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The light-quark nonstrange scalar mesons a((980), f,(980), fo(1370), ap(1450), fo(1500), and f,(1710) are of
great interest because there is no generally accepted view of their structure that can encompass gggg, molecular,
¢, and glueball states in various combinations. It has been shown previously that the radiative decay of the
scalar mesons to p and w is a good probe of their structure and provides good discrimination among models.
Scalar meson photoproduction is proposed as an alternative to measuring radiative decay, and it is shown to be a

feasible proposition.
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I. INTRODUCTION

The fundamental structure of light scalar mesons is
still a subject of controversy. One view is that o(485),
k(700), f0(980), and a¢(980) are molecular or gggg states
and thus unrelated to g4 spectroscopy. Then, a¢(1450) and
K;(1430) are regarded as the ud and u5 members of the
same SU(3) flavor nonet of 1° Py ground-state ¢§ mesons, to
which f£,(1370) can be attached as the (uii + dd) member [1].
There remain two possibilities for the ninth member of the
nonet: fy(1500) and f((1710). It is frequently assumed that
this surplus of isoscalar scalars in the 1300—-1700 MeV mass
region can be attributed to the presence of a scalar glueball [2].
This assumption is supported by calculations in quenched
lattice gauge theory, which predict a scalar glueball in this
mass range [3—5]. The three physical states are then viewed as
mixed gq and gluonium states, although there is not agreement
in detail about the mixing [6—8]. This is the first scenario we
consider.

A variation of this is to consider the isoscalar, isospinor,
and isovector scalars as mixed ¢4, gqgq states (see Refs. [9—
15] and references therein). This approach is based on an
effective chiral Lagrangian framework, formulated in terms
of a gq and a gqgg nonet with, in most cases, the addition
of a glueball. An alternative approach, in terms of instanton
dynamics, is given in Ref. [16]. Fitting to the scalar masses and
some hadronic widths produces a satisfactory description of
them, but no consistent picture of the mixing emerges, partly
because of the different initial assumptions and partly because
of the vagaries in the data. Nonetheless, the solutions with
glueballs are similar to those in Refs. [6-8], particularly with
respect to glueball mixing, although they do have different
degrees of gg and gggg mixing.

Calculations in unquenched LQCD [17] suggest that the
mass of the lightest glueball could be considerably lower than
in the quenched case, around 1 GeV, casting doubt on this
mixing model and opening up many other possible interpre-
tations [18]. Furthermore, it has been argued that f,(1370)
may not exist [18-20], although this is strongly contested
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[21,22]. Should f,(1370) not exist, then the lowest scalar
nonet may be taken to comprise ay(980), f,(980), fo(1500),
and K;(1430). The f(980) and f,(1500) are mixed such that
the former is close to a singlet and the latter close to an
octet. The lightest scalar glueball is a broad object extending
from 400 to about 1700 MeV. This is the second scenario we
consider.

Another possibility is that ¢(485), k(700), f,(980), and
ap(980) comprise the 1¥P, ground-state nonet of ¢4, although
their properties are strongly influenced by coupling with a
low-mass glueball [23]. In this case, in the absence of f,(1370),
the fp(1500) and fy(1710) are members of the first radial
23 Py scalar excitation and may also have a significant glueball
component. This is the third scenario we consider.

Finally it has been suggested [22] that f;(1370) not only
exists but also is a pure octet with strong coupling to 7w,
making this the dominant decay channel, in broad agreement
with the results of Ref. [21]. It is further suggested that
fo(1500) and f(1710) (which are the same pole but observed
on different Riemann sheets) correspond to an unmixed
glueball. This is the fourth scenario we consider.

Radiative transitions offer a particularly powerful means
of probing the structure of hadrons, as the coupling to
the charges and spins of the constituents reveals detailed
information about wave functions and can discriminate among
models. If one assumes the scalar mesons to be bound ¢g> Py
states, the radiative decay proceeds via a quark loop, and
the corresponding matrix element can be estimated in the
quark model. In such a framework, both the radiative decay
of a vector meson to a scalar meson, V — Sy [24], and
the radiative decay of a scalar meson to a vector meson,
S — Vy [25], have been considered previously. The latter
appears to be the most useful in practice. It was shown that
the radiative decays of f(1370), fo(1500), and f,(1710) are
strongly affected by the degree of mixing between the basis ¢g
states and the glueball. It is clear [25] that the discrimination
among the different mixing scenarios provided by the radiative
decays is strong.
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The calculations of Refs. [24,25] are relevant for the first
scenario we consider. They are reviewed briefly in Sec. II and
then extended to calculate the radiative decays of the scalar
mesons in the models appropriate to the second, third, and
fourth scenarios. This calculation includes ay(980), f,(980),
and a(1450) as well as fy(1370), fo(1500), and f,(1710).

Photoproduction of the scalar mesons at medium energy
provides an alternative to the direct observation of the radiative
decays. It is this possibility that we explore here and show that
it is viable. The dominant mechanism is Reggeized p and w
exchange, both of which are well understood in pion photo-
production [26]. The energy must be sufficiently high for the
Regge approach to be applicable but not too high, as the cross
section decreases approximately as s ~'. In practice, this means
aphoton energy of approximately 5—10 GeV, which is pertinent
to experiments at the Thomas Jefferson National Accelerator
Facility (JLab), both now and with the proposed upgrade. In
addition to photoproduction on protons, we consider coherent
photoproduction on “He, encouraged in this by a recently
approved experiment at JLab [27]. Two advantages of coherent
production are the elimination of background from baryon
resonances, considerably simplifying partial-wave analysis of
the mesonic final state, and the restriction to w exchange, which
is better understood in photoproduction than is p exchange.
The photoproduction model we use is described in Sec. III with
full details of the calculation in the Appendix. Results for the
differential and integrated cross sections on protons and “He
in the narrow-width approximation are also presented in that
section.

Mass distributions for specific final states are obtained in
Sec. IV. As it is unlikely that the charged decay modes of the
scalars can be considered because of the very much larger cross
sectionsinmtn~, KtK~, 2nt27~,and nt 7w~ 27° from vec-
tor meson production, we concentrate on all-neutral channels
which automatically exclude any vector meson contribution.
Specifically the neutral channels are 7°7°, n°%°, 7%,°, and
4% A discussion of the branching fractions of f3(1370) is
included because of the degree of ambiguity associated with
this state.

There is a continuum background to the resonance produc-
tion. A model for photoproduction of continuum 7°7°, n%,°,
and 7%7° states is presented in Sec. IV B, together with
examples of the interference between these and appropriate
resonances. The full details of these calculations are given in
the Appendix.

Radiative transitions of scalars can also proceed via inter-
mediate mesonic loops. Generally, the meson loop mechanism
is expected to be suppressed due to large- N¢ considerations.
However, in some cases, the meson loop mechanism could be
quite relevant, especially in connection with the ao(980) and
f0(980) mesons which reside at the K K threshold, so that
the admixture of the K K molecule in their wave function is
expected to be large. An illustrative example of the f;(980)
and a¢(980) mesons photoproduced via a pseudoscalar loop
mechanism is considered in Sec. V.

