PHYSICAL REVIEW C 100, 035202 (2019)

Photoproduction of K* A within a Regge-plus-resonance model

P. Bydzovsky ® ! and D. Skoupil"-?
'"Nuclear Physics Institute, CAS, 25068 Iéezv, Czech Republic
2Faculty of Science, Kyushu University, Fukuoka 8190385, Japan

® (Received 15 March 2019; revised manuscript received 14 June 2019; published 9 September 2019)

Making use of the hybrid Regge-plus-resonance model, we investigate the process of kaon photoproduction
off the proton target. We present a new model whose free parameters were adjusted to data in and above the
resonance region and which provides an acceptable description of experimental data. The overwhelming majority
of nucleon resonances selected in this analysis overlaps with those selected in our previous analyses and also with
the Bayesian analysis with the Regge-plus-resonance model, which we deem to be dependable. A novel feature
of our model consists in applying a different scheme for gauge-invariance restoration, which results in a need for
implementing a contact current. As we further reveal, the choice of the gauge invariance restoration scheme as
well as the choice of either pseudoscalar or pseudovector coupling in the strong vertex play a significant role for
cross-section predictions at forward angles where data are scarce.
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I. INTRODUCTION

The main objects of exploration of kaon photo- and elec-
troproduction from nucleons are the investigation of baryon
resonance spectrum and interactions in systems where hy-
perons and kaons arise. It can also shed some new light on
an interesting topic of “missing” resonances that have been
predicted by quark models [1,2] but have not been seen in
the pion production or 7 N-scattering processes. Moreover, an
accurate depiction of the elementary production process is a
necessary step for a further work on computing cross sections
and excitation spectra of A hypernuclei production [3].

There are distinct methods of describing the elementary
process of photo- and electroproduction. There are, on the
one hand, models based on quark degrees of freedom [4-6]
which introduce a relatively small number of parameters and
explicitly work with an inner structure of baryons. On the
other hand, we can assume hadrons as effective degrees of
freedom and base our calculations on effective Lagrangians.
Since in these models there is no explicit connection to QCD,
the number of parameters is directly related to the number of
resonances introduced. As the kaon production occurs in the
third-resonance region, where many states possibly couple to
the KY channels, the number of resonances and consequently
the number of parameters can be relatively high. In this hadro-
dynamical approach, one can either assume coupling of the
production channels by the meson-baryon interaction [7—10]
or opt for a considerable simplification which stems from
neglecting the rescattering effects in the formalism and as-
suming that their influence is, at least to some extent, included
in the effective values of coupling parameters adjusted to
experimental data. Recently, we have published two analyses
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of KT A production with such an approach [11,12] and this
framework is now also available for online calculations [13].

A significant reduction of the number of parameters can be
accomplished by using Regge-plus-resonance model (RPR)
constructed by the group in Ghent [14—17]. This model allows
us to describe the kaon-hyperon photo- and electroproduction
from the threshold energy up to energies well beyond the
resonance region, as it is a hybrid between the isobar model
suitable for calculations in the resonance region and the
Regge model [18] which is applicable above the resonance
region E, > 3 GeV. The Regge part of the amplitude, being
a smooth function of energy, forms the background in the
resonance region and dominates the predictions above the
resonance region. On top of this Regge-like background, there
are contributions of nucleon resonances added which then
model the resonance part of the amplitude in the resonance
region and vanish beyond it.

An important and often discussed issue of the Regge-
type approach to photo- and electroproduction is the gauge
invariance restoration method. A frequently used method is
the one introduced by Guidal er al. [18]. They added the
proton exchange with the vector photon-proton coupling to the
kaon exchange contribution to construct the residual function
of the kaon-trajectory part of the amplitude. Here we utilize a
prescription suggested by Haberzettl et al. [19] which is based
on the generalized Ward-Takahashi identities introducing a
contact term. We also address the issue of the proton-kaon-A
coupling assuming both the pseudoscalar and pseudovector
forms that influence the gauge restoration method.

In this work, we present a new Regge-plus-resonance
model for production of KT A with a special emphasis on
the subject of gauge-invariance restoration. As well as in
our studies of KT A production with help of isobar model
[11,12], we use a consistent formalism for description of high-
spin nucleon resonances [20,21] and pay close attention to
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observables predictions at small kaon angles. The latter is vital
for getting reliable predictions of hypernucleus production
cross sections [3].

This article is organized as follows. In Sec. II the frame
for Regge description of the nonresonant part of the photo-
production amplitude is given discussing in detail the gauge-
invariance restoration method. In that part, we also introduce a
novel feature of the model: the contact term. The resonant part
of the amplitude is described in Sec. III. For more details on
formalism of K™ A photoproduction we refer to Ref. [11]. A
method of adjusting free parameters of the model is described
in Sec. IV. The Sec. V is devoted to comparison and discus-
sion of model predictions with data and with results of other
models. Conclusions are given in Sec. VI. More details on the
Regge formalism are given in Appendices A and B.

II. REGGE MODEL

At the basis of the Regge theory [22] is the fact that,
at energies where individual resonances can no longer be
distinguished, the exchange of entire Regge trajectories pre-
dominates the reaction dynamics rather than the exchange
of individual particles. This high-energy framework applies
to the “Regge limit” of extreme forward (in the case of
the ¢-channel exchange) or backward (for the u-channel ex-
change) scattering angles, corresponding to small |¢| or |u],
respectively. Since the lightest hyperon, the A hyperon, is
significantly heavier than a kaon and, therefore, the u-channel
poles are located much further from the backward-angle kine-
matical region than the 7-channel poles are from the forward-
angle region, the u-channel exchange Reggeization, i.e., the
procedure of requiring the Regge propagator to reduce to the
Feynman one at the closest crossed-channel pole, might not
lead to good results [14]. Moreover, the high-energy data in
the backward-angle region are scarce. Therefore, we have
chosen to deal with the 7-channel exchange Reggeization only.

Since in the vicinity of the 7-channel pole the Regge ampli-
tude is assumed to be identical with the Feynman amplitude
for the exchange of the given particle, the Regge theory,
in its simplest form, can be formulated by modifying the
isobar model. The process of Reggeization is quite straight-
forward and goes as follows: One writes the amplitude for
the exchange of the given particle (in the corresponding pole
both Feynman and Regge propagators coincide) and then
interchanges the Feynman propagator with the Regge one,

1 X
t— m;( - PRegge[s’ ax (t)]9

and the remnant terms in the amplitude then labels as a
Feynman residuum Sy . The amplitude constructed in this way
includes effectively exchanges of all particles represented by
the given trajectory and reads

M gee (5. 1) = B (1) Piggels. ax (1)1 (1)

In the case of K™ A production, we Reggeize contributions of
the K*(494) and K*(892) amplitudes only. For more details
on Regge trajectories and propagators see Appendix B.

The main asset of the Regge model is a reduced number
of free parameters to be adjusted to experimental data. If

we do not consider the hadron form factor for the proton

exchange and terms proportional to the function A(s, ¢, ) in

the transversal part of the contact current [see Eqs. (10) and

(18) below], then there are only three free parameters: gxan
(v,1)

and G."”.

A. Gauge invariance in Regge model

As in the y (k) + p(p) — K1 (pg) + A(pa) reaction only
the incoming proton and the outgoing kaon carry electric
charge, the relevant contributions in view of gauge invariance
stem from the s- and 7-channel Born terms and a contact
term. In the following we use the method of repairing gauge
invariance broken by Reggeization of the #-channel exchanges
and by inclusion of hadron form factors, which was suggested
by Haberzettl et al. [19].

The total gauge-invariant Regge current in our approach
reads

M* = Mg, + MY + M

nt

= J¢ (pk. px — k) Ax(px — k) Fr,
+F; Sp(p+k)Jh(p+k, p) + M| ()

nt’

where J# are electromagnetic currents, Ak is a kaon propa-
gator, S, is a proton propagator, and Fg, and F; are hadron
vertices in the ¢ and s channels, respectively. The contact
current is given by [19]

M*

nt

— miFi(t, ) + GC*, 3)

where the hadron form factor f;(¢) appearing in Eq. (Al)
in Ref. [19] was interchanged for the Regge residual func-
tion F;(t,s) = (t — m%()Pgegge, which corresponds with the
Reggeization of the contact term. In Eq. (3), m” is generally
a Kroll-Ruderman-type bare contact current which results
from an elementary four-point Lagrangian, G is an operator
describing the coupling structure of the hadron vertex, and
the auxiliary current C* is given by Eq. (A2) in Ref. [19].
The Regge current is required to fulfill the generalized Ward-
Takahashi identity,

kyM* = A (p)eAx(px — K)Fry — F, Sp(p + k)eS, " (p)
— eFg, + eF, + k,M!! 4)

mnt?

which warrants its gauge invariance if the contact current is
constructed to have the property

kMY, = e(Frs — F). &)

A specific form of the contact current depends on the chosen
coupling in the strong vertex. Here we consider two possible
forms of this coupling.

1. Pseudoscalar coupling in the strong vertex

Assuming the pseudoscalar (PS) coupling in the KtA p in-
teraction vertex, Gps = gk pYs, the gauge noninvariant term
of the K*(494) exchange in the ¢ channel reads

ke

t t
_egKApVS%(I - mK)k_27 (6)
K
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where f;(¢) is a hadron form factor. After Reggeizing this con-
tribution, when f,(¢)/(t — m%() turns into F, (¢, s)/(t — m%(),
the term (6) has the form

k-e
—egkapYsFi(t, S)7~ @)

In the s channel, the gauge noninvariant term reads

k-e
egKApVst(s)k_27 (8)

where f;(s) is a hadron form factor. These two gauge-
invariance violating terms are annihilated with the contact
current (3). The bare contact current m¥, in the case of hadron
form factors being unity, must satisfy the condition

kumi = e(F, — Fy) = (eGps — Gpse) = 0, )

where F; and F; are strong vertex factors in the ¢ and s chan-
nels, respectively. Since in the PS coupling the strong vertex
factors in both channels coincide, i.e., F; = F; = Gps, the
longitudinal part of the contact current is determined solely
by the second term in Eq. (3). This term can be given by Eq.
(A2) in Ref. [19] for e,, = e, = e and ey = 0 and assuming
only the s- and 7-channel contributions, i.e., 8, = §, = 1 and
8u = O,

GPSC“sﬂ

mlf @p +k)“f 12]-“

F
= egxapys1—2px— k) =
t — e p

N 2px — k)" 2 k*
+A(1—fs)(1—f,)[(pK 2) (p+2) ”
I —myg §—my

Fir—1 £
= egKApVS{_ztt_ﬁfs(/\/b — M3)+ (Fr — 1)]%7
K
N k
2Ly - (- DRSS
s p k
N My — M M
+2A(1—fv>(1—f,)[ e 22“,
t—mK s—mp

(10)

where the second expression comprises the explicitly gauge-
invariant structures M; defined in Ref. [11]. It is evident
that all the gauge-violating terms proportional to k - &/k? in
formulas (7), (8), and (10) cancel each other and that the
four-divergence of the contact term (3) is

¢« = €8k apYs(Fr — f5), (11)

which agrees with the requirement in Eq. (5) as in this
case Fr; = gkapysF: and Fy = gxa,¥sfs. Contributions of
the contact term to the scalar amplitudes, see Ref. [11] for
more details on the general formalism, can be found in
Appendix A.

