PHYSICAL REVIEW D 81, 014006 (2010)
Strong two-body decays of the A .(2940)" in a hadronic molecule picture
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The A.(2940)" baryon with possible quantum numbers J¥ = %J’ and %_ is studied as a molecular state
composed of a nucleon and D* meson. We give predictions for the strong two-body decay channels
A (2940)" — pD°, 3+ 7~ and 207", where the sum of partial widths is consistent with current data for
the case of J¥ = 1*. The case of J¥ =1~ is shown to be ruled out.
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I. INTRODUCTION

Recently a new baryon resonance A.(2940)* has been
discovered in the decay channel D°p by the BABAR
Collaboration [1] and confirmed as a resonant structure
in the final state >,.(2455)%* " 7= — A7t 7~ by Belle
[2]. Both collaborations report on values for the mass and
width of the A.(2940)* state, which are consistent with
each other: my =2939.8+1.3*1.0MeV and I'y =
17525259 MeV (BABAR [1]); m, = 2938.0 =
13720 MeV and T, = 13*827 MeV (Belle [2]).

In Ref. [3] it was proposed that A.(2940)* could be a
D*p molecular state with spin-parity J* =1 or 37,
essentially because its mass is just a few MeV below the
D*p threshold value. There it was also shown that the
meson-exchange mechanism, such as 7, w and p ex-
change, can lead to binding in such a D*p configuration.
In contrast, according to the predictions of the relativized
quark model the baryon state in the 2940 MeV mass region
could have J* = 3% or 3~ [4]. A study of the decays in the
3P, model [5] excluded the possibility for A.(2940)" to be
the first radial excitation of the A.(2286)" because the
decay A,.(2940)" — Dp vanishes in this case. The pos-
sibility however that A.(2940)* is a D-wave charmed
baryon with J¥ = 1* or 3* was shown to be favored. In a
relativistic heavy quark-light diquark model [6] it is sug-
gested that the A.(2940)* state could be the first radial 25
excitation of the X.(2455)" with J” =3*. It was also
argued that the A,(2940)" can result from the first orbital
excitation of the light diquark in the A .(2286)". An analy-
sis of the strong decays of the A.(2940)* in a chiral quark
model [7] predicts that the A.(2940)" is a D-wave state
with principal quantum number n = 2. In Ref. [8] the
strong decays of charmed baryons have been studied in
the framework of heavy hadron chiral perturbation theory.
The conclusion of [8] on the nature of the A,(2940)* was
that an experimental determination of the decay ratio
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3. /3 will enable to discriminate the J” assignments.
In Ref. [9] the A.(2940)" state with J® =1~ has been
considered in the relativistic quark model. In Ref. [10]
possible assignments (J* =1, 3%, and 37) for the
A.(2940)" states have been analyzed in the quark model.
The predicted masses for the A.(2940)" state are distrib-
uted in the range from 2.887 GeV to 2.983 GeV. The
coupled-channel approach [11] does not generate any reso-
nance in the energy region around 2940 MeV, which
couples predominantly to the ND* pair having its threshold
only a few MeV above the A.(2940) mass. Therefore, the
conclusion of Ref. [11] is that the A.(2940) is not a
molecular ND* system. Presently various possible struc-
ture interpretations exist for the A.(2940)* baryon, also
depending on the particular model applied (see e.g.
Refs. [12—-14]).

In this paper we consider the A.(2940)" as a molecular
state composed of a nucleon and a D* meson. We also test
the two currently possible assignments for the spin-parity
quantum numbers of J© = %Jr and %_ in a molecular inter-
pretation. Proceeding with this interpretation the strong
two-body decay modes pD°, X "7~ and 207" of the
A.(2940)" are evaluated. As one result we deduce that the
assignment of J¥ = %* is favored in the molecular inter-
pretation, while the case J¥ = %_ gives an overestimate for
the total decay width. The technique for describing and
treating composite hadron systems we developed already
in Refs. [15,16]. There we present the formalism for the
study of recently observed unusual meson states (like
D7(2317), D;(2460), X(3872), Y(3940), Y(4140, - - -) as
hadronic molecules. The composite structure of these pos-
sible molecular states is set up by the compositeness con-
dition Z =0 [17-19] (see also Refs. [15,16]). This
condition implies that the renormalization constant of the
hadron wave function is set equal to zero or that the hadron
exists as a bound state of its constituents. The composite-
ness condition was originally applied to the study of the
deuteron as a bound state of proton and neutron [17]. Then
it was extensively used in low-energy hadron phenomenol-
ogy as the master equation for the treatment of mesons and
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baryons as bound states of light and heavy constituent
quarks (see e.g. Refs. [18,19]). By constructing a phe-
nomenological Lagrangian including the couplings of the
bound state to its constituents and the constituents to other
final state particles we evaluated meson-loop diagrams
which describe the different decay modes of the molecular
states (see details in [15,16]).