Our conclusions are that suitable combinations of mea-
surements of scalar meson photoproduction can be used
to clarify the status of the scalars. These are presented in
Sec. VL.
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II. RADIATIVE DECAYS

The most general structure of the y SV vertex is [28]

iFSV =gslgu(q —k) € —€uq (g — k), )

where € is the photon polarization vector, ¢ and k are,
respectively, the four-momenta of the photon and scalar meson,
mg is the scalar meson mass, my is the mass of the vector
meson, and (k — q)2 = m%,

The radiative decay width is [28]

3
) M my,
S —yv)= g532n <1 m%) . 2)
If one assumes the scalar mesons to be bound ¢g>P,
states, the radiative decay proceeds via a quark loop, and
the corresponding matrix element can be estimated in the
quark model. The details of the radiative decay calculations
we use are described in Refs. [24,25] and are summarized
briefly here. Wave functions were assumed to be Gaussian,
exp[—p?/ (2;312‘4)], multiplied by an appropriate polynomial,
and B) was a variational parameter obtained for each state
from the Hamiltonian
2
H=l for_2% 10 3)
my 3r
Standard quark-model parameters were used: 0 = 0.18 GeV?,
a; = 0.5, m, is the quark mass and equal to 0.33 GeV for u
and d quarks and 0.45 GeV for s quarks.
The transition amplitude for the decay at rest of meson
A, mass my4, to meson B, mass mp, and a photon of three-
momentum p is

My = MZ»B + MZ»B’ “

where MY _, , and Mi»  describe the emission from the quark
and antiquark, respectively. Explicitly, these are

I
M= / K[ Tr{gh (k — Lp)ga)} 2k - p)
—iTr{¢}(k — 1p)oga®)} x p]. )
and
_ I
M, = ﬁ f K[ Tr{pa(k)g} (k + 1p) } (2K + p)

—iTr {gaK)opl(k + 1p)} x p], (6)
where I, and I; are isospin factors.
The differential decay rate is given by

dr Ep

= pqul M, l%, 7
Toosd = Pare > Mg )

where the sum is over final-state polarizations, and I = [ qz =

I qz is the isospin factor for neutral mesons.

It was shown in Refs. [24,25] that the model gives good
agreement with existing data and in Ref. [25] that, in general,
the uncertainty due to the use of Gaussian wave functions is
less than 10%.

In Ref. [25], the radiative decays of f,(1370), fo(1500),
and fo(1710) were considered assuming that they are mixed
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TABLEI Effects of mixing on the radiative decays of the scalars
to p [25]. The radiative widths, in keV, are given for the three different
mixing scenarios described in the text: light glueball (L), medium-
weight glueball (M), and heavy glueball (H). The radiative decays
of the scalars to w are § of these.

Decay L M H

fo(1370) — yp 443 1121 1540
Sfo(1500) — yp 2519 1458 476
fo(1710) — yp 42 94 705

states of the (uii + dd) and s§ members of the ground-state
13 Py nonet with a scalar glueball. Three different mixing
possibilities have been proposed [6,7]: the bare glueball is
lighter than the bare ni state [7]; its mass lies between the
bare nn state and the bare s§ state [7]; or it is heavier than the
bare s5 state [6]. We denote these three possibilities by L, M,
and H, respectively. The results from Ref. [25] for each are
given in Table L.

In principle, an important check on the reliability of these
calculations and their application to photoproduction would be
provided by the radiative decay of ao(1450), as this does not
have the complication of glueball mixing. Again, assuming
that it is a member of the ground-state scalar nonet, its decay
width to py is

I'(ap(1450) — py) =298 keV, ®)

and its decay to wy is a factor of 9 larger.

In scenario II, the ay(980), f,(980) and f,(1500) mesons
together with K5(1430) form the ground-state nonet, with
f0(980) and f(1500) mixed such that the former is close
to a singlet and the latter close to an octet. The radiative decay
of fp(1500) can be calculated in the same model as before,
with the result shown in Table II. For a(980) and f,(980), we
use the results of Ref. [28], also shown in Table II, with the
f0(980) width corrected for the assumption that f,(980) is a
singlet.

In scenario III, q¢(1450) is a member of the first ra-
dial 23 P, excitation, as it is in scenario II, together with
fo(1500), fo(1710), and K;j(1430). The radiative widths of
ap(1450) and f;(1500) calculated on the basis of this assump-
tion are given in Table III. This calculation is much more
sensitive to the choice of parameters than is the ground-state
calculation, so the results in Table III are not as reliable as
those in Tables I and II.

TABLE II. Radiative widths in keV of the a((980), f,(980), and
fo(1500) mesons to p assuming that they are all members of the
ground-state nonet, and that f,(980) and f,(1500) are mixed such
that the former is a singlet and the latter is an octet. For the isoscalars
the radiative widths to w are é of these, and that for q((980) is a
factor of 9 larger.

Decay Width
aop(980) — yp 14
fo(980) — yp 83
fo(1500) — yp 986
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TABLE III. Radiative widths in keV of the ao(1450) and
fo(1500) mesons to p assuming that they are members of the first
radially excited nonet. The radiative widths to w are a factor of 9
larger for the a((1450) and é for the f,(1500).

Decay Width
ag(1450) — yp 65
Sfo(1500) — yp 679

Finally, scenario IV is analogous to scenario II with
fo(1370) replacing fo(1500) as the octet member of the
ground-state nonet. Its decay width to py is

T(f5(1370) — py) = 757 keV. ©)

III. SCALAR PHOTOPRODUCTION

In this section, we develop the formalism for scalar
photoproduction and present the differential and integrated
cross sections in the narrow-width limit of the scalars for each
of the four scenarios considered.

A. Cross section formalism

Let g, p1, k, p» be the four-momenta of, respectively, the
photon, initial proton, scalar meson, and recoil proton. The
y SV vertex has the form given in Eq. (1). The SVy coupling,
gs, is obtained from the radiative decay width [Eq. (2)] and is
assumed to be constant. The VN N vertex is

F/" = igyy, — grov(pr = p1): - (10)
The w NN couplings are rather well defined [29]. We have
used gy = 15 and g7 = 0, as this gives a good description
of 7% photoproduction [26]. The pNN couplings are not
so well defined, with two extremes: strong coupling [29]
or weak coupling [30-32]. We are again guided by pion
photoproduction [26] and choose the strong coupling solution
with gy = 3.4 and g7 = 11 GeV~".
The vector meson propagator is

1 1
\%4
PMV = m%/ — {g,w - m—%/(Pz - Pl)u(pZ - P1)u}
1 1
=— 8w — —5@q—Kkulg—kyp. (D)
mv —t mv

The complete photoproduction amplitude with the vector
meson exchange mechanism is then

M, (s, e, = @(p2) (Awyy + Bu) u(pe,, (12
where
Ay =algu(q - k) —kug,) =algu(q - p) — puavl,
13)
with

g gs(gy +2mpgr)

2 b
my, —t

(14)
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and
B, =b k) —k,(q -
L [p1u(q - k) —ku(q - p1)] 15
=blp1(q - p)— pulg - DI,
with 5
b= 8581 (16)
my —t

For the exchange of a single vector meson, we find (see
Appendix)

IM(s, ) = —Laa*[s(t — 1)t — 1) + L5t (t — m3)?]
—3(ab* + a*bymps(t — 1)t — 1)
—gbb*s (4m? — 1) (t — 1)t — 1), (17)

where #; and #, are the kinematical boundaries given by
Eq. (A7), and the differential cross section is

do M.

