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We investigate the possibility to study the charmed baryon A.(2940) by kaon-induced reactions on a
proton target. Assuming that the A,(2940) is a pD* molecular state with spin parities J = 1/2%, an
effective Lagrangian approach is adopted to calculate the cross section and the D° p invariant mass spectrum
of the K~p — D; A.(2940) reaction. The K p initial state interaction mediated by Pomeron and Reggeon
exchanges is also included, which reduces the production of the A.(2940). Besides, we also consider the DN
final state interaction using he chiral unitary approach. We found that the total cross section of the K~ p —
A.(2940) D5 reaction is about 10 ub. By considering the subsequential decay A,(2940) — D%p with
contributions from the A, (2286) and the %.(2455) as background, the K~ p — Dy D°p reaction is studied. It
is found that the A.(2940) is produced mainly at forward angles. The A.(2940) signal is predicted to be
significant in the D p invariant mass spectrum of the K~ p — D D°p reaction. The results suggest that it is

promising to study the A,(2940) with high-energy kaon beams on a proton target.

DOI: 10.1103/PhysRevD.99.014045

I. INTRODUCTION

In recent years, many charmed baryons have been
observed. The charmed baryon A,.(2940) was first observed
by the BABAR Collaboration in the D°p invariant mass
spectrum [1]. Later, the Belle collaboration also reported the
observation of the A.(2940) in the X.(2455)z invariant
mass spectrum [2]. The mass and width of the A.(2940)
state reported by the above collaborations [1,2] are con-
sistent with each other, i.e.,

BABAR: M =2939.8 £1.3 £ 1.0 MeV,
'=175+52+59 MeV;
Belle: M = 2938.0 + 1.3720 MeV,
I'=13%"27 MeV.
Since the mass of the A.(2940) is just a few MeV below

the D*0p threshold, it was proposed that this state is an
S-wave D** p molecular state with a spin parity J* = 1/2",
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and the obtained decay behavior of A.(2940) is consistent
with the experimental data [3]. Later, a study of the strong
and radiative decays of the A.(2940) was performed by
Dong and his collaborators [4,5]. Their results indicate that
the A.(2940) can be viewed as a D*? p molecular state with
spin-parity J* = 1/2". In Ref. [6], a dynamical study of the
D*0p interaction in the one-boson-exchange model found
two bound state solutions with quantum numbers 1(J) =
0(1/2%) and 0(3/27), which correspond to an isoscalar
S-wave and an isoscalar P-wave D**p molecular state,
respectively. In addition to the interpretation of the
A.(2940) as a pD*® molecular state, the possibility to
assign it as a conventional charmed baryon was also
discussed in many approaches, such as the potential model
[7], the chiral perturbation theory [8], the *P, model [9], the
relativistic quark-diquark model [10], the chiral quark
model [11], the Faddeev method [12], and the mass load
flux tube model [13].

The present knowledge about the A.(2940) was obtained
from the e™e™ collision [1,2]. Thus, it will be helpful to
understand the nature of the A.(2940) if we can observe it
in other production processes. In Refs. [14,15], a proposal
was made to study the A.(2940) in the pp annihilation
which can be performed in the future PANDA detector at
FAIR. The production of the A.(2940) via a pion-induced
reaction on a nucleon target was discussed in Ref. [16].
A study of the A.(2940) with electromagnetic probes in the
yn = A.(2940)D~ reaction was also proposed [17].
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High-energy kaon beams are available at OKA@U-70
[18] and SPS@CERN [19], which provide another alter-
native to study charmed baryons. The kaon beam at
J-PARC can also be upgraded to the energy region required
in charmed baryon productions [20]. It is interesting to
make a theoretical prediction about charmed baryon
productions with kaon beams. With charged kaon beams,
the A.(2940) can be produced with a proton target, e.g., the
K~ p — D;A.(2940) reaction. In such a reaction, the s
channel is usually suppressed seriously because of the very
large total energy [16,21,22]. The u-channel contribution is
usually suppressed also and is more important at backward
angles while the A.(2940) is produced at forward angles
through the ¢ channel [23]. Moreover, compared with the
pion-induced A.(2940) production, an additional s5 quark
pair creation is needed in the kaon-induced production, so
the u channel will be further suppressed. Hence, the
K=p — D;A,(2940) reaction should be dominant with
the Born term through the #-channel D*° exchange, which
makes the background very small.

