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Structure of charmed baryons studied by pionic decays
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We investigate the decays of the charmed baryons aiming at the systematic understanding of hadron
internal structures based on the quark model by paying attention to heavy quark symmetry. We evaluate the
decay widths from the one-pion emission for the known excited states, A%(2595), A%(2625), AL(2765),
A%(2880), and A(2940), as well as for the ground states X.(2455) and X(2520). The decay properties of
the lower excited charmed baryons are well explained, and several important predictions for higher excited
baryons are given. We find that the axial-vector-type coupling of the pion to the light quarks is essential,
which is expected from chiral symmetry, to reproduce the decay widths especially of the low-lying A}
baryons. We emphasize the importance of the branching ratios of I'(Z{z)/T'(Z.x) for the study of the

nature of higher excited A} baryons.
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I. INTRODUCTION

Understanding of the internal structure of hadrons is an
important subject in hadron physics. One of the most
important problems is to identify the effective degrees of
freedom which should play essential roles at low energies,
because the bare quarks do not appear at such a scale
due to the color confinement of QCD. To identify the
effective degrees of freedom should serve not only for
the understanding of the QCD vacuum properties, but also
be useful to explain and predict experimental data with
simple physical terms. In this respect, what we are aiming
at is to establish the economized effective degrees of
freedom for various phenomena of the strong interaction
physics [1,2].

The charmed baryons, containing a single heavy charm
quark, is a good place to study the hadron structure. One of
the important features is the spin symmetry of the heavy
quark. QCD predicts that the spin-dependent interaction
of the heavy quark is suppressed by 1/m, and thus in the
infinite m limit, the heavy quark spin is decoupled from
the dynamics of the light quarks. The dynamical decou-
pling of the light quark spin and the heavy quark spin is the
heavy quark symmetry (HQS) [3].

In the heavy quark limit, the total spin j of the light
degrees of freedom (so-called brown muck in the literature)
is conserved [3,4]. It contains not only the spins of the light
(anti)quarks and their angular momenta but also gluon
spins. Combining the spin j of the light degrees of freedom
and the spin of a heavy quark, heavy hadrons are classified
into a single state with the total spin J = 1/2 for j = 0 and
two degenerate states with the total spin J = j 4+ 1/2 for
j = 1/2. The former is called the HQS singlet, and the latter
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is called the HQS doublet. The classification based on the
HQS is useful for the investigation of the heavy hadrons,
because the spin of the light degrees of freedom serves as an
additional conserved quantum number reflecting the inter-
nal structure of the heavy hadrons. The HQS appears in
many properties of heavy hadrons, such as the mass
spectrum and the decay branching ratios."

There is another interesting feature of the charmed
baryons. In the quark model description, we have two
different orbital motions in the low-energy excitations.
One is the relative motion between two light quarks, the so-
called p-mode. The other is the one between the center
of mass of the two light quarks and the charm quark, the
so-called A-mode. Owing to the mass difference of the light
and heavy quarks, the excitation energies of the A- and
p-modes are kinematically well separated, and the internal
excitations are dominated exclusively by either the p-mode
or the A-mode with only small mixing [23]. This contrasts
with light quark baryons where the two modes generally
mix largely, and thus is the reason that we can study the two
basic modes exclusively in the heavy baryons.

In general, internal structures of hadrons are reflected
not only in mass spectrum but also in various transition
properties such as productions and decays. Among them,
two-body decay processes through the one-pion emission
are particularly interesting due to the following reasons.
(i) The pion couples only to the light quarks, and the charm
quark behaves simply as a spectator. The dynamics of the

"The heavy quark symmetry can be applied also to exotic
heavy hadrons such as hadronic molecules [5—-15] as well as to
the heavy hadrons in the nuclear medium [15-21]. See Ref. [22]
as a review for the latter.
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pion is governed by chiral symmetry in a unique manner.
Therefore, the transitions accompanying pion emission
should bring important information about the dynamics
of the two light quarks in a heavy baryon. This is also
helpful to understand diquark properties in a heavy baryon.
(i1) Some low-lying states of excited charmed baryons have
significantly smaller excitation energies than light baryon
excitations, and the emitted pion carries only a small
momentum. Therefore, the pion emission from the excited
charmed baryons is a good place to study the quark-pion
interaction, which should be well determined by the low-
energy chiral dynamics. This can be checked by comparing
the theoretical results with the observed decays of the low-
lying charmed baryons.