S LOACTL) (18)
dt 167 (s — m%)2

B. Reggeization

The standard prescription for Reggeizing the Feynman
propagators in Eq. (17), assuming a linear Regge trajectory
ay(t) = ayo + a1, is to make the replacement

1 s\ wal,
- | — -
t—m? S0 sin(zray (1))

-1 +e—i7[()tv(f)
X .
2 N )

This simple prescription automatically includes the zero
observed at t &~ —0.5 GeV? in both p and w exchange and
provides a satisfactory description of the p and w exchange
contributions to pion photoproduction [26]. We know that
this approximation is not precise, as there are additional
contributions, in particular from Regge cuts that are clearly
required by finite-energy sum rules [33-35] and, for 7°
photoproduction, from the trajectory associated with b;(1235)
exchange [26,34,35]. However, the overall effect of these
additional contributions is small, the principal effects being
to weaken the dip in the cross section and to modify the
energy dependence at large |¢|. The prescription (19) does
not require the addition of form factors at either vertex when
applied to pseudoscalar photoproduction, so we adopt the same
procedure here. We assume nondegenerate p and w trajectories

a, = 0.55 + 0.8t
@, = 0.44 4091,

For photoproduction on *He we assume that the cross
section is given by

do(yN — foHe) do(yN — foN)

19)

(20)

@Fe)*, (1)

dt dt
where Fye(t) is the helium form factor [36]
Fiio(t) ~ €' (22)

The justification for assumption (21) is the low level of nuclear
shadowing observed on “He at the energies with which we are
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concerned, for both pion and photon total cross sections [37].
Writing

Ona = AcitOnn, (23)

where / can be a pion or a photon, it is found that A =~ 0.9
at the energies in which we are interested. Furthermore, the
detailed behavior of Ay as a function of photon energy and
nucleus is rather well described by a simple vector-dominance
model [37].

C. Narrow-width cross sections

1. Scenario I

The differential cross sections for photoproduction of
f0(1370), fo(1500), and fo(1710) on protons and “He at
E, =5 GeV are shown in Fig. 1, and the integrated cross
sections are given in Table IV. In each case, results are given for
the three possible glueball masses: light (L), medium (M), and
heavy (H). The cross sections for photoproduction on protons
decrease with energy at the rate expected from Eq. (19), so
at £, =10 GeV, they are about half of those in Table IV.
However, the cross sections for photoproduction on “He do not
decrease, and for f;(1500) and f(1710) they actually increase.
This is due to the combined effect of the “He form factor
enhancing the contribution from small ¢ and the maximum
of the differential cross section on protons moving to smaller
t with increasing energy. Note that for “He, it is necessary
to have |f| > 0.1 GeV?, as this is the minimum achievable
momentum transfer at which the recoiling « particle can be
detected [38].

The cross sections for photoproduction on “He are very
much smaller than those for photoproduction on protons. There
are three reasons for this.

(i) Switching off p exchange for photoproduction on
protons reduces the cross section by a factor of about
16, canceling the factor 16 from coherent production.
(i) The helium form factor suppresses the cross section
except at very small 7.
(iii)) There is the experimental requirement that |¢]|>

0.1 GeV? for the recoiling helium to be detected.

Obviously, the cross sections for light, medium, and heavy
glueball masses reflect directly the radiative decay widths
of Table I; and, if it were practical, ratios of cross sec-
tions fo(1370) : fo(1500) : fo(1710) would give an immediate

TABLE IV. Integrated photoproduction cross sections in nano-
barns on protons and “He at E, =5 GeV for the three different
mixing scenarios: light (L), medium-weight (M), and heavy (H)
glueballs.

Scalar Proton “He

L M H L M H
fo(1370) 27.1 68.6 942 0.64 1.63 2.23
fo(1500) 89.9 52.1 17.0 1.55 0.90 0.29
fo(1710) 0.7 1.6 11.8 0.0026  0.0058 0.043
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10 (b)
'1 L
do
dt
0.1 ¢
0.01
0 0.1 0.2 0.3 0.4 0.5
—t (GeV?)
10 (d)
i
dt
0.1
0.01 )
0 0.1 0.2 0.3 0.4 0.5
—t (GeV?)
10 )
Ao 1
dt
0.1 ¢
0.01 | O
0 0.1 0.2 0.3 0.4 0.5
—t (GeV?)

FIG. 1. Scenario 1. Differential photoproduction cross sections on protons (left column) and “He (right column) in nb GeV~2 for f;(1370)
(top row), fo(1500) (middle row), and f,(1710) (bottom row) at E,, = 5 GeV. The glueball masses are L (solid), M (dashed), and H (dotted)

in each figure.

result and “weigh” the glueball. The change from L to H is
more than a factor of 5, L to M nearly a factor of 2, and
M to H nearly a factor of 3. Coherent production on *He, if
practical, would be particularly important quite apart from the
elimination of contributions from excited baryons. Not only
are the trajectories associated with p and b,(1235) exchange
excluded, but also any Regge cut effects should be comparable
for each scalar, so in the ratios the uncertainty in their
contribution will be minimized. The ratios also remove any
ambiguity associated with form factors and the w N N coupling.
However, as we shall see, the situation is not nearly so clear-cut
when we come to consider particular final hadronic states.
In particular, once the standard 7 branching fractions (see
Table VII in Sec. IV) are taken into account, the cross sections
for fo(1370), fo(1500), and f,(1710) photoproduction on “He
in specific channels are too small to be practical. However,

fo(1370) would be an exception if the 7w branching fraction
suggested by Bugg [21] is correct. See the discussion relating
to Table VII in Sec. IV.

The integrated photoproduction cross sections for ay(1450)
are 98 nb on protons and 21 nb on “He. In contrast to
the isoscalars, the cross section for photoproduction of the
isovector ay(1450) on “He is not strongly suppressed, as its
dominant radiative decay is to wy. The differential cross
sections for ag(1450) photoproduction on protons and “He
are shown in Fig. 2. In this scenario, ap(980) and f,(980) are
not nn states, and discussion of them is deferred until Sec. V.

2. Scenario I

In this scenario, the lowest nonet now comprises
ap(980), fo(980) (singlet), fo(1500) (octet), and K (1430).
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!
100 | ()
i 10
dt

1 L

0-1 I I I
0 0.1 02 03 04 05
—t (GeV?)

FIG. 2. Differential photoproduction cross sections in nb GeV~2 for ground-state a,(1450) on (a) protons and (b) “He at E, =5GeV.

The ap(1450) is assigned to the 23 Py radial excitation. The
integrated cross sections for photoproduction of a,(980) and
f0(980) on protons and “He at E, =5 GeV are given in
Table V, and the differential cross sections in Fig. 3. As for
ap(1450) in scenario I, the cross section for photoproduction
of the isovector ap(980) on “He is large. The large photopro-
duction cross sections for ap(980) and f,(980) in this scenario
are a direct consequence of their being n states. A corollary
is that if a¢(980) or f(980) are non-nn states, as in scenario
I, even a small n7n admixture will lead to a significant increase
in the cross section. The integrated cross sections for f;(1500)
and a(1450) are also given in Table V, and the differential
cross sections on protons in Fig. 3.