In the kaon-induced process considered in the current
work, the effect from the KN initial state interaction (ISI)
should be taken into account in order to make a more
reliable prediction. Fortunately, there is plenty of exper-
imental information about the K~ p interaction in the
energy region relevant to the A.(2940) production [24-27].
The existing experimental data show that the cross section
of the K~ p scattering is of the order of 10 millibarns in the
energy range relevant here, that is, 1000 times larger than
the theoretical predictions about the A,(2940) production
in Refs. [14,16,17], which are of the order of microbarns.
Besides, recent theoretical studies also suggested that the
interaction of a D meson with a nucleon is of the same
order of magnitude as that of the KN interaction, i.e., tens
of millibarns [28,29]. Hence, the DN final state interaction
(FSI) should be considered in the subsequential decay of
the produced A.(2940).

In this work, we will study the A.(2940) production in
the kaon-induced reaction in an effective Lagrangian
approach with the ISI and FSI effects taken into account.
The invariant mass spectrum for the subsequential decay of
the A.(2940) in the K~ p — D;A.(2940) — D;(D"p)
reaction will be investigated as well.

This paper is organized as follows. In Sec. II, we will
present the theoretical formalism. In Sec. III, the numerical
result of the kaon-induced A.(2940) (we abbreviate it as A
hereafter) production on a proton target will be given. In
Sec. IV, the invariant mass spectrum of the K~p — D;D°p
reaction will be presented, followed by discussions and
conclusions in the last section.

II. THEORETICAL FORMALISM

In Fig. 1, we illustrate the Feynman diagram for the
t-channel K~ p — Dy A} interaction, which is the dominant

K- P 5B Dy
fDN
P — — :

FIG. 1. Feynman diagram for the mechanism of the AT
production in the K~p — D;AiT reaction. We also show the
definition of the kinematics (p;, p,, p3, and g) used in the
calculation.

mechanism of the A} production. The A} is produced by
the exchange of a D* meson. As discussed in the Intro-
duction, other production mechanisms will be suppressed
heavily and not considered in this work.

To observe the A} in experiments, the subsequential
decay to D°p shown in Fig. 2 will also be considered. The
A.(2286)" and X.(2455)" can also be produced from the
K~ and proton interaction by exchanging a D* meson and
decay to D°p. Therefore, in this work, the A.(2286)* and
%.(2455)" will be taken as the background of the A
production.

A. Lagrangians

To compute the amplitudes of the diagrams shown in
Figs. 1 and 2, we need the effective Lagrangian densities
for the relevant interaction vertices. The spin parity of the
A} state was still not determined in experiments. The
theoretical studies suggested that possible assignments of
spin parity of the A are J* = 1/2% and 1/2~ [3-5,15]. In
this work, we will consider these two possibilities. For the
A:pD and A;pD* couplings, we take the Lagrangian
densities as used in Ref. [15],

LA;pD = iQA:pr\i}’sPDO + H.c., (1)
Laipp = 9n:pp-Ner" D} + Hee., (2)

for the case J¥ = 1/2%, and

K- & _ B Dy
}D* DO
Py
” A S, A b7
I _— —_—

FIG. 2. Feynman diagram for the K~ p — D, D°p reaction. We
also show the definition of the kinematics (py, p,, p3, P4, and ps)
used in the calculation.
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Lppp = gA:pD/_\ﬁpDO +H.c., (3)

Laspp = =ga:pp Neysr*pD;¥ + Hee., (4)

for the case J* = 1/2~. The coupling constants in the
above Lagrangians were determined in Refs. [4,5] in a

hadronic molecular picture with ga:,p = —0.54, gp:,p- =
6.64 for J* = 1/2~ and fazpp = =097, fa:pp = 3.75 for
JP=1/2"%.