In the present paper we proceed as follows: In Sec. II, we
first discuss the basic notions of our approach. We discuss
the effective Lagrangian for the treatment of the
A(2940)* baryon as a superposition of the pD* and
nD*" molecular components. Moreover, we consider the
two-body hadronic decays A,.(2940)" — pD®, 3+t 7~,
E?.ﬂ'* in this section. In Sec. III, we present our numerical
results. Finally, in Sec. IV we present a short summary of
our results.

II. APPROACH

In this section we discuss the formalism for the study of
the A,(2940)" baryon. First we adopt the convention that
the spin and parity quantum numbers of the A ,.(2940)" are
JP = 1% But we also check the possibility of J” =1~ (it
will be shown that the last possibility leads to an over-
estimate of the strong two-body decay widths and therefore
must be excluded in our approach).

Following Ref. [3] we consider this state as a superpo-
sition of the molecular pD*® and nD** components with
the adjustable mixing parameter or mixing angle 6:

[A.(2940) ") = cos@| pD*®) + sinf|nD*T). (1)

The values sinf = 1/ \/5, sinf = 0 or sinf = 1 correspond
to the cases of ideal mixing, of a vanishing nD** or pD*°
component, respectively. Our approach is based on an
effective interaction Lagrangian describing the coupling
of the A.(2940)" to its constituents. We propose a setup
for the A.(2940)* in analogy to mesons consisting of a
heavy quark and light antiquark, i.e. the heavy D* meson
defines the center-of-mass of the A_.(2940)*, while the
light nucleon surrounds the D*. The distribution of the
nucleon relative to the D* meson we describe by the
correlation function ®(y?) depending on the Jacobi coor-
dinate y. The simplest form of such a Lagrangian reads

Lo () = gy AS(0)T* j 'y () (cosD(x) plx + )
+ sind D, (x)n(x + y)) + He,, (2)

where g, is the coupling constant of the A.(2940)" to the
constituents and I'* is the corresponding Dirac matrix
related to the spin-parity of the A.(2940)". In particular
we have I'* = y# for J* = 1" and I'* = y# > for J© =
1~. A basic requirement for the choice of an explicit form
of the correlation function ®(y?) is that its Fourier trans-
form vanishes sufficiently fast in the ultraviolet region of
Euclidean space to render the Feynman diagrams ultravio-
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let finite. We adopt a Gaussian form for the correlation
function. The Fourier transform of this vertex is given by

D(p2/A?) = exp(—pz/A?), 3)

where pg is the Euclidean Jacobi momentum. Here, A ~
my ~ 1 GeV is a size parameter characterizing the distri-
bution of the nucleon in the A ,.(2940)* baryon, which is of
order of the nucleon mass or 1 GeV. The size parameter A
is a free parameter in our approach.

The coupling constant g, is determined by the compo-
siteness condition [15,17-19]. It implies that the renormal-
ization constant of the hadron wave function is set equal to
zero with

ZA[ =1- Ej\c(mA() = 0. (4)

Here, Eﬁ\((m A,) is the derivative of the A.(2940)" mass
operator shown in Fig. 1. In order to evaluate the coupling
g, we use the standard free propagators for the intermedi-
ate particles

_ d*k 4
iSy(x = y) = (OITN(x)N(y)[0) = e KISy (k),
(2m)*i
1
Sy(k) = ——F—— (5)
my — K — i€
for the nucleons and
N
AF AT
D*
FIG. 1 (color online). Diagram describing the A,(2940)" mass
operator.
N P,
A+
D* D, m

FIG. 2 (color online). Diagrams contributing to the decays
A.(2940)" — pDO, St 3077,
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iSh! (x — y) = OITD**(x)D*(y)|0)
d*k
~ ) Qo)
e (e k“k”/m%)*
m%* —k* —ie

e_ik("_Y)ng(k),

Sl (k) (6)
for the D* vector mesons.