3. Scenario 111

As in scenario II, ap(980) and f;(980) are in the n7 ground-
state nonet, but f,(980) is no longer a singlet. The integrated
cross section and differential cross section for ag(980) are as in
Table V and Fig. 3, but the results for f;(980) in Table V
and Fig. 3 need to be scaled up by a factor of 1.5. Both
ao(1450) and f(1500) are now members of the first radially
excited nonet. The results for ay(1450) are as in Table V and
Fig. 3(d). The integrated cross sections for the radially excited
fo(1500) are 24.7 nb on protons and 0.4 nb on 4He. The
differential cross section for f;(1500) on protons is shown in
Fig. 4(a).

TABLE V. Scenario II. Integrated photoproduction
cross sections in nb on protons and “He at E, = 5 GeV
for ay(980), fo(980), fo(1500), and ay(1450) assuming
that the isoscalars are members of the ground-state nonet,
that f,(980) is pure singlet, f,(1500) is pure octet, and
ao(1450) is the first radial excitation.

State Proton ‘He
a(980) 167.9 47.2
f0(980) 91.0 3.5
fo(1500) 35.4 0.6
ap(1450) 21.4 4.7

4. Scenario IV

This scenario is analogous to scenario II with f;(1370)
replacing fp(1500) as the octet member of the ground-state
nonet. The integrated cross sections for photoproduction on
protons and “He at E y = 5GeVare47and 1.1 nb, respectively.
The differential cross section at E, =5 GeV is shown in
Fig. 4(b).

IV. MASS DISTRIBUTIONS

We present results for the 7% channel for the isoscalars.
Other pseudoscalar-pseudoscalar channels can be obtained
from these by scaling using the branching fractions of
Table VII, or the results of Bugg [21] for the special case
of the fy(1370).

A. The signal

To obtain mass distributions for the f,(1370), f,(1500),
fo(1710), and ay(1450), we represent them as relativistic Breit-
Wigner resonances with energy-dependent partial widths. The
signal cross section for the final state i is given by (see
Appendix)

do  doy(t, M) 2m§
dtdM ~— dt

I'i(M)
T (mé - M2)2 + M2F%0t7

(24)

where doy(t, M)/dt is the narrow-width differential cross
section at a scalar mass M. For pseudoscalar-pseudoscalar
final states, the partial width I";(M) is given in terms of the
S P P coupling g; by

Fi(M) = 167 M

, 25)
with
P(M, meg, mb)
= VIl — (mg + mp)2/M2][1 — (m, — my)?/M2], (26)

where m, and m,, are the masses of the two scalars. Conversely,
gi is determined from the partial width at resonance, putting
M = mg in Eq. (25).
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1000
(b)
100 ¢
do 10}
dt
1
0 0.1 0.2 0.3 0.4 0.5
—t (GeV?)
100 ¢ @)
do 10 |
dt
1 b
0.1 : : :
0 0.5 1 1.5 2
—t (GeV?)

FIG. 3. Differential photoproduction cross sections in nb GeV~2 on (a) protons and (b) “He for a((980) (solid curves) and £,(980) (dashed
curves) assuming that they are members of the ground-state nonet and that f;,(980) is a pure singlet, and on protons (c) for f,(1500) assuming
that it is a member of the ground-state nonet and is a pure octet and (d) for a(1450) assuming it is in the first radial excitation.

The 47 channels 2727 ~, 7+ =270, and 47 represent a
significant fraction of scalar decays and are dominated by pp
and oo. As we do not consider them explicitly, we represent
them collectively using the parametrization of 47 phase space
suggested by Bugg [21]:

J1—=16m2/M?

(M) = : 27
P = o [ AME — MD)] &7
100 (@)
do 10F
dt
1t
0.1 : : :
0 0.5 1 1.5 2
—t (GeV?)

with My = 1.799 GeV and A = 3.39 GeV~2. Then for the 47
states, we take

Pax (M)

) 28
Pax(ms) %)

Uian = Van

so that yy,, is the 47 partial width at resonance.

100 + (®)

do
ar 10 ¢

0.1 : :
0 0.5 1
—t (GeV?)

FIG. 4. Differential photoproduction cross sections on protons in nb GeV~2 for (a) f,(1500) assuming that it is a member of the first radially
excited nonet and (b) f;(1370) assuming it is the octet member of the ground-state nonet.
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The total width is then
Pro(M) = Y " Ti(M). (29)

Although the dominant decay of f;(980) is wzr and that
of ap(980) is n, both branching fractions being about 0.85
with the remainder in K K [1], these states reside at the KK
threshold, so the procedure outlined above is not reliable.
Instead, we use the Breit-Wigner parametrizations obtained
in the analysis of ¢ radiative decays [39,40]. In this section,
the “no-structure” versions of the fits are employed, which
correspond to a point-like ¢y S vertex, and are in line with the
quark-loop radiative transition assumption. The Breit-Wigner
width takes the form

, Ur(M) vg=(M) + vgo(M)

— 2
F(M) =87 87TM2 g](k 87TM2 ) (30)
where V(M) = NM?*/4 — M2 and vk (M) =

V' M? /4 — M7 . are momenta with an analytical continuation
below threshold. The corresponding parameters are M =
0.9847 GeV, gg+x- = gxogo =0.4 GeV, and gp+,- =
V2gr00 = 1.31 GeV for fy(980); and M = 0.983 GeV,
8k+k- = ggogo = 1.57 GeV, and g5, = 2.2 GeV for a((980).

To obtain mass distributions, it is necessary to have accurate
branching fractions to hadronic final states. This is the case for
fo(1500) but not for fy(1370) or fy(1710), particularly the
former [1,18,19,21,22]. The various hadronic decay channels
of fo(1500) are well defined. This is illustrated in Table VI
in which the branching fractions, in percent, are given from
the PDG [1], the WA102 experiment [41] as obtained in
the analysis of Close and Kirk [7], and the crystal barrel
experiment [42]. The usefulness of ay(1450) as a check on
the model is also compromised by the limited information
on the hadronic branching fractions [1], which we discuss
below.

For definiteness, we use the results of the WA102 Collab-
oration [41] for the isoscalars. These comprise a complete
data set for the decay of fy(1370), fo(1500), and f(1710)
to all pseudoscalar meson pairs. As only relative branching
ratios are provided, to obtain the absolute branching ratios
that we require, we use the analysis of these data in Ref. [7]
to take account of other channels. The branching fractions to
pseudoscalars are summarized in Table VII. Of course, for
the 7°7° channel, the 7 branching fraction shown has to be
divided by a factor of 3. We also take the results of the WA 102
Collaboration [41] for the total widths: 272 + 50 MeV for
fo(1370), 108 & 18 for f(1500), and 124 =+ 24 for f,(1710).

TABLE VI. Branching fractions in percent for f,(1500) from the
PDG [1], the WA102 experiment [41] from the analysis of Close and
Kirk [7] (CK), and the crystal barrel experiment [42] (CB).

Channel PDG WA102/CK CB

T 349423 33.7+34 33.94+3.7
nn 5.1+0.9 6.1 +0.1 26+03
nn’ 1.9+0.8 32+0.7 2.2+0.1
KK 8.6 £0.1 10.7 2.4 6.2+0.5
4 495433 46.3 £ 8.5 55.1+16.9

PHYSICAL REVIEW C 78, 064603 (2008)

TABLE VII. Branching fractions for the scalars from Refs. [41]
and [7].