For the A.pD, A.pD*, KD,D*, X.ND, and X .ND*
vertices, we adopt the commonly employed Lagrangian
densities as follows [15,30,31],

‘CA(pD = igAEpD[_\c}/SpDO + H.C., (5)
‘CA(pD* = gACpD*[_\cyﬂpD;O +H.c., (6)

’CEEND = _iQZFNDNJ’ST . ZCD + H.C., (8)
Ls np+ = gz(,ND*Ny,,r -X.D*" 4+ H.c.. 9)
The coupling constants g, ,p = —13.98 and g, ,p- =
—5.20 are determined from the SU(4) invariant

Lagrangians [5] in terms of g,yy = 13.45 and g,yy =
6.0. The coupling constants gs yp = 2.69 and gy yp- =
3.0 [5]. The coupling constant ggp p+ = 5.0 can also be
determined using the SU(4) symmetry [30,32,33].

When evaluating the scattering amplitude of the K~ p —
D5 A} reaction, we need to include form factors because
hadrons are not pointlike particles. We adopt here a
common scheme used in many previous works [14,16],

A2, — M2,
Fp(qh My) = 55—

Ay —dp (10

for t-channel D* meson exchange, and the form factor
employed in Ref. [34],

As
A+ (63

Fp(qp.Mp) = (11)

—M

for the exchanged baryon, A%, A.(2286)" or X.(2455)*.
Here the q(p- p) and M p- p) are the four momentum and the
mass of the exchanged D* meson (baryon), respectively.
In this work, we choose Ap- = Agp =3 GeV to minimize
the number of free parameters. This value is chosen in
accordance with Refs. [15,35], and was employed in
Refs. [14,16]. A variation of the cutoff will be made to
show the sensitivity of the results on the cutoff.

B. ISI and FSI

Following Ref. [36] the initial state interaction for the
K~ p — K™ p reaction at high energies will be taken into
account. The amplitude 7 g-,_, k-, is written in terms of the
Pomeron and Reggeon exchanges [36]

Tk—p_,](—p — Ap +Af2 +Aaz +Aa) +Ap (12)

When the center-of-mass energy /s is large, the elastic
K~ p scattering amplitude is a sum of the following terms,

a;(1)—1 Bi
A(s, 1) = n;sCEN <i> exp< gN ) (13)
So

where i = P for Pomeron and f», a,, @, and p Reggeons.
The energy scale s, = 1 GeV2. The coupling constants
CKN| the parameters of the Regge linear trajectories
[a;(1) = a;(0) + a}r], the signature factors(r;), and the
Bi.y used in Ref. [36] provide a rather good description
of the experimental data. The parameters determined in
Ref. [36] are listed in Table I.

The final state DN interaction can be described by the
chiral unitary approach of Ref. [29]. We choose two
channels, Dp and zZ,., to reproduce the position of the
A,.(2595) resonance in isospin zero. Then, the amplitude
T po,—po, can be obtained. We note that the other channels
considered in Refs. [37-39], such as nA., KE.,KE.,D A,
and 7' A,, play a negligible role in dynamically generating
the A.(2595) state, and therefore are not considered here.

