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By assuming that the A}(2940) is a pD*® molecular state with spin-parity J* = 1* and J* = 1~, the
photoproduction of charmed A}(2940) baryon in the yn — D~A%(2940)" process is investigated with an
effective Lagrangian approach. It is found that the contributions from the t-channel with D* exchange are

dominant, while those from the s-channel with nucleon pole exchange give a sizeable contribution around

the threshold. The contributions from the u#-channel and contact term are very small. The total cross section
of the yn — D~ A%(2940)" reaction is estimated, which indicate it is feasible to searching for the charmed

A}(2940) baryon at the COMPASS experiment.
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I. INTRODUCTION

Searching for and explaining the exotic states, which may
consist of the non ¢gg and gqqg configurations, has become a
very interesting topic in hadron physics. Actually, the
structure of the baryon is more intriguing than that of the
meson. Recently, some charmed baryons have been exper-
imentally identified [1,2], which provide an ideal place to
investigate the dynamics of the light quarks in the environ-
ment of a heavy quark. For example, the charmed baryon
A%(2940) has aroused intensive studies on its nature.

The charmed baryon A%(2940) was first announced by
the BABAR Collaboration [3] by analyzing the pD°
invariant mass spectrum. Later, the Belle Collaboration
[4] confirmed it as a resonant structure in the final state
¥.(2455)% 2% — Azt x~. The values for the mass and
width of the A%(2940) state were reported by both
collaborations [3,4], which are consistent with each other:

BABAR: M =2939.8 + 1.3 + 1.0 MeV,
['=175+52+59 MeV,
Belle: M = 2938.0 & 13779 MeV,
=137 MeV.

However, the spin-parity of the A%(2940) state has still
not been determined in experiment. Different theoretical
groups [5-19] have performed theoretical studies of
A%(2940) by assuming different assignments for its spin-
parity J¥ =1* 3* 3% For example, by assuming the
A:(2940) as a pD*® molecular state, the spin-parity of
A%(2940) was assigned to be %i in Refs. [6,7,18]. Besides
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supposing A%(2940) to be a hadronic molecular state, the
A%(2940) also is explained as a conventional charmed
baryon [9] with J¥ = 3T or J” =3, Since the nature of
A%(2940) is still unclear, more work is needed to determine
its real inner structure.

Until now, all experimental observations of A}(2940)
have been from the ete~ collision [3,4]. Thus it is
interesting to study the production of A%(2940) in other
process. In Refs. [5,20], the production of A%(2940) by pp
annihilation is proposed, while the production of A%(2940)
via a 7 meson induced nucleon is discussed in Ref. [21].
However, one notices that there is no relevant information
about the photoproduction of A7(2940). Thus the studies
on the photoproduction of A%(2940) are highly necessary.

In this work, with an effective Lagrangian approach, the
photoproduction of A%(2940) in the yn — D~A%(2940)"
process is investigated. Moreover, the feasibility of search-
ing for the charmed A}(2940) resonance is also discussed.
It is shown that modern experiments based on energetic
lepton beams of high intensity like the COMPASS experi-
ment at CERN [22,23] could be the promising platform to
search for photoproduction of the charmed baryon
A%(2940) and study its properties.

This paper is organized as follows. After an Introduction,
the formalism and the main ingredients are presented. The
numerical results and discussions are given in Sec. III. In
Sec. 1V, the A%(2940) production at COMPASS is dis-
cussed. Finally, the paper ends with a brief summary.

II. FORMALISM

In the present work, an effective Lagrangian approach in
terms of hadrons is adopted, which is an important
theoretical method in investigating various processes in
the resonance region [5,20,21,24-29].

© 2015 American Physical Society
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A. Feynman diagrams and effective
Lagrangian densities

Figure 1 describes the basic tree level Feynman diagrams
for the production of A%(2940) (=Af) in yn - D™AT
reaction. These include the 7-channel with D™ and D**
exchange, s-channel with nucleon pole exchange,
u-channel with A} exchange and the contact term.
Figure 2 is the Feynman diagrams for the yn — D~D%p
reaction.