In this paper we consider the pion emission decays from
the orbitally excited charmed baryons® A%(2595), A%(2625),
A5(2765), A:(2880), AZ(2940) into X.(2455)z and
2%(2520)z, and those from orbital ground state charmed
baryons X.(2455) and X (2520) into A.(2286)x. The decay
paths are summarized in Fig. 1. To estimate the decay widths
numerically, we employ a nonrelativistic constituent quark
model with a harmonic oscillator potential as the quark
confinement force. The model is rather simple but we expect
that essential and universal features can be extracted.

There are previous works investigating strong decays of
charmed baryons [3,18,25-31]. In Ref. [30], based on
heavy hadron chiral perturbation theory the importance
of heavy quark symmetry is discussed in the heavy quark
limit. In Ref. [18], including the correction terms from
the next-to-leading order O(1/m,), relationships between
decay widths in several decay channels were obtained. In
Ref. [31], nonrelativistic quark model calculations were
performed and decays of various quark model states were
investigated. In the present study, we will also employ the
nonrelativistic quark model. It is worthwhile to emphasize
the difference between the works in Ref. [31] and ours. In
Ref. [31], the baryon wave functions are constructed in
the so-called LS coupling scheme, while we do so in the jj
coupling scheme where the total spin j of the light degrees
of freedom is first formed. In doing so, we will derive
various relations and selection rules in relation to HQS.

In a similar fashion, the one-pion emission of the heavy
baryons has been investigated in Ref. [32] (see also [33]).
There the constituent quark model was referred to in order
to derive various relations among couplings between the
heavy baryons and pion with respect to HQS also. Then
effective coupling strengths appeared there were evaluated
by comparing their amplitudes with available experimental
data. In our approach here, the one-pion emission decay
widths are explicitly evaluated by using quark model wave
functions of the harmonic oscillator type with a few model

’In this article, we express the ground and excited charmed
baryons as Y, and Y.
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FIG. 1. Level structure of the charmed baryons with isospin
I=0 and I =1 Y. (mass)J* considered in this study. The
hatched squares denote their total decay widths in Particle Data
Group (PDG) [24]. The arrows indicate the possible decay paths
with one-pion emission evaluated in this study.

parameters. Our quark model calculations also satisfy the
heavy quark symmetry.

In our study, we will shed light upon the following
issues. First, we check the validity of the present framework
by calculating the decay widths of the two X, baryons,
>.(2455)(JF = 1/2*) and ££(2520)(JF = 3/2"), which
are the orbital ground state of charmed baryons. These
baryons decay into A.(2286)x as the only possible channel
in strong decay. Because both the initial and final charmed
baryon states are in the orbital ground states in the quark
model, those charmed baryons are good objects for con-
firmation of the validity of our formalism for the one-pion
emission. We will see that our results are in reasonably
good agreement with the experimental values.

Second, we investigate the decay properties of A%(2595)
(JP =1/27) and A}(2620)(J* =3/27) as the lowest-
lying orbital excitations in a p-wave. They are interesting
because they have the subcomponent, the spin-0 diquark
system, which is moving in the p-wave orbital of the
JA-mode [27,34,35]. They have been observed in eTe~
collisions and pp collisions [36-38] as well as in photo-
productions [39]. An interesting feature of them is that the
A}(2595)(1/27) baryon has a considerably large decay
width into the Z .z channel although its phase space is very
small. In contrast, A%(2625)(3/27) has a very small width
although there is sufficiently large phase space in its decay
channel X, z. We show that the quark model description
with the A-mode can explain these decay properties very
well for these low-lying Y, states. We find that, to achieve
good agreement, the 7wgq interaction Lagrangian of the
derivative coupling (axial-vector coupling) is needed to
reproduce the experimental decay width. This strongly
implies that the nonlinear chiral dynamics works for the
pion and constituent quarks. We will present that decay
properties of A%(2595) in particular are much affected by
the isospin breaking effect near the thresholds.
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Third, we study higher excited charmed baryons,
A%(2765), A:(2880), and A:(2940). Because their spins
and parities are not fully determined experimentally, we
consider various patterns of assignments of 1/2%, 3/2%,
and 5/2% which are formed by the quark model. By
comparing the resulting decay widths with existing exper-
imental data, we will see that several assignments of spin
and parity will be excluded.