The function A in (10) is an arbitrary phenomenological
function that is constrained only by a condition to vanish

k, M

at high energies. This condition is necessary to prevent the

“violation of scaling behavior” [23]. Our choice for A = A(s)
is a “dipole” shape,

~ A}
A(s) =Ag——5——, 12
(5 = 4o A%+ (s — s )? (12)

where sgy = (ms + mg)* and A and A, are free parameters
giving the strength of this term and cutting it off (thereby
limiting the affected region), respectively.

2. Pseudovector coupling in the strong vertex

In the case of pseudovector (PV) coupling, the KTAp
vertex reads

8KAp

Gpy = —
mp +my

Kﬂyﬂ)/Sv

where the momentum K corresponds to the kaon field coming
out of the strong vertex. In the s channel, it holds K = py,
whereas in the # channel itis K = p — pj.

Gauge noninvariant terms coming from the electric part of
the s-channel contribution with PV coupling read

k-
egien, V5 S [ma +mp) 1 =5 (13)

and the gauge noninvariant terms from the Reggeized
t-channel K*(494) exchange read

- &
a5 Filt,5) (ma +my) F e (14)
with ngAp = gKAp/(mA + mp)~

Without any u channel contribution and without the form
factors, the bare contact current m" must again satisfy the

condition (7) in Ref. [19] which now reads

kymyg = eg/lmp(lS — Pa— PR)Ys = eg/x,\p Kys. (15)

In contraction with the polarization vector g, (k), its contribu-
tion to the amplitude can be recast as

k-¢e
ey = —eSinp¥s Kz (16)

This form assures gauge invariance in the case of no hadron
form factors introduced because it cancels the term propor-
tional to ¥ in the proton-exchange contribution, see Eq. (13)
with f; = 1. The contribution of the bare contact current with
a hadron form factor and after Reggeization reads

el Fi(t,5) = —egp, Vs k LFRas, a7
which now cancels out with the same term, just with the
opposite sign, in Eq. (18) below. Contrary to the PS-coupling
case, with the PV coupling the contact current is determined

by both terms in Eq. (3) where the second one now has
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the form

GPVCI/'su = g/KApVS [51( Cusu = g,KApVS(pJf' k_ lﬁA)CME;L = g/KApVS(mA + m1,+ k)cp'gu = GPSCM£/J + g/KApVS kC“gu

F —
= GpsC"ey + e,V (_2 : 2
t —m

S—m

1 1 k-
fv[—/\/l4+/\/ls + 50k pa —k-p)M()} +(F=Df =

-1 . . N
1o h ZE(M4+—M6 —(fs—l)ﬁkkk—;JrZA(l—ﬁ)(l—E){ lmQ[—M4+M5

P

It is evident again that all the gauge-violating terms propor-
tional to k - ee/k2 in formulas (13), (14), (17), and (18), get
mutually canceled which guarantees gauge invariance of the
full Regge current. Corresponding formulas for the scalar
amplitudes can be found in Appendix A.

3. Comparison of pseudoscalar and pseudovector couplings

The newly constructed Regge model (i.e., a background
part of the photoproduction amplitude), therefore, consists of
Reggeized t-channel contributions of K*(494) and K*(892)
trajectories with no hadron form factor, s-channel proton
exchange with a hadron form factor f;(s) and with a standard
Feynman propagator, and a contact term with the Regge
residual function F; (¢, s) and hadron form factor f;(s).

Before closing this section we deem important to sketch
the difference the choice of either PS or PV coupling in
the strong vertex makes. We do not observe any notable
changes in the behavior of either of the kaon trajectories.
The proton exchange contributes with approximately the same
magnitude in both types of coupling and only its shape varies
mildly: With the PS coupling the proton exchange contribu-
tion decreases with increasing kaon angle, while with the PV
coupling it increases with growing kaon angle. In any case, we
do not observe as strong a dependence of the proton exchange
on the ggxan value as it is revealed when we introduce the
Guidal, Laget, and Vanderhaeghen (GLV) method for gauge-
invariance restoration (see Fig. 2 and discussion in the next
section). What we do observe, however, is a transformation
of the contact current contribution, see Fig. 1. With the PS
coupling this contribution increases steadily, whereas with the
PV coupling the contact current contribution rises mildly with
growing kaon angle saturating at some point. This effect is
more pronounced at the higher end of the resonance region,
W = 2.5 GeV, where contact currents with different type of
coupling produce quite different shapes in the cross section.
Note also the difference in magnitude at higher energies of
the contributions with differing coupling the origin of which is
the cut-off parameter value of Apg = 1.5 GeV for the hadron
form factor used in these calculations [Eq. (21a) shows how
this cut-off parameter enters the calculation of the dipole
hadron form factor for the background if one interchanges Ag
with Ay and inserts the proton mass instead of the resonance
mass mg]. Whereas this value is the usual resulting value in
fits with the PS coupling, a background with the PV coupling

)

usually needs a smaller cut-off value to be accordingly sup-
pressed.

4. Gauge invariance restoration with the GLV method

A very popular recipe for the gauge-invariance restoration
in the Regge model, which is used quite often in the liter-
ature, is the GLV method introduced in Ref. [18]. In order
to restore the gauge invariance, these authors replenish the
Reggeized r-channel contributions of K and K* trajectories
with the electric part of the s-channel Born diagram which
compensates the gauge-breaking term stemming from the
t-channel diagram where the kaon is exchanged. Even though
this method can provide relatively good data description, it
was recently revealed that it cannot be obtained from field
theory in any approximation [19]. Moreover, the presence of
the gauge-restoring s-channel proton exchange seems to have
a decisive effect on description of the differential cross section
at very forward angles, as we show in Fig. 2. Contributions of

Pseudoscalar coupling in the KAN vertex
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Pseudovector coupling in the KAN vertex
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FIG. 1. Cross section at forward kaon angles as given by the
sole contact current without the transversal term in the case of
pseudoscalar (upper row) and pseudovector (lower row) coupling
in the KAN vertex for various values of the governing coupling
parameter gx 5y . Calculations done with the multidipole hadron form
factor with Apg = 1.5 GeV are shown for a near-threshold region
(W = 1.7 GeV) and for a transitional region (W = 2.5 GeV).
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FIG. 2. Cross section at forward kaon angles and for W = 2.5 GeV as given solely by the gauge-invariance fixing term (Reggeized electric
part of the s-channel proton exchange; left panel), K™ (494) trajectory (center), and K*(892) trajectory (right) in the GLV method for gauge-

invariance restoration.

both the s-channel term for fixing the gauge invariance (left
panel in Fig. 2) and the K+ (494) trajectory (center panel) are
governed by the gxany coupling constant. While the peak cre-
ated by the kaon trajectory merely intensifies with decreasing
value of the ggan, the gauge-invariance fixing term changes
from a plateau-like behavior to a steeply decreasing behavior
with kaon angle. In some cases, that strong a contribution of
the gauge-invariance fixing term may result into a steep rise
at very small kaon angles, which is, however, not observed in
experiments (see, e.g., Fig. 5.11 in Ref. [24]). The K*(892)
trajectory does not seem to play an important role in changing
the shape of the cross-section prediction at forward kaon
angles, nor does it markedly change its behavior when the
relative sign of its couplings is switched.

We stress that it is our strong need for a reliable description
of the region of very forward kaon angles, being substantiated
by our aim to use the RPR models further on for hypernuclei
calculations, which forces us to reconsider the whole idea
of gauge invariance restoration in the Regge model. As il-
lustrated in Figs. 1 and 2, the choice of the correct method
of restoring gauge invariance strongly affects the dynamics
in this very kinematic area and, therefore, is of the utmost
importance for revealing the physical mechanisms entering
the game.

III. REGGE-PLUS-RESONANCE MODEL

Although the Regge theory is a high-energy tool by con-
struction, it can reproduce the order of magnitude of the
forward-angle pion and kaon photoproduction [14] and kaon
electroproduction [25] observables remarkably well even in
the resonance region. Nevertheless, it is evident that a pure
nonresonant description, such as the Regge model, cannot be
expected to describe the reaction at energies in the resonance
region [14]. The cross section near threshold exhibits struc-
tures, such as peaks at certain energies, which might reflect the
presence of individual resonances. These are incorporated into
the RPR model by extending the Reggeized background with
s-channel diagrams with exchanges of nucleon resonances.
For these diagrams, standard Feynman propagators are as-
sumed where, as in the isobar approach, the resonance finite

lifetime is taken into account through the substitution
2 2
s —mp —> § —mg + imglg

in the propagator denominator with the mg and I'g the mass
and width of the propagating state, respectively. For more
details on formalism for exchanges of nucleon resonances
with spin up to 5/2 we refer to our work in Ref. [11].

In order to retain the RPR approach reasonable, the reso-
nance contributions should vanish in the high-energy region.
This is achieved with the help of hadron form factors which
should be strong enough not to allow the resonant terms to
contribute beyond the resonance region. For this purpose, one
usually opts for a multidipole, Fi,4, or multidipole-Gaussian,
Fndg, shape of the hadron form factor,

Fa(x, mg, Mg, Jg) = F}* 72 (x, mg, Ag),  (19a)
Fnac (x, mg, Ag, Jg, Tg) = Fj*"?(x, mg, mg[g)

x Fg(x,mg, Ag), ~ (19b)

where mg, I'r, Jr, Ag, and x = s, t, u denote the mass, width,
and spin of the particular resonance, cut-off parameter of the
form factor, and Mandelstam variables, respectively, and '
is a modified decay width,

I'r
2k — 1

These two form factors fall off with energy much more sharply
than the dipole, F;, or the Gaussian, Fg, form factors,

TrUR) = (20)

A4
Fa(x, mg, Ag) = ————K (21a)
(x —mi)” + A
Fo(x, mg, Ag) = exp [—(x —m3)* /AL, (21b)

With help of the multidipole or the multidipole-Gaussian
form factors, only the Regge part of the amplitude remains in
the high-energy region. The hadron form factors introduced
into the kaon and proton exchanges, f; and f; in Egs. (6)
and (8), respectively, are also expressed as f;, f; = F;, where
x =md, mdG, d, and G. Note that after Reggeization only f;
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remains in the amplitude as f; was replaced with the Regge
residual function F;.