State T KK nn nn’
Sfo(1370) 0.027 0.013 0.004

Jo(1500) 0.337 0.107 0.061 0.032
Sfo(1710) 0.119 0.595 0.286

We see from Table VII that the branching fractions of
f0(1370) to pseudoscalars are small, the principal decay mode
being to 47 [42]. However, there is a major disagreement with
the wr branching fraction shown in Table VII. In the analysis
of Bugg [21], the 27 : 47 ratio at resonance is given as 6:1.
The results of Albaladejo and Oller [22] imply that the three
pseudoscalar channels wm, nn, and K K saturate the decay
modes of fy(1370) with 7 dominant. The consequences
of this alternative view of the f;(1370) are discussed where
appropriate.

The relative branching fractions w7'(980) /7y and KK /7y
of the ay(1450) are 0.35 £ 0.16 and 0.88 &£ 0.23, respectively
[1]. However, the dominant decay mode of ay(1450) appears
to be wrmm [43], although there is some uncertainty in the
actual branching fraction [1]. Relative to mn, it is quoted as
10.7 £ 2.3, obtained by comparing the total rates of pp —
ap(1450)m for ap(1450) — 7y and ag(1450) — wmw ™7~ and
assuming the wn final state is wp. The uncertainty is also
reflected in the width; so as the a(1450) is peripheral to our
argument, we do not show any mass distributions but simply
note that the cross section for ay(1450) photoproduction is
sufficiently large for it to be used to clarify the a¢(1450) decay
modes.

1. Scenario I

The 7n°7° mass distributions do/dM for f,(1370),
fo(1500), and fy(1710) are given in Fig. 5, in each case
for light, medium, and heavy glueball masses and using the
branching fractions of Table VII. Note the difference in scale
in Fig. 5(c), reflecting the small 77 branching fraction for
fo(1370) and the small cross section for fy(1710). However,
if the w7 branching fraction of fy(1370) from the analysis of
Refs. [21,22] is used instead of that in Table VII, the mass
distribution is about a factor of 30 larger. The distortion of the
Breit-Wigner line shape for f;(1370) arises primarily from
the combined effect of the small 7 branching fraction and
the large, rapidly rising 4w channel in the denominator.
As fp(980) and a((980) are not nii states in this scenario,
discussion of them is deferred to Sec. V, where the extreme
possibility of a purely molecular assignment is considered.

2. Scenario 11

The ay(980), f1(980), and f,(1500) are members of the
ground-state nonet with f(980) and f;(1500) mixed such that
the former is a singlet and the latter is an octet. The 7°7° and
7°97° mass distributions for f0(980) and a((980) are shown in
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do
dM

1.8 2
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do 407
dM

1.4 1.6 1.8 2

M (GeV)

FIG. 5. Scenario I. Differential 7°7° mass distributions in nb GeV~! at E, =5 GeV for (a) fy(1370), (b) fo(1710), and (c) fo(1500). The

glueball masses are L (solid), M (dashed), and H (dotted) in each figure.

Figs. 6(a) and 6(b), respectively. The 7°7° mass distribution
for fy(1500) is given as the solid curve in Fig. 7(a). f,(1370)
does not exist in this scenario.

3. Scenario II1

The a¢(980) and f,(980) are as in scenario II, although
0

the latter is no longer a singlet, so the 7°7° mass distribution

400
350 |
300 t
250 |
do og |
dM
150 |

100

0.95 1
M (GeV)

0.85 0.9 1.05

should be scaled up by a factor of 1.5. f(1500) is now a
member of the first radial excitation, and the corresponding
797° mass distribution is shown as the dashed curve in

Fig. 7(a). fo(1370) does not exist in this scenario.

4. Scenario IV

This is analogous to scenario II, but the octet member is
£0(1370). The 7°7° mass distribution is given in Fig. 7(b)

1600

1400

1200

do 1000
dM 800
600

400

200

0.95 1
M (GeV)

0.85 0.9 1.05

FIG. 6. Scenario II. (a) Differential 7°7° mass distribution in nb GeV~! for f(980) at E , = 5 GeV. (b) Differential 7°%° mass distribution

in nb GeV~! for neutral a¢(980) at £, = 5 GeV.
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30

25

M (GeV)

1 1.2 1.4 1.6 1.8 2
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(b)

do_
dM

1 1.2 1.4 1.6 1.8 2
M (GeV)

FIG. 7. Scenarios III and IV. (a) Differential 7°7° mass distributions in nb GeV~! at E, =5 GeV for f;(1500) as an octet ground state
(solid) and as a member of the first radial excitation (dashed). (b) Differential 7°7° mass distribution in nb GeV~" at E » = 5GeV for fy(1370)

as an octet ground state.

using the branching fraction of Table VII. Recall that if the
mwr branching fraction of the fy(1370) from the analysis
of Refs. [21,22] is used instead of that in Table VII, the
mass distribution is about a factor of 30 larger. f;(1500) and
Jfo(1710) are considered to be unmixed glueballs so cannot be
photoproduced directly.

B. Continuum background

There is a coherent, continuum background in the
7070, 7%3°, and n°,° channels. The production mechanism is
illustrated in Fig. 8.

Each graph has the form

MM = 8182€upBy 48Vy€pvic PAUUFVD(S, t)H(v) (31)

As before, g is the photon momentum, p = p; — p, where p;
and p, are the initial and final proton momenta, and v = k — ¢
where k is the momentum of the pseudoscalar in the upper
vertex. F, is given by Eq. (1), D(s, t) is the Regge propagator
from Eq. (19), and

1

Hv: )
@) m2 — v —im,T,

(32)

where m, and I',, are the mass and width of the vector meson
in the upper half of the graph. The quantities g;, g, are,

FIG. 8. Feynman diagrams for continuum 7°7°, n°7°, and 7°#° photoproduction. In addition, there are diagrams with 7, < 7, and

11 <> 1, for the first two.
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respectively, the y-P;-V, and V;-P»-V, coupling constants
at the top and middle vertices of the diagrams.

The product of the coupling constants g;g» = Cgo, where
go can be estimated from Ref. [44] as

3v2g?

80 = —, G = —2’ (33)
g2 4r? f

with g =4.2 and f =132 MeV, giving (1.514 x 10%)

Qe GeV~2. The constant C = Cy,p p, 1s the appropriate

Clebsch-Gordan coefficient,

3
1= Cpﬂ]t = 3Cwnn = 3\/;szm

3 3 9

= ECM,, = ECM,, = ECWM. (34)

The explicit calculation is given in the Appendix, and the
results for 7970, 797°, and n°7° are shown in Fig. 9. This
continuum background is sufficiently large that it must be
taken into account in any analysis of scalar photoproduction,
and this is the primary reason for including it. There are,
of course, additional continuum background contributions
from reactions such as yp — A(1232)n, yp — A(1232)n,
and yp — N(1535)r that are less amenable to calculation
but must also be taken into account in the analysis.

PHYSICAL REVIEW C 78, 064603 (2008)

C. Interference

In any experimental environment, the interference pattern
will be complicated. In addition to interference between a
given scalar and the continuum background, there will be
interference among the scalars themselves. Accordingly, we
restrict discussion to a simple illustrative example.

The formula for the cross section describing the interference
between direct production of a single scalar, as in Sec. III,
and the continuum background is given in the Appendix. The
results for f,(1500) in scenario I, for constant relative phases
of 0°, 90°, 180°, and 270°, are given in Fig. 10.