In order to study the strong two-body decays
A.(2940)* — pD® and A.(2940)* — S 07 (see
Fig. 2) we need to know the coupling of the A.(2940)*

|
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constituents to the final state particles. In particular, we
need the Lagrangian describing the coupling of ND* pairs
to pD° and X 7. Such effective Lagrangians containing
the coupling of two baryon fields with J* = %*, one vector
and one pseudoscalar field have in general the form

.E VPBB Bl'y’u“}/SBVMP + H.c.. (7)
The derivation of such a flavor SU(4) invariant Lagrangian

is discussed in the Appendix. Here, we just display the
terms relevant for our calculations:

Lurn(x) = = - Py (S PO + 300Dy ()00

Fa
T

where G = g8, is the coupling constant; g,,, = 6 is
the p7rar coupling, and g4 = 1.2695 is the nucleon axial
charge; F, = f,/N2=924MeV and Fp = fp/2 =
145.5 MeV are the leptonic decay constants of 77 and D
mesons, respectively.

The strong two-body decay widths of the A.(2940)*
baryon are calculated according to the expressions

2
T(AL1/27] = B + M) = A8 212,22 2 )
167my ¢

X ((my, = mp)* —my) ()

¢

for the positive parity A.(2940)* state and accordingly

2
T(AJ[1/27]- B+ M) = S
167m3

A
X ((my, + mp)* —mj)  (10)

Al/z(mi(, m%, m?,)

c

for the negative parity choice for A,(2940)*. The letters B
and M denote the final baryon and pseudoscalar meson;
Ax, v, z) = x% + y> + 22 — 2xy — 2yz — 2xz is the Kiillen
function; my_, mp and my are the masses of the
A.(2940)", the final baryon B, and the meson M. In above
expressions ga gy and f, py are the effective coupling
constants defining the interaction of the A,.(2940)" having

quantum numbers J” = 1* or 1~ with the (BM) pair

L% () = gr sy A )iysBE)M(x) + He.

; ] (11)
L% = Fa s (X)BE)M(x) + He.

+ LS iy ({5 PWDR + nD ) )

+ Fﬁ S0(x)ipH yS(p(x)D;f(x) + %n(x)p;f (x))f () + He., )

[
III. NUMERICAL RESULTS

In Table I we present the numerical results for the partial
two-body decay widths of the A.(2940)" at A = 1 GeV—
the dimensional parameter describing the distribution of
the nucleon around the D*, which is located in the center of
mass of the A.(2940)". Note that the results are sensitive
to the choice of the cutoff parameter A. An increase of A
leads to large values for the A.(2940)* decay widths. We
also vary cosf#—the mixing parameter of the pD** and
nD** components from 0 to 1. For the case J© = 1 the
sum of the partial decay widths is of the order of 1 MeV, at
least consistent with current upper values set by the ob-
served total width. For the alternative case of J© = { the
dominant partial decay width is about 1 GeV in complete
contradiction with the experimental constraints. This dra-
matic increase in magnitude of the partial decay widths for
JP =17 is mainly explained by the large phase space
integral [see Egs. (9) and (10)]. We therefore conclude
that in the context of a molecular interpretation spin-parity
JP =1 of the A.(2940)" state is clearly favored. The
hadron molecule scenario with J” = 1* results in partial
decay widths for the modes >/ * 77~ and 37", which are
dominant and about equal. The decay channel pD° is
suppressed relative to X7 7~ by a factor of about 4,
details depending on the explicit value of the mixing angle.
Also for transparency we present results for the effective
couplings g gy and fp gy of Eq. (11):