In the chiral unitary approach, the scattering amplitude in
the Dp and 7%, coupled channels is given by

T =[1-VG]V, (14)

where V is the chiral potential, and G is a diagonal matrix,
whose elements are loop functions of DN or zX., defined
as

4 1 oM,
G:i/(dq : i _. (15)

27)* q* —m? +ie (p — q)* — M? +ie

where m and M are the masses of the 7 or D (i = 2) mesons
and the baryons X. or N (i = 1), respectively. In the
above equation, p is the total incident momentum of the

TABLE 1. Parameters of Pomeron and Reggeon exchanges
determined from elastic and total cross sections in Ref. [36].

i ni a;(1) CKN(mb) BEN(GeV~2)

P i 1.081+(0.25GeV~ 11.82 2.5

Ot
fr —0.861+i 0.548+(0.93GeV~2)t 15.67 2.0
p  —1.162—i 0.548+(0.93GeV~ 2)t 2.05 2.0
)t
It

o —1.162—i 0.548+(0.93GeV~2 7.055 2.0
a, —0.86141i 0548+(0 93GeV™ 1.585 2.0
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external meson-baryon system. The loop function G can be
regularized with dimensional regularization in terms of a
subtraction constant,

Q’\(/) llog(s — (M? — m?) +2/50:(v/5))
+log(s + (M? — m?) 4 24/50;(\/5))

—log(—s + (M? = m?) + 2/50;(\/5))
tog(s = (M} =) + 250N} (1)

where s = E? with E being the energy of the system in the
center of mass frame, Q; is the on shell momentum of the
particles in a certain channel, y is the regularization scale,
and a;(u) is the subtraction constant. With 4 = 1000 MeV,
a;(u) = —2.02, and the potential V in Ref. [29], a rather
narrow state around 2596 MeV is dynamically generated,
which indicates that the A.(2595) might be a DN bound
state. The obtained scattering amplitude 7 po,,_, o, Will be
used to calculate the FSI in the subsequantial decay of the
A} in the following section.

III. KAON-INDUCED A; PRODUCTION ON
PROTON TARGET

First, we calculate the total cross section of the K~ p —
A;D, reaction. The corresponding unpolarized differential
cross section reads

dG MpMA* ﬁ3 | 1 +
_ e 1 cml [ = MI/Z 2 , 17
dcosf 167s | Preml ZZ| | (17)

Sei82

where s = (p, + p,)?, 0 is the scattering angle of the
outgoing Dy meson relative to the beam direction, p,,,, and
D3em are the K~ and Dy three momenta in the center of
mass frame, M, and M »: are the masses of the proton and
A}, respectively.

Taking the ISI of the K~ p system into account, the full
amplitude for the process K~ p — A%D, is asum of the Born
and ISI amplitudes. With the Lagrangians given in the
previous section, the Born amplitude of the K~ (p,) p(p,) —
NA:(q)Dy(p3) reaction can be obtained as,

1/2%
MB/ gA ]7D* (q’ )Fﬂiu(pZ’ SZ)G’ED* (QD*)
X gkp,p- (P} +P§)F%)*(Q%)*,MD*)5 (18)
where " = (y#, —ysy*), and ii(q, s.) and u(p,, s,) are the

Dirac spinors with s, (¢) and s, (p,) being the spins (the
four-momenta) of the outgoing A} and the initial proton,
respectively.

Following the strategy of Ref. [36], the ISI amplitude can
be written as

10"t () J7=1/2" (b) P2
-2
5 10

3 ]
© FY ——A=2.6 GeV
10° EL - - -A=2.8 GeV |
2 ---- A=3.0 GeV ]
—-—-A=3.2GeV ]
..... A=3.4 GeV -

10'4 PR T T T T PR T T T T

12 13 14 15 16 17 13 14 15 16 17
P, (GeV)
FIG. 3. Total cross section ¢ for the K~ p — Dy A reaction as a

function of the beam momentum pg- for the J? = 1/2* case
(left) and the 1/2~ case (right).

125
Mg =

16 dkTK,HKp(Sk)

XMW (=pr— ki + q). (19)

where k, is the momentum transfer in the K~ p - K™ p
reaction.

In Fig. 3, the total cross section of the K~ p — D7 A} re-
action is shown as a function of the beam momentum. Because
the cutoff can not be well determined, the results obtained
with several cutoffs other than 3 GeV are also presented.