A. Nucleon resonances in the s channel

In order to select a set of nucleon resonances which de-
scribes the p(y, KT)A data best, one has to carry out a great
amount of fits assuming many combinations of N*’s. First, we
constructed a “maximal” model including all nucleon reso-
nances with spin up to 5/2 that might contribute in the K™ A
photoproduction (we did not include N*’s with spin higher
than 5/2 even though some authors recently claim, based on
the multichannel partial-wave analysis, that a spin-7/2 state
F17(2200) [26] or F17(2300) in Ref. [27] might have a strong
coupling to K*A). That resulted into model with 14 N*’s.
After that we systematically omitted nucleon resonances one
by one and checked the x? values and correspondence with
data. During this process, we have also been slightly manually
modifying the particles’ masses and widths inside the PDG
limits [28] (if given). From the values of particles’ masses and
widths shown in Table I in Ref. [11] we arrived at values only
mildly different, which nonetheless play some role in reducing
the x? value. Particularly, the masses of N3, N4, N5, N9, and
P4 were shifted to values of 1520, 1670, 1750, 1675, and 1900
MeV, respectively. The widths of N3, N4, N7, P2, P3, and
P5 were changed to respective values of 110, 100, 325, 400,
380, and 170 MeV. Note that the width of P2, whose value is
much higher than the upper limit imposed by the PDG [28], is
inspired by a previous thorough analysis at Ghent University
[17]. Moreover, we introduced two new resonant states in
the D;5 partial wave, N(2060)5/2~ and N(2570)5/2~, which
were not considered before, with masses 2130 and 2570 MeV
and widths 350 and 250 MeV, respectively. The D;5(2570)
state was observed in a recent multipole analysis [29] where
it plays a rather important role. Moreover, nucleon resonances
above 2200 MeV have been recently proposed in a partial-
wave analysis using a multichannel framework [30]. For a
notation we use here we refer our reader to Table I, which
also summarizes the masses and widths used in the RPR-BS
model. In the RPR-BS(pv) model, the masses and widths
have the same values, except for S1;(1535) and Fi5(1680),
whose masses are slightly changed to 1510 and 1665 MeV,
respectively.

As we limit our study to the K™ A channel only, we do not
introduce any A resonances since their decay to this channel
is prohibited by isospin conservation.

IV. SEEKING THE BEST FIT

As the Regge and Regge-plus-resonance frameworks are
effective ones with coupling parameters and cut-off values
of hadron form factors not determined, our primary goal is
to adjust these parameters to experimental data. The param-
eters in need of adjustment are the coupling constants of the
Regge background, i.e., gxan, governing the behavior of the
K*(494) trajectory, contact current, and proton exhange in
the s channel, and the vector and tensor coupling constant
G%:’) of the K*(892) trajectory, and coupling constants of
additional nucleon resonances. Each spin-1/2 resonance adds

TABLE I. Meson and baryon resonances which are included in
the description of the p(y, KT)A process. For each resonance, the
mass, width, spin, parity, and status are shown. Masses and widths
are precisely the values which we use in the present work and are in
concert with values presented in the Particle Data Tables 2018 [28].

Mass Width
Nickname Particle (MeV) MeV) Jr Status
N3 S11(1535) 1520 110 1/2~ ok
N4 S11(1650) 1670 100 1/2~ ok
N5 Dy3(1700) 1750 150 3/2° Fkk
N7 P15(1720) 1690 325 3/2% HokkE
N8 D5(1675) 1675 150 5/2~ ok
N9 F15(1680) 1675 130 5/2F Fkkk
P1 P;;(1880) 1870 235 172+ Hkk
P2 P15(1900) 1900 400 3/2* ok
P3 F15(2000) 2000 380 5/2F ok
P4 D3(1875) 1900 220 3/2° HokE
P5 F5(1860) 1860 170 5/2* ok
M3 D,5(2570) 2570 250 5/2 ok
M4 D,5(2060) 2130 350 5/2~ HkE

one free parameter, while higher-spin resonances add two
free parameters. We also need to determine values of cut-
off parameters for hadron form factors suppressing nucleon
resonances (a common cut-off parameter Ay) and also the
proton exchange (cut-off parameter Apg,). Please note that the
hadron form factor for the s-channel Born proton exchange is
a novel feature of our model. Moreover, when we assume also
the transversal term in the contact current, this gives us two
more parameters, i.e., Ag and A, in Eq. (12). In total, we need
to fixate around 25 free parameters depending mainly on the
number of N*’s we put in.

We adjusted the free parameters with help of the least-
squares fitting procedure using the MINUIT code [31]. Since
it is well known that MINUIT uses a nonlinear transformation
for the parameters with limits, making the accuracy of the
resulting parameter worse as it approaches its limiting value,
we introduced limiting values only to the background cut-
off parameter Apg of hadron form factor and to the ggan
coupling parameter. The latter one was further removed and
the ggan coupling was therefore allowed to violate the SU(3)
symmetry slightly more than what is normally considered,
i.e., within 20% around the central value [11]. This more
liberal approach of ours is motivated by the fact that the KAN
coupling effectively accounts for the coupling of the whole
trajectory, i.e., also for higher-lying poles such as K;(1270).
Moreover, it seems that the p(y, KT)Z° and p(y, K°)Z ™ re-
actions can be well fitted only when gx sy coupling is allowed
to vary far off the SU(3) limits and thus these photoproduction
reactions might become an important source of information on
the validity of the SU(3) relation [32].

First, we have been fitting on high-energy data and ad-
justing only the Regge-background parameters gxay, G}") ,
and G%l, which resulted in finding one deep minimum. We
deem that this hints to a strong probability for this minimum
to be a global minimum. With high-energy data we mean
cross-section data from the CLAS 2010 collaboration [33]
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for W > 2.36 GeV (230 data points), from the CLAS 2005
collaboration [34] for E},ab > 2.505 GeV (95 data points),
20 recent data points from the LEPS collaboration [35] for
E" >2.55 GeV, and 305 hyperon polarization data from
CLAS 2010 collaboration [33] for W > 2.23 GeV. The data
were limited not only to high energies but also to forward
kaon angles only, i.e., 6™ < 60°, since this is the kinematical
region where the z-channel Reggeistics takes place. Subse-
quently, we added data in the resonance region, namely the
cross-section data from the CLAS 2010 collaboration [33] for
W < 2.36 GeV (1247 data points), the CLAS 2005 collabo-
ration [34] for E}** < 2.5 GeV (1037 data points), the LEPS

collaborations for E}f‘b < 2.38 GeV (54 data points) [36] and

E® < 2.55 GeV (40 data points) [35], 91 cross-section data
collected by Adelseck and Saghai in their paper [37] from
various experimental facilities, hyperon-polarization data
from the CLAS 2010 collaboration [33] for W < 2.23 GeV
(925 data points), and 314 hyperon-polarization data from
CLAS 2016 [38]. These data for adjusting N* parameters were
naturally not restricted with respect to kaon angle g™ . No
weight factor was introduced to any data so they all come
to the fitting process with the same importance. In total,
we exploited 4358 experimental data points in our fitting
procedure. With this data set, we fitted the N*’s coupling
constants while keeping the background parameters on their
values from the high-energy fit. However, soon we realized
that we can achieve significantly better results when we fit all
parameters simultaneously and we, therefore, merged all of
these data sets into a single data file which we subsequently
used for the rest of the fitting procedure.

An astute reader may have noticed that we did not include
all differential-cross-section data available to us in these days.
This is because there exist some ambiguities and inconsis-
tencies between some of them, the most notable being the
inconsistency between the extensive CLAS data set and the
results from SAPHIR collaboration [39]. As pointed out and
discussed in Ref. [40], a common fit to both data sets would
be possible only after inclusion of a normalization function or
factor. We do not consider this issue here (more details can be
also found in Ref. [41]) and therefore restrict ourselves only
to the CLAS data.

Another inconsistency apparently exists between CLAS
data and data Boyarski et al. [42] from the Stanford Linear
Accelerator Center (SLAC) which agree well in shape but
the CLAS cross-section data are systematically lower than
SLAC in scale by roughly a factor of two (even though a
direct comparison is difficult since kinematics of both sets
do not overlap much) [43]. As we know, e.g., from the
analysis made by Guidal et al. [18], a model resulting from
fitting SLAC high-energy data and projecting down to CLAS
energies consistently overpredicts the K+ A cross sections
(for illustration see Fig. 20 in Ref. [34]). Adjusting model
parameters to the high-energy SLAC data and subsequently
extrapolating them to the resonance region can, therefore, lead
to a dissatisfactory description of resonance region (or it can
strongly influence the interference pattern among background
and resonant terms). Thus, we have decided not to use the
SLAC data in our analysis.

Last, from the polarization data of the CLAS 2016 [38]
experiment, comprising around 1500 data points on hyperon
polarization P, target asymmetry 7, beam asymmetry X, and
double-polarization observables O, and O,, we have included
only the hyperon-polarization data to the data base for the
fits. On the one hand, we realized that these data do not bring
us closer to understanding the underlying mechanism of N*’s
interferences and their inclusion leads to higher values of x>
in our fits since our models are not able to capture the very
minute shapes these data present. On the other hand, the role
of the CLAS 2016 hyperon-polarization data may be in giving
more weight to the other hyperon-polarization data in our fits
as they are both mutually consistent. We did not include the
rest of the CLAS 2016 data set as we surmise that fitting to
these data would be beyond the scope of the present work,
whose main aim is to present a novel way to achieve gauge
invariance restoration. Nonetheless, we show these data and
compare our model predictions with them in the next section
in relevant figures.

For a much more thorough discussion of the fitting proce-
dure, see Ref. [11].

V. DISCUSSION OF RESULTS

In this section, we present our new Regge-plus-resonance
models for photoproduction of K™ A and compare their pre-
dictions of the cross section, hyperon polarization, and two
other double polarization observables with experimental data
and results of other models.