V. MESON LOOP MECHANISM

As we already mentioned in the Introduction, radiative
transitions of scalars can also proceed via intermediate
meson loops. This is widely discussed in connection with
the possibility of scalar resonances generated dynamically.
Indeed, if the scalars contain significant admixtures of compact
quark states, then both quark loops and meson loops contribute
to the radiative transition amplitude, while in the case of
dynamically generated resonances (molecules), only meson
loops contribute.

The most well-studied case is transition via loops of charged
pseudoscalars, in which case the y SV vertex takes the form

200
150 | 77071'0 [ il
dM 100 f g
50 ¢ ]
o 1 1 1 1
1 1.2 1.4 1.6 1.8 2

M (GeV)

250
200 f 00 T
do 150
dM
100 1
50 1
O 1 1 1 1
1 12 14 16 18 2
M (GeV)
100
80 1 n°n°
do 60
dM
40
20|

0 1 1 1 1 1
12 13 14 15 16 17 18 19 2

M (GeV)

FIG. 9. Continuum 7°7°, 7°7°, and n°n° backgrounds in nb GeV~!.
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500
400

300

do_
dM 200 t

100 |

O L L L L L L L L
11 12 13 14 15 16 1.7 1.8 19 2
M (GeV)

500

400 |
6 = 180°

300 ¢
do

dM

200

100 -

0

11 12 13 14 15 16 1.7 1.8 19 2
M (GeV)

PHYSICAL REVIEW C 78, 064603 (2008)

500

400

¢ =90°

300

dM 200 |

100

O L L L L L L L L
11 12 13 14 15 16 1.7 1.8 19 2
M (GeV)

500

400

do 300 f
dM

200

100 ¢

0

11 12 13 14 15 16 1.7 1.8 19 2
M (GeV)

FIG. 10. Interference cross section in nb GeV~! between the 7%7° continuum background and f;(1500) for different values of the relative
phase ¢ in scenario I. The glueball masses are L (solid), M (dotted), and H (dashed) in each figure.

of Eq. (1) with the coupling gs(m%, m3,) given by

8PPVEPPS

I 9 b 9
2 imy pla,b)

gs(mé, m%,) =e (35)
where a =m?3,/m%, b =m%/m%, mp is the mass of the
pseudoscalar in the loop, and gppy and gpps are the VP P~
and SPT P~ coupling constants. The explicit expression for
the loop integral function Ip(a, b) is given in the Appendix.

As shown in Ref. [28], the decay rates involving f,(980)
and a((980) exhibit a distinct hierarchy pattern: the closer the
mass of the vector meson to the K K threshold, the larger is the
contribution of the kaon loop. So the intermediate kaon-loop
mechanism should dominate the ¢ — y S decay amplitude, as
suggested in Ref. [45]. The estimates [28] for scalar radiative
widths in the K K molecular model for scalars are

I(ao/fo — yp/w) ~ 3keV, (36)

in contrast to the quark-loop results of Table II. Thus the decays
ao/fo = yp/owprovide strong discrimination between models
for these scalars.

In scenario I, ap(980) and f(980) are not nn states.
In this section, we consider the extreme possibility of a
pure molecular assignment for them, in which case the
relevant photoproduction mechanism is via a meson loop. The

calculation of the ay(980) cross section is straightforward, as
only the kaon loop contributes. In the f;(980) case, there is
also a contribution from the ¥ 7 ~ loop. The photoproduction
formalism is presented in the Appendix, and mass distributions
are shown in Fig. 11. The integrated cross sections are 1.3 nb
for £,(980) and 0.5 nb for ag(980). As expected, these cross
sections are small, in accordance with the general arguments
given in Ref. [28].

Recently the contribution of intermediate vector meson
channels to scalar radiative decays has been considered
[46,47]. In particular, non-negligible contributions to the
ap(980) — yw[46]and f(1710) — yp [47] amplitudes were
obtained. There is, however, an important difference between
a purely pseudoscalar loop and one with vector mesons. The
former amplitude is finite (see the discussion in Refs. [48,49]),
while the latter diverges logarithmically and a cutoff is needed.
It is claimed in Refs. [46,47] that this divergence can be
properly treated, though the details of the cutoff dependence
are not given there.

In the photoproduction context, including intermediate
vector mesons corresponds to taking into account final-state
interactions in the background graphs of Fig. 9 (and including
K and K* mesons in the loop). The 777~ and K+ K~ S-wave
photoproduction has been treated in Ref. [50] in such an
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14
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do
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FIG. 11. (a) Differential 7°7° mass distribution in nb GeV~! at E, =5 GeV for f;(980) in the pseudoscalar loop model. (b) Differential
7% mass distribution in nb GeV~! at E,, = 5 GeV for ao(980) in the pseudoscalar loop model.

approach. Corresponding contributions are to be taken into
account in the analysis of the photoproduction of neutral pairs
as well, because they are potentially important.

VI. CONCLUSIONS

It is clear that light-quark scalar meson photoproduction
on protons is a practical proposition given the luminosities
available to modern photoproduction. Although we have
limited the discussion to neutral pseudoscalar-pseudoscalar
final states, most of the cross sections we have obtained
are sufficiently large to allow a limited acceptance for these
channels. Unfortunately, the cross sections on “He are small
for the isoscalars, because their dominant radiative decay is to
py. Of course, for the isovectors, with their dominant radiative
decay being to wy, the cross sections for photoproduction on
“He are comparable to those on protons.

To resolve all the issues discussed in the Introduction
requires obtaining the photoproduction cross section for at
least two scalars, but there are exceptions. In two cases, the
difference between different models for a particular scalar is
so great that the issue can be settled by measuring the cross
section for that scalar alone.

The first of these is the question of the natures of a(980)
and f(980), in particular whether there is a significant or even
dominant n7 component in their wave function. The full nn
cross section is given in Table V, and an estimate of the non-nn
cross section in Sec. V. Both a¢(980) and f,(980) have been
observed in photoproduction: at CLAS [38] with quasi-real
photons from a 5.75 GeV electron beam and at CB-ELSA
at yp center-of-mass energies up to 2.55 GeV [51,52]. The
CLAS data have not been fully analyzed, but 7%y and 7%7°
mass plots (not acceptance corrected) show clear evidence for
ap(980) and f(980), respectively. Preliminary results from
ELSA also show evidence for a¢p(980) [51] and f(980) [52]
photoproduction at the upper end of their energy ranges. These
data point to an admixture of nn in the ap(980) and f(980)
wave functions. Given the small cross section anticipated in
the molecular model, even a modest admixture of n7 in the
wave function will dominate the cross section.