The results show that the total cross section increases
sharply near the Dy A} threshold. At higher energies, the
cross section increases continuously but relatively slowly
compared with that near threshold. With the increase of the
cutoff, the total cross section increases, and generally
speaking, the total cross section for 1/27 is smaller than
that for 1/27. At a beam momentum about 15 GeV the
cross section is of the order of 10 ub, which is quite large
for an experimentally observation of the A} at current and
future facilities.

10-1: T T T T T T T T T T T T T T T T T
F (@) JP=1/2" (b) J°=1/2"

— Without ISI
- — ~With ISI

12 13 14 15 16 17 13 14 15 16 17
P (GeV)

FIG. 4. Total cross section o with or without ISI for the K~ p —
Dy A} reaction as a function of the beam momentum pg- for the
JP =1/27 case (left) and the 1/2~ case (right).
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As shown in Refs. [15,40,41], the ISI for pp or pp
reactions reduces the cross section. In Fig. 4 we compare
the cross sections obtained with and without ISI for the
cutoff of A = 3.0 GeV. It shows that the role of the ISI is to
reduce the cross section by approximately 30%.

IV. THE K~—p — DD’ REACTION

Since the A’ can not be observed directly, the D°p
channel of the A} decay, which is the observation channel
of the A} at BABAR, should be introduced to give a more
realistic prediction for the observation of the A} in experi-
ments. Here we consider the subsequential decay of the A}
after being produced in the K~ p — AlD7 reaction, i.e.,
the K~ p — D7 D°p reaction, which is illustrated in Fig. 2.
The contributions from the A.(2286) and the X.(2455) will
be included as background. Being a two-to-three-body
process, the cross section can be obtained from the
amplitude as,

do(K~p — D;D"p)
M

= S ar— > IM(K~p — D7Dp)?
2\/(171 “pa)t = MK’Mp SisSy
d*p3 d°ps M ,d° s

8*(p1 4 pa— p3 — pa— ps).

X

2E; 2E, E;

(20)

where M- is the mass of the kaon, and Ej3, E,, and Ejs

stand for the energy of the Dy, D~ and final proton,
respectively.

The amplitude M(K~p — D;D°p) can be obtained
with the Lagrangians given in Sec. II as,

1/2% /0o _
My (K=p — D;D°p)
_ 9n:ppIN: pD* YK D, D*
C]2 - M%Z + lMAfF/\j

1
X kz_—MzoFA;(CIZ,MA:)F%)* (K2, Mp-)(p1y + P3u)
-
) Kk
alps.sshrd + M) (7 - B (o)
D*
(21)
My (K=p = D;D"p)
_ f A;pr A:pD*9KD,D*
1
X WFM(QZ’ M) (K Mp)(p1y + P3y)
D>:<0
) i
alps.ss) -+ M s (7 = 4 (s
2
(22)

and the amplitudes for the A,(2286) and the X.(2455) can
be obtained analogously. Here we take I' = 0 MeV for the
A.(2286) and the X.(2455) states because of their small
decay widths. For the A}, the width is taken to be I' =
17 MeV according to BABAR, consistent with the one
obtained by Belle [42].

Taking the ISI of the K~ p and FSI of the DN systems
into account, the amplitude of the K~ p — D; D°p reaction
can be written as

M>(K=p —» D;D°p)

i -
d*k
16725 / !

X Tk poic-p (5, )My (=py =k, + q)

= | M () +

X (1 + GDOPTDOP_’DOP)' (23)

With the formalism and ingredients given above, the
cross section as a function of the beam momentum pg- for
the K~p — D;D°p reaction is calculated using a
Monte Carlo multiparticle phase space integration program,
FOWL, and crosschecked with direct integration with
Eq. (20). The theoretical results at a cutoff A = 3.0 GeV
for the beam momentum pg- from near threshold up to
16.5 GeV are shown in Fig. 5. The contributions from the
A.(2286) and the A.(2455) are also presented in the same
figure.

As in the A} production, the total cross section of the A’
for the J* = 1/2~ case is much larger than that for the
1/2% case. The order of magnitude of the total cross section
is about 1 and 10 ub for positive and negative parities,
respectively. The background contribution from the
%.(2455) to the total cross section is much smaller than
all the other contributions. The contribution from the A} is
much larger than all the other contributions if the spin

12 13 14 15 16

12 13 14 15 16
P, (GeV)

FIG. 5. Total cross section o for the K~ p — D7 D°p reaction as
a function of the beam momentum pg- for J© = 1/2F (left) and
JP = 1/27 (right). The dashed, dotted, and dash-dotted curves
stand for the contributions from the A}, the A.(2286), and the
%.(2455), respectively. The total contribution is shown by the
solid line.
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My, (GeV)
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10% (@) - 0=n/6 (AN
ot oA T 0=n/3 A

- 0=n/2

o
A

o o
S 9
&

-
o
w

N
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O_.

d*o/d/dM, (mblsr/GeV)
3 3

-
(=)
>

10°
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10"
10°
107
08 -04 00 04 08 -08 -04 00 04 08
cos(0)

FIG. 6. Second order differential cross section d’c/dQ/dM py »
for the K~p — D;D%p reaction as a function of the pD°
invariant mass My, (a and b), and the scattering angle cos 6
(c, d, e, and f). The subfigures (a, c, and e) are for JP=1/2%
case, and the subfigures (b,d, and f) are for 1/2". The subfigures
(c and d) are for the cross section with background, and the
subfigures (e and f) are for the cross section without background.

parity of the AZ is 1/2~, which makes the observation of the
A¥ easy. However, if the AZ carries a spin parity of 1/2F,
the total cross section from the A} is much smaller and
comparable with the background contribution especially
that from the A%(2286).

To give more information about the A} production in the
K~p = D;D°p reaction, we present the second order
differential cross section d’c/dQ/dM po, as a function

of the pD° invariant mass for pyx- = 16 GeV at several
typical scattering angles, § =0, z/6, z/3, and z/2, in
Figs. 6(a) and 6(b) for positive and negative parities of the
A}, respectively. An obvious peak can be found around the
invariant mass Mpo, = 2.94 GeV as expected. The differ-

ential cross section is the largest at the extreme forward

angle and decreases with the increase of the scattering
angle. It can be seen more clearly at the differential cross
sections as a function of the scattering angle at the invariant
mass M, = 2.94 GeV in Fig. 6(c)-6(f).

In Figs. 6(c) and 6(d), the results for the K~p — D;D%p
reaction at different kaon momenta pg- are presented. The
results show that with the increase of the kaon momentum,
the increase of the total cross section shown in Fig. 5 is
mainly from the increase of the differential cross section at
forward angles.

We also present the results of the K~p — D;Dp
reaction through A} only in Figs. 6(e) and 6(f), which
shows the effects of the background on the differential
cross sections as a function of the scattering angle is very
small. With the increase of the kaon momentum, more
A(2940) can be produced at forward angles. The results
suggest that it is better to observe the A} at forward angles
especially at high energies.

V. SUMMARY

In this work, we studied the A} production inthe K~ p —
D7 A% and the K~p — D;D°p reactions within the effec-
tive Lagrangian approach to investigate the possibility to
produce the charmed baryon A%(2940) with kaon beams on
a proton target. The z-channel D* exchange was considered
to be the dominant production mechanism. The KN initial
state interaction(ISI) was included by Pomeron and
Reggeon exchanges [36], which was shown to reduce
the cross section by about 30%. In addition, we have also
considered the DN final state interaction (FSI) with the
amplitudes provided by the chiral unitary approach [29].

The total cross section of the A} production was found to
be at the order of 10 ub. After considering the subsequen-
tial decay of the A’ in the D°p channel, we found a clear
signal of the A in the D°p invariant mass spectrum of the
K~ p — D;D’p reaction. Our study indicates that it is
feasible to produce the A.(2940) with kaon beams on a
proton target.
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