
hadrons”; by CONICYT (Chile) PIA/Basal FB0821, by
CONICYT (Chile) Research Projects No. 80140097,
and under Grants No. 7912010025, 1140390; by Tomsk
State University Competitiveness Improvement Program,
by the Russian Federation program ‘“Nauka” (Contract
No. 0.1764.GZB.2017), by Tomsk Polytechnic University
Competitiveness Enhancement Program grant (Grant
No. VIU-FTI-72/2017).

[1] S.J. Brodsky and G.R. Farrar, Scaling Laws at Large
Transverse Momentum, Phys. Rev. Lett. 31, 1153 (1973).

[2] V. A.Matveev, R. M. Muradian, and A. N. Tavkhelidze, Auto-
modellism in the large—angle elastic scattering and structure
of hadrons, Lett. Nuovo Cimento Soc. Ital. Fis. 7, 719 (1973).

[3] G.P. Lepage and S.J. Brodsky, Exclusive processes in
perturbative quantum chromodynamics, Phys. Rev. D 22,
2157 (1980).

[4] S.H. Blitz and R. F. Lebed, Tetraquark cusp effects from
diquark pair production, Phys. Rev. D 91, 094025 (2015).

[5] S.J. Brodsky and R. F. Lebed, QCD dynamics of tetraquark
production, Phys. Rev. D 91, 114025 (2015).

[6] S.J. Brodsky, R.F. Lebed, and V.E. Lyubovitskij, QCD
compositeness as revealed in exclusive vector boson reac-
tions through double-photon ete~—yy* —=yV? and eTe™—
r'y* = VOV, Phys. Lett. B 764, 174 (2017).

[71 M.N. Achasov et al., Zh. Eksp. Teor. Fiz. 140, 87 (2011)
[Search for ete™ — f((600)y, fo(980)y, fo(1350)y, and
f2(1270)y processes in the energy range from 1.05 to
1.38 GeV, J. Exp. Theor. Phys. 113, 75 (2011)].

[8] N. N. Achasov, A. I. Goncharenko, A. V. Kiselev, and E. V.
Rogozina, Comparative study of the production of scalar and
tensor mesons in et e™ collisions, Phys. Rev. D 88, 114001
(2013); Erratum, Phys. Rev. D 89, 059906(E) (2014).

[9] N.N. Achasov and A. V. Kiselev, Transition form factors
r* = vf2(1270) and y* — ya,(1320) in the eTe™ colli-
sions, EPJ Web Conf. 125, 04003 (2016).

[10] P.Kroll, A study of the y* — f,(980) transition form factors,
Eur. Phys. J. C 77, 95 (2017).

[11] N.N. Achasov, A. V. Kiselev, and G. N. Shestakov, Pis’ma
Zh. Eksp. Teor. Fiz. 102, 655 (2015) [Study of the f,(1270)
and a,(1320) resonances in y*(Q?)y collisions, JETP Lett.
102, 571 (2015)].

[12] F. Giacosa, T. Gutsche, V. E. Lyubovitskij, and A. Faessler,
Scalar nonet quarkonia and the scalar glueball: Mixing and
decays in an effective chiral approach, Phys. Rev. D 72,
094006 (2005); Scalar meson and glueball decays within a
effective chiral approach, Phys. Lett. B 622, 277 (2005);
Decays of tensor mesons and the tensor glueball in an
effective field approach, Phys. Rev. D 72, 114021 (2005).

[13] P. M. Ivanov, L. M. Kurdadze, M. Y. Lelchuk, V. A. Sidorov,
A.N. Skrinsky, A.G. Chilingarov, Y. M. Shatunov, B. A.
Shwartz, and S.I. Eidelman (OLYA Collaboration),
Measurement of the charged kaon form-factor in the energy
range 1.0-GeV to 1.4-GeV, Phys. Lett. 107B, 297 (1981).

[14] D. Bisello et al. (DM2 Collaboration), Study of the reaction
ete”—KTK™ in the energy range 1350<./5<2400-MeV,
Z. Phys. C 39, 13 (1988).

094018-6


https://doi.org/10.1103/PhysRevLett.31.1153
https://doi.org/10.1007/BF02728133
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1103/PhysRevD.91.094025
https://doi.org/10.1103/PhysRevD.91.114025
https://doi.org/10.1016/j.physletb.2016.11.009
https://doi.org/10.1134/S1063776111060100
https://doi.org/10.1103/PhysRevD.88.114001
https://doi.org/10.1103/PhysRevD.88.114001
https://doi.org/10.1103/PhysRevD.89.059906
https://doi.org/10.1051/epjconf/201612504003
https://doi.org/10.1140/epjc/s10052-017-4661-8
https://doi.org/10.1134/S002136401521002X
https://doi.org/10.1134/S002136401521002X
https://doi.org/10.1103/PhysRevD.72.094006
https://doi.org/10.1103/PhysRevD.72.094006
https://doi.org/10.1016/j.physletb.2005.07.016
https://doi.org/10.1103/PhysRevD.72.114021
https://doi.org/10.1016/0370-2693(81)90834-0
https://doi.org/10.1007/BF01560386