Finally, we will pay special attention to A(2880) for the
determination of its spin and parity. In PDG [24], the spin
of the A%(2880) is 5/2, which is determined by the angular
distribution of the X.(2455)z decay [24,40], and the
positive parity is inferred from the agreement of the
observed decay branching ratio X}(2520)/Z.(2455) in
comparison to the prediction from heavy quark symmetry
[3,30,40]. As carefully argued in Ref. [30], however, the
possible p-wave contribution was simply ignored in the
evaluation of the branching ratio. We show that the many
configurations for the A} baryons with J* =5/2% are
turned out to be incompatible with the present experimental
data [40] if the p-wave contribution is properly considered.
We find that only one configuration leads to a result
consistent with the data where p-wave contribution van-
ishes due to the selection rule working for the pion emission
between diquarks, the occurrence of which is a unique
feature of heavy baryons where a heavy quark behaves as a
spectator, namely in heavy quark symmetry.

This article is organized as follows. In Sec. II, we explain
wave functions of the charmed baryons employed in
our constituent quark model. In Sec. III we present the
formalism for the one-pion emission decay of the charmed
baryon. We show our numerical results for the decay widths
in Sec. IV. Finally, Sec. V is devoted to a summary.

II. BARYON WAVE FUNCTIONS WITHIN
THE QUARK MODEL

We construct the baryon wave functions in a scheme
inspired by the heavy quark symmetry. Namely, first we
construct a wave function using light degrees of freedom,
which is then combined with the heavy quark to form
the total baryon wave functions. In this manner, we will be
able to see in a transparent manner various relations and
selection rules which are valid in the heavy quark limit. Let
us start with the harmonic oscillator Hamiltonian for the
orbital wave function,

H:_Zzﬁi

FYSE-RL )

i#]

i=1

where 7; are the spatial coordinates of the ith quark of mass
m; and k the spring constant.

Quark 1 and quark 2 denote the two light quarks of mass
m (m; = m, = m), and quark 3 the charm quark of mass M
(m3 = M). The Hamiltonian can be divided into one for the
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center-of-mass motion X and those for the relative motions

5 and 1 as
H=H;+H,+H,, (2)
where
Vi
H-=— , 3
¢~ T20m+ M) (3a)
=2
\% m,w>
H =——L 422505 3b
i T N (3b)
%2 mw2~2
Hy=—— 427" 3
A 2m,1+ 5 (3¢)

Here, the coordinate of the center of mass X is defined as

1
2m+M

X= (m(7y + 72) + M73), (4)

and p and J are the Jacobi coordinates defined as
p =7 =T, (5a)

1

j« = E (7‘1 + ;2) - 7'3. (Sb)

As indicated in Fig. 2, p is the relative coordinate between

the two light quarks (quark 1 and quark 2), and ] is the
relative coordinate between the center of mass of the two
light quarks and the charm quark.

The reduced masses m; and m, are defined by

(6)

m/, -

m 2mM
A m) = _-———,
2 4 2m+ M

and the frequencies of the oscillator for the A- and
p-modes by

3

FIG. 2. Definitions of the Jacobi coordinates p and J. The quarks
1 and 2 are the light quarks, and 3 the heavy (charm) quark.
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0, = \/inz w, = \/W. (7)

Orbital wave functions of the three-quark state are
expressed by a simple product of the eigenfunctions of
the separated Hamiltonians

- -

\Il(?lv;:Z’ 7‘3) = l///l(/l)l///)(ﬁ)ei ~X’ (8)

where P is the total momentum of the three-quark state,

and (1) and w,(p) the wave functions of the Jacobi
coordinates 1 and p. The wave functions of the harmonic
oscillator are given by

l//nfm(;c> = Rnf(r)Yfm(;C)’ (9)

where the radial function R,,(r) is summarized in
Appendix A and Y, is the spherical harmonics. We will
call the excitation with either n; # 0 (radial excitation) or
¢, # 0 (orbital excitation) the -mode. This is also the case
for the p-mode. When both the A-mode and the p-mode
happen, this is called the Ap-mode.