The set of nucleon resonances in the current models with
the pseudoscalar and pseudovector coupling coined RPR-BS
and RPR-BS(pv), respectively, which relates to the type of
model and authors’ names, is in a good concert with the set
chosen in the Ghent RPR-2011 model [17] and also with N*’s
in our isobar models [11,12], see the overview in Table II.
We also confirm conclusions from the recent multichannel
partial-wave analysis by Hunt and Manley [27] that the states
S11(1650), Py3(1720), P;1(1880), and P;3(1900) contribute
significantly to the K* A channel. We partly corroborate the
claim of Ref. [17] where authors found a decisive evidence
for inclusion of P;;(1880), P;3(1900), and F;5(2000) states
as well as a compelling evidence for omitting D;3(1700),
P11(1710), and D15(1675) states as we include both P;3(1900)
and F5(2000) states and the P;;(1880) state is included
in the RPR-BS(pv) model. On the other hand, we do not
include P;;(1710) in both models and D;5(1675) only in the
RPR-BS(pv) model while including the D;3(1700) state in
both models. From the states which were not found to be
important in the Ghent analysis, we include the D;5(2570) and
D,5(2060) states (denoted as M3 and M4, respectively), even
though their couplings are several orders of magnitude smaller
than couplings of other spin-5/2 resonances, and Fis(1860).
Both these resonant states play important roles at energies
W > 2 GeV. We also feel the need for introducing two more
states near the threshold, the D13(1700) and D;5(1675) states,
which were not found in the Ghent analysis to be crucial
for data description. The set of N*’s in the RPR-BS(pv)
model is the same as the set in RPR-BS with only two
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TABLE II. An overview of N*’s included in various recent models. Our current RPR-BS models are compared with our older RPR-1 and
RPR-2 models [44], with the Ghent RPR-2011 model, and also with our recent isobar models BS1 [11], BS2 [11], and BS3 [12].

N3 N4 N5 N6 N7 N8 N9 P1 P2 P3 P4 P5 M1 M3 M4
RPR-BS v v v v v v v v v v v
RPR-BS(pv) v v v v v v v v v v v
RPR-1 & 2 v v v v v
RPR-2011 v v v v v v v v
BS1 v v v v v v v v
BS2 v v v v v v v v v
BS3 v v v v v v v v v v

exceptions: interchanging the D5(1675) and D;5(2570) states
for P;;(1880) and D;5(2060) states. In both of these models,
we assume fixed decay widths of nucleon resonances. It
is because when we introduce energy-dependent widths (as
defined in Ref. [12]) the resulting cross-section prediction at
small kaon angles and for E** > 2 GeV plummets drastically.
The resonance width increases with increasing energy and
the resonance thus moves away from the physical plane and
contributes less (even though we detect a significant growth of
coupling constants of some N*’s in fits with energy-dependent
widths, this seemingly cannot make the resonance influential
enough); background terms are not strong enough at energies
above 2 GeV and the overall result is then values of predicted
cross section around 0.1 ub/sr, which is far less than what is
observed and what other models produce.

When we compare the couplings of nucleon resonances
in the RPR-BS model with their values in other models of
ours (including the isobar BS models presented in Table III),
we can see that couplings of S;;(1535) and S1;(1650) are
in the RPR-BS model approximately twice as large as in
other models while retaining the same sign, whereas in the
RPR-BS(pv) model the S;;(1535) changes its sign and the
couplings of the S;;(1650) have similar values as in the BS
models. Interestingly, the couplings of the D3(1875) state
are in our RPR models an order of magnitude smaller in
comparison with BS models and in the RPR-BS(pv) model
its G; coupling even changes sign. Moreover, couplings
of the P;3(1720) state are in the BS1 and BS2 models
opposite in comparison with the remainder of our mod-
els. The rest of the coupling parameters show only minor
changes. All parameters of our new models are summarized in
Table III.

We do not include an anomalous magnetic coupling in
the proton exchange proportional to o*¥ because of the du-
ality hypothesis according to which only all s-channel or all
t-channel poles can be included [14]. A combination of both
s- and 7-channel contributions may lead to double counting of
poles. Since in the Regge model we take into account all ¢-
channel poles, the amount of additional poles in the s channel
should be reduced to minimum. When we, however, introduce
this anomalous term into the RPR-BS model we observe a
suppression of cross-section predictions in the hemisphere of
forward angles and an increase at backward angles.

One of the troubling ambiguities when describing the
K* A photoproduction with help of effective models is an
accurate selection of the hadron form factor accounting for the

extended structure of hadrons. In the robust analysis of Ghent
group, they selected the multi-dipole-Gaussian shape as the
most suitable one. However, we reveal in our analysis that the
inclusion of this kind of hadron form factor leads to a higher
x? value. On the other hand, opting for hadron form factors
whose functional dependence on the cut-off value is much

TABLE III. Coupling constants, parameters of the function A(s)
in the transversal contact current, and cut-off values of hadron form
factors of the final models are displayed. The cut-off values are
shown in units of GeV. Errors of the parameters are included as well.

RPR-BS RPR-BS(pv)
Value Error Value Error
gxan /AT —2251 0.029 —2.124  0.032
Gy 0.023 0.003 0014  0.003
GY) —0.049 0.007 —0.029  0.006
Ao —2717 0.070 —0529  0.003
A. 1.203 0.007 1429 0013
Avgr 1.958 0.009 1235 0.024
A 1.966 0.009 1.864  0.015
G(N3) 0.435 0.005 —-0305  0.006
G(N4) —0.144 0.001 —0.038  0.001
G1(N5) 0.139 0.005 0.140  0.006
G»(N5) 0.009 0.004 —-0.006  0.005
G(NT) 0.025 0.002 0092  0.003
Gy (NT) 0.039 0.001 0.051 0.001
G1(N8) 0.002 0.0001 - -
Gy (N8) —0.007 0.0002 - -
G1(N9) —0.041 0.002 0013 0.001
G, (N9) 0.014 0.002 —-0.058  0.001
G(P1) - - —0229  0.006
G(P2) 0.015 0.001 0017  0.002
G,(P2) —0.025 0.0004  —0.019  0.001
G\(P3) —0.023 0.0002  —0.016  0.0002
G, (P3) 0.019 0.0002 0012 0.0002
G\ (P4) 0.063 0.004 —0.042  0.003
G, (P4) 0.109 0.0003 0.037  0.003
G\(P5) 0.055 0.001 0018 0.001
G,(P5) —0.036 0.001 0010  0.001
G (M3) —5%x10°  3x10°¢ - -
G, (M3) —7.8x 1076 4x 1076 - -
G (M4) - - 0.0005  0.0002
G\ (M4) - - —0.001 0.0004
x2/nd.f. 1.69 - 1.74 -
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FIG. 3. Total cross-section prediction of the RPR-BS model
(solid line) in comparison with CLAS 2005 data [34]. Contributions
to the RPR-BS model from background (dashed line), background
without the contact term (dotted line), and from all N*’s (dash-dotted
line) are illustrated in the upper figure. Behavior of the RPR-BS
model when a particular N* state is omitted is shown in the lower
figure.

weaker, i.e., dipole or Gaussian ones, leads to unacceptable
behavior beyond the resonance region, where these form
factors are not able to tame the high-spin N*’s sufficiently,
which leads to a rapidly soaring cross-section prediction. No
matter what the cut-off parameter is, dipole and Gaussian form
factors work well only in the resonance region. Therefore, we
turned to a multidipole shape, Eq. (19a), of the form factor for
both the proton (f; with Apg) and N* exchanges (with Ay)
in the s channel which, with a reasonably small cut-off value,
works well in both worlds.

In order to illustrate the roles played by particular nucleon
resonances, we include a prediction of the total cross section
by the RPR-BS model in Fig. 3. In the upper part of this
figure, where contributions of specific parts of the amplitude
are shown, a noticeable feature is that the model is dominated
by background (dashed line), where the proton exchange plays
a predominant role with a tangible contribution of the contact
term for Ellfb < 2 GeV (difference between the dashed and
dotted lines), and the N*’s presence is tangible only right
above the threshold and around the peak at E}l,ab ~ 1.4 GeV.
As for the N*’s contributions, the most notable ones are the
destructive interferences of S1;(1535) (above the threshold)
and Fy5(1680) and Fy5(1860) (in the higher-energy domain).
A most constructive interference, on the other hand, comes
from the S;{(1650) contribution above the threshold.

As we see that the contact current plays a somewhat
important role in the background contribution to the total cross

section, we should comment on how to interpret the role the
contact term plays. The contact term mimics the contributions
beyond the tree level since it can be understood as a con-
tribution from the final-state interaction which is necessary
to preserve gauge invariance [45]. A large contribution of
the contact term, therefore, might indicate that the final-state
interactions play a role, which is what we see here, but it
is hard to say how big the role precisely is. Moreover, the
introduction of contact term can also provide us with an added
flexibility in the fits to experimental data [46].

In Figs. 4-11 the results and predictions of our new models,
RPR-BS and RPR-BS(pv), are compared with RPR-1 and
RPR-2 models which are our older fits to data [44], where
a GLV method [18] for gauge-invariance restoration is used
and which are motivated by the Ghent RPR-2011 model
[16,17]. For obtaining results of the RPR-2011 model we
made use of the online interface in Ref. [54]. The resulting
angular dependence of the cross section is compared with
experimental data in Fig. 4 for six various energies in and
above the resonance region. Whereas the models reproduce
the experimental data and are also in mutual agreement in the
30° < g™ < 120° angle region, as was found also, e.g., in
Ref. [32], they differ particularly in the region of kaon angles
Og™ smaller than 30° where there are no data currently avail-
able. The Ghent RPR-2011 model together with the RPR-2
model give the largest cross-section values at zero kaon angle
and then steeply decrease. Note also that the RPR-2 model
was adjusted to experimental data only for 6™ < 90°, which
allows for its remarkable behavior at backward angles (most
striking for W < 2 GeV). Our new models, on the other hand,
are a bit more moderate in their forward-angle predictions
which are approximately 1 ub/sr below the RPR-2011 model
at zero kaon angle and subsequently decrease more gradually.
The RPR-BS model even produces a plateau-like behavior
above the resonance region (W > 2.7 GeV). In this model,
the background terms, with a significant support from the
contact current, contribute most significantly at kaon angles
approximately from 30° to 90° and thus create the structure
at around O™ = 30°. However, their contribution for g™ <
30° is negligible and therefore the strength in this region
comes from N*’s contributions; generally, the higher the spin
of the resonance the higher its contribution in forward regions
but N*(5/2) are also active at backward angles (see, e.g., the
peak around Op™ = 140° at W = 2.105 GeV). Interestingly,
when we assume a pseudovector coupling in the K AN vertex
the behavior of the model changes slightly as it produces
a plateau in the forward kaon angles even at energies W >
2.5 GeV. However, the dynamics of the model now differs: In
comparison with the RPR-BS model the background contribu-
tion in the RPR-BS(pv) model is much smaller, even though
it is strong enough to produce a structure around fg™ =~ 30°
visible at higher energies, and, thus, the contribution of N*’s
is more pronounced, particularly at forward angles.

