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Phenomenology of f;(980) photoproduction on the proton at energies measured
with the CLAS facility
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In this work we present the results of a theoretical analysis of the data on photoproduction of the f,(980)
meson in the laboratory photon energy between 3.0 and 3.8 GeV. A comparison is done to the measurements
performed by the CLAS Collaboration at the JLab accelerator for the exclusive reaction yp — pf,(980). In the
analysis the partial S-wave differential cross section is described by a model based on the Regge approach with
reggeized exchanges and distinct scenarios for the f,(980) — Vy coupling considered. It is shown that such a
process can provide information on the resonance structure and production mechanism.
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I. INTRODUCTION

The spectroscopy of the low mass scalar mesons, like the
fo(980) one, is an exciting issue in hadronic physics and is
still an unsettled question. The topic is quite controversial
as the mass spectrum ordering of low-lying scalar mesons
disfavors the usual quark-antiquark picture and a window is
opened to a prolific investigation of the topic. For instance,
in the past years the low mass states J”C =0+ have
been considered quark-antiquark mesons [1], tetraquarks [2],
hadron molecules [3], glueballs, and hybrids [4,5]. Such a
conflicting interpretation comes from the fact the situation
is complex in low energies where quantitative predictions
from QCD are challenging and rely mostly on numerical
techniques of lattice QCD. Nowadays, theoretical analysis
consider also the gluonic degrees of freedom. This glueball
resonance with no quarks has nonexotic quantum numbers and
cannot be accommodated within quark-antiquark nonets [6]. In
this context, the photoproduction of exotic mesons [7] can be
addressed using arguments based on vector meson dominance
where the photon can behave like an S = 1 quark-antiquark
system. Therefore, such a system is more likely to couple
to exotic quantum number hybrids. This sort of process
could provide an alternative to the direct observation of the
radiative decays at low energies. Along those lines, the GlueX
experiment [8] is being installed and its primary purpose is to
understand the nature of confinement in QCD by mapping the
spectrum of exotic mesons generated by the excitation of the
gluonic field binding the quarks.

The gluonic content of mesons could be directly tested in
current accelerators in the case where a clear environment is
available. In the limit of very high energies the exclusive exotic
meson production in two-photon and Pomeron-Pomeron in-
teractions in coherent nucleus-nucleus collisions can be easily
computed. In these cases, the photon flux scales as the square
of the charge of the beam, 72, and then the corresponding
cross section is highly enhanced by a factor ocZ* ~ 107
for gold or lead nuclei at the RHIC and LHC, respectively.
A competing channel, which produces a similar final state
configuration, is the central diffraction process that is modeled,
in general, by the two-Pomeron interaction. For instance, in
Ref. [9] the cross sections for these two channels are contrasted
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in the production of glueball candidates like the low-lying
scalar mesons. The cross sections were sufficiently large for
experimental measurement, and the event rates can be obtained
using the beam luminosity [10] for the LHC. It produces
5 x 10’ events for f,(1500) mesons in the two-photon channel
whereas the integrated cross section for an exclusive diffractive
process is around 500 ub. The central diffractive production
of mesons f,(980) and f>(1270) at the energy of the CERN-
LHC experiment on proton-proton collisions was further
investigated in Ref. [11]. The processes initiated by quasi-real
photon-photon collisions and by central diffraction processes
were also considered. The main motivation is that the ALICE
Collaboration has recorded zero bias and minimum bias data
in proton-proton collisions at a center-of-mass energy of
/s =7 TeV. Among the relevant events, those containing
double gap topology have been studied and they are associated
with central diffractive processes [12]. In particular, central
meson production was observed. In the double gap distribution,
the K0 and p° are highly suppressed while the £,(980) and
f>(1270) with quantum numbers J7¢ = (0,2)** are much
enhanced. Such a measurement of those states is evidence
that the double gap condition used by a large ion collider
experiment at CERN LHC (ALICE) selects events dominated
by the double Pomeron exchange. The main predictions of
Ref. [11] are the exclusive diffractive cross section for f;(980)
being do(y = 0)/dy =~ 27 ub and its production cross section
in two-photon reactions giving o, = 0.12 nb at /s op =1
TeV.

As far as the low energy regime is concerned, in Ref. [13]
we studied the photoproduction of the a(980), fy(1500),
and f,(1710) resonances for photon energies relevant for the
GlueX experiment at £, =9 GeV using current ideas on
glueball and ¢4 mixing. The meson differential and integrated
cross sections were evaluated, and the effect of distinct mixing
scenarios were investigated. Although large backgrounds were
expected, the signals could be visible by considering only
the all-neutral channels, that is, their decays on 7°7°, n%°,
and 47°. The theoretical uncertainties were still large, with
fo(1500) being the more optimistic case.