In Refs. [6,7], by assuming the A}(2940) as a molecular
D*%p state, the spin-parity (J©) quantum number of
A;(2940) was assigned to be 1%, while the quantum
number J = %‘ is completely excluded because the
calculated partial widths are much larger than the exper-
imental width of the A%(2940) state. In this present work,
two cases of A7(2940) with J” = 1* are calculated for a
comparison. Thus we take the normally used effective
Lagrangians for AJND, A;ND*, and yA;A} couplings as
[5,21]

LND/\:‘,(%i) = lg*:ND/_\:FiND +H.C., (1)
Lyppes) = Gaonp N ND; +Hee, (2)
_ K
Lonencgs) =—elc (QA?A —4m;\: 0’"’”‘”) Ai+He, (3)
with
(4)
(a)
ol D Y D~
n 711’7/’1 - / . n o Art
(b) (c)
Y D~
n A
(d)

FIG. 1 (color online). Feynman diagrams for the yn — D~ A%"
reaction: (a) r-channel; (b) s-channel; (¢) u-channel; (d) contact
term.
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The Q- is the electric charge (in the units of ¢), while the
anomalous magnetic momentum' KX; = 0.38 for the A
with JP = %* [30]. The anomalous magnetic moment Kj:

for A} with J¥ =1~ amounts to 0.44 in the SU(3) quark
model [31]. We take the coupling constants
Iaonp = =045, gioyp = =097, gu.yp =664, and
gp:np- = 3.75 as used in Refs. [5,21].

Moreover, the effective Lagrangians for the yDD, yDD*,
and yNN couplings are

L,pp = ieA,(DY#D™ — ¥ D+ D), (5)

Lo = 90D €uuap(#A)(0°D*P)D +Hee.,  (6)

— K
Lyyy = —eN (QNA - #0’”"1’””) N, (7)

N

where FH¥ = OFAY — QYA with A#, D, D** and N are the
photon, D-meson, D*-meson, and nucleon fields, respec-
tively. mp and my are the masses of the D-meson and
nucleon, while €,,,4 is the Levi-Civita tensor. Qy is the

charge of the hadron in the units of e = v/4za with a being
the fine-structure constant. The anomalous magnetic
moment ky = —1.913 for the neutron [32].

The coupling constant g,pp- is determined by the
radiative decay widths of D*,

— giDD*(mZD* — m%)Z 1S | (8)
= em. ||
32mm3,.

FD*i_,Diy

where p$™. is the three-vector momentum of the D in the
D* meson rest frame. With mp. = 2.01 GeV, mp =
1.87 GeV and I'p-«_, p+, = 1.35 keV, one obtains g,pp- =

0.117 GeV~1.

Considering the internal structure of hadrons, a
form factor is introduced to describe the possible off-shell
effects in the amplitudes. For the exchange baryons,
we adopt the following form factors as used in
Refs. [5,33,34],

: A
f qex = ’ 9
) =g ©

while for the D and D* exchange, we take

2 2
Appr = Mex

Fo/p (q2 )= ,
e =30

(10)

'In Ref. [30], the magnetic moment of lighter state A (2286) is
predicted to be 0.38. Since this predicted magnetic moment does
not depend on the mass of the A, state, it is reasonable to take
KA. = 0.38 for the A} with J” =J*.
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FIG. 2 (color online).
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Feynman diagrams for the yn — D~D° p reaction. The contributions from #-channel DT and D** exchange (a),

s-channel nucleon pole (b), u-channel A%" exchange (c), and contact term (d) are included.

where ¢,, and m,, are the four-momenta and the mass of
the exchanged hadron, respectively. The values of cutoff
parameters Ap and Ap,p- will be discussed in the next
subsection.

For the propagators of spin-1/2 baryon, we adopt the
Breit-Wigner form [5,21]

i Hox + My
qu - ng + imexr

GI/Z(Qex) = (11)

where I is the total decay width of baryon. We take I' =
17 MeV [1] for the A%(2940) state and I' = O for the other
intermediate baryons.

The propagator for D exchange is written as

i

Gp(Ger) = 2 (12)
For the D* exchange, we take the propagator as
v ._g/w + q/gquéx/mz*
G%*(‘]ex) =1 5 ) L » (13)
Qex — Mp-

where ¢ and v denote the polarization indices of vector
meson D*.

B. Cross section for the yn — D~A}(2940)" reaction
After the above preparations, the invariant scattering

amplitude of the y(k,)n(ky) = D~ (k3)A:" (k,) process as
shown in Fig. 1 can be constructed as

1+ v %i
—iME = ik, Ap )AL (ks A, (ki dy), (14)

where j denotes the s-, f-, u-channel or contact term process
that contributes to the total amplitude, while € and u are the
photon polarization vector and Dirac spinor, respectively.
Anz» An, and A, are the helicities for the A7(2940), the
neutron, and the pl}ioton, respectively.

The reduced A;-}(i ) amplitudes read as

v(5) . GxND Ky
Ag? T = —le—

5T (g, + my)y ki F i, (15)

2my s —my

(2ks — k)
49 = —egf;NDFit;;]ﬂ, (16)

+
vy _ 9ypDYn:ND*

Ay == ki TEF D, (17)
— my,.
Wk QX;ND " )
Ay = —ie——-T[0n: (qp; +mp:)y
u—msx.
KA; y
+ 5 (gn: + mp:)r" K| F g, (18)
mA;

where s =q; = (ki +k)*=W?, 1=gqj . = (ki —k3)?,
and u = g3, = (ky — k3)? are the Mandelstam variables.