As there are no microscopic calculations of the V Sy
couplings with V = p, @ in the chiral Lagrangian models
[9-15] which involve ¢G, ggG§ mixing, we cannot comment
quantitatively on this variation despite its undoubted impor-
tance. The desirability of such calculations in the context
of four-quark chiral models has been stressed in Ref. [13].
However, qualitatively we can say that our general conclusion
does not change: scalar meson photoproduction is a powerful
tool for resolving the problem of the isoscalars.

fo(1370) provides the second case in which measuring the
cross section would resolve the issue of its w7 branching
fraction and possibly also the issue of its existence. The cross
section for fo(1370) photoproduction at E,, =5 GeV varies
from scenario to scenario. In scenarios II and III, f,(1370)
does not exist. In scenario I, the cross section varies from 27
to 94 nb as the glueball mass varies from light to heavy; and in
scenario IV, as the octet member of the ground-state nonet, the
cross section is 140 nb. So the nonzero cross sections vary by
a factor of 5. The conventional branching fraction is 2.7%, but
in the analyses of Refs. [21,22] it is closer to 80%, which is
a factor of 30 larger. So for a w7 branching fraction of 2.7%,
the cross section times the 77 branching fraction lies in the
range 0.24-1.26 nb, while for a wr branching fraction of 80%
the range is 7.2-37.3 nb. The CLAS 7%7° data cover this mass
range and so, in principle, could be used.

For f,(1500), the photoproduction cross sections in various
scenarios are very similar, so it is not necessarily possible to
use fp(1500) by itself to resolve the ambiguities surrounding
the nature of the scalars. The cross sections in scenario I with a
heavy glueball is 17 nb; in scenario II, as the octet member of
the ground-state nonet, it is 35 nb; and in scenarios III and IV,
as a member of the first radial excitation, the cross section is
25 nb, although this should probably be considered as an upper
limit due to its sensitivity to the wave functions. However in
scenario I, if the glueball mass is in the light to medium range,
with cross sections of 90 and 52 nb, respectively, then a clear
result can be obtained. Otherwise, results for f;(1500) must
be combined with those for f,(980) or f,(1370).

In principle, photoproduction of a(1450) can also provide
some discrimination, since the cross section as a member of the
ground-state nonet (98 nb) is nearly a factor of 5 larger than that
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as amember of the first radial excitation (21 nb). Unfortunately,
the considerable uncertainty in the branching fractions [1] does
not make this feasible at present. However, some information
on ay(1450) photoproduction could, in principle, be obtained
from the CLAS nono data, because they cover the relevant
mass range.

Because of the large 47 branching fraction of f(1370)
(with the conventional values) and f;(1500) and the implied
large 5 branching fraction of ay(1450), if measurement of
these channels were technically feasible then this would not
only add to our information about the scalars but would assist
in resolving their nature.
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APPENDIX

A. Narrow-width cross section

To obtain formula (17), note that we can write
A;w]/u + B[L = M;w(a)/v +bp1y) = aM;w]/u +bN,,
with

(AD)

Mp_v = g;/.v(q - p) — Pudv, N, = Mp.vplv' (A2)

The required trace is
Te = 1 Tr{(y - p2+my)
X (@M y,. +bN )y - pr+mp)a* My, + b*N,)}
= yaa* MMy, Te{(y - py+mp)va(y - pr+mp)v}
+2a*bN, My, Te{(y - pa+mp)(y - p1+mp)n)
+3ab* M N, Tr{(y - p2 4+ mp)ya(y - p1 4+ m)p)}

+}1bb*N[l.N/l. Tr{()/ P2+mp)()’ - P +mp)} (A3)
The basic traces entering Eq. (A3) are
PTG - pr+mpny - pr+mp)p)
= guw (M} = p1 - p2) + Paapiv + Prapas.
1
2 I {(y - p2+mp)yi(y - p1 +mp)} (Ad)

= mp(p1x + p2),
YT {(y - pamy)(y - pr+my))
= mi + pi- p2.
Inserting Eq. (A4) into Eq. (A3) gives
Te = aa*[ (m}, — (p1 - p2)) MuyMyy + 2N, N, |
+2m,(a*b + ab*)N, N,
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+ (m3 4 (p1 - p2) bV*N,N,,. (A5)

Equation (AS5) can be rewritten in terms of invariants as
aa*{1s’t + Lst(t — 2mi —m3) + i[Zmit +1(r — mé)2
+m>(=2tm3 4 2m5) ]} + (ab* + a*b)[m st
+mpst(—2mf, +1t— mé) + m;(mit — mit + mé)]
+bb*(4mi — t)%[szt — st(Zm% —1+m3)
+ mi(mit — mit + m‘;)] (A6)

The result (A6) can be written compactly in terms of the
kinematical boundaries #; and #, given by

1
o= —[ - (m2 —s)2 —i—m%(mi +s)

2s r
+ (m2 - s)\/(m2 - s)2 —2m%(m% +s5) + m% ]
p p S\U%p s b
(A7)
so that for the exchange of a single vector meson
M (s, )
=—Tc = —%aa*[s(t —n)it—t)+ %st(r — m%)z]
— 1(ab* + a*bym st — 1)t — 1)
— gbb*s (4m3 — 1) (1 — 1)t — 1p). (A8)
Finally, the differential cross section is given by
d T,
@ _ _—Cz' (A9)
dt 167 (s —m2)

Obviously, in practice the amplitudes for p and w exchange
are added coherently.

B. Signal cross section

The differential cross section for the production of a scalar,
mass M, and its decay to two pseudoscalars, masses m, and
mp, is

dUS 1 ki (Ma maa mb)
=— - Ts. (A10)
dtdM dQ 2874 (s —m2)
p
with
ki(M,mg, mp)

= VIM?2 — (mq +mp2IM? — (mq — my)21/2M
Following Eq. (AS), Ts is
Ts = asag {[m} — (p1 - p2)] Myu M + 2N, N, }
+2m,(asbs + bsa3)N,N,

+ [m5 + (p1 - p2)] bsbsNuN,., (A11)
with

8i

as = +2m D

N m% — M2 — iMFTot [gSp(ng png) 1
+ gSw(ng - ZmpgTw)Dw]» (A12)
8i
by = — (28sp 81pDp + 2850 870 Dow)-

m% — M? — i MTry
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Both p and w exchanges have been included explicitly, and
D,, D, are the Regge propagators. The decay constant g;
in Eq. (A12) is defined in terms of the partial width T'; at
resonance by

2.
Fj — gi :Oz(ms, ma’mb) (A13)
167'rm5
with
pi(M, mg, my)
= VI = (mg +mp2/MA[1 — (g — my)?)/ M?]
:2k,(M, ma,mb)/M. (A14)

Substituting Eq. (A13) into Eq. (A12) and recalling Eq. (A9)
gives
do  doy(t, M) 2m3 I;(M)
dtdM dt T (m}— M2)2 + MT2,

. (AI5)

where doy(¢t, M)/dt is the narrow-width cross section at the
scalar mass M.

