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D°-meson photoproduction off the proton is studied at energies from the process threshold up to 20 GeV.
The background part of the process is modeled within the Regge model with the help of D°-meson
trajectories that are being exchanged in the ¢ channel or A -baryon trajectories exchanged in the u channel.
These contributions create cross sections which are smooth functions of energy. The introduction of
exchanges of three hidden-charm pentaquarks with spin 1/2 and 3/2 in the s channel then creates sharp
peaks in the cross section predictions. In order to account for the finite size of the particles involved, we
introduce hadron form factors. In analysis of model predictions with pseudoscalar and pseudovector
couplings in the strong vertex, the contact term was shown to play a non-negligible role. A great merit of
the proposed approach is its limited number of parameters that need to be adjusted as there are to this date
no data available for this process. Being limited by the broken SU(4) symmetry and guided by other works
that show their predictions of this process, we could adjust the parameters manually in order to provide at

least qualitative results.
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I. INTRODUCTION

Hadrons with heavy flavor provide new phenomena in
the hadron physics. Many exotic hadrons such as the X, Y,
Z states and the hidden-charm pentaquark P, have been
reported in the accelerator facilities [ 1-4]. The properties of
these states cannot be explained by the ordinary hadron
picture, baryons as three quark states and mesons as quark-
antiquark states, while they are expected to have exotic
structures, e.g., the multiquark states and hadronic mole-
cules. The heavy baryons can be good probes to investigate
the diquark degrees of freedom inside the baryons, where
the heavy baryon is interpreted as a bound state of a heavy
quark and a light diquark for single-heavy baryons, and of a
heavy diquark and a light quark for double-heavy baryons
[5-8]. The separation of the light degrees of freedom, i.e.,
the light-quark spins and orbital angular momenta, from the
heavy-quark spins results in a novel symmetry in the
heavy-quark sector, which is the heavy-quark spin sym-
metry [4,9—14]. This symmetry appears because the spin-
flip interaction of the heavy quark is suppressed by a factor
of 1/m with the heavy-quark mass m,,.

In the experimental studies, the heavy hadrons have been
investigated at various accelerator facilities [2,15] such as the
e " e collision experiments in Belle, BABAR [16] and BESIII
[17], and the heavy ion collisions in LHCb [18-27]. The
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photoproduction of the charmed hadrons was performed in
Jefferson Lab [28,29]. As a proposal, the charmed hadron
production induced by the pion beam is planned in Japan
Proton Accelerator Research Complex [30].

The P, state is one of the interesting topics in the heavy-
hadron physics which has impacted the studies of the exotic
states. The P, resonances were reported by the LHCb
Collaboration in the weak decay A, — J/wK [20-23]. The
minimal quark content of the P, states is assumed to be
ccuud, and thus it is called the hidden-charm pentaquark.
In the first observation in 2015 [20-22], LHCb reported the
twin resonances P.(4380) and P.(4450) at 4380 +£8 +
29 MeV and 4449.8 £ 1.7 £2.5 MeV, respectively. The
P.(4380) was found below the DX threshold and with
the large decay width I" = 205 + 18 4+ 86 MeV, while the
P.(4450) was below the D*Y,. threshold and with the
narrow decay widthI" = 39 £ 5 + 19 MeV. In 2019, anew
analysis with more statistical data was performed [23],
where three narrow peaks were reported as summarized in
Table 1. The two peaks were found at 4440 and 4457 MeV
and called P.(4440) and P.(4457) resonances, respec-
tively, where the P.(4450) reported in 2015 was resolved
into the two peaks. The other peak was a new one which
was found at 4312 MeV, below the DX threshold, and
called P.(4312). For the broad resonance P.(4380),
however, the data can be fitted well without the Breit-
Wigner contributions corresponding to the P.(4380) in the
new analysis. The P. resonances were also studied in the
yp — J/yp reaction by the GlueX Experiment in Hall D at
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TABLE I. Properties of the three pentaquark states assumed in
Ref. [23]. The quantum numbers of P.’s have not been
determined in experiments yet, while the total angular momentum
J and parity P shown in the table are predicted in Ref. [66].

Particle Mass [MeV] Width [MeV] JP (pred.)
Pf(4312) 43119407788 98+£275] 1/27
P;(4440) 44403 + 1374 206 £4.97% 3/2°
Pr(4457) 44573 +0.61H  64+£20% 1/2°

Jefferson Lab [28]. However, no clear contributions from
the P, states were found. In the theoretical studies, there
have been many works of the hidden-charm pentaquarks as
the compact states, hadronic molecules, kinematical effects,
etc. [31-67]. The contributions from the P, states in the
cross sections have also been discussed for the photo-
production [68-74], the electroproduction [75], and the
reactions induced by pion beams [76-79].

The interesting phenomena show up in the heavy-quark
sector, which have not appeared in the light-quark sectors.
However, we do not achieve to understand the properties of
the heavy baryons which are the hadron structures as well
as the quantum numbers such as the spin and parity. Further
experimental and theoretical studies are necessary to study
nature of the heavy hadrons.

In this paper, we study the photoproduction cross section
of the yp — D°A} reaction, where the contributions of the
hidden-charm pentaquarks P} (4312), P/ (4440), and
P} (4457) are included as the intermediate states of the
reaction. The photoproduction experiments provide further
results for the properties of charmed hadrons including the
P, states explored in the LHCb experiment. Since the
photoproduction process with the intermediate exotic states
does not satisfy the condition of anomalous triangle
singularity [70], the experiment can be utilized as a tool
for investigating exotic states. We use the masses and decay
widths of P} (4312), P}(4440), and P} (4457) given by
LHCb [23] summarized in Table 1. The spin (J) and parity
(P) are not determined in experiments yet. In Ref. [66], the
P. states were studied as the hadronic molecules of
DWA, — DWEL, where the one-pion exchange potential
as the long-range force, and the coupling to the five-quark
states working as the short-range force were employed. The
JP is assigned as 1/2~ for P} (4312), 3/2~ for P} (4440),
and 1/2~ for P (4457) in [66], where the same assignment
was also given in [59]. Assuming the P, states as the

hadronic molecules of D®A, —D®OEY these states
strongly couple to open-charm channels such as DA,

and D(*>Z£*> rather than hidden-charm ones such as J/yp,
because the coupling between the P. and hidden-charm
states is induced by exchanges of the charmed hadrons (or
the charm quark) having large masses.

The framework which we employ in this paper for
studying photoproduction of D°A} was previously used

for analyzing photoproduction of KA [80] where it led to
a good agreement with experimental data. As the process of
DP A photoproduction off proton is analogous to the K+ A
photoproduction off proton, we can employ the same
techniques here as well. This method is called the
Regge-plus-resonance model, originally constructed by a
group at Ghent University [81], and allows to describe the
photoproduction process in the threshold region as well as
at higher energies. The Regge part of the amplitude, which
is a smooth function of energy, creates the background in
the threshold region and constitutes the whole prediction
above this region. On top of this background, we add a few
pentaquark exchanges which create a peak structure above
the threshold. An essential merit of the Regge-plus-
resonance approach is its small number of free parameters.

In our framework, the yDDP coupling is introduced in
the exchange of D’-meson trajectory in the ¢ channel. In
naive expectations, the photon does not couple to neutral
mesons. However, the open-flavor structure of the D°
meson composed of ¢ and u quarks yields the nonzero
yD°DP coupling as long as the flavor SU(4) symmetry is
broken, while the yD°D° coupling vanishes in the flavor
SU(4) limit. We derive the effective yD°D coupling by
introducing the vector meson dominance (VMD) [82,83],
where the photon couples to the D mesons via the neutral
vector-meson propagator.

This paper is organized as follows. In Sec. II, we present
various models which give us hints on the values of the
couplings in the strong vertex and we show the course of
the calculation together with the method used in the current
study, i.e., the Regge-plus-resonance model. In Sec. III, the
results are shown and discussed with emphasis on the type
of coupling in the strong vertex and values of coupling
constants. Finally, Sec. IV concludes this paper. Details on
effective couplings of a photon and D mesons are given in
the Appendix A.