gappr = —043 2010,  fy 0 = 1.26 = 0.34,
gasiiy = 1462030,  fyyei, = —425%0.97,
gas0pr = 1.46 £ 0.29, Fasonr = —442 £ 078
(12)
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TABLE I. Partial decay widths of A.(2940)" in MeV.
3" modes 3~ modes
cosf Al — pD® A =3 m AF — 307t Af — pD° A =3 m AF — 307"
1 0.11 0.58 0.72 19.15 612.68 756.72
0.95 0.17 0.85 0.98 29.75 907.64 1040.36
0.9 0.20 0.96 1.08 34.40 1033.00 1153.95
0.8 0.23 1.11 1.20 41.09 1208.89 1305.10
0.7 0.25 1.20 1.27 46.17 1338.06 1407.80
0.6 0.27 1.27 1.30 50.24 1437.58 1478.96
0.5 0.28 1.31 1.32 53.47 1511.85 1522.78
0.4 0.29 1.32 1.30 55.83 1560.10 1538.24
0.3 0.29 1.32 1.30 55.83 1560.10 1538.24
0.2 0.29 1.30 1.26 57.15 1577.04 1519.78
0.1 0.26 1.14 1.03 54.20 1447.05 1309.75
0.05 0.24 1.04 0.91 50.68 1334.05 1174.51
0 0.18 0.74 0.60 38.15 964.41 781.52

IV. CONCLUSIONS

We pursue a hadronic molecule interpretation of the
recently observed A.(2940)" baryon studying its conse-
quences for the strong two-body decay modes and the J”
quantum numbers. In the present scenario the A.(2940)*
baryon is supposed to be described by a superposition of
|pD**) and |nD**) components with the explicit admixture
expressed by the mixing angle 6. The possible decay
channels pD°, 3 * 7~ and 297" are fed by a ND* meson
loop, which in turn arises from the hadronic constituents of
the A.(2940)". The choice J¥ =1~ is completely ex-
cluded by the present calculation resulting in partial decay
widths of the order of 1 GeV. For J¥ = %* we obtain the
dominant decay channels 3 * 7~ and 397" relative to the
pD° mode. The absolute rates but less so the ratios of rates
depend on the explicit molecule configuration expressed
by 6. The sum of partial decay widths is consistent with the
upper value set by the observed total width. An experi-
mental determination of the partial decay widths for the
modes pD and 3.7 could certainly help in clarifying the
structure issue involving the A.(2940)" baryon.
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APPENDIX: DERIVATION OF THE
PHENOMENOLOGICAL VPBB INTERACTION
LAGRANGIAN

First we consider the derivation of the phenomenologi-
cal flavor SU(3) VPBB interaction Lagrangian describing
the coupling of vector (V) and pseudoscalar (P) mesons to
two baryons (BB). It can be generated by starting with the
O(p) term of chiral perturbation theory describing the
coupling of baryon fields (B, B) with the chiral vielbein
field u,,:

D _ F
L ppp = 5 tr((By*y*{u,B}) + B} tr(By*y°[u,B)).
(A1)

D and F are the baryon axial coupling constants (we
restrict to the SU(3) symmetric limit, where D = 3F/2 =
3g4/5 with g4 = 1.2695 being the nucleon axial charge);
the symbols tr, {...} and [...] denote the trace over flavor
matrices, anticommutator and commutator, respectively.
We use the standard notation for the basic blocks of the
chiral perturbation theory Lagrangian [20], where B is the
octet of baryon fields, U = u?> = exp(iP\/E/Fp) is the
chiral field collecting pseudoscalar fields P in the expo-
nential parametrization with Fp being the octet leptonic
decay constant, u, = iuTVM Uut, V,, denotes the cova-
riant derivative acting on the chiral field including external
vector (v,) and axial (a ) sources VMU =9d,U— i(vM +
a,)U+iU(v, —a,).

The vector sources can be identified with the vector
mesons V), if the latter are considered as gauge particles
and introduced via the minimal substitution (for more de-
tails see e.g. [21]). The SU(3) baryon (B), pseudoscalar
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meson (P) and vector meson (V) matrices read as

30/\2+ A /6 3 p
B= 2" —30/V2+A/V6 n ,
=i =0 —2A /6
(A2)
70/\2 + 77/\/6 at Kt
P= " ~m N2+ ae K,
K~ K° —27//6
(A3)
PY/N2+ w/\2 p* K**
V= p- —pY/ 2+ w/2 KO
K*— K*O _d)
(A4)
The required SU(3) VPBB interaction Lagrangian reads
+F .
Lypgs = 8v t((Biy*y°[V,PIB)
D—-F _
+ gy tr(Biy*y B[V, P)), (AS)

P

where gy = g,,, = 6 is the strong p7m coupling con-
stant. The extended SU(4) VPBB interaction Lagrangian
has the more complicated form

Lyppp = iglgkm"'}’”ys[vw P];(Blmn
+igy Byt [V, P1iBy,,
+ g3 Byt y (V)i Py — PL(V,)5) By
— igsB"" Ry (V)P = PV, Bign,

(A6)
|

5 — . %0 1 5 = * B
Lyppg = (gz - —gl)pw“yspD,?Do - <g1 - Zgz)pw"an,fDo + (

4

= . 3 - = .
+ 3y nD* ) — 5g3(2:_+i'yﬂ')/5nD*+7T+ + 30y S pD*077) + H.oc.