The f,(980) photoproduction is measured via the most
sizable decay modes which are 77 and K K . In this mass range
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was expected an interference of the P-wave from the decay
of ¢(1020) and the S-wave from the decay of the f,(980)
resonance. This interference is discussed in Refs. [14,15]
where the 77 and K K photoproduction was performed close
to the KK threshold. The photoproduction of f,(980) was
investigated in a unitary chiral model [16]. Here, we investigate
the photoproduction of meson state f,(980), and distinct
scenarios for the f,(980) — Vy coupling are considered.
The scenarios discussed in this paper consider the f,(980)
as a tetraquark or as a ground state nonet. We focus on the
S-wave analysis on the forward photoproduction of 7+m~
on the final state. The theoretical formalism employed is the
Regge approach with reggeized p and w exchange [13]. This
assumption follows from Regge phenomenology where high-
energy amplitudes are driven by ¢-channel meson exchange.
This paper is organized as follows: in the next section we
present the relevant scattering amplitudes and how they are
related to the differential cross sections. In the last section
numerical results are presented and parameter dependence
is addressed. A comparison to the CLAS data for direct
photoproduction of f(980) is also done [17]. Finally, the
conclusions and discussions follow at the end of Sec. III.

II. MODEL AND CROSS SECTION CALCULATION

We focus on the S-wave analysis of nondiffractive f;,(980)
photoproduction and its decay on the w*x~ final state.
According to the Regge phenomenology, one expects that
only the 7-channel meson exchanges are important in such
a case. The p and w reggeized exchanges are to be considered
in the present analysis. To obtain mass distribution for the
scalar f,(980) meson, one represents it as relativistic Breit-
Wigner resonance with energy-dependent partial width. The
differential cross section for the production of a scalar with
invariant mass M and its decay to two pseudoscalars, masses
m, and my, can be written as

do  dé&(t,mg) 2m5 T;(M)
= _— 2 9
dtdM dt T (mé _ MZ) + (MT10)?

ey

where d& /dt is the narrow-width differential cross section at
a scalar mass M = mg and I';(M) being the pseudoscalar-
pseudoscalar final state partial width, which can be computed
in terms of the SP P coupling g;. A note is in order at this
point. Although the main decay of the f,(980) is 7, this state
resides at the K K threshold. Therefore, following Ref. [7] we
use the Breit-Wigner parametrizations obtained in the analysis
of ¢ radiative decays [18]. In such a case, the Breit-Wigner
width takes the form

2 2 2 2
gnﬂ M gKk M 2
(M) = — — M2 — M.
() SeM2\V 4 i SnMZ[ 4 KTk
M? 5
+ T _MKOKO ’ (2)

where we set the following parameters: M = 984.7 MeV,
8kR = 8k+k- = gxogo = 0.4 GeV, and grr- = /287070 =
1.31 GeV for the scalar meson f,(980) considered here.
However, when we consider the f;(980) cross section below
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the KK threshold, the total width cannot be written as in
Eq. (2). Thus, in this case we should use the Flatte formula [19]
when computing our numerical results in the next section.

Let us proceed: the reaction proposed here is yp —
P f0(980). Within the Regge phenomenology the differential
cross section in the narrow-width limit for a meson of mass
mg is given by [13]

dé M(s, )]?
_U(yp_> pM) = L)'z’ (3)
dt 647 (s —m?)

where M is the scattering amplitude for the process, s and 7
are usual Mandelstan variables, and m , is the proton mass. For
the exchange of a single vector meson, i.e., p or w, one has

IM(s, D)]> = =3 A%(s, 0)[s(t — 11)(t — 1)
+ 3112 = 2(m} + s)t + mi]]
— A(s, DB(s, t)m ps(t — t)(t — 1)
— §B%(s, D)s(4m?% — 1) (t — 1)t — 1). (4)
where t; and 1, are the kinematical boundaries
1

t1,2 = x[—(m; — S)2 —i—m%(mi +S)

(o 5)y (=) 2 +5) 5], 9

and where one uses the standard prescription for Reggeizing
the Feynman propagators assuming a linear Regge trajectory
ay(t) = ayo + ot for writing down the quantities A(s, ¢) and

B(s, 1):

S\“O gl
Als, 1) = ga (5) sin[may ()] 2T[ay(®)]