II. METHODOLOGY

Most of the knowledge on the DN interaction comes
from calculations using hadronic Lagrangians motivated by
SU(4) extensions of light-flavor chiral Lagrangians and
heavy-quark symmetry. Otherwise, there is no experimental
information on the DN interaction currently available
(situation may change with the PANDA @FAIR experiment
84]]). For the strong coupling constant gp,+ y, we could use
the SU(4) flavor symmetry as a reasonable first approxi-
mation and relate this coupling constant to other couplings
in the light-flavor sector,

3 - 2aD
IDAIN = JKAN = — NG

9zNN>» ( 1)

where ¢2yy/47 =144 and ap = 0.644. The relation
between ggay and g,yy is taken from Ref. [85]. This gives
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us gpa:n/V4r = =3.75 and when we assume the SU(4)
flavor symmetry being broken at the level of 20%, we get

Besides employing the SU(4) symmetry, one can use
QCD sum rules (QCDSR) and obtains values which are
quite different, i.e.,

The coupling constant for the D*)AF N vertex, gy -+ N>
has been investigated by using various methods. These
values are unfortunately not consistent with each other, as
summarized in Table II. The coupling constants gp,+y and
gpary in Table II are defined as

(A(P)ID(q)N(p)) = gparniia, (P )ivsun(p).  (2)

(Ac(PID*(@)N(p)) = it (P") (g poE " 7

+ igD*A+N ;41/8 q ) (p) (3)

We note that the definitions of the coupling constant are
different in references.

We can again employ the SU(4) symmetry and relate this
coupling to the known coupling g,yy =3.25, i.e., gp-p+ny =
—ﬁgpNN = —5.63. Assuming the SU(4) flavor violation,
we get an interval

When using the QCD sum rules, we obtain for this coupling
an approximate value gp-p+y ~ —7.5.

According to Ref. [86], the gp,+y must be larger than
9D AN

The calculation procedure used in this paper is analogous
to the one recently used in the K™A photoproduction
study [92] as it is easily applicable for photoproduction of
various pseudoscalar mesons. The invariant amplitude of
the process

TABLE II.

r(k) + p(p) = D°(pp) + Al (pa),

where the corresponding four-momenta are shown in the
parentheses and the four-momenta of the intermediate
particles are denoted by ¢, can be decomposed into
the linear combination of six covariant gauge-invariant
contributions

6
M = ZA, (K, s, t,u)a(py)ysMu(p), (4)

J=1

where M are explicitly gauge-invariant operators

My = (k- #K)/2. (5a)
M, =p-e—k-pk-e/i, (5b)
My =pp-e—k-prk-e/k2, (5¢)
My=gk-p—fp-e, (5d)
Ms =dk-pr—Kpa-e (Se)

— fk - & — 4K, (5f)

and ¢, is the polarization vector of the photon. The scalar
amplitudes A j(kz, s, t,u) contain contributions from all of
the considered Feynman diagrams. The expressions of A;
amplitudes for various particle exchanges are shown in
subsequent sections.

We note that the formalism shown here is given as the
general one which can be applied to the production both
with the virtual and real photons corresponding to the
electroproduction and photoproduction, respectively. The
photoproduction can be viewed as a special case of
the electroproduction when the incoming photon is on

its mass shell and thus the terms k> and & - £ vanish. The
decomposition of the amplitude to the invariant operators
M, used in our work is not unique as there can be found
other bases in the literature, e.g., in Ref. [93]. The basis
of ours and of Ref. [93] is equivalent and there also

Summary of the coupling constants g+ obtained by using various methods: SU(4) symmetry,

QCDSR, light-cone QCD sum rules (LCQCDSR), and quark model. For the gp,+y coupling, we use the convention

of Eq. (1).
Method IDAIN 9D AN Reference
SU4) -13.2 (4.3, 6.07 GeV™) [86]
QCDSR —6.74 £2.12 [87]
-7.94+09 -75+ 1.1 [88]
—-4.82+1.44 [89]
LCQCDSR -12.31533 (—6.9135. 1. 3f8§97 Gev!) [90]
Quark model (—16.95,-13.56) . [91]
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exists a transformation matrix between them. For instance,
another basis for the invariant operators can be found in
Refs. [94-96]. In Appendix B, we show the transformation
between our basis and the basis of Levy et al. [95,96].

Further on, we use a representation of the Lorentz-
invariant matrix element (4) in terms of the two-component
spinor Chew, Goldberger, Low, and Nambu (CGLN)
amplitudes [97,98]. In the c.m. frame, the Lorentz-invariant
matrix element (4) can be rewritten as

J]Meﬂ :)(X‘Fﬂfp’ (6)

where y, and y, are the Pauli spinors of the proton and A/
baryon and

F=f6-8—ifs6-ppo- (kx7)

+f36 -k

»

p €+ fa0-pppp €

E+ 5 ppk- & (7)

=D
~p S

+ f56 -

Here k = I?/|I:| pp = DPp/|Ppl, ¢ are the Pauli matrices,
and € is the spatial component of the photon polarization
vector. The CGLN amplitudes f;(k?, s, t,u) are expressed
via the scalar amplitudes A},

J1 =N [=(W=m,) A + k- pAs+ k- prAs — k> Ag],

(8a)
= N [Kl17o| (W +m,) A+ k- pA,
(Ej +mp)(E), +m))
Lk pads — A, (80)
f :—N*MM + (W + m,) As] (8¢)
3 E;+mp 3 pJ/vsh
7 :N*M[A — (W = m,)As] (8d)
4 Ei + my 3 p/vsL
. JRP Lo
fs =N g [ = @l + kPl + k- prAl
— (W m,) (A + Aﬁ)] : (8e)
E;|k||7p| { k- pa
— N* 14 _
Je =N B ma) (B +my) (1 T T
(E, +m,) 2
W[(k +k-p)A;
+kepads] - (W+mp)«46}’ (89)

where W = /s, and E}, (my), E} (my), E}, (mp), and E
are the c.m. energies (masses) of the proton, charmed
baryon, D meson, and photon, respectively. The normali-
zation factor reads

: ©)

dmam

N \/(Ez + mp)(Ej +m,)
P

With help of the CGLN amplitudes, the differential
cross section of the D°-meson photoproduction can be
calculated as

do
190 CRe{|f1|2 + /2 = 2f1f3 cos O

1
+ sin%6), [§(|f3|2 +1f4?) + f1fi

+f2f§+f3f200590}}’ (10)
where the normalization factor C reads
C:(hc)zimA|pD| (11)

4z |k|w
with the fine-structure constant @ ~ 1/137.

A. The Regge model

The Regge model provides us with an economical (fewer
coupling constants needed to introduce) and elegant way to
describe the photoproduction of mesons at high energies.
Recently, this kind of approach has been quite successfully
used to describe, with addition of several nucleon resonan-
ces in the s-channel, the photoproduction of K*A on the
proton [80]. Analyticity of the scattering amplitude is builtin
these models. The exchange of meson trajectories (in the ¢
channel) or baryon trajectories (in the u# channel) ensures
unitarity and describes the behavior of the amplitudes far
from the poles. A striking feature is that these models exhibit
the right energy and momentum dependence.

What is more, the Regge exchanges when extrapolated to
the low-energy region provide us with smooth functions
which are ideal to parametrize the background. However,
one has to proceed with caution when adding the reso-
nances to the Regge amplitude, which we do in our
approach, as this can lead to double counting of the poles.
The so-called duality hypothesis simply states that the sum
of all contributing s-channel resonances equals the sum of
all the #- and u-channel trajectory exchanges. In practice,
however, one does not include all s-channel exchanges
together with all the trajectory exchanges in ¢ or u channels.
The standard technique is composed of defining a limited
number of dominant resonant states which replenish the
phenomenological background. Nevertheless, the amount

074009-4



PHOTOPRODUCTION OF DA ...

PHYS. REV. D 102, 074009 (2020)

of contributions added on top of the Regge amplitude
should be limited to a strict minimum [85,99].

The amplitude for the exchange of a linear meson or
baryon trajectory in the ¢ or u channel, respectively,

ax(x) = ax o + ay(x — mg), (12)

where x equals 7 or u and my, ay o, &y are mass, spin of the
lightest particle X of the given trajectory, and the incline of
the trajectory, respectively, can be written with help of the
standard Feynman amplitude interchanging the Feynman
propagator for the Regge one,

1
x—mk = Phegge(@x(¥))- (13)

The Regge amplitude then reads

MRegge = ﬂX,P{{(egge(aX (x))’ (14)

where By is the residuum of the Feynman amplitude in
the given pole, since in the vicinity of the #-channel or
u-channel pole the Regge amplitude should coincide with
the Feynman amplitude for the exchange of the given pole.
We thus keep the vertex structure given by the Feynman
diagrams, which correspond to the first materialization, i.e.,
the lightest particle, of the trajectory.
Generally, the Regge propagator reads

_ () ga 14 Lemiruly)
PEEL (g x) = s
Regge 5+ ) 5o sin[zay (x)] 2

1
Pl () + 1] )
where the exponential scale factor reduces the Regge
contribution for s > s, for negative physical values of t.
The scale parameter s is chosen as s, = 1 GeV>.

When we derive the Regge propagator, we have to
differentiate 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. Therefore, we have to sum over this factor 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 complex factor of exp(—iza(x)). In
studies of the K™ photoproduction, the rotating phase has
been preferred because the constant phase inducing a real
amplitude leads to the hyperon polarization asymmetry
being zero, which disagrees with the experimental data
[85,99]. The rotating phase in the K™ photoproduction was
also derived in Refs. [100,101], where the duality diagram
in the K photoproduction was introduced by assuming the
vector meson dominance. As the contributions of the

meson and A} exchanges are rather weak in DCA}
photoproduction, the choice of constant or rotating phase
is not decisive for the background shape. In this work, we
use the rotating phase of the propagator, once the exper-
imental data on the charmed-baryon polarization asymme-
try in the D° photoproduction become available, we can
check if our choice of the rotating phase in the propagator
agrees with observations.

1. D°-meson trajectory exchange in the t channel

In case of the D°(1864) pseudoscalar meson being
exchanged in the ¢ channel, shown in Fig. 1(b), the
amplitude has the form

M = 7(pa)Vs/ (1) oo VS (R)u(p). (16)

where f,(7) is the hadron form factor and V is the strong
vertex factor. In the strong vertex, we can consider either a
pseudoscalar coupling or a pseudovector one; for corre-
sponding vertex factor formulas, see Eqs. (22) and (23).
The electromagnetic vertex factor VEM reads

VEM = —jcmode) (2 p ), — k), (17)

where the C(™4¢]) 5 a constant which reflects what model
we use to describe the yD°D° vertex. Derivation of this
vertex factor is given in Appendix A. This amplitude in the
compact form, Eq. (4), reads

Mpo = #(pa)ysfi(t) {AzMz + A3 M;

k-e
e ) (18)

There are only two nonzero scalar amplitudes for both
pseudoscalar and pseudovector cases,

Ay = —A; = 2C(mode) IDAN (19)
D

and the third term in Eq. (18) is the term which breaks the
gauge invariance. We deal with this issue in Sec. II B.

In our analysis of DYA} photoproduction, we identify
the D°(1864) pseudoscalar-meson trajectory as the dom-
inant contribution to the high-energy amplitude. We have
also considered introducing the D*(2007) vector-meson
trajectory but soon we revealed that its contribution was
negligible and we, thus, decided to omit it. The corre-
sponding propagator for the D°(1864) trajectory has the
following form:
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(1864 B (S/So)an(t) 7[(1/
Pchgc ( ’ ) - Sin[ﬂ'aD([)] F[l +(5D(t)}

x exp|—inap(1)]. (20)

The interpretation of the Regge propagator effectively
incorporating the exchange of all members of an ap(7)
trajectory can be easily seen from the definition of the
propagator. There are poles at non negative integer values
of ap(t), which correspond to the zeroes of the sine
function but which are not compensated by the poles of
the I function. In the physical region of the process under
study (with ¢ < 0), these poles cannot be reached.

The trajectory equation for the D°(1864) pseudoscalar
meson reads

ap(t) = 0.73(1 — m3). (21)

2. A -baryon trajectory exchange in the u channel

AF AF

Fre(0) =1, Fy(0) = Kafs (25)
where k,+ is the anomalous magnetic moment of the A/
baryon. Its determination belongs to the actual topics in
physics, and various models [102] give results in the range

kpr = (0.34 — 0.43)uy.

In this work, we take k,+ = 0.4py.
The Born u-channel amplitude reads

Mp/A k""mA

My: = @(pa)Vy Vsfu(w)e(ku(p). (26)

It can be decomposed into electric (~y,) and magnetic
(~0,,k") parts according to the terms in the electromagnetic
vertex factor. Opting for the pseudoscalar coupling in the
strong vertex, once we cast this amplitude into the compact
form

In the case a A/ baryon is being exchanged in the u PS egparN
channel, shown Fig. 1(c), the strong (in the pseudoscalar Mm T U2 w(pA)ysfu(u) | =M —2M;
and pseudovector couplings, respectively) and electromag- A
netic vertex factors, respectively, read + (- m%\ ) k_zg] u(p)
k
VES = gpasnTss (22) _ C9DAIN Kay
: B —[-2ms M
" w—mz i(pa)ysfuu) mA[ maMy
— /
VY = =Gori D 1urs (23) — 4Ms = 2MJu(p), (27)
+ AN (2 we recognize the scalar amplitudes A;,i = 1,...,6 which
VEM — o 2y, 4 ie 2 ) e gy e (08 P
2mA
where ¢ = /(my +m)) — 1 d €IDAIN K/\:T
gDAjN = GpAIN/ A T My ), Oy =3 [7/47 7»]’ an A= u— 2 fu( ) 7| (283)
DF is a four-momentum corresponding to the D°-meson A
field coming out of the strong vertex. In the s and u A — €YD N EIDAN ¢ (), (28b)
channels, there is D* = p4, while in the 7 channel we 3 u - % "
have D = (p — pp)*. egpns P
At the photoproductlon point (k> = 0), the Dirac F As = LL‘ZN Fulu) A — 2 A, (28¢)
and Pauli form factors F5* acquire values REUSS A
0
0 + (k) Dien) ) AF ()
D L
(pp) v
D°(g)!

p(p) At (pa)

(a) (b)

FIG. 1.

p(p) A¥(pa)

(©) (d)

Feynman diagrams of the contributions to the p(y, D°)A{. The background part is modeled by assuming either the exchange

of a D%-meson trajectory in the ¢ channel, where the photon couples to the D°-meson with help of intermediary vector meson (b), or a
A/ -baryon trajectory in the u channel (c). In order to restore the gauge invariance, we add the contact term (d) and the proton exchange
(a). On top of the background, there are s-channel exchanges of pentaquarks (a).
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When we use the pseudovector coupling in the strong vertex, the invariant amplitude, split into the electric and magnetic

terms, reads

eq. ..
MY = =22 i(pa)rsfulu) [—m +my) M,
: u—m3
k-pa o ke
= 2(my +m,)M; + 2= M+ (u— mA)?(mp +mp + )| u(p)
eIparn Kaz 2
Tz m2 w(pa)ysfu(u) dm,, [(u = m3 +dmpmp) My +4(mp + m,)Ms + 2(my + m,) Melu(p). (29)

The extracted scalar amplitudes have the form

egl AT K'A+
-Al = ufn;gfu(u) mu +mp +4mfA (“_mg\+4mAmp) 5
(30a)
e +
Ay = 2PN £ ), (300)
u—my
€dDAIN Kat
A = < fu <. 30
= ) (30¢)
€gpArN 1 k- pa Kpt
= 2 1-2 <.
As u—m%fu(M) {m/\—l—mp ( K? +2mA
(30d)

Moreover, we can clearly see the gauge breaking term,
~k - &/k?, in the electric part of the amplitude. This term,
however, needs to be canceled in the total amplitude, which
is done with help of the s-channel proton exchange and the
contact current.

Since the first materialization of the A trajectory carries
spin, ay o in Eq. (12) takes on the value of the spin. In this
case, thus ay o = 1/2. The trajectory equation for the A}
baryon reads

ap(u) =0.540.65(u —m3). (31)

The effect of spin can be implemented into the Regge
propagator, Eq. (15), in a simple way by making the
replacement ay — ay — ax . This substitution guarantees
that the Regge amplitude matches the corresponding
Feynman one at the pole of the first materialization where
ay = ay . The corresponding propagator for the A/ (2286)
trajectory has the following form:

AF(2286) - (5/s9)"00)=1/2 na,
Pregge  (5:4) = sin[z(ay(u) —1/2)]T[1/2 +Aa,\(u)}
x exp[—irz(ay(u) — 1/2)]. (32)

B. Gauge-invariance restoration

The gauge invariance or electromagnetic current con-
servation is a fundamental requirement which any physical
theory should fulfil. In the process under study in this
paper, the pseudoscalar-meson exchange in the ¢ channel
and the AJ-baryon exchange in the u channel explicitly
break the gauge invariance [see Egs. (18), (27), and (29)].

There are generally two methods to restore gauge invari-
ance. A very often used prescription for the gauge-invariance
restoration in the Regge model is the Guidal-Laget-
Vanderhaeghen method [103]. In this method, in order to
restore the gauge invariance broken by the ¢-channel
exchange, the authors add the electric part of the s-channel
Born diagram to the r-channel exchanges of the Regge
trajectories. The gauge noninvariant terms coming from both
s-channel and r-channel diagrams then compensate each
other so that the total amplitude becomes gauge invariant.
Although this framework provides a reliable data description,
recent criticism revealed that it is not substantiated in any
approximation of the field theory [104]. An introduction of
the contact term in order to tame the gauge noninvariant
contributions of the ¢ channel meson-trajectory exchange
was proposed [104]. We follow this prescription and intro-
duce the contact term in both 7-channel and u-channel
trajectory exchanges. What is more, in order to cancel the
gauge breaking terms coming from the u#-channel exchanges,
we need to introduce also the s-channel proton exchange.

1. D°-meson trajectory exchange in the t channel

When we consider the Reggeization of the z-channel
exchanges of the D°-meson trajectory, we have to introduce
a contact term in order to tame the gauge noninvariant
contributions stemming from the #-channel amplitude.
The contact term has to fulfil the four-divergence
condition [104],

kMi = OpF, + Qp: Fu = F,0,. (33)
where Q, = C(M°%) i5 a constant associated to the strength

of the yDD effective Lagrangian (see Appendix A for more
details), Q5+ = Q, = e are charges associated to the AF
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baryon and proton, respectively, and F,, x = s, ¢, u, denote
the vertex factors in the s, ¢, and u channels, respectively.
The minimal contact term reads

M = mbf, (1) + VsCH, (34)
where the first term is the so-called Kroll-Ruderman-type
bare contact current m’ resulting from an elementary four-
point Lagrangian multiplied by the hadron form factor in
the 7 channel, and the other term is an auxiliary current C*
multiplied by the strong vertex factor V. When we put all
hadron form factors to unity, the contact term is determined
by the first term only, i.e., Ml = mf. Inserting the above
mentioned values for Q’s and the pseudoscalar coupling in
the strong vertex, when F, = F, = F; = gpa+y7s, into the

four-divergence condition, Eq. (33), we get

Ktk

k;tMlilnt = kﬂmC = C<m0del)gDAjN75 7’4 (35)

Contracting m/ with the photon polarization vector e, (k)
and introducing the hadron form factor f,(¢) gives us
precisely the term which we need to cancel the gauge-
violating term in the z-channel amplitude, Eq. (18), i.e.,

k-e

mite, (k) f.(t) = C(mOdel)gDAijt(t)yS?

(36)

When we opt for the pseudovector coupling in the
strong vertex, we can proceed in a completely analogous
way. We just need to keep in mind that the strong vertex
coupling in this case varies in various channels as it
involves the four-momentum of a D°-meson field going
out of the strong vertex; see Eq. (23). Therefore, F, =

_g/D/\;rN<?_ﬂA)y5 and F,=F,= _g/D/\({rNﬂDyS’ where
Gpoarny = 9parn/(ma +m,,). The contraction of mf with

the photon polarization vector e,(k) multiplied by the
hadron form factor f,(¢) gives

k-
mice, (k)f,(1) = —C(mOdel)g/DA;Nfz(f)(ﬂ— VINIZ k—zg

(37)

Once we sandwich this expression by the Dirac bispinors of
the A} and proton from the left and right, respectively, and
employ the Dirac equation, we end up with the same
expression that we encountered in the case with the
pseudoscalar coupling, i.e., Eq. (36).

Using only the first term in the minimal contact current,
Eq. (34), is thus sufficient to restore the gauge invariance of
the amplitude. Interestingly, the contact term serves only to
cancel the gauge-violating term in Eq. (18) and it does not
contribute to scalar amplitudes A;.

2. A} -baryon trajectory exchange in the u channel
In case we consider the Reggeization of the u-channel
Al exchanges, the total amplitude reads

MH = MY + MYy + M2

mnt’

(38)

where MY is the amplitude of either an s-channel (x = s) or
a wu-channel (x = u) exchange and M{ is the contact

current which can be written in the form

M- = ml f,(u) + VsCP. (39)

nt

When we consider the A/ -baryon trajectory exchange in
the u channel and do not assume the vector meson
dominance in the ¢ channel [in which case Qp =0 in
Eq. (33)], the gauge-violating terms come only from the u
and s channels. The Kroll-Ruderman—type bare contact
current m. therefore needs to satisfy the condition

kﬂmlg = QA:TFu - Fst' (40)

The four-divergence vanishes since O + = Q, = e and
both u-channel and s-channel vertex factors coincide, i.e.,
F,=F,= Vgs, in the pseudoscalar coupling. Therefore,
ml = 0. The contact current is thus determined by the
second term in Eq. (39) only. The auxiliary current C¥ is
given by

u_l S_l
CH = —e (ZPA—k)”f zfs+(2p+k)"f 7 ful-
u—mA s—m,,

(41)

With help of this knowledge on the shape of the contact
current, we can recast it into the compact form in order to
extract its contributions. When we employ the pseudoscalar
coupling in the strong vertex, we get
MES = 2(pp) VS Cre, (K)u(p)

mnt

= —egDAjNﬁ(PA)}’s{ {2/\43 = (u=m3) %]
SCOREYNS
+ [0 5= S| Ly )
,, (42)

The contact term contributions to the scalar amplitudes read

-1
A, = —2egpprn %fu(u)7 (43a)
P
-1
Az = —26901\(%1\/%]0.:(@- (43b)
A
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It can be easily shown that the Kroll-Ruderman bare
contact current mf vanishes also with the pseudovector
coupling. It is sufficient to realize that the pseudovector
strong vertex factors F, and F in Eq. (40) coincide, i.e.,

F,=F,= —g’D AFN Ppvs, as well as the charges associated
to the A/ baryon and proton, Q,+ = Q, = e, respectively.

The contact current contribution is thus given solely by
the auxiliary current C* and reads

Miy = #(pa) Vs Cre, (k)u(p)
— a(pa)VESCre, (K)u(p)
- edpentlpast{ Roa- o=k P, +[2P'8+k'€}ﬂ—_12fu}u(1?)
c u—my s—m
—e u( 2( My =2M 1- K pa Mg — (u— Juml
DASN PA%{[ my +m,) 5+< ) 6 — (u—m3)(my +m, +k) ]u—m%fs
+ {2(mA+m,,)M2—2M4—zk];—2pM6+(s—m )(mA+m,,+k)kkﬂ fs = 2fu} (p). (44)

In the pseudovector coupling, the contact term contri-
butions, beyond the contributions of Eq. (43), read

f

A4 = 269’ A*N 2 fw (453)

f

A5 = 2€gIDA+N 2 fS’ (45b)

k'pfs_l kp/\ fu
A6:eDA?N 27s—m%f"_<1 k? >u m%"*
(45¢)

The Reggeization of the u-channel and contact-current
contributions corresponds to substituting the Regge rezid-
ual function F, (u) = (u — m3) PRegqe for the usual hadron

form factor f,(u) in all the expressions above.

In order to restore the gauge invariance in the u channel,
we add not only the contact current but also a proton
exchange in the s channel. The strong vertex functions are
the same as shown above in Egs. (22) and (23) and the
electromagnetic vertex function reads

1—FP(k?) CFS(RY)
VEM = ¢ F7 (K*)y, + e K-kt lem";wk :
(46)

where FY(k*) and F5(k®) are standard electromagnetic
proton form factors for which at the photoproduction point
holds F7(0) = 1 and F}(0) = k,,, where ,, is the anoma-
lous proton magnetic moment.

The invariant amplitude of the proton exchange reads

M, = a(pa)Vsfi(s >ﬂ?k+ EVMe (k)u(p) - (47)

P

and, similarly to the u-channel case, it can be divided into
the electric and magnetic parts, each corresponding to the
appropriate term in the electromagnetic vertex factor. We
choose the pseudoscalar coupling in the strong vertex and
cast the amplitude into the compact form,

M;> = ing T (pa)rsfs(s )[/\/ll +2M,
P
k-
s - mi)kﬂ u(p)
ng > (pA)75fs(s> P [~4m,M,
N P p
— My + 2Melu(p). (48)

We can then extract the scalar amplitudes

edppa+
A= T LK) (492)
69
Ay =225 1(6), (49b)
€IpASN _
./44 = G 2 s( )m—p = 2“46 (49C)

When we use the pseudovector coupling in the strong
vertex, the amplitude takes the form
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MEY — ai(pa)rs gN (s )[(m/\+mp)(/\/ll+2/\/lz)

— (1 +2k- p/kz)/\/lé

= m3)mn -+ mp 05 utr)

eqdpns
+a(pa)rs D“Jf() (k- p+ KM,
S — mp

+2(mp + mp)M4 — (mp +m,)Mgtu(p), (50)

where g/DA:TN = gDA:TN/(m/\ + mp)‘
The scalar amplitudes read

€IDAN K
A, = I
1 §— 2 s( ) 2mp(m/\+mp)

(s—m2)|, (51a)

A, = 2590 ’; (), (51b)

(51d)

In both pseudoscalar and pseudovector cases, the gauge-
breaking terms come from the electric part of the inter-
action, while the magnetic part is gauge invariant.

From this treatise, we can clearly see that the gauge-
breaking terms in both s and u channels are wiped out and
the total amplitude is gauge invariant.

C. Pentaquark exchanges

On top of the Regge background, we add the pentaquark
exchanges in the s channel, as shown in Fig. 1(a), with the
standard Feynman propagators and the resonance finite
lifetime which is taken into account through the substitution

2 2
§s—mp —s—mp +impLp

in the propagator denominator where the mp_and I'p_are the
mass and width of the propagating pentaquark state, respec-
tively. There are three pentaquark states that we take into
account, two with spin 1/2 and one with spin 3/2. Table I
summarizes their properties.

1. Spin-1/2 pentaquark exchange

The amplitude for this contribution has the form

_ 4+ mp,
M = I -
P.(1/2) lu(pA)gDACPC}/S fs(s) 5 _ m%c + imPCFP(
ok g Te, (k 52
me +mPcG ’ €ﬂ< )u(p)’ ( )

where p,p is a transition magnetic moment [97]. As both
spin-1/2 pentaquark states are of negative parity, the factor
I" takes the form of y5. In this case, the scalar amplitudes are

mp —m

A = P G, 53
- m%ﬁ + imp I'p, (532)
Ay = 2 G (53b)
YT s - mp +imp Tp
1
A6 == —§A4, (53C)
where
ﬂpP,
G= —_— 54
9DAP, m, + mp. ( )

is the coupling parameter.

2. Spin-3/2 pentaquark exchange

The amplitude of the spin-3/2 pentaquark exchange
reads

if

Mp,(3/2) = u(pa)T’ . €uip?sV a* DI s(s)

mprm
g+ mp, R
S — m%c + imPCFPC 3
1

mp (mp_+m,

— 979" F 7" )Tysu(p), (55)

) (919°F op + 924F pay®

where F,, = k,e, — €,k,, g, and g, are the electromagnetic
coupling constants, and f is the strong coupling constant.
As the P.(4440) pentaquark has negative parity, the factor
I" equals y5. Casting the amplitude to the compact form (4),
the extracted individual scalar amplitudes A; read

G G,
A’1=—7'(q pa=mpma)q-k+=

+2smymp+mp mpaq-k—2smp my

2(25q- pa—3sk-pa

—2mymp q-pr+2q-prq-k), (56a)
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1 1
A/2 = Gl |:Sk‘p/\ —l—mpt_mpk-p,\ —§Q'p/\k2 +§mp(.m/\k2:|

1 2
+G, [—2sk-pA+—mAmPCk2+—k2q~p,\}, (56b)

3 3

Ay =Gy (=mp m, —5)q-k+ Gy(2q -k — k?)s, (56¢)
A = Gy =L omp+2(m, +mp)q-

4=~ Y173 A 3 \p P )4 " PA
1
—gmAmme[ —mpck' PA

1 2

-G, —smAJrgmAmpmchrgm,,q-pA ,  (56d)

A5 = Gymp q-k+ Gy(=mp_+m,)s, (56¢)

1
Ay =G, [gmAmmeL. +mp k- py

1 1
+§mAS_§Q'pA(mp +mp,)

1 2
o[ s+ Smammy + 24 paomy =)

3 3 3
(56f)
where the coupling parameters G; and G, read
Jfo

G =——"_ 57
! 16m7,m} (57a)
G, = —%. (57b)

32mpm,

Each amplitude A},i = 1, ..., 6, has to be multiplied by

1°

the propagator denominator

Ai_ !

= 5 .
s —mp +imp I'p,

AL (58)

II1. DISCUSSION OF RESULTS

In this section, we present our new model for the DYA}
photoproduction off proton and show its predictions of the
differential cross sections for energies from the threshold
E = 8.67 GeV up to 20 GeV. In our model, there are a
few unknown parameters. Spin-1/2 and spin-3/2 penta-
quark exchanges introduce one and two free parameters,
respectively, and there is one more free parameter, gp,+y,
which governs the trajectory behavior. For this parameter,
however, we can get some hint from several distinctive
approaches; either from the SU(4) symmetry, the QCD
sum rules or the quark model as shown in Table II.

Unfortunately, these approaches give us values which are
not in accordance with each other.

Since the particles we deal with are not pointlike, we
introduce also the hadron form factors, one for the back-
ground and one for the pentaquark exchanges, in order to
take the extended structure of the exchanged particles into
account. Each hadron form factor introduces one param-
eter, the cutoff parameter A. As there are currently no data
available, we had to choose these parameters by hand. We
let the values of the cutoff parameters vary from 4 to 5 GeV
so as to illustrate their effects on the predictions. In other
works, typical values in the KA photoproduction are
between 1 and 3 GeV, and a recent study [73] on DA
used A = 0.55 GeV. Let us point out that the cutoff value
depends not only on the process under study and particles
involved therein but also on the choice of the hadron form
factor; we know that the accurate selection of the appro-
priate hadron form factor is a troubling issue, e.g., in the
K A photoproduction. In a recent study of that reaction, it
was revealed that the optimal hadron form factor should
have the multidipole shape as it depends on the particle’s
spin and thus gets stronger for higher-spin particles and
suppresses their contributions more. In the current study,
we opt for a dipole form factor

4
Fq(A) = (x_rnlz\)z_’_[\zw (59)

where A, x = s, t, u, and m are the cutoff parameter, the
Mandelstam variable, and the mass of the exchanged
particle, respectively. The reason for preferring this form
factor to the other ones is that in the D°A; production we
take into account only one pentaquark with spin 3/2. The
remaining two pentaquarks are of spin 1/2, for which the
multidipole form factor would reduce to a standard dipole
one. The role of the hadron form factor lies also in
suppressing contributions of the trajectories, which tend
to rise with increasing energy.

In the strong vertex, we can choose between a pseudo-
scalar or a pseudovector coupling. This choice affects not
only the shape of the cross section but also slightly changes
its magnitude. The exchanges of Regge trajectories in the
t or u channels produce cross sections which are smooth
functions of energy. The exchange of the t-channel tra-
jectory leads to the cross section which is focused in the
forward hemisphere and peaked at around 83™ = 30° and
which smoothly falls to zero at backward angles. The mere
Regge-trajectory exchange is strongly suppressed by the
factor s?2() in the Regge propagator, Eq. (20), as the
Mandelstam variable ¢ occurring in the Regge trajectory,
Eq. (21), acquires large negative values (more pronounced
at backward angles). In case of r-channel Reggeization,
the choice of the type of coupling in the strong vertex
does not affect the behavior of the contribution. We observe
forward peaking of the r-channel D’-meson exchange
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which acquires its maximum at around 3™ = 20° and then
sharply decreases with the growing angle 6%™. On the
contrary, when we consider the u-channel trajectory with
exchanges of A baryons, we observe a significant change
between using the pseudoscalar and pseudovector cou-
plings and in both cases we obtain nonzero cross sections at
backward angles. In case of the pseudoscalar coupling in
the strong vertex, the background contribution is peaked at
backward angles (see Fig. 2) while when we use the
pseudovector coupling in the strong vertex, the background
produces a peak at forward angles (see Fig. 3). In both
cases, the u-channel trajectory exchange produces peaks at
large O™ angles, but we observe a strong contribution of
the proton exchange at forward angles in the pseudovector
coupling which plays a decisive role in shaping the cross
section. A striking feature of the u-channel background is
the magnitude of its cross section prediction which is a few

do/dQ [ub/sr]

FIG. 2. Cross section as modeled by the Reggeized u-channel
A -meson exchange with the pseudoscalar coupling in the strong
vertex. Calculated with gp+y/ V4z = —3.75 and with no hadron
form factor assumed.
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FIG. 3. Cross section as modeled by the Reggeized u-channel
A} -meson exchange with the pseudovector coupling in the strong
vertex. Calculated with gy / V4x = —3.75 and with no hadron
form factor assumed.

orders of magnitude larger in comparison with the
t-channel background even though all of these contribu-
tions are calculated with the same value of the coupling
constant gp,+y- The large background contribution in the u
channel is caused predominantly by the contact-term and
proton-exchange amplitudes. Moreover, this prediction
clearly shows that we cannot omit the hadron form factor
in the Reggeized u-channel background if we want to
obtain reliable magnitudes of the cross section. We deal
with the effect of choosing various values of the coupling
constant gp+y on the background predictions later on.

The role of the contact term and the proton exchange,
i.e., the terms introduced in order to cancel the gauge-
breaking terms in the total amplitude, is illustrated in Fig. 4.
In both pseudoscalar and pseudovector couplings, the
proton exchange gives the most significant contribution,
while the contact term contributes much less and affects the
overall background prediction rather by interfering with
the proton exchange. The role of the contact term is to
mimic higher-order corrections to the tree-level description.
The large contact-term contributions thus indicate a non-
negligible role played by higher orders in this process. The
contribution of the actual trajectory seems to be negligible,
which corroborates the observation in Ref. [73] where the
authors in Fig. 10 show the trajectory contributions being
orders of magnitude smaller than the full model.

We also show the cross section as calculated with the full
model, i.e., the three pentaquark exchanges in the s channel
superimposed on the Regge background. The pentaquark

04 T

03—

PS coupling
02—

0.1—

do / dQ [pb/sr]
(=]
+

0.6

— full -

«+ - trajectory .

-—- contact term
- proton

0.5

0.4

LI I B B N N B B

03 PV coupling Ggm‘ =90 deg
0.2
A=5GeV
0.1
0 ot edbusdomtur sdeterab Heatered rerberies Tl et ettt sttt T
8 10 12 14 16 18 20
El;'b [GeV]

FIG. 4. The Regge background for the case of pseudoscalar
(upper figure) and pseudovector (lower figure) couplings in the
strong vertex. Full Regge background (solid line) and contribu-
tions of the Af-baryon trajectory (dotted line), contact term
(dashed line), and proton exchange (dotted-dashed line) are
shown. Calculated for 65™ = 90° and with dipole hadron form
factor with cutoff parameter A = 5 GeV.
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exchanges in the s channel produce rather sharp peaks in
the cross section at the position of their poles, see Figs. 5
and 6, which show the contributions of pentaquark
exchanges added on the u-channel background with the
pseudoscalar and pseudovector couplings, respectively. We
do not show the calculation with the Reggeized #-channel
background as the background is orders of magnitude
smaller than the pentaquark peaks and thus plays a very
negligible role. The calculations with the Reggeized u-
channel background, in both types of couplings, comprise
the dipole hadron form factor with cutoff A =4 GeV. In
the u-channel background, the hadron form factor is indeed
needed in order to suppress its large contribution. With no
hadron form factor, the background contribution continues
to rise with the energy. We do not, however, observe such a
need in the #-channel background which contributes much
less even with no hadron form factor. In this calculation, the
coupling constants for the spin-1/2 and spin-3/2 penta-
quarks were chosen to be 0.01 and 0.1, respectively, where

08
07 r

do/dQ [ub/sr]

W [GeV]

FIG. 5. Contributions of the AJ-baryon trajectory and the
pentaquark exchanges in the s-channel to the cross section.
The pseudoscalar coupling in the strong vertex is used. The
dipole hadron form factors with A =4 GeV are introduced,

9pa:n/V4m = —=3.75 and the couplings for spin-1/2 and spin-
3/2 pentaquarks are 0.01 and 0.1, respectively.
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FIG. 6. Same as Fig. 5 but with the pseudovector coupling in
the strong vertex.

the cross sections are obtained in a reasonable order of
magnitude. We will be able to fix these coupling constants
with help of partial decay widths measured in future
experiments. It is also possible to predict these couplings
from theoretical models. The coupling constants were not
obtained in Ref. [66] referred to in this study, while we will
address this calculation in future works. Interestingly, the
pentaquark contributions are almost independent of the
angle 6™ when they are added to the t-channel back-
ground. On the other hand, we observe peaks in the central
angles and in the forward angles once the pentaquark
contributions interfere with the u-channel background in
the pseudoscalar and pseudovector couplings, respectively.

Figure 7 shows the differential cross section in the
central angles, at 3™ =90° as calculated with the
t-channel D°-meson trajectory (upper figure), u-channel
A trajectory with the pseudoscalar (middle figure) and
pseudovector (lower figure) couplings in the strong vertex.
The dipole hadron form factor with the cutoff A =4 GeV
was introduced for both the Regge background and the
pentaquark exchanges. We chose this value of the cutoff
parameter since with this cutoff parameter the hadron form
factor suppresses the u-channel background contributions
to a reasonable level. If we do not introduce a form factor,
the background contributions are an order of magnitude
higher. If we do, on the other hand, employ too strong a
form factor, the contributions of background almost vanish.

15 — T T ——
L ° trajectory exchange _ {{1(1431 2 _|
+ = P (4440) —
0.5 --- P (4457) -
L Regge bgr |
]
N A
e ———— e R e S a
% | AZ trajectory exchange |
&
L PS coupling 4
g
~ 05— —
©
© |- -
0 A
1 AZ trajectory exchange —
r PV coupling ) 1
05— ! |
1
L /L X 4
0 e N T T T
8.5 9 9.5 10 10.5 11 115 12

E‘;" [GeV]

FIG. 7. Differential cross section at 5™ = 90° calculated with
DP-meson exchange (upper figure), AJ-baryon exchange in the
pseudoscalar (middle figure) and pseudovector (lower figure)
couplings in the strong vertex. The dipole hadron form factor is
used with the cutoff A =4 GeV. Predictions of the full model
(solid line), P.(4312) only (dotted line), P..(4440) only (dashed-
dotted line), P.(4457) only (dashed line), and D°-meson trajec-
tory only (double dashed-dotted line) are shown. The couplings
are 0.01 for both P.(4312) and P.(4457) and 0.1 for P_.(4440).
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The differential cross section is computed with the full
model, individual pentaquarks, and the Regge trajectories
in either the ¢ or u# channel. We observe two narrow peaks
created by the pentaquarks added on top of the smooth
background created by the exchanges of the trajectories
(note also the difference in the magnitudes of the #-channel
and u-channel background contributions). The first peak is
apparently created by the superimposition of the P.(4312)
state onto the background, while the second peak is a
combination of P.(4440), which creates a kind of shoulder
of the actual peak, and P.(4457) contributions. The
strength of the pentaquark exchange contributions depends
on their couplings which unfortunately remain unknown so
far. For the spin-1/2 pentaquarks, we opted for G = 0.01,
while the spin-3/2 pentaquark couplings were chosen to be
G, = G, = 0.1, i.e., the same values as were used above.

Figures 8 and 9 show predictions of the differential
cross sections as calculated by the model with either the
t-channel D°-meson exchange or the u-channel A/ -baryon
exchange in the pseudoscalar and pseudovector coupling.
In the case with the #-channel exchanges, we observe only
two sharp peaks created by the pentaquarks and almost no
background. This is in stark contrast with the case where we
introduce the Reggeized u channel to model the back-
ground. In both types of coupling, we observe peaks at
backward angles, mainly at and above the threshold. The
Reggeized u-channel exchanges with the pseudovector
coupling create also a peak at forward angles, which is
more tangible at higher photon energies. The reason why
the predictions of the differential cross section differ
substantially for the r-channel and u-channel exchanges
is obvious. In the case of the u-channel A/ -exchange, there
are contributions from the Al -exchange and on top of it

L e s s e e e e e e e
08— cm. b cm. - cm. —
0, =30deg 6, =60 deg 0, =90 deg

06 T T — t-channel

T +++ u-channel, PS | -
04+ —+ —+ - -+ u-channel, PV |_|

= 021 - = ST S
3 Log el 1o T ﬂ S
z 1% N T T T
Y BV FPOY PO D ,«LUL [ R N Rt S | L PR N I N
g L L e TR B B B e o o e B B A B o o o B
3 08 T T om n
L] L 6, =120 deg o™ =150deg | 6" = 180 deg
0.6 -+ —+ =
04 -+ —+ =
. T 1f..... T [} . i
021 pfioi = M-Sl - T .
L "' _______ ‘;.-'—"»'_-_--,._, | | ‘\“:;LL» -4 : \\“;L‘;‘--.__
JJUL AV | G R 1 V| S R R R

PR I T N |
08 10 12 14 16 18 8 10 12 14 16 18 8 10 12 14 16 18 20

E}" [GeV]

FIG. 8. Differential cross section in dependence on the photon
lab energy El;‘b for six different angles. The background modeled
by the t-channel D°-meson exchange (solid line) and u-channel
A} exchange in the PS and PV couplings (dotted and dashed
lines, respectively) is shown.
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FIG. 9. Differential cross section in dependence on the 3™
angle for six different photon lab energies. The background
modeled by the #-channel D°-meson exchange (solid line) and
u-channel A} exchange in the PS and PV couplings (dotted and
dashed lines, respectively) is shown.

there is a contribution also from the proton exchange and
the contact term, both of which serve to restore the gauge
invariance. The proton exchange clearly dominates and
governs the shape of the background while the contact
current interferes with the proton exchange and provides
just minor modifications. In the case of the z-channel
exchanges, there are no extra contributions for the gauge
invariance preservation; the only contributions originate
from the Regge trajectory which is suppressed as dis-
cussed above.

The dependence of the Regge background on the
presence of the hadron form factor and values of the
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FIG. 10. Differential cross section computed for the various
values of gp,+y coupling stemming from various models as
shown in Table II. Only the contribution of the Regge background
is shown. The Af-baryon exchange with the pseudoscalar (upper
figure) and pseudovector (lower figure) couplings in the strong
vertex is employed. The left column illustrates cases with no
hadron form factor, while the right column shows suppression by
the dipole hadron form factor with A =5 GeV.
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coupling constant gp,+y is illustrated in Fig. 10 which
collects differential cross section predictions for 3™ = 90°
by the u-channel Regge background with either the
pseudoscalar (upper row) and pseudovector (lower row)
couplings in the strong vertex. In this figure, we use the
9pasn coupling parameters from various models shown in
Table II. The predictions in the left column are calculated
with no hadron form factor, whereas in the right column we
introduce the dipole hadron form factor with a rather large
cutoff parameter A =5 GeV. The overall shape of the
differential cross section calculated with the u-channel
Regge trajectory changes once the form factor is in use.
When there is no hadron form factor, we see plateaulike and
steadily rising cross sections for pseudoscalar and pseu-
dovector couplings, respectively. However, once we
employ the hadron form factor even with as large a cutoff
as 5 GeV, the cross section is suppressed by an order of
magnitude and its behavior changes as well. In case of the
pseudoscalar coupling, we do not see the plateaulike cross
section any more, for large values of gp,+y a broad peak
around EP® =10 GeV develops instead. Similarly, we
observe a suppression of the cross section computed with
the pseudovector coupling, it is most notable at higher
energies where the cross section changes from a convex
shape to a concave shape. The type of coupling in the
strong vertex and presence of the hadron form factor thus
play a decisive role in shaping the background contribution
to the cross section.

IV. CONCLUSION

In this paper, we have dealt with the photoproduction of
DA} in the framework of the so-called Regge-plus-
resonace model. We model the background part of the
process by including an exchange of either the D°-meson
trajectory in the 7 channel or the A -baryon trajectory in the
u channel. In this way, we create cross sections which are
smooth functions of energy. On top of this Regge back-
ground, we add exchanges of pentaquarks in the s channel
which create rather sharp peaks in the cross section
predictions at their respective poles. Since the particles
involved in this reaction are not pointlike, we introduce
hadron form factors to take their finite size into account.
One of the greatest advantages of the approach employed in
this work is the small number of the free parameters. As
there are to this date no data available for the photo-
production of D°A}, we had to rely on the broken SU(4)
symmetry and other recent works to hint us at reasonable
values of the otherwise unconstrained parameter gp,+y-
The rest of the parameters were then adjusted by hand so
that we could give at least some qualitative results. We
thoroughly discuss the behavior of the Regge background
with the pseudoscalar and pseudovector couplings in the
strong vertex and reveal that the contact term, imitating the
higher-order contributions, together with the s-channel

proton exchange play a non-negligible role in the model
predictions. As soon as the experimental data on this
process become available, we will be able to utilize them
not only for fitting the handful of free parameters but also
for considering the correct phase of the Regge propagator,
and thus providing a more thorough analysis of this
process.
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APPENDIX A: EFFECTIVE COUPLINGS
OF A PHOTON AND D MESONS

In this Appendix, we summarize the derivation of the
effective coupling of a photon and D mesons (yDD) via
the VMD.

1. Effective Lagrangians

The amplitudes of a photon and pseudoscalar mesons
(yPP) via the vector meson dominance are derived by the
effective Lagrangians [38,83,105],

L =Ly + Lypp+ L,pp, (A1)
where
L,y = —V2eg,yA,(QVH), (A2)
Lypp = iz\/EQVPPtT(VM [0"P, P]), (A3)
Lpp = ie (1 - g)AMtr(Q[B”P, P]).  (A4)
The coupling constants are given by
m2
gy =—~~0.10 GeV2, (A5)
9y
g,a
gvrep = % ~ 1.4, (A6)

with my =770 MeV, g, = 5.7, and a = 2 in the standard
VMD model [38,83,105]. Thus, the direct yPP coupling
(A4) vanishes, while pseudoscalar mesons couple to a
photon via a vector-meson coupling. The SU(4) meson
matrices are given by
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- 2 oo 0 -
P z ntwty KD
— () 2n 7 -
K K A+ D;
DY D* Dt n.
(A7)
\//% + % ,0+ K*+ D*O
p— _i + o K*O D*—
v, = ity , (A8)
K I'{*O ¢ D}«—
D*O D*+ D§+ W p
and
2 0 0 O
0 0O -1 0 O (A9)
310 0 -1 0
0O 0 0 2

The Lagrangian L,y in (A2) yields couplings between a
photon and neutral vector meson,

f2f>.

1
Lo = —egyA, <p0 +-0-—~Zp+ (A10)

3%

The Lagrangian Ly pp in (A3) yields couplings of a vector
meson and pseudoscalar mesons. The yDD amplitudes are
obtained by the couplings to a neutral vector meson which
are given as

‘CVODD = i2gvpp[(p0 + W)M<8”D0D0 - DoaﬂDO)
+ By, (4DODP — DYDY
+ (=" + @), (#DD* — D~ D*)

V2, ("D D™ — D**D7))] (A11)

for D mesons.

2. The yPP amplitudes in the SU(4) symmetry

From the Lagrangians derived in the previous subsec-
tion, the y PP couplings via the VMD are obtained.

For the D mesons, the amplitude of the yDD coupling is
obtained as

(DO (po)DY(@)iLysppppiLyolr(K)
! i2) (A12)

1
=—i2eg,ygvpre- (Pp— 61)( +3m 3m
® W

for neutral D mesons, and

(D™ (pp)D*(q)|iLyop-p+il,yoly(k))
1 1 4

=i2eg,vgvrpe-(Pp—9q) (mz Ey 3m2
» @

) (A13)

3m

for D* mesons. p’, and ¢* are four-momenta of D mesons.
k* is a four-momentum of a photon, and k*> = 0 is used. &
is a polarization vector of the photon. In the SU(4) limit

with m} = m2 = m2 =m2, the yDD amplitudes are

14 @ T |7/&d
reduced to
(D (po) D@Ly Lol (k) = 0. (A14)
(D™ (pp)D*(q)|iLyop-p+iLl,yoly(k))
——> iee - (pp — q). (A15)

SU(4) limit

which are equal to amplitudes of neutral and charged
pseudoscalar bosons. Introducing the physical hadron
masses, m, =770 MeV, m, =782 MeV and m

v =
3097 MeV, the amplitudes are obtained as
<DO(PD)DO(‘])|i£V°D“D°i£yv°|7(k)>
=-0.19¢- (pp — q), (Al6)
(D™ (pp)D*(q)|iLyop-p+iLlyyoly(k))
=0.1lie- (pp — q), (A17)

where the strength of the yDD amplitude differs from the
one in the SU(4) limit. We emphasize that introducing the
physical hadron masses generate the nonzero yD°D°
coupling while it vanishes in the SU(4) limit. These
amplitudes can be regarded as those obtained by the
effective yDD Lagrangians

LU = 0.19i4#(9,D°D° — D°9,D°), (A18)
L) = —0.11ia%(9,0-D* - D=9,D*).  (A19)

3. The yDD amplitudes in the
phenomenological model

In Sec. A2, the flavor SU(4) symmetry is employed to
determine the coupling constants for charmed mesons.
However, this symmetry is broken due to the large mass of
the charm quark. In this subsection, we introduce the
phenomenological model to determine the coupling con-
stants and obtain the amplitude of the yDD couplings.

The coupling constant of the yJ/y coupling, g,,,, can be
determined by the J/y — ete™ decay [15], where

167a> ng,
7l = 5.55 keV.

my,

I'(J/y - ete) = (A20)
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TABLE TII.  The coupling constants g,,,p and the correspond-
ing strength of the yDD effective Lagrangians, C’°"?" and
CrP"D°(=C(model)) The results obtained by the various models,
the SU(4) symmetry (SU(4)), QCDSR, and the quark model, are
shown.

Model 9ypD crP’" crb™D' Reference
SU#4) gypp = 1.4 0.15 0.23 [105]
QCDSR 2.9 0.036 0.36 [107]
Quark model 4.6 —0.093 0.48 [108]

Then, |g,,| = 0.91 GeV? is obtained, which is much larger
than g,y ~0.10 GeV? in (A5).

For the pDD and wDD couplings, the heavy meson
effective theory is employed, where

g :ﬁgvzlg
VDD —2\/5 .

with # = 0.9 and gy = 5.8 [106]. The J/wDD coupling
constant is obtained by model calculations such as the
QCDSR and the quark model as summarized in Table III,
while these results are not consistent with each other.
The amplitudes of the yDD couplings are obtained as

(A21)

<D0 (PD)DO (‘]) | iLyop0p0 i‘CyVU |}’(k)>

) 1 1 4 99y DD
i {QWQVDD <m3+3m3,> 3 om ee-(pp—q)

— PP (py—g). (A22)

(D~ (pp)D*(q)|iLyop-p+iLlyyoly(k))

. 1 1 4 9,49ypD
= 2 _— — + Iy . —

l |:gngVDD <mg 3m§)> 3 mgl €€ (pD Q)
=iC""Pe. (pp—q).

(A23)

where the constant C*2"?" (C7P™P") is given by 0.15 (0.23)
for the SU(4) model, 0.036 (0.36) for g,pp = 2.9 the
QCDSR, and —0.093 (0.48) for the quark model as
summarized in Table III. The constant C(™de) ysed in
Eq. (17) above is given as C(model) = crD"D’
model = SU(4), QCDSR, quark model.

The effective Lagrangians which yield the amplitudes
(A22) and (A23) can be written by

, Where

ES;IO)DO - iCyDODOAM (8ﬂD0DO - DoaﬂDO)’ (A24)
LYy = =iCP P AN9,D"D" = D~9,D"), (A25)

where C7?’?" and C'®™P" are regarded as the coupling
constants of the effective yDD Lagrangians.

APPENDIX B: TRANSFORMATION MATRIX OF
THE GAUGE-INVARIANT OPERATORS

In the paper of Levy et al. [95,96], the authors use a
different basis to ours for the gauge-invariant operators. We
denote the gauge-invariant operators in their basis M} and
they read

ME =75t~ 1), (Bl
ME =2ys(px-€P-k—pg-kP-€),  (Blb)
M5 =ys(¢px -k —Kpk - €), (Blc)
M = i ik, (B1d)
ME = ys(px - €k* — pg - kk - ¢), (Ble)
ML = ps(k- el = ). (B1f)

The gauge-invariant operators M in the basis of Levy
et al. [95,96] can be rewritten in terms of gauge-invariant
operators M, of our basis, shown in Eq. (AS), as

ME = —ys M, (B2a)
ME =ys[2pa k=K )My— (2p -k +k*)Ms], (B2b)
Mk = y5(My — Ms — M), (B2c)
M =ys[—(mp 4+ m,)M; — My — Ms], (B2d)
ME =ysk2 (M, — M;), (B2e)
ME = ys M. (B2f)

From here, we can schematically write the transition
between these two bases, i.e., /\/l,L = ySR;M j» where the
transformation matrix reads

-1 0 0 0 0 O

0 2k-py—k2 —2k-p—k> 0 0 0
A 0 0 0 1 -1-1
Ri—
J —my—m, 0 0 -1-10

0 k> —k? 0 0 O

0 0 0 0 0 1

(B3)
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