The model behavior at forward angles seems to be strongly
influenced by the choice of gauge-invariance restoration
method. In the GLV procedure for gauge-invariance restora-
tion, which is implemented in our older RPR-1 and RPR-2
models, the crucial contribution at forward angles stems from
the proton exchange, which is governed by gxan coupling
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FIG. 4. Angular dependence of the cross section calculated with RPR-BS (solid line), RPR-BS with pseudovector coupling in the KAN
vertex (dashed line), RPR-1 [44] (dotted line), RPR-2 [44] (dashed double-dotted line), and RPR-2011 [17] (dash-dotted line) are shown for
six values of the center-of-mass energy. The data stem from the CLAS 2005 [34] and CLAS 2010 [33] collaborations.

constant. Generally, the smaller is the coupling constant the
higher is the cross section at forward angles. In the RPR-1
model, this coupling parameter acquires a value of —1.45,
whereas in the RPR-2 model the ggan is much lower, specif-
ically —3.00. The proton exchange contribution in the RPR-2
model is thus much stronger at very small kaon angles. An
interested reader may find a much more thorough analysis of
this topic in Ref. [55].

The energetic dependence of the cross section is shown
in the Fig. 5 for four angles in the forward hemisphere. The
data reveal a two-peak structure and so do the models as all
of them are in accordance with experimental data except for
the sharp peak right above the threshold at cos g™ = 0.8 in
the CLAS 2010 data set which is apparently excluded also
by the older CLAS 2005 measurement. Most probably, the
S11(1650) state, together with its constructive interference
with other terms, plays the decisive role in creating or not
creating that sharp a peak in model predictions. In the RPR-2
model, coupling parameters of this state are more than three
times as large as in other RPR models of ours and an order of
magnitude higher in comparison with our isobar models. No
wonder, then, that this peak is formed in the RPR-2 model
and not in the other models. The description of the cross
section by the RPR-BS model above the threshold is shaped
predominantly by an interplay of S;(1535) and S1;(1650)
states while the dip around W =~ 1.9 GeV is modelled by
D3(1875) which interferes destructively with other terms.
Above 2 GeV, the main (destructive) contributions come from
F15(1680) and F;5(1860) and they decrease with kaon angle.
Even though these spin-5/2 resonances resonate higher than

where their masses are, they eventually get suppressed so that
the high-energy region is completely modelled by the Regge-
like background. This aptly illustrates the sufficiency of the
multidipole hadron form factor for taming even the high-spin
N*’s contributions. The most notable change in the behavior
of N* states in the RPR-BS and RPR-BS(pv) models gives the
S11(1535) state which has a different sign in the RPR-BS(pv)
model than in the RPR-BS model. Its contribution in the
RPR-BS model shows a destructive interference with other
terms while in the RPR-BS(pv) model there is a constructive
interference.

As mentioned in the Introduction, a realistic behavior of
the A-production amplitude is vital for obtaining reliable
predictions for the hypernucleus-production cross section [3],
which is substantial only in the region of very small kaon
angles. Therefore, we also examined model predictions in this
kinematic region, see Figs. 6 and 7. In the very forward-angle
region with g™ < 20°, the experimental data are highly in-
sufficient, which leaves us with predictions of our models, see
Fig. 6. We can, however, get a helpful hint on how the model
prediction should behave from one photoproduction datum by
Bleckmann et al. [47], two electroproduction data [48,49] with
a very small virtual-photon mass, and from our knowledge
from hypernuclei calculations that the center-of-mass (c.m.)
cross section at g™ = 2° and around W = 2.2 GeV should
be at least 0.4 ub/sr [3]. See also the discussion on the
elementary reaction in Garibaldi et al. [3]. Complying with
the latter condition in particular helped us in selecting the final
models from the plenty of fits. While the RPR-2011 model
predicts a predominantly structureless cross section, our
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FIG. 5. Results for the energetic dependence of the cross section are shown for four various kaon angles. The data are from the CLAS
2005 [34], CLAS 2010 [33], LEPS 2006 [36], and LEPS 2018 [35] collaborations and from the collection of Ref. [37].

models reveal some resonant features, see Fig. 6. The first
peak in our new models is most probably the result of an
interplay of many nucleon states, where the S;;(1535) and
S11(1650) are the most prominent ones. The second peak
is then created by spin-5/2 Fi5(1680) and Fi5(1860) states,
which is in accord with what we stated above about the mag-
nitude of predictions of high spin resonances in the forward-
angle kinematic region. The RPR-BS and RPR-BS(pv) mod-
els give almost the same shape of the cross section and their
predictions differ only in magnitude. One can find an inter-
esting hint of a peak right at the threshold, which is created
by a strong contribution of S;;(1650) resonance. This is quite
a remarkable feature, as other models either reveal a similar
peak at slightly higher energies (RPR-2) or they do not present
it at all (it probably gets smoothed out by interfering with
other terms). The older RPR models of ours give predictions
that do not differ much in shape but they differ in magnitude.
We have already discussed the role the proton exchange plays
at very forward angles but let us point out that another differ-
ence between RPR-1 and RPR-2 models is a cut-off param-
eter value for the hadron form factor of nucleon resonances
(please note that there is no hadron form factor introduced
for background terms in the GLV gauge-invariance restoration
scheme). In the RPR-1 model the hadron form factor with a
cut-off value 2 GeV suppresses nucleon resonances efficiently,
which results in recession above E},"lb = 2 GeV. On the other
hand, the RPR-2 model prediction diminishes slowly as the
cut-off value for its hadron form factor is 3 GeV. Both RPR-1
and RPR-2 models exploit the multidipole-Gaussian shape of
hadron form factor. From Fig. 6 and its discussion one can see
that in the very forward angle region the models are still un-

constrained by the data. Figure 6 hence collects mere predic-
tions of various models and as such reveals diverse forms of
dynamics which strongly affect the hypernucleus production
results.

Another figure which illustrates the varying predictions of
various models is Fig. 7. The shapes of model predictions are
analogous to the ones in the Fig. 6 but this figure is replenished
by a number of experimental data, namely the LEPS 2006 [36]
and LEPS 2018 [35] data and the data collected in Ref. [37].

I . . I . ‘ .
i i . Bleckmann 1
0.6 .- [} Brown
L A E9%4-107
L S EEREE RPR-1
o5k i VY G I FEPER - RPR-2
A ST RPR-BS
= [ - Ik PEEES RPR-BS(pv)
~ (i =
204 ' ! AN ~~ == — RPR-2011 .
ST TN R —
e} ok y A P Tino - 7
Zo3f it } N N sl -
© ' s- AN D
2 LY . R
0.2 ] N =
N c.m. So
] B =6deg TN )
01 cos 5™ = 0.9945 BRI
ol . ! 1 . ! | . \ .
1 1.5 2 2.5 3 35 4

E‘;“’ [GeV]

FIG. 6. Differential cross section of p(y, K*)A for g™ = 6°
is shown. Predictions of the models are compared with data of
Bleckmann et al. [47], Brown et al. [48], and experiment E94-107
[49].
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FIG. 7. Differential cross section of p(y, K*)A for cos g™ =
0.95 is shown. We compare the model predictions with LEPS data
[35,36] and two data from Ref. [37].

One can readily see that our new models are in concert with
the LEPS 2006 data, whereas they underpredict the LEPS
2018 data which are also well above the older LEPS data.
Since we include both LEPS data sets in the fits, this discrep-
ancy may lead to an increased x? value of our models. Both
peaks in RPR-BS model predictions are created by nucleon
resonances; the first one mainly by D;3(1700) and the other
one is a result of an interplay of F5(1860) and Fj5(2000).
The most notable contribution to the first peak in the RPR-
BS(pv) model comes from the D3(1700) and P;3(1720) states

and the broad peak around E;j‘b ~ 2.2 GeV is created by
F15(2000) and D;5(2060). In the kinematic region shown, the
background terms of RPR-BS model create a very broad peak
ataround E)*” ~ 1.2 GeV, which steadily decreases at higher
energies, and contributions of both Regge trajectories increase
smoothly with energy but are not larger than 0.05 ub/sr,
similarly to the whole background in the RPR-BS(pv) model
(i.e., Regge trajectories dominate the background in the RPR-
BS(pv) model at forward kaon angles).

In Fig. 8, there are results for hyperon polarization P for
several kaon angles. Our new models are in a good agreement
with data in all kinematic regions shown. The only exception
may be the upper left part of Fig. 8 with cos g™ = 0.9-
0.86 where the actual shape of hyperon polarization near
the threshold is hard to guess, thanks to considerable incon-
sistencies in data. The dominant contributions to P in the
forward-angle hemisphere come from background and higher-
spin nucleon resonances, whereas the contact term contributes
at central angles mainly and the presence of spin-1/2 nucleon
resonances is noticeable only at the threshold area. The role
of nucleon states then lies especially in interfering among
themselves and other terms and thus creating the subtle shapes
as both spin-3/2 and spin-5/2 nucleon resonances on their
own produce shapes which are far from what can be seen in
the result of the complete model. The RPR-2011 model, as
well as our fits, is able to capture the hyperon-polarization
data also at very forward angles and at cos g™ = —0.5 in the
transition between resonant and high-energy regions produces
a structure according to experimental data. In case of the
RPR-BS model, this structure is created predominantly by the
D15(2570) state and without this resonance we get a plateau

1 T T | T | T | T | T | T T | T | T | T ] T I T I T
i cos 0, =0.90 - 0.86 cos0,"=0.7 | * CLAS2004| 7
0.5 - —+ « CLAS2010| —
+ 0y =25.8"-30.7° 0, =45.6° * CLAS 2016
f

~  |---- RPR-BS(pv)
RPR-2011

W [GeV]

FIG. 8. Results for the energetic dependence of the hyperon polarization P for several kaon center-of-mass angles. Data are from the CLAS

[33,38,50] and GRAAL [51] collaborations.
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FIG. 9. Predictions of the target asymmetry T for several values of energy W. The data originate from the CLAS [38] and GRAAL [52]

experiments and notation of the curves is the same as in the Fig. 4.

at a value of —0.7. Similarly, in the RPR-BS(pv) model we
observe a considerable contribution at W > 2.2 GeV from
the D15(2060), which is unfortunately not as strong as the
D;5(2570) in the RPR-BS model and thus the RPR-BS(pv)

model fails to reproduce the shape of data in this region. As
we pointed out in the preceding section, the CLAS 2016 [38]
data are in concert with the older CLAS data and also with the
data from the GRAAL facility in Grenoble [51].