To restor the gauge invariance, a generalized contact
term is introduced as [35,36]

1
10 O (A=1.5) = = o, (A=3.0) (a) 3
— - — s-channel t-channel (D exchange)
----- t-channel (D" exchange) -+ u-channel 3
-l === contact term
10 2

FIG. 3 (color online). (a): The total cross section for the yn —
D~ A+ reaction as a function of the center-of-mass energy W for
the case of A(2940) with J* = %*. Here, the s-, t-, u-channel
and contact term are calculated with A = 3.0 GeV. (b): The same
as (a), but for the case of A;(2940) with J” =1~
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FIG. 4 (color online).

AZ«%? = iegf;NDFiCDv (19)
with
Fp-1
C = (2k — k) = 2— (1= h(1 = Fp))
—
Fp—1
+(2k4—k1)”372(1—h(1—fD)), (20)

A

c

where h = 1 is taken [35].
Thus the unpolarized differential cross section for the
yn — D™ AXT reaction at the center-of-mass (c.m.) frame is

given by

do 1 |7<§m

= _ 21
dcos®  32ms ™ 1)

(a3wer),

where 6 denotes the angle of the outgoing D~ meson
relative to beam direction in the c.m. frame, while ki'm‘. and

%gm are the three-momenta of the initial y and final D~
meson, respectively.

C. Differential cross section d"in—d)—n“p /dAM 1 d 2

Since the A%(2940) has a coupling with pD°, it is
interesting to discuss the pD° invariant mass or angle
distributions for the Dalitz process yn — D~D'p.

Differential cross section do/d cos 6 as a function of cos @ for the yn — D~ A%" reaction at W=35, 5.5, 10, 15 GeV.

However, it is difficult to distinguish the two spin-parity
assignments of the A%(2940) state from that first order
differential cross section [21]. Thus we shall concentrate
only on the second order differential cross section of

d"?n—m* Doy /dM ,pod€2, which may provide useful infor-
mation for clarifying the spin-parity of the A%(2940) state.
The second order differential cross section for the

yn — D~D°p reaction” is written as

2 2
dgyn—>D'D°p o my

dM ,pdQ — 2'7°\/s(p - ps)

8 / 3 IMPR |55 15,

spin
where M, is the invariant mass of the final pDP system.

|p3| and Q are the three-momentum and solid angle of the
final D~ meson in the center-of-mass frame of the initial yn

(22)

’In some theoretical works, it is indicated that the ground state
A.(2286) also has a coupling with pD°. However, it should be
noted that the coupling constant of A.(2286)ND is determined
from SU(4) invariant Lagrangians with a great uncertainty. Also,
the mass of A.(2286) is about 650 MeV smaller than that of
A%(2940), which means that the effects from the A.(2286) state
around the M ,p0 = m . should be small because of the narrow
total decay width of the A}(2940) state. Thus the A, (2286) is not
included in these present calculations.
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system, while |p| and QZ are the three-momentum and
solid angle of the outing proton in the final pD° system.

III. RESULTS

As shown in the previous section, for the yn — D~ A%
process, the s-channel with nucleon pole exchange, the -
channel with D and D* exchange, and the u-channel with
A} exchange and contact term are considered.

Since the cutoff parameter A related to the form factor is
the only free parameter, according to usual practice
[5,21,37], we take the cutoff parameteras A = Ay = Ap =
Ap+ = Ap: = 3.0 GeV in the sprit of minimizing the free
parameters. For comparison, the numerical results of the
full model with A = 1.5 GeV are also presented in Fig. 3,
which indicate that the cross section with A = 1.5 GeV is
smaller than that of A = 3.0 GeV. Moreover, from Fig. 3
one notices that the contribution from the z-channel with D*
exchange plays a dominant role’ in the yn — D™A*
reaction, while the contribution from the D exchange is
very small. The s-channel with nucleon pole exchange
gives a considerable contribution near the threshold.
Besides, the contributions from the u-channel with A}
exchange and contact term are so small that they can be
negligible. With the comparison, it is found that the
s-channel nucleon pole exchange has more influence on
A;(2940) with J? =1~ than that of J© = 1T,

Figure 4 presents the differential cross section for the
yn = D™A:T process for the cases of A%(2940) with
JP =4* It is noticed that all the curves show strong
forward-scattering enhancements, due to the D* exchange
in the #-channel dominantly.