1— e*inav(t)

25 (6)
B(s,t) = —=— A(s, 1).
8A

It is assumed nondegenerate p and w trajectories oy (¢) =
ay(0) + oy t, withay (0) = 0.55(0.44) and oy, = 0.8 (0.9) for
p (). In Eq. (6) above, one has that g4 = gs(gv + 2m,gr)
and gp = 2gsgr. The quantities gy and gy are the vector-
nucleon-nucleon (V N N) vector and tensor couplings, and gg
is the y VN coupling. For the w NN couplings we have set
gy =15 and gf =0 [13], and for the pNN couplings we
used gy = 3.4 and g7 = 11 GeV~!. The SVy coupling gs
can be obtained from the radiative decay width through [20]

3
m3 m2
F(S—)yV):géﬁ 1-=). (7)

This model was applied to fy(1370), f,(1500), and
fo(1710) mesons which are considered as a mixing of nii,
5§, and glueball states [21]. In this case their radiative decays
into a vector meson are expected to be highly sensitive to the
degree of mixing between the g4 basis and the glueball. In
Ref. [13] three distinct mixing scenarios were considered. The
first one is the bare glueball being lighter than the bare nn
state; the second scenario corresponds to the glueball mass
being between the nn and s5 bare state; and finally the third
one is where the glueball mass is heavier than the bare s§
state. The numerical values for the widths having effects of
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mixing on the radiative decays of the scalars on p and w can
be found in Table 1 of Ref. [13]. This way it is clear that the
width is strongly model dependent, and different approaches
can be taken into account. For instance, we refer the work in
Ref. [22], where the decays of a light scalar meson into a vector
meson and a photon, § — Vy, are evaluated in the tetraquark
and quarkonium assignments of the scalar states. The coupling
now reads

S —yV)=g; (8)

2 2)3
(m§ —m3)
3
8 my
The different nature of the couplings corresponds to distinct
large- N, dominant interaction Lagrangians. In the next section
we compare those approaches discussed above for the direct

f0(980) photoproduction in the CLAS energies.

III. RESULTS AND DISCUSSIONS

In what follows we present the numerical results for the
direct f,(980) photoproduction considered in the present
study and the consequence of the tetraquark and quarkonium
assignments of the scalar states discussed in the previous
section. The results presented here will consider five distinct
scenarios, three of them assuming that f,(980) is a quarkonium
and two assuming that f,(980) is a tetraquark. In scenarios 1,
2, and 3 the f((980) will be interpreted as a ground-state nonet
and in scenarios 4 and 5 as a tetraquark. The gg coupling
can be obtained from the radiative decay width in Table I
using Eq. (7) for scenario 1 and Eq. (8) for the remaining
scenarios. The values for scenario 1 in Table I were extracted
from Refs. [7,20] and from Ref. [22] for the remaining ones.
The radiative decay in scenarios 3 and 5 have considered the
fo resonance as a quarkonium and a tetraquark, respectively,
including vector meson dominance, as discussed in Ref. [22].

The partial S-wave differential cross sections for the
f0(980) are presented in Fig. 1 at £, =3.4+£0.4 GeV and
integrated in the M, mass range 0.98 & 0.04 GeV. As a
general picture, the typical pattern is a vanishing cross section
towards the forward direction (it does not appear in the plot as
we are showing the region |¢| > 0.4 GeV?) due to the helicity
flip at the photon-scalar vertex and the dip at —¢ ~ 0.7 GeV?
related to the reggeized meson exchange. The scenarios 1
and 4 are represented by the solid and dot-dashed lines,
respectively. Both fairly reproduce the trend of the CLAS
data. The scenario 2 is denoted by the dashed curve. In

TABLE L. The widths I'(S — y V) for the radiative decays of the
scalar meson into vector mesons V = p (w) in units of keV. These
results are extracted from Ref. [7] for scenario 1 and from Ref. [22]
for the remaining scenarios.

Scenario f0(980) — yV
1 83(9.2)

2 69880 (6730)
3 3.3(0.61)

4 1005 (463)

5 3.13.4)
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FIG. 1. (Color online) The S-wave differential photoproduction
cross sections for f;(980) photoproduction as a function of momen-
tum transfer squared at CLAS experiment energy £, = 3.4 GeV. The
statistical/systematic error bars for CLAS data [17] were summed in
quadrature.

this case the result overestimates the CLAS data points by
a factor of 50. The scenarios 3 and 5 are represented by the
dotted and dot-dot-dashed lines, respectively. Now, the results
underestimate the data by the same factor.