1 T | T | T | T

c.m.
— 6, =31.79 deg

7 05

1.5 T T T T
1

0
-0.5

-1

110.49d

<

cg

N .

FIG. 10. Predictions of the double-polarization observables C, and C, for several kaon center-of-mass angles. The data stem from the
CLAS [53] experiments and notation of the curves is the same as in the Fig. 4.
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FIG. 11. Predictions of the double-polarization observables O, and O, for several kaon center-of-mass angles. The data originate from the
GRAAL [52] and CLAS [38] experiments and notation of the curves is the same as in the Fig. 4.

In Fig. 9, we show predictions of our models for the
target asymmetry 7 and compare them with CLAS [38] and
GRAAL [52] data which are mutually well consistent. We can
very roughly say that the higher the energy and the larger
the kaon angle, the closer our models, particularly the one
with the pseudovector coupling in the KAN vertex, come to
the data, even though their parameters were not adjusted to
the target asymmetry. The only model which can capture the
shape of data at all energies shown is the Ghent RPR-2011
model.

During the fitting procedure, we did not fit to experimental
data on double-polarization observables C,, C;, O,, and O,
and hence Figs. 10 and 11 show mere predictions of the
models. For C, we have a reliable prediction by the RPR-BS
model for all angles shown except for the threshold region at
O™ = 87.13°, where the model underpredicts the data, and
at 0™ = 110.49° for W > 2 GeV, where its predictions do
not lie within the data error bars. The RPR-BS(pv) model
with pseudovector coupling in the K AN vertex works simi-
larly but gives better predictions at g™ = 110.49° and the
Ghent RPR-2011 model shows slightly less structures than
what we see in the data. It is the RPR-2011 model which
captures the C, data at high angles and high energies best
while our models fail to reproduce even the shape of data.
However, they give good predictions of C; in the forward
hemisphere of kaon angles. The agreement with O, and O,
data is much worse since in many cases the models predict
structures with opposite sign in comparison with the CLAS
2016 [38] data or their predictions lack any structure shown

in this data set. Generally, we observe more structures in the
model predictions at higher energies and for E}l,ab =1.222
GeV our RPR models can at least capture the shape of the
GRAAL [51] data. Unfortunately, we also see that the recent
CLAS [38] data strictly oppose the older GRAAL data in
some kinematic regions, which makes the analysis much more
precarious.

In Figs. 12, 13, and 14, we show an overall description of
the cross section for the p(y, K*)A production process by
the RPR-BS model, by the mere background terms, and by
its set of nucleon resonances, respectively, for all angles and
for energies from the threshold to 4 GeV, i.e., well beyond the

05 RPR-BS full model
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FIG. 12. Overall description of the cross section for the
p(y, KT)A reaction by the RPR-BS model from the threshold up
to 4 GeV and for all kaon angles.
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FIG. 13. The same as Fig. 12 but this time with background
terms only.

resonance region. We can see that at higher energies, there is
some strength only at very forward angles, g™ < 30°, which
is apparently caused by the background terms. The nucleon
states do not contribute anywhere well above the resonance
region, i.e., for W > 3 GeV, as requested, and the high-energy
region is therefore described by the Regge background only.
This shows beyond any doubt that even the multidipole hadron
form factor can suppress contributions of nucleon resonances
sufficiently so that they vanish at the edge of the resonance
region. In Fig. 14, which collects the contributions of the N*’s,
the sharp peak at the threshold which almost does not depend
on kaon angle is produced mainly by the N*(1/2) states, the
peak around W = 2 GeV is shaped above all by the N*(3/2)
states and the other structures are the result of interference
among N*(3/2) and N*(5/2) states. The complicated shape
produced in the resonance region therefore seems to be a
result of a rather intricate interference among many N* and
background terms. In the forward angles, there appears to be
constructive interference producing the second peak around
approximately 2 GeV, whereas we surely observe a destructive
interference at backward angles leading to a suppressed cross
section.

RPR-BS N*'s

0.1

FIG. 14. The same as Fig. 12 but with nucleon resonances solely.

VI. CONCLUSION

We have constructed a new version of the Regge-plus-
resonance model for p(y, KT)A utilizing a new method to
maintain gauge invariance that is based on generalized Ward-
Takahashi indentities. In this method a Reggeized contact
term is included together with the proton exchange in the
s channel with the standard Feynman propagator. Another
novel feature of the model is the presence of the hadron form
factor in the proton exchange that constitutes an important
contribution to the nonresonant part of the photoproduction
amplitude. The nucleon resonances with higher spins are
treated in the frame of consistent formalism that we used also
in our recent isobar models. In the analysis we considered
both pseudoscalar and pseudovector forms of couplings in the
strong KAN vertex. Parameters of the model were adjusted
to ample data in the resonance region and to available CLAS
and LEPS data above this region with x> = 1.69 and 1.74 for
the model with the pseudoscalar and pseudovector coupling
in the K AN vertex, respectively. A set of nucleon resonances
contributing significantly to the process was carefully selected
and some resonance parameters (mass and width) were gently
modified. The chosen set of N*’s agrees quite well with
that selected in the Ghent analysis. Concerning the fitting of
parameters, let us note that including all spin observables in
the data set and using a more sophisticated method (such as
the one recently used in Ref. [56]) would probably lead to
an even more satisfactory result. Performing such a robust
analysis, however, was beyond the scope of this work but it
might be one of the objectives of our future research.

Satisfactory description of the cross sections and polar-
izations was achieved. However, the model predictions still
diverge for very small kaon angles. In the new RPR model
the background part is dominated by the contact term, which
mimics the higher-order effects, pointing out to importance of
the final-state interactions.
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APPENDIX A: CONTACT CURRENT CONTRIBUTIONS

In the case of pseudoscalar coupling in the strong vertex,
the contact term contribution to scalar amplitudes defined in
Ref. [11] reads

F—1 1
.AZ = —2€gKAp|:(tt_ P fs+ f ]:t)

— m2
myg N mp

A~ 1 —1
+AGs, 1, w1 = f)(1 - f»(r —zt _mz)}’
K P
(Ala)

Fi—1 N 1
-’43 = 2egKAp|:t_t—m%<fY_A(sv z, I/t)(l_ f:&)(l_ ]:t)t_ m%(}

(Alb)
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When we assume a pseudovector coupling in the strong
vertex, the contact term contribution, beyond the contributions
of Egs. (A1), reads

/ Fi—1 fs_l
A4 = ZegKAp|:(t t_mz fs + ]:t)

— m2
X N mp

A I I
—A(s, 1, )1 — f)(1 _]:t)(t 2 + s—m2>:|’
k P

(A2a)
Fi-1
As = —2eg) |:—fs
> Karlt —m2
A 1
+AGs, 1, u)(1 — f)(1 — F) 3 ] (A2b)
t—m

fs—1 _k-p F—
-A6 = 2eg/KApH:ss—2]: ©2 - _
P

N 1
+A(S,t,u)(1—fs)(1—fz)[ P kz(k pan—k-p)

ke p)} }
2 12 :
s—my, k
Electric part of the Born s-channel contribution with the
pseudovector coupling can be recast to the compact form

MG, = Wpa)—egien s s

p

(A2¢)

Yue'u(p)

= M(PA)VS gj fs[(mA + mp)(Ml + 2M2)
— (1 42k - p/k*)Ms
+ (s = mp) (mp +my+ e }u(p) (A3)

Scalar amplitudes resulting from the electric part of the Born

s channel then are
eg k-
—f KA’; [1 + 2—2p:|.
s —m, k

(A4)

egKAp

1
=l =M A=

17

Magnetic part of the Born s-channel contribution in the
pseudovector coupling

_ , + K+m
M(Blz'\i)mg = u(pa)(—eg)fs ﬁm/s[j_—mzp
p

K
X i—poﬂvk”s"u(p)
2m,

(AS5)

can be recast into the compact form

MEV) 8/

Bs—mg = ”(PA)VS f:v {[2(]( p) + kz]Ml

+2(my + mp)/\/u — (mA + m,)Melu(p),
(A6)

from which one can extract the scalar amplitudes

A= s fry 2 2k - p)+ K2, (ATa)
S — p m

A= 2B 50 — o4, (ATb)
S — mp m,,

Born ¢-channel contribution with the pseudovector cou-
pling in the strong vertex can be recast into the compact form

2pk — k)
MY = a(pa)(—egin, ) F (P — Pn)ys ——— e u(p)
r—my
J'_'
= u(pA)VSegKApt 2(My — M3)
I
, ke
U mK)k—2 u(p). (A8)
Scalar amplitudes of this contribution then read
My =27, L — 4, (A9)
— my

APPENDIX B: REGGE TRAJECTORIES
AND PROPAGATORS

At the energies of a few GeV and higher, where no in-
dividual resonances can be distinguished, the dynamics of
the process is governed by the exchange of 7-channel Regge
trajectories. This choice is motivated by the shape of the K™ A
photoproduction cross section which is peaked on small |¢],
i.e., on small kaon angles Og™. This behavior indicates a
dominant role played by ¢-channel kaon exchanges.

The Regge trajectories, which are often called after a
lightest member (so-called first materialization) of the par-
ticular trajectory, connect spin and mass squared of the ex-
changed particle. When the spins of a set of resonant states
are plotted against their mass squared in a Chew-Frautschi
plot, see Fig. 15, it is observed that all Regge trajectories
can be reasonably well parameterized by means of a linear
function

ax(t) = axo + oy (t —my), (B1)

with my and ax ¢ the mass and spin of the trajectory lightest
member X, respectively. Moreover, o, which is the slope of
the trajectory, happens to be close to an universal constant for
all trajectories and acquires the value of 0.8 GeV?. Trajectory
equations for K*(494) and K*(892) read

(B2a)
(B2b)

C(K(494)(l) =0.70 (t — mf(),

og=892)(t) = 14 0.85 (t — m%(),

respectively. Note that + = m} can never be reached in the

physical region of the process as ¢ is negative in this region.
An efficient way to model trajectory exchanges involves
embedding the Regge formalism into a tree-level effective-
field model. The amplitude for the 7-channel exchange of a
linear kaon trajectory «(¢) can be obtained from the standard
Feynman amplitude by replacing the usual polelike Feynman
propagator of a single particle with a Regge one of the
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FIG. 15. Chew-Frautschi plot for the two lightest kaon trajec-
tories assumed in our analysis. The squares and dots represent
trajectories with parity +1 and —1, respectively. Both trajectories
are linear to a very good approximation.

form
a(t) ’ —imal(r)
_ s T 1+¢e
Phoee D == =
S0 sin[wa(t)] 2
1
XY,
C(a(t)+1)

while keeping the vertex structure given by the Feynman
diagrams which correspond to the first materialization of the
trajectory.