Figure 5 presents the differential cross section
do? po,/AM ,pod€Q at the mass M,po = 2.94 GeV

yn—D~
for the cases of Aj(2940) with J” =J*. It is found that
the absolute value of the differential cross section
d”in—m- Doy /dM ,pod€Q for two spin-parity assignments is

very different, which can be checked by further experiment.

IV. A;(2940) PRODUCTION AT COMPASS

The COMPASS experiment at CERN has run since 2002
using a positive muon beam of 160 GeV/c (2002-2010) or
200 GeV/c momentum (2011), scattered off solid SLiD
(2002-2004) or NH; targets (2006-2011). It covers the
range of W up to 19.4 GeV. The integrated luminosity of
yN interaction multiplied by the general efficiency of the
setup, corresponding to the period of data taking between
2002 and 2011, can be estimated based on the number of

’In this work, as mentioned above, the relevant coupling
constants are taken from Refs. [6,7] by assuming the charmed
AZ(2940) as a molecular state of D**p. Thus the dominant ¢-
channel with D* exchange contribution can be understood easily
since the A%(2940) has a strong coupling with the D**p.
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exclusively produced J/y mesons [38]. We calculate it to
be of about 10 pb~!.

Basing on the integrated luminosity mentioned above and
the calculated A%(2940) production cross section value of
0.02 ub (JP =1%, A=3.0GeV, Cpssppo = 0.21 MeV)
we can expect to find in the COMPASS muon data sample
collected between 2002 and 2011 up to 0.9 x 10° A7(2940)
baryons produced via the reaction yn — D~AX*. This
estimation is done by neglecting the nuclear collective effects
and assuming an effective amount of neutrons in the target of
about 45%. This number can be compared with the
COMPASS open charm leptoproduction results based
on the data collected between 2002 and 2007 [39],
where the number of reconstructed D° — K*z~ decays
(BR = 3.88%) exceeded 5 x 10*.

Since the 7-channel is dominating, the energy transferred
to the produced A%(2940) is small and it decays almost at
rest with the momentum of the proton and D°-meson in the
center-of-mass system of 0.42 GeV/c. Such low-momenta
particles are almost invisible for the COMPASS tracking
system while energetic D™-mesons can be easily detected.
So in spite of the impossibility to observe the A%(2940)

-1 ’ T ’ )
107 ——W=10GeV (@)
- - - W=5.5 GeV

dGVHD.an/dMandQ (ub/GeV/sr)

op/dMDode (ub/GeV/sr)

yn—DD

do
—_
o
(5]

05 00 05 1.0
cos(0)

1
—_
(e

FIG. 5 (color online). (a): Differential cross section dazn_) DD%p /
dM ,dQ for the case of A7(2940) with J”=1* at W=5, 55,
10 GeV. (b): The same as (a), but for the case of A%(2940) with
JP=1-

2
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decay directly, its production should manifest itself in the
missing mass spectrum.

V. SUMMARY

Within the frame of the effective Lagrangian approach,
the photoproduction of charmed A} (2940) baryons in the
yn = D™ AT process via s-, t-, u-channel and contact term
is investigated based on the conditions of the COMPASS
experiment.

The numerical results indicate:

(I) The z-channel with D* exchange plays a dominant
role in the yn — D~A’" reaction, while the con-
tributions from the #-channel D exchange as well the
u-channel A} exchange and contact term are very
small. The s-channel with nucleon pole exchange
gives a considerable contribution at the threshold.

(IT) According to our estimations, a sizable number of
events related to the A%(2940) has already been
produced at the COMPASS facility, which means
that it is feasible to search for the charmed A%(2940)
baryon produced via yn interaction. In the case of
success, it would be the first observation of direct
production of A%(2940).

(IIT) The absolute value of the differential cross section
doin_)D_ Dy /dM ,pod<Q for the two assignments

JP =21+ for the A}(2940) state are much different.
Thus we suggest that this observable can be

PHYSICAL REVIEW D 92, 094032 (2015)

measured in the further COMPASS experiment to
clarify the nature of the A}(2940) state.

To sum up, we suggest that this experiment be carried out
at COMPASS, which not only helps in testing the above
theoretical predictions for the photoproduction of the
A%(2940) state but also provides important information
for clarifying the nature of the charmed A%(2940) baryon. It
is worthwhile to point out that it is not possible to give a
very precise theoretical result for the production of
A%(2940) because the partial decay width of A%(2940)
is only a theoretical value and not a real width measured by
experiment. However, from the experimental point of view,
the partial decay width of A%(2940) is a key factor to
determine the spin-parity of A%(2940). Thus the experi-
ment on measuring the partial decay width of A%(2940) is
also encouraged.
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