C. Background cross section
First note the simplification of Eq. (31), that is,
€uppy 4BVy €pvic PiVo = —&ul(q - P> — (g - V)(v. - p)]
- U/L[Qv(p . U) - Uu(CI : p)]

—pulvu(g -v) —q’l,  (A16)
and define, withi = 1, 2,
M[(l.ll)) = g/wbi + vipciv + pudilh
bi =(q - pyv; — (g - vi)(p-vi),
q-p q p (A17)

Civ = qu(p - v;) — vin(q - p),
diy = vin(q - v;) — qvvizv
where v; = k; — g, with k; and k, the four-momenta of the

pseudoscalars.
The current can be written as

M, = Ml(}v)(otlyv + Bipwy) + MLZ],)(OQVV + Bop1v).  (AlR)
It is convenient to define
Can=1 Cp=3% Cp=,/3 (A19)
Then, for the 7970 final state,
ar = Cax[(8pv +2mpgpr) D,y (v1)
+ 2(8wv + 2m ygur) Do, (v1)],
B1 = —2Cxx[8pr DpTo(v1) + 801 DTl (v1)],  (A20)

@y = Cax[(8pv +2mpgpr) DT, (v2)
+ 5(80v + 2mpgur) Do T, (12)],
Br = —2Crr[8p1 DpTlu(v2) + 3801 Do, (1)),
for 7",
a1 = Cyy[(8ov + 2m pgor)Dp T, (v1)
+ 5(8ov + 2mpgur) Do Tlu(v1)],
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Bi = —2Cy[gp1 DpT,(v1) + 3801 Do Tlu(v1)],
ay = Cyy[(gpv + 2mpgor) DT, (v2)
+ 3(8ov + 2mpgur) Do Tlu(v2)],
B2 = —2Cyy[8o7 DT, (v2) + 3801 DoTlu(v2)], (A21)
and for 790,
ay = Cry| 2(8ov +2mpg,r)D, T, (v1)
+ (gov + 2mpng)DwHw(vl)]’
B1 = —2Cxy[ 58,1 DT, (01) + gur Do Tu(v1)],
a2 = Cay[5(8pv +2mpgpr)Dpu(v2)
+ (8wv + 2m8ur) Dol (v2)],
Br = —2Cny[38p7 DpTlu(v2) + gur Do 1, (12)].
Because M|, has the structure

My, = Ay_)\y)\ + B;L 5

(A22)

(A23)
we have, as before, to calculate the trace

TB = %Tr {(]/ P2 + mp)(A;MVA + Bu)(y - Pi1 + mp)
X (Ays + Bt (A24)

The result is
Tp = [mf, —(p1- p)]|[eraf MM
+ (a105 + (XzOlT)M,(fU)M,(fV) + azaikaJMff,}]
+2[a10f NT + (105 + aaa])(Ny - No) + ara3 N5 |
+2m,[(Braf + Bran)NT + (Bia; + af s
+ Biaa + B3a) (N1 - Na) + (Bt + Bran) N5 |
+[m5 + (p1 - p)][BIBINT + (B1B; + BiB)(Ny - No)

+ BB N2, (A25)
with

Niy = piubi +vip(p1 - ¢) + pu(p1 - di). (A26)

The background cross section is then given by

d 2 k

_ 998 _ 2 80 T, (A27)

dtdM d<2 2874 (s _ mz)z

p

and the factor ¢ = 1 for different pseudoscalars and %2 for

identical pseudoscalars.

D. Interference cross section

We assume a constant phase ¢ between the continuum
background and the resonance signal. The required trace for
the interference term is

T = [m}, — (p1 - p2)] [rads M) M,y + caas MG M, |
+200na* (N - N) + ana5(N? - N)]
+2m,[(Bias + a1 bHND - N)
+ (Bras + b )N - N)] + [m? + (p1 - p2)]
x [Bibs(ND - N) + Bbs(N? - N)]. (A28)
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The interference cross section is then

do™ - ¢ 1 gok
dtdM d2 2874 (s — mf,)z
x [cos (Tine + Ti) + i sing(Tine — Ti)] -

(A29)

E. Meson-loop cross section

The loop integral function Ip(a, b) is (see, e.g., Refs. [45,
53] and, for x < 0, Ref. [54])

1 2 1 1
@D =5 =h " @—r [f (5> - (E)}
a 1 1
T a—by [g <Z> 8 (E)} A0
[arcsm (ﬁ;)]z X > i,
fx) = i[ln (;—) - m]z, 0<x<l (A3D)
[n(=+1-2)] . <o
A/4x — 1 arcsin (#}), x>z,
glx) = %«/1—4x[ln(%)—in], O<x<}1,
m1n<2j:+,/l—ﬁ), x <0,

(A32)
and
L= %[1 + V1= 4x]. (A33)
For a given two-meson final state ab,
do(ab) 1 k Ti oo, (A34)

dtdMd 2874 (s — m%)z

where the trace Tr; 4, is given by
Trl,ab = |Al,ab|2 [mi - (Pl . PZ)] Mu,uMp,v
NN {2 Aran” 4 2m p(Arab Bf oy + Al up Brab)

+ [mf, +(p1 - Pz)] |Bl,ab|2}- (A35)

The quantities A; 4, and By 45, are
Arap = Al gy + ALy (A36)
Biap = B, + By (A37)

Aﬁia;,) = (&p)V + 2m p&p(w)T) D p(w) Z Lp pw)tpr—abs
P

(A38)

B[ = —28 w1 Do) ZLP,p(a))tPP—mb- (A39)

P
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Here D, and D,, are the Regge propagators [Eq. (19)], and the
sum is over all possible pseudoscalars P in the loop,

egpwprlp(t/mp, M? [m3)

A40
272m2 > (A40)

Lppw) =

where mp is the mass of the pseudoscalars, g,w)pp is the
p(w)P P coupling constant, /p is the loop integral function
(A30) and tp p_, 4p is the ¢t matrix for the transition P P — ab.

In the calculation of the ao(980) photoproduction cross
section, only the kaon loop contributes. The p(w)K™ K~
coupling constants can be estimated from that for the p — 77
decay width with the help of SU(3) symmetry considerations:

ng*K’ = ng‘f’K* = %g,oﬂﬂ == 213 (A41)

For the ¢ matrix, we use the parametrization introduced in
Ref. [55]:

8aomn 8agK+t K~

tK*K*—)nUn(M) = D ’ (A42)
ao
where
Day(M) = M} — M* + > (Relay (My,) — Tap(M)),
ab
(A43)
gz b mym
M(M) =222 | ————1In— + pp(M
»(M) 16n2|: Ye +/0b( )

\/Mz—m \/Mz—m+

\/Mz—m7+\/M2—m+

X |im +In

(A44)

where m =m, + mp, m_ = m, —my. This expression is
valid above threshold (m, + m;, < M); below threshold, one
should use the analytical continuation. In the case of ag, ab =
7%, KTK—, K°K°.

This parametrization was recently employed in the analysis
of ¢ — nony radiative decays [40]. We use the ay(980)
parameters found in that analysis (“kaon loop” version of the
fit):

M, =983MeV, g,., =2.8GeV,
° Baomn (A45)

8agk+tK- = 8ayK"RO = 2.16 GeV.

The situation with f;(980) is more complicated, because
the 777~ loop also contributes. For the r matrix, we use here
the parametrization

_ 8fortn 8xx°
Iptp-—nlg0 = ,

Dy,

gfo?'[UT[O gf()K*K’
IK+K-—n070 = s
D,

Jo

(A46)

with Dy, given by an expression similar to Eq. (A43)
(with ab =70 ntn—, Kt*K—, K°K?), and g?oﬂ*ﬂ’ =
2,2 2 —
38 fommr 8 fymon0 = §g.fomf‘

The resonance parameters are taken from the kaon-loop
version of the fit [39] obtained in the analysis of ¢ — 7°7°y
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radiative decay:
M, =976.8MeV, gpr+z- = —1.43GeV,

ShKk+k- = &pkogs = 3.76GeV. (A47)

PHYSICAL REVIEW C 78, 064603 (2008)

In practice, there is strong interference between the f,(980)
resonance and the S-wave isosinglet mm background, which
should be taken into account.
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