We can estimate the coupling gz using the following
procedure: the corresponding vertices are generated by
static one-nucleon exchange between the pairs of (nucleon,
) and (D", 3,) [see Fig. 3]. We therefore can express the
couplings of 3/ nD** 7" and 3°pD* O~ (which are
proportional to the coupling g3) in terms of the 7NN and
D*NZ., couplings as

3 .
gy = 8D*N3, 87NN \/5

BT b (A1)

Here, the coupling gp+ys_ can be fixed by the matching
of SU(3) and SU(4) VBB Lagrangians. In particular, the
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where B, is a tensor with indices /, m, n running from 1
to 4 representing the 20-plet of baryons (see details in
Ref. [22]); (V,);, and P; are the matrices representing the
15-plets of vector and pseudoscalar fields. The baryon
tensor satisfies the conditions

Blmn + anl + Bnlm = 0’ Blmn = Bmln- (A7)

The full list of physical states in terms of SU(4) tensors is
given in Ref. [22]. Here, we only display a few of them:

p = Bia = —2Bjy = —2By,
n = —Byn; = 2By = 2By,
357 =By = —2By = —2B4y,
E(c) = =By = 2By = 2By, 7= P%,
D’=pP, D=V DV=V,
(A8)

- _ pl
7 =P,

The matching of the SU(3) and SU(4) VPBB Lagrangians
at tree level gives the following relations between the
effective couplings

D 3 3 F 5
8prr 1 — 81 82
PTT R, 4°0 o2

(A9)

gpwa—P = Zgl _Egzy

Note that the coupling constant g5 is left to be unmatched.
Below we display the terms of the SU(4) VPBB
Lagrangian relevant for our calculations:

te 3 \<
& : $2_ 583)(2:+i7“75PD*07T+

(A10)
p(n) Tt (77)
p(n) 7(r7)
() >
DD SIS
D*(D*) Te(ZE)

FIG. 3. Estimate for the coupling gs.
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SU(4) VBB Lagrangian has the form (here and in the
following we neglect the tensorial part of the VBB inter-
action containing a derivative acting on the vector field)

-E VBB — lekmn Y'U((V/,L)nglmn + f2Bkm” 7M(VM)]Z{Blnm;
(A12)

where the f| and f, are the coupling constants. We do not
include the term f3B"" y#By,,,tr(V ) because we suppose
that the ¢ NN coupling vanishes due to the Okuba-Zweig-
lizuka rule. In Ref. [23] it was shown that an estimate of the
¢ NN coupling from a dispersive analysis results in the
value g4y = —0.24. Using the definitions of the pNN
and wNN couplings with

8pNN = > = 8o N
L= p2 Ny*p, TN Loy = ;NN)’MCUMN,
(A13)

we can express the SU(4) couplings in terms of the g, vy
and g, yy coupling constants as

2 (5
f1—ﬁ§(§gw1v1v gpNN):

(A14)
f :i(%g —g )
2 3\/5 3 wNN pNN |

PHYSICAL REVIEW D 81, 014006 (2010)

Taking the SU(3) predictions for the g,yy and g,yy
couplings of

goNN = 6, 8uwNN = 38 NN (A15)

we get
=S e =132, fy= g 566
1 3\/§gpNN -94, 2 3\/§gpNN -00,

1 1
= _ + = — ~ 4.24. Al6
8D*N3, 4(fl f2) \/igpNN (A16)

Finally, we get for the SU(4) coupling g5 the expression

2

- , Al7
83 3FP gp7T7TgA ( )

where we use the universality of the p meson with g, .. =
gpnn- In the evaluation we use different values for the
leptonic decay constants F ., Fp, etc. associated with 77,
D, etc. in order to take into account flavor symmetry
breaking corrections.
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