While deriving the Regge propagator, one has to differen-
tiate between two signature parts of the trajectories, { = %1,
in order to obey the convergence criteria: { = +1 corresponds
with the even and { = —1 with the odd partial waves. Thus,
a summation over this factor is to be done in the propagator.
Unfortunately, the theory does not allow us to determine the
relative sign between the even and odd parts of the trajectory.
We, therefore, end up either with a so-called constant phase,
identical to 1, or a rotating phase which gives rise to a com-

(B3)

plex factor of exp(—ima(t)). As was revealed in Ref. [17],
both trajectories with rotating phases are clearly favored by
data.

In our treatment of K™ A photoproduction, we identify
the K*(494) and K*(892) trajectories as the dominant con-
tributions to the high-energy amplitude. The corresponding
propagators for the K(494) and K*(892) trajectories have
the following form [14]:

(5/50)%x® Ty { 1

PK(494)(S, l) _ eiﬂak(f)}’ (B4a)

Regge ~ sinfrag ()] T[1 + ag ()]

. (s/s0) O~ o, 1
731((892) 1) = K e b
Reese (1) = G e (O] Tl (1] | & O~

(B4b)

As can be seen from the definition of the Regge propaga-
tors, there are poles at non-negative integer values of ax(?),
which correspond to the zeros of the sine function which are
not compensated by the poles of the I function. Here comes
the interpretation of the Regge propagator effectively incor-
porating the exchange of all members of the ay (¢) trajectory.
In the physical region of the process under study (with ¢ < 0),
these poles cannot be reached.

The separation of the Regge amplitude into two different
signatures is a theoretical request to ensure convergence,
experimentally both trajectories shown in (B2) coincide with
one another. The residue for the lowest materialization is,
therefore, assumed to be used for the combined trajectory
of both odd and even parity. This assumption is then called
degeneracy. Whether a trajectory should be treated as degener-
ate or nondegenerate depends less on the trajectory equations
themselves than on the process studied. It is the structure
of the observed cross section that gives a hint whether the
degeneracy is a valid supposition for a given channel or not.
Nondegenerate trajectories lead to peaks in the differential
cross section while a smooth differential cross section indi-
cates degenerate trajectories [22]. Since no obvious structure
is present in the p(y, K¥)A cross-section data for E* >
4 GeV, both the K*(494) and K*(892) trajectories are sup-
posed to be degenerate [14].

[1] S. Capstick and W. Roberts, Prog. Part. Nucl. Phys. 45, S241
(2001).

[2] U. Loring, B. C. Metsch, and H. R. Petry, Eur. Phys. J. A 10,
309 (2001); 10, 395 (2001); 10, 447 (2001).

[3] P. Bydzovsky, M. Sotona, T. Motoba, K. Itonaga, K. Ogawa,
and O. Hashimoto, Nucl. Phys. A 881, 199 (2012); F. Garibaldi
et al., Phys. Rev. C 99, 054309 (2019).

[4] Zhenping Li, Phys. Rev. C 52, 1648 (1995); Z. Li, H. Ye, and
M. Lu, ibid. 56, 1099 (1997).

[5] D. Lu, R. H. Landau, and S. C. Phatak, Phys. Rev. C 52, 1662
(1995).

[6] G.R. Farrar, K. Huleihel, and H. Zhang, Nucl. Phys. B 349, 655
(1991).

[7]1 V. Shklyar, H. Lenske, and U. Mosel, Phys. Rev. C 72, 015210
(2005); R. Shyam, O. Scholten, and H. Lenske, ibid. 81, 015204
(2010).

[8] B. Julia-Diaz, B. Saghai, T.-S. H. Lee, and F. Tabakin,
Phys. Rev. C 73, 055204 (2006).

[9] A. V. Anisovich, V. Kleber, E. Klempt, V. A. Nikonov, A. V.
Sarantsev, and U. Thoma, Eur. Phys. J. A 34, 243 (2007).

[10] B. Borasoy, P. C. Bruns, U.-G. Meissner, and R. Nissler, Eur.
Phys. J. A 34, 161 (2007).

[11] D. Skoupil and P. BydZovsky, Phys. Rev. C 93, 025204 (2016).

[12] D. Skoupil and P. Bydzovsky, Phys. Rev. C 97, 025202
(2018).

[13] D. Skoupil and P. BydZovsky, Prague Isobar Model Web
Interface,  http://www.ujf.cas.cz/en/departments/department-
of-theoretical-physics/isobar-model.html.

[14] T. Corthals, J. Ryckebusch, and T. Van Cauteren, Phys. Rev. C
73, 045207 (2006).

[15] T. Corthals, T. Van Cauteren, J. Ryckebusch, and D. G. Ireland,
Phys. Rev. C 75, 045204 (2007); T. Corthals, T. Van Cauteren,

035202-17


https://doi.org/10.1016/S0146-6410(00)00109-5
https://doi.org/10.1016/S0146-6410(00)00109-5
https://doi.org/10.1016/S0146-6410(00)00109-5
https://doi.org/10.1016/S0146-6410(00)00109-5
https://doi.org/10.1007/s100500170117
https://doi.org/10.1007/s100500170117
https://doi.org/10.1007/s100500170117
https://doi.org/10.1007/s100500170117
https://doi.org/10.1007/s100500170105
https://doi.org/10.1007/s100500170105
https://doi.org/10.1007/s100500170105
https://doi.org/10.1007/s100500170106
https://doi.org/10.1007/s100500170106
https://doi.org/10.1007/s100500170106
https://doi.org/10.1016/j.nuclphysa.2012.01.023
https://doi.org/10.1016/j.nuclphysa.2012.01.023
https://doi.org/10.1016/j.nuclphysa.2012.01.023
https://doi.org/10.1016/j.nuclphysa.2012.01.023
https://doi.org/10.1103/PhysRevC.99.054309
https://doi.org/10.1103/PhysRevC.99.054309
https://doi.org/10.1103/PhysRevC.99.054309
https://doi.org/10.1103/PhysRevC.99.054309
https://doi.org/10.1103/PhysRevC.52.1648
https://doi.org/10.1103/PhysRevC.52.1648
https://doi.org/10.1103/PhysRevC.52.1648
https://doi.org/10.1103/PhysRevC.52.1648
https://doi.org/10.1103/PhysRevC.56.1099
https://doi.org/10.1103/PhysRevC.56.1099
https://doi.org/10.1103/PhysRevC.56.1099
https://doi.org/10.1103/PhysRevC.56.1099
https://doi.org/10.1103/PhysRevC.52.1662
https://doi.org/10.1103/PhysRevC.52.1662
https://doi.org/10.1103/PhysRevC.52.1662
https://doi.org/10.1103/PhysRevC.52.1662
https://doi.org/10.1016/0550-3213(91)90391-A
https://doi.org/10.1016/0550-3213(91)90391-A
https://doi.org/10.1016/0550-3213(91)90391-A
https://doi.org/10.1016/0550-3213(91)90391-A
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.72.015210
https://doi.org/10.1103/PhysRevC.81.015204
https://doi.org/10.1103/PhysRevC.81.015204
https://doi.org/10.1103/PhysRevC.81.015204
https://doi.org/10.1103/PhysRevC.81.015204
https://doi.org/10.1103/PhysRevC.73.055204
https://doi.org/10.1103/PhysRevC.73.055204
https://doi.org/10.1103/PhysRevC.73.055204
https://doi.org/10.1103/PhysRevC.73.055204
https://doi.org/10.1140/epja/i2007-10503-6
https://doi.org/10.1140/epja/i2007-10503-6
https://doi.org/10.1140/epja/i2007-10503-6
https://doi.org/10.1140/epja/i2007-10503-6
https://doi.org/10.1140/epja/i2007-10492-4
https://doi.org/10.1140/epja/i2007-10492-4
https://doi.org/10.1140/epja/i2007-10492-4
https://doi.org/10.1140/epja/i2007-10492-4
https://doi.org/10.1103/PhysRevC.93.025204
https://doi.org/10.1103/PhysRevC.93.025204
https://doi.org/10.1103/PhysRevC.93.025204
https://doi.org/10.1103/PhysRevC.93.025204
https://doi.org/10.1103/PhysRevC.97.025202
https://doi.org/10.1103/PhysRevC.97.025202
https://doi.org/10.1103/PhysRevC.97.025202
https://doi.org/10.1103/PhysRevC.97.025202
http://www.ujf.cas.cz/en/departments/department-of-theoretical-physics/isobar-model.html
https://doi.org/10.1103/PhysRevC.73.045207
https://doi.org/10.1103/PhysRevC.73.045207
https://doi.org/10.1103/PhysRevC.73.045207
https://doi.org/10.1103/PhysRevC.73.045207
https://doi.org/10.1103/PhysRevC.75.045204
https://doi.org/10.1103/PhysRevC.75.045204
https://doi.org/10.1103/PhysRevC.75.045204
https://doi.org/10.1103/PhysRevC.75.045204

P. BYDZOVSKY AND D. SKOUPIL

PHYSICAL REVIEW C 100, 035202 (2019)

P. Vancraeyveld, J. Ryckebusch, and D. G. Ireland, Phys. Lett.
B 656, 186 (2007).

[16] L. De Cruz, T. Vrancx, P. Vancraeyveld, and J. Ryckebusch,
Phys. Rev. Lett. 108, 182002 (2012).

[17] L. De Cruz, J. Ryckebusch, T. Vrancx, and P. Vancraeyveld,
Phys. Rev. C 86, 015212 (2012).

[18] M. Guidal, J.-M. Laget, and M. Vanderhaeghen, Nucl. Phys. A
627, 645 (1997).

[19] H. Haberzettl, X.-Y. Wang, and J. He, Phys. Rev. C 92, 055503
(2015).

[20] V. Pascalutsa, Phys. Rev. D 58, 096002 (1998).

[21] T. Vrancx, L. De Cruz, J. Ryckebusch, and P. Vancraeyveld,
Phys. Rev. C 84, 045201 (2011).

[22] P. D. B. Collins, An Introduction to Regge Theory and High
Energy Physics, Cambridge Monographs on Mathematical
Physics (Cambridge University Press, Cambridge, UK, 1977).

[23] S. D. Drell and T. D. Lee, Phys. Rev. D 5, 1738 (1972).

[24] L. De Cruz, Ph.D. thesis, Ghent University, 2011.

[25] M. Guidal, J. M. Laget, and M. Vanderhaeghen, Phys. Rev. C
68, 058201(R) (2003).

[26] B. C. Hunt and D. M. Manley, Phys. Rev. C 99, 055205 (2019).

[27] B. C. Hunt and D. M. Manley, Phys. Rev. C 99, 055204 (2019).