The full wave functions of baryons are constructed by
products of the isospin (flavor) part, the spin part, and the
orbital part. For the isospin part, we introduce the notation
D{ 1) for the two light quarks as

1
D% (D% =—(ud—du }, 10
{D =5 wa-an (10
for an I = O state, and

1
D': {D} = uu,D(l) = ﬁ(ud—f—du),Dl_l = dd}, (11)

for I = 1 states. The flavor wave function of the A, baryons
having I =0 is then expressed by D% (c stands for
the charm quark), and that of the X, baryons with / =1
by D'c.

Similarly, the spin wave functions of the two light quarks
are expressed by dfs,)’

. J— 1 —
& {d%—ﬁm m}, (12)
i {d{ :m,dézjimumd:l =u}. (13)

For the charm quark spin, we use the symbol y,. for either
spin-up or -down.

By making use of these expressions, the full wave
functions of the A.(J) and X.(J) with total spin J are
constructed as
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A IM) = (W, W o (B ) ] DO, (14)

S (IM) = (Wi, W o (B).d 22]0 De (15)

by antisymmetrizing the light quark part including the
color part, which is not explicitly shown here. The total
spin J of the charmed baryon is given by the sum of the
spin of the charm quark and the “total” angular momen-
tum j of the remaining part (hereafter referred to as “light-
component spin j” or simply “light spin ;”), which is
obtained by composing the orbital angular momenta ¢,
and ¢, and diquark spin d. For example, the wave
functions of the orbital ground state for the charmed
baryons are given by

Ac(1/2%) = [[wos Wwos (7), &P, 2] /2 D0, (16)

£.(1/2%) = [[wosDwos () d'' 1] *Dle,  (17)

and

£:(3/2%) = [[wos(Dwos () d']' x> Dle.  (18)

In Table I, we summarize the quark configurations
for the charmed baryons considered in this article. The
observed A, excited states A% (2595) and A} (2625) baryons
are, due to their small excitation energies, assigned to be
the p-wave excitations of the A-mode (n; =0, £, = 1)
with a spin-0 diquark (d°). Their quark configurations are
given by

Ax(1/275 4-mode) = [[wo, (Ao (7). &)1, 2] D,

(19)
and
A:(3/27; d-mode) = [[yro, (Do, (), d°]', 1] De.

(20)

Another possibility to construct the negative parity
excited states for A} is the so-called p-mode excitation
(n, =0, ¢, = 1), which must have the spin-1 diquark ")
due to the antisymmetrization of the wave function. The
total spin j of the light component can be j =0, 1 and 2,
leading to a HQS singlet with the baryon spin J = 1/2,
and two HQS doublets J = (1/2,3/2) and J = (3/2,5/2),
respectively. For example, the concrete form for the HQS
singlet is given by
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TABLE I. Quark configurations considered in this article.
(R(p)- € 1)) are the nodal and the angular momentum quantum
numbers for the A(p)-motion wave function. The spin wave
function of the two light quarks is expressed by d. The spin and
the parity of the light component is expressed by j’. The total
angular momentum £=¢ s ¢ , are also shown for the Ap-mode.

The spin and parity J” and supposed physical charmed baryons
are also shown.

Ground state charmed baryons

(ny.¢;) (ny,.¢,) d j° JP Possible assignment
(0,0) 0,0 & 0F 1/2* A.(2286)

(0.0) 00 d' 1t (1/2.3/2)" X.(2455), £:(2520)

Negative parity excited charmed baryons

(ny.¢;) (n,.¢,) d j° Jr possible assignment
©,1) 00) & 1- (1/2.3/2)" A5(2595), A%(2625)
(0,0) ©,1) 4" 0 1/2-

1= (1/2.3/2)"

2= (3/2.5/2)"  A:(2880)(?)

Positive parity excited charmed baryons

(). ¢5) (ny,.t,) d° j° JP possible assignment
(1,0) 0,0 & 0F 1/2+
0.2) 00) d° 2¢ (3/2,5/2)%  A%(2880)(?)
0,0) (1,00 & 0* /2%
(0,0) 02) 4 2¢ (3/2,5/2)%  Ax(2880)(?)

Positive parity excited charