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We investigate the four individual photoproduction channels off the proton target, cor-

responding to the isospin single and triplet charmed baryons, vp — DA and vp —

(D*tx2, D*°2F D*~SFT). In this work, we estimate the unpolarized total cross sections as guid-

ance for possible future J-PARC experiments. For this purpose, we employ the effective Lagrangian

approach at the tree-level Born approximation with the ¢-channel D and D* meson Reggized prop-

agators. In addition, phenomenological form factors are taken into account for considering the

spatial extension of the hadrons involved. From the numerical calculations, we observed that cross

sections of tens of nanobarns for A} production and a few nanobarns for the ¥+ ones, which are

in the detectable range of cross sections in presently available high-energy experiments.
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I. INTRODUCTION

Hadron physics is believed to be governed by the
nonperturbative features of quantum chromodynamics
(QCD).

quarks and gluons in nontrivial manners: confinement,

It explains the generation of hadrons from

spontaneous breakdown of chiral symmetry, U(1) axial
anomaly, and so on. Although QCD as the first principle
of strong interactions reveals its significance via lattice-
QCD simulations, its direct applications to low-energy
regime has not yet been fully understood. To overcome
this situation for hadron physics, various effective models
were developed based on symmetries, such as the gauge,
chiral, and flavor for instance.

Among those low-energy models, to investigate the
productions of hadrons from high-energy scattering ex-
periments, the effective Lagrangian approach have been
widely employed theoretically. This is based on effec-
tively constructed Lagrangians which represent interact-
ing Yukawa vertices by satisfying symmetries and in-

variances in strong interaction. Moreover, instead of
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quarks and gluons which are the QCD degrees of free-
dom, hadronic degrees of freedom are used at the scale
of A = 1.0 GeV, being close to the nucleon mass. One
of the most phenomenological ingredients of this kind of
approach must be various form factors, corresponding to
the spatial extension of hadrons.

In the present work, we are interested in the photo-
productions of heavy hadrons, which contain the heavier
charm quarks, D*, A, and X, i.e., yp — D*Y,, where
the charmed hyperons Y. ~ udc. These production pro-
cesses are very similar to the K*Y photoproduction with
the light hyperons Y ~ uds. Although charmed hadrons
have their own symmetries, such as the spin symme-
try, leading to the heavy-quark effective field theory
(HQEFT), the significant differences between the Y and
Y. photoproductions in terms of the effective Lagrangian
approach are basically the relative strong-coupling con-
stants and cutoff masses for the form factors. Except for
them, we can simply employ the theoretical framework
employed in our previous work [9].

All the numerical calculations are performed at the

tree-level Born approximation with the ¢-channel D and
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Fig. 1. Relevant Feynman diagrams for the YN — D*AT
processes. Note that we also define the four momenta
for each particle, involved. As for the X, photoproduc-
tions, one can use these diagrams similarly, considering
the electric charges of the final state.

Sl

D* meson Reggized propagators. The relevant strong
coupling constants are taken from the Nijmegen poten-
tial model using the flavor SU(4) symmetry relation. As
a first trial, we present the numerical results for unpo-

larized total cross sections for the photoproductions.

II. THEORETICAL FRAMEWORK

In this Section, we make a brief interpretation on the
theoretical formalism to study the yN — D*A} reaction
process. In Fig. 1, we depict the relevant Feynman di-
agrams for the present reaction process. There, we also
indicate the for momenta of the particles involved. As
understood from the figure, we take into account the s,
u, and ¢ channel contributions, in addition to the contact
term, which is necessary to conserve the gauge invariance
of the scattering amplitude. First, we define the electro-

magnetic interactions with the hadrons as follows:

EQRN

LNy = —N |enA— AMy (0-F)| N,
Lypp = ep [D(8,D)— D(9,D)] ”7
E'yDD* = g'yDD*euuap(a A )( ;)
L’yD*D* = iBD* [D*Véuy D*VG;UJ] (1)

where N, A, D, and D* denote the nucleon, photon,
charmed pseudoscalar meson (D*9), and charmed vec-
tor meson (D**:9), respectively. e;, and M, stand for the
electric charge and mass for a hadron h, whereas eg unit
electric charge. ky indicates the anomalous magnetic
moment for the nucleon. We define the antisymmet-
ric tensor o, = (VY —

v
oM.

Yo Yu)/2, using the simplified

notation o - F = The pseudoscalar-to-vector

Table 1. Strong coupling constants for the D*NY, and
DNY, vertices, obtained from the Nijmegen potential
model (NSC97a) [8] in terms of the flavor SU(4) sym-
metry.

ID*NAc ‘ 9D*Ns, ‘ QE*NAC ‘ QE*NEQ ‘ IDNAc ‘ dDNx,
—4.26 | —246 | —11.31 | 1.15 | —15.80 | 4.64

transition coupling constant g,pp- can be determined
using the experimental data for the corresponding decay
widths [4]:

T peo_, oy < (0.8 4 0.06) MeV,

Tpespiqy = (1.54 + 0.384 + 0.352) KeV.

Employing these experimental values, one can compute
the strengths for the couplings as gp-opo, < 3.42/GeV
and gp«+p+, ~ 0.153/GeV.

As for the strong vertices. we write the interactions as
follows:

\/ *
Lp+ny, = =Y. |9pny. D

_ _IDNY, N +he.,
o(My + My)

LpNy, = —igpny,Yeys DN + hec.,

eD*gg*NYC S (

* = —7)/5 . / N h. .
Ly DNy, 30y + My, o-G)N +h.c

Here, Y. denotes the charmed spin-1/2 hyperon. The
field-strength tensor for the D* is assigned as G, =
=1iA,D; —

The strong couplings are extracted from the

0, D}, — 0, D;,, whereas its gauged one G’W
iA, D
Nijmegen potential model (NSC97a) [8], using the flavor
SU(4) relation:

3-2&1)

gDNY, = 5 = —V3gr-ny, (4)

JKNY; YD*NY.

where Y stands for the uds-quark hyperon and ap =~
0.64. Then their values for A7 and XT are given in
Table. 1.

The anomalous magnetic momenta of the charmed
baryons are listed in Table 2. Those values are taken

from the SU(6) quark-model calculations [3].
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Table 2. Anomalous magnetic moments for Y.’s in terms
of the quark-model calculations [3].
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Table 3. Slope o and intercept a(0) for the Regge tra-
jectories for the D(1870) and D*(2010) mesons [5,6].

far | Fut | GSall oz of a(0)
—0.58 | —0.55 | 0.33 | —1.44 ap o —1.35
ap+ SE —0.86

It is straightforward to compute the invariant ampli-
tudes, which satisfy the Ward-Takahashi identity by con-

struction, using the effective Lagrangians defined above:

T
. L 9D*NY.
k1Fs + (p1 + Mn)Fe { €QkN ]
[ s— 12 end1 + 2 M d1k1 | ui,
iMy = —itia [Emh + %%1}61]
(ﬁQ + MYC)FC - %‘1Fu
u— M}Q,F
gg*NY
|:gD*NYC¢2 + Mk2¢2:| uy,
iMypy = —9yDD*9DNY, U275 Ppu1 <€uuaﬁk‘lfeyk(2l776> Fy,

iMyvy = —iep= (k1 - €2)U2Pp~ |:QD*NYC¢1

T
ID*NY,
c _ — . k:
My + My, (K2fr = frdr — e - k2)

__ 9D*NY,

M2 urFe
2.

(My, — Mn)(k2 - €1)

— 2iep= (k2 - €1)u2Pp+ |:9D*NYC?{2

T
I
+ ﬁ(hb — fido + €2 - k1)
_ 9D*NY.

2 (My, — My )(k1 ~62)} u1Fe
2,

+iep=(e2 - €1)u2Pp= |:9D*NYC}62

gg*NY
+ m(hkl — F1k2)

+ g[)*iévyc(MYc — Mn) (k1 - k2 — k%)} w1 Fe,
M3,

gg*NY
< —dids

iMcontact = tep*tUg | —————
My + My,

gD*NY,
M2,

+ (My, — Mn)(e1 -62)} u Fe,

where the generic and Regge-modified D*)-meson prop-
agators are defined in Eqs. 6 and 7, respectively.

1 1
,PD—t_M%a ,PD*_t—MlZ)*’ (6)
/ —imap(t) ap(t)
PD(57t) = ﬂaD(1+6 . ) i )
2T (ap(t) + 1) sin[rap(t)] \ so
/ _ ,—imapx*(t) ap=(t)—1
P (s,4) = —op-1 ¢ ) (= .
2T (ap=(t)) sin[rap«(t)] \ so

(7)

The explicit expressions for the relevant four momenta
and the polarizations are given in Appendix.

The properties of the Regge trajectories, such as the
slope (o) and intercept (a(0)) values are depicted in
Table 3, using the numerical results from Refs. [5,6].

In order to take into account the spatial extension of
the hadrons, it is necessary to consider phenomenolog-
ical form factors, which guarantees the unitarity of the
scattering amplitudes:

A4
A+ [(s,u,t,t) = MZ o p pe]?
F.=1-(1-F,)(1-F,)(1- F).

Fs,u,t,v =

)

(8)

Since there have been no experimental data for the
present reaction process so far, we choose the cutoff mass
for the form factors to be A = 0.9 GeV for all the reaction
channels for brevity. Therefore, the numerical results of
the cross sections can be used as a qualitative guidance
for the future experiments. We also note that these form
factor description satisfies the Ward-Takahashi identity
at the cross-section level and crossing symmetry of the

amplitudes.

ITI. NUMERICAL RESULTS

In this Section, we provide the numerical results for the
total cross sections and differential cross sections as func-

tions of the photon lab. momentum pi,p. and D*-meson
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scattering angle in the cm frame 6p«, respectively. We
also compare the two different cases with and without
the Regge modification for the meson propagators. In
Fig. 2, we depict the total cross sections with (solid line)
and without (dashed line) the Regge modifications. As
for yp — D*OA}, we observe relatively different shapes
between the cases: While the curve with the Regge mod-
ifications decreases rapidly with respect to the energy be-
yond the vicinity of the threshold, the one without them
does smoothly. The reason for this difference can be un-
derstood by that there is no D*-meson exchange in this
channel, due to the electric charge neutrality of the D*°
meson in the final state., i.e., the difference between the
cures are caused only by the D-meson Regge-modified
propagators.