[28] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[29] T. Mart and S. Sakinah, Phys. Rev. C 95, 045205 (2017).

[30] B. C. Hunt, Ph.D. thesis, Kent State University, 2017.

[31] F. James and M. Roos, Comput. Phys. Commun. 10, 343 (1975).

[32] H. Kamano, S. X. Nakamura, T. S. H. Lee, and T. Sato,
Phys. Rev. C 88, 035209 (2013).

[33] M. E. McCracken et al., Phys. Rev. C 81, 025201 (2010).

[34] R. Bradford et al., Phys. Rev. C 73, 035202 (2006).

[35] S. H. Shiu ef al., Phys. Rev. C 97, 015208 (2018).

[36] M. Sumihama et al., Phys. Rev. C 73, 035214 (2006).

[37] R. A. Adelseck and B. Saghai, Phys. Rev. C 42, 108 (1990).

[38] C. A. Paterson et al., Phys. Rev. C 93, 065201 (2016).

[39] K. H. Glander et al., Eur. Phys. J. A 19, 251 (2004).

[40] A. V. Sarantsev et al., Eur. Phys. J. A 25, 441 (2005).

[41] P. Bydzovsky and T. Mart, Phys. Rev. C 76, 065202 (2007).

[42] A. M. Boyarski et al., Phys. Rev. Lett. 22, 1131 (1969).

[43] B. Dey and C. A. Meyer, arXiv:1106.0479v1 [hep-ph].

[44] P. Bydzovsky and D. Skoupil, Nucl. Phys. A 914, 14 (2013).

[45] X.-Y. Wang, J. He, and H. Haberzettl, Phys. Rev. C 93, 045204
(2016).

[46] D. Ronchen et al., Eur. Phys. J. A 54, 110 (2018).

[47] A. Bleckmann et al., Z. Phys. 239, 1 (1970).

[48] C. N. Brown et al., Phys. Rev. Lett. 28, 1086 (1972).

[49] P. Markowitz and A. Acha, Int. J. Mod. Phys. E 19, 2383
(2010).

[50] J. W. McNabb et al., Phys. Rev. C 69, 042201 (2004).

[51] A. Lleres et al., Eur. Phys. J. A 31, 79 (2007).

[52] A. Lleres et al., Eur. Phys. J. A 39, 149 (2009).

[53] R. Bradford et al., Phys. Rev. C 75, 035205 (2007).

[54] P. Vancraeyveld, T. Vrancx, and L. DeCruz, http://rprmodel.
ugent.be/calc/.

[55] D. Skoupil, Ph.D. thesis, Czech Technical University
(2016).

[56] J. Landay, M. Mai, M. Doring, H. Haberzettl, and K.
Nakayama, Phys. Rev. D 99, 016001 (2019).

035202-18


https://doi.org/10.1016/j.physletb.2007.09.036
https://doi.org/10.1016/j.physletb.2007.09.036
https://doi.org/10.1016/j.physletb.2007.09.036
https://doi.org/10.1016/j.physletb.2007.09.036
https://doi.org/10.1103/PhysRevLett.108.182002
https://doi.org/10.1103/PhysRevLett.108.182002
https://doi.org/10.1103/PhysRevLett.108.182002
https://doi.org/10.1103/PhysRevLett.108.182002
https://doi.org/10.1103/PhysRevC.86.015212
https://doi.org/10.1103/PhysRevC.86.015212
https://doi.org/10.1103/PhysRevC.86.015212
https://doi.org/10.1103/PhysRevC.86.015212
https://doi.org/10.1016/S0375-9474(97)00612-X
https://doi.org/10.1016/S0375-9474(97)00612-X
https://doi.org/10.1016/S0375-9474(97)00612-X
https://doi.org/10.1016/S0375-9474(97)00612-X
https://doi.org/10.1103/PhysRevC.92.055503
https://doi.org/10.1103/PhysRevC.92.055503
https://doi.org/10.1103/PhysRevC.92.055503
https://doi.org/10.1103/PhysRevC.92.055503
https://doi.org/10.1103/PhysRevD.58.096002
https://doi.org/10.1103/PhysRevD.58.096002
https://doi.org/10.1103/PhysRevD.58.096002
https://doi.org/10.1103/PhysRevD.58.096002
https://doi.org/10.1103/PhysRevC.84.045201
https://doi.org/10.1103/PhysRevC.84.045201
https://doi.org/10.1103/PhysRevC.84.045201
https://doi.org/10.1103/PhysRevC.84.045201
https://doi.org/10.1103/PhysRevD.5.1738
https://doi.org/10.1103/PhysRevD.5.1738
https://doi.org/10.1103/PhysRevD.5.1738
https://doi.org/10.1103/PhysRevD.5.1738
https://doi.org/10.1103/PhysRevC.68.058201
https://doi.org/10.1103/PhysRevC.68.058201
https://doi.org/10.1103/PhysRevC.68.058201
https://doi.org/10.1103/PhysRevC.68.058201
https://doi.org/10.1103/PhysRevC.99.055205
https://doi.org/10.1103/PhysRevC.99.055205
https://doi.org/10.1103/PhysRevC.99.055205
https://doi.org/10.1103/PhysRevC.99.055205
https://doi.org/10.1103/PhysRevC.99.055204
https://doi.org/10.1103/PhysRevC.99.055204
https://doi.org/10.1103/PhysRevC.99.055204
https://doi.org/10.1103/PhysRevC.99.055204
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevC.95.045205
https://doi.org/10.1103/PhysRevC.95.045205
https://doi.org/10.1103/PhysRevC.95.045205
https://doi.org/10.1103/PhysRevC.95.045205
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.88.035209
https://doi.org/10.1103/PhysRevC.81.025201
https://doi.org/10.1103/PhysRevC.81.025201
https://doi.org/10.1103/PhysRevC.81.025201
https://doi.org/10.1103/PhysRevC.81.025201
https://doi.org/10.1103/PhysRevC.73.035202
https://doi.org/10.1103/PhysRevC.73.035202
https://doi.org/10.1103/PhysRevC.73.035202
https://doi.org/10.1103/PhysRevC.73.035202
https://doi.org/10.1103/PhysRevC.97.015208
https://doi.org/10.1103/PhysRevC.97.015208
https://doi.org/10.1103/PhysRevC.97.015208
https://doi.org/10.1103/PhysRevC.97.015208
https://doi.org/10.1103/PhysRevC.73.035214
https://doi.org/10.1103/PhysRevC.73.035214
https://doi.org/10.1103/PhysRevC.73.035214
https://doi.org/10.1103/PhysRevC.73.035214
https://doi.org/10.1103/PhysRevC.42.108
https://doi.org/10.1103/PhysRevC.42.108
https://doi.org/10.1103/PhysRevC.42.108
https://doi.org/10.1103/PhysRevC.42.108
https://doi.org/10.1103/PhysRevC.93.065201
https://doi.org/10.1103/PhysRevC.93.065201
https://doi.org/10.1103/PhysRevC.93.065201
https://doi.org/10.1103/PhysRevC.93.065201
https://doi.org/10.1140/epja/i2003-10119-x
https://doi.org/10.1140/epja/i2003-10119-x
https://doi.org/10.1140/epja/i2003-10119-x
https://doi.org/10.1140/epja/i2003-10119-x
https://doi.org/10.1140/epja/i2005-10121-4
https://doi.org/10.1140/epja/i2005-10121-4
https://doi.org/10.1140/epja/i2005-10121-4
https://doi.org/10.1140/epja/i2005-10121-4
https://doi.org/10.1103/PhysRevC.76.065202
https://doi.org/10.1103/PhysRevC.76.065202
https://doi.org/10.1103/PhysRevC.76.065202
https://doi.org/10.1103/PhysRevC.76.065202
https://doi.org/10.1103/PhysRevLett.22.1131
https://doi.org/10.1103/PhysRevLett.22.1131
https://doi.org/10.1103/PhysRevLett.22.1131
https://doi.org/10.1103/PhysRevLett.22.1131
http://arxiv.org/abs/arXiv:1106.0479v1
https://doi.org/10.1016/j.nuclphysa.2012.12.125
https://doi.org/10.1016/j.nuclphysa.2012.12.125
https://doi.org/10.1016/j.nuclphysa.2012.12.125
https://doi.org/10.1016/j.nuclphysa.2012.12.125
https://doi.org/10.1103/PhysRevC.93.045204
https://doi.org/10.1103/PhysRevC.93.045204
https://doi.org/10.1103/PhysRevC.93.045204
https://doi.org/10.1103/PhysRevC.93.045204
https://doi.org/10.1140/epja/i2018-12541-3
https://doi.org/10.1140/epja/i2018-12541-3
https://doi.org/10.1140/epja/i2018-12541-3
https://doi.org/10.1140/epja/i2018-12541-3
https://doi.org/10.1007/BF01408507
https://doi.org/10.1007/BF01408507
https://doi.org/10.1007/BF01408507
https://doi.org/10.1007/BF01408507
https://doi.org/10.1103/PhysRevLett.28.1086
https://doi.org/10.1103/PhysRevLett.28.1086
https://doi.org/10.1103/PhysRevLett.28.1086
https://doi.org/10.1103/PhysRevLett.28.1086
https://doi.org/10.1142/S0218301310016843
https://doi.org/10.1142/S0218301310016843
https://doi.org/10.1142/S0218301310016843
https://doi.org/10.1142/S0218301310016843
https://doi.org/10.1103/PhysRevC.69.042201
https://doi.org/10.1103/PhysRevC.69.042201
https://doi.org/10.1103/PhysRevC.69.042201
https://doi.org/10.1103/PhysRevC.69.042201
https://doi.org/10.1140/epja/i2006-10167-8
https://doi.org/10.1140/epja/i2006-10167-8
https://doi.org/10.1140/epja/i2006-10167-8
https://doi.org/10.1140/epja/i2006-10167-8
https://doi.org/10.1140/epja/i2008-10713-4
https://doi.org/10.1140/epja/i2008-10713-4
https://doi.org/10.1140/epja/i2008-10713-4
https://doi.org/10.1140/epja/i2008-10713-4
https://doi.org/10.1103/PhysRevC.75.035205
https://doi.org/10.1103/PhysRevC.75.035205
https://doi.org/10.1103/PhysRevC.75.035205
https://doi.org/10.1103/PhysRevC.75.035205
http://rprmodel.ugent.be/calc/
https://doi.org/10.1103/PhysRevD.99.016001
https://doi.org/10.1103/PhysRevD.99.016001
https://doi.org/10.1103/PhysRevD.99.016001
https://doi.org/10.1103/PhysRevD.99.016001