The several theoretical predictions were compared to the
CLAS analysis at Jefferson Lab [17], where the w7~ pho-
toproduction at photon energies between 3.0 and 3.8 GeV has
been measured in the interval of momentum transfer squared
04 <t <1.0 GeV?. There, the first analysis of S-wave
photoproduction of pion pairs in the region of the f;(980) was
performed. The interference between P and S waves at M, ~
1 GeV clearly indicated the presence of the f; resonance. As a
final comment on the compatibility of theoretical predictions
and experimental results, the scenarios 1 and 4 fairly describe
the data (they are parameter-free predictions as we did not
fit any physical parameter). Moreover, the CLAS data have no
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FIG. 2. (Color online) S-wave 77~ invariant mass distribution
at E, =3.4 GeV, [t] =0.55 GeV?. The results stand for g+, =
1.31 GeV (solid curve) and g,+,- = 2.3 GeV (dashed curve). In
both cases, the value gxz = 0.4 is considered.
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FIG. 3. (Color online) Analysis of the S-wave mt7~ invariant
mass under several considerations on the f,(980) partial width (see
text).

indication of a minimum as predicted by the reggeized models.
Here, we have two possibilities: there is no data point in the
dip region (around [t| 2~ 0.7 GeV?) to confirm the reggeized
exchange prescription or some additional contribution, i.e.,
background effects or interference, is missing. The case seems
to be the the first option based on the reasonable description
of an S wave by a nonreggeized meson exchange [15] as
presented in Fig. 3 of Ref. [17].

As a complementary study, we also investigate the invariant
mass distribution predicted by the theoretical models, taking
the scenario 1 as a baseline. Another way to calculate the
mass distribution is to use the branching fractions for the
strong decay of f,(980) associated with the Breit-Wigner
width for f,(980) to . In what follows two possibilities
for the branching fractions will be used [7,23]:

B[ f0(980) — 7] = 85% 9
and
B[ f5(980) — nTm~] = 46 & 6%. (10)

On the other hand, it is possible to use the experimental value
for the total width of f,(980) which is in the range of 40 to
100 MeV [24]. With this assumptions it is not necessary to
calculate the f((980) — K K width appearing in Eq. (2).
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In Fig. 2 the S-wave 77~ invariant mass distribution
at E, =3.4 GeV and || = 0.55 GeV? is shown. For the
theoretical analysis we take the scenario 1. One considers
the coupling gx ¢ = 0.4 and two possibilities for the coupling
grr- The first one is g, = 1.31 GeV (solid curve) presented
in Ref. [7], and the second case g,, = 2.3 &2 GeV (dashed
curve) is given in Ref. [25]. The Flatt¢ formula is used to
obtain the f{(980) total width [19]. The results present a strong
dependence of the mass distribution on the g,, coupling.

In Fig. 3 we repeat the previous analysis using now the
experimental values I'y = 40 to 100 MeV for the f;,(980)
total width [24]. It can be also obtained by branching ratios
for f,(980) into pions associated with the Breit-Wigner for-
mula. The dot-dot-dashed and dot-dashed lines represent the
invariant mass distribution for I'y,; = 40 and ',y = 100 MeV,
respectively. In this case, ', +,- = 0.46@" following Eq. (10).
The solid and dotted lines represent invariant mass distribution
for 'yt = ' /0.85 following Eq. (9) and where I',,; is given
by Breit-Wigner formula. In the result represented by the
dashed line 'y, = ['y+;-/0.46 following Eq. (9) and ', is
given by Breit-Wigner formula. As indicated in Fig. 2 there
is a strong dependence on the coupling constant g,,. An
interesting dependence on branching ratios is observed too.

In summary, we have studied the photoproduction of
fo(980) resonance for photon energies considered in the
CLAS experiment at Jefferson Lab, E, =3.4+£0.4 GeV. It
provides a test for the current understanding of the nature
of the scalar resonances. We have calculated the differential
cross sections as function of effective masses and momentum
transfers. The effect of distinct scenarios in the calculation
of the coupling § — Vy was investigated. This study shows
that we need to known more precisely the radiative decay
rates for f5(980) — y V which are important in the theoretical
predictions. Our predictions of the cross sections are somewhat
consistent with the experimental analysis from the CLAS
Collaboration, at least for scenarios 1 and 4. The present
experimental data are able to exclude some possibilities for
the § — Vy coupling. We show also the large dependence on
the model parameters as g, values and branching fractions.
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