One the contrary, as shown in the panel of vp —
D*~3F*, there are the D*-meson exchange in addition
to the D-meson one, being different from the previous
one. Note that the D*-meson contribution contains more
derivatives in its amplitudes as shown in Eq. 5, the uni-
tarity of the cross section does is not satisfied with the
phenomenological form factors in Eq. (8) as far as we ad-
dress the generic D*-meson propagator. When, however,
the Regge modification turns on for the D*-meson prop-
agator, the monotonic increase is tamed by the strong
suppression from the (s/s9)*P* term in Eq. (6). Hence,
the validity of the Regge modifications can be explored
in future experiments by examining the curve shapes of
the cross sections.

From these observations above, one can expect simi-
lar tendencies of the cross sections, since the differences
among the cases with and without the Regge modifi-
cations depend much on the electric charge of the D*
meson in the final state. As expected, we observe simi-
lar curves for yp — D*°YF with that of yp — D*CAF,
and yp — D*TXY with yp — D*~XT T, although the
strengths of the curves are more or less different, because
of the different coupling values as listed in Table 1.

In Fig. 3, we show the numerical results for the differ-
ential cross sections in a similar manner with the previ-
ous figure. As for yp — D*OA}, there is a clear difference
between the curves with and without the Regge modifica-
tions, showing the backward- and forward-scattering en-

hancements, respectively. Without the modification and
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Fig. 2. (Color online) Total cross sections for the
vp — D*Y, as a function of the photon lab. momen-
tum prap. with (solid) and without (dashed) the Regge
contributions.

D*-meson exchange in this channel, the curve shows typ-
ical forward-scattering enhancement, due to the strong
D-meson t-channel exchange contribution. On the con-
trary, as the modification takes place, the ¢t-channel ex-
change gets diminished considerably, resulting in the
strong backward-scattering enhancement.

In contrast, turning on the D*-meson exchange in
yp — D*~ Xt even for the case without the Regge
modification, the curve shows the significant backward-
scattering enhancement, whereas the case with it be-
haves similarly as well. From these observations, we
can conclude that in this energy regions beyond the
D*-Y, threshold, the Regge modifications suppress the
t-channel contributions significantly by (s/s0)*p™ =7,
where the ap+) is negative and J indicates the spin of
the exchanging D*) mesons in the present work. Hence,
the s- and u-channel contributions become more visible.

As already observed in the total cross sections in
Fig. 2, the curve shapes are much dependent on the elec-
tric charge of the outgoing D* meson, we find similari-
ties even in the differential cross sections as shown in the
lower panels of Fig. 3, Although the backward-scattering
enhancement becomes weak for yp — D*TX0, this can
be understood by that there is no electric contribution
from the u channel, because of the charge neutrality of
0. Again, these considerably different curves for the
differential cross sections will shed light on testing the

present theoretical model.
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Fig. 3. Differential cross sections do/dcosfp- for the
vp — D*Y, as a function of the scattering angle 6p+ for
the different photon lab momenta.

IV. SUMMARY

In this work, we took into account four individual pho-
toproduction channels off the proton target, correspond-
ing to the isospin single and triplet charmed baryons,
vp — D*AF and yp — (D*TX0, D%t D*—xit).
For this purpose, we employed the effective Lagrangian
method with the Regge-modified meson propagators. In
addition, the phenomenological form factors were used
to tame the monotonic increases with respect to energy.
The relevant strong and electromagnetic couplings were
taken from available theoretical and experimental in-
formation. We observe significant differences between
the results with and without Regge contributions, since
they suppress the t-channel meson-exchange contribu-
tions sufficiently in this energy region pj.p = 10 GeV.
With the Regge modifications, we observe rapidly de-
creasing cross section with respect to the energy and
backward-scattering enhancements in the angular distri-
butions. The theoretical differences between them can
be settled down by the future experiments. More real-
istic reactions processes such as three-body Dalitz ones
are under investigation and related works will appear

elsewhere.
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APPENDIX

We define the four vectors for the particles in the
center-of-mass frame as:

photon: ki = (Ey,, k1) = (k,0,0,k),
nucleon :  p; = (Ep,,k2) = (1/k2 + M%,0,0,—k),
D*meson  ky = (Ek,,p1) = (1/p?> + M%.,psin6,0,pcosb),
)= (

Yehyperon:  p2 = (Ep,,p2) = (1/p? + M., —psin,0, —p cos @)

The transverse and longitudinal polarization vectors

for the outgoing D* meson are assigned as follows:

€24 = (0,c086,0,—sinf), ez, =(0,0,1,0),

Eg, ( P ) (10)
€3, =———2—— | —=—,sin6,0,cos6 | .
227 2 1 272 \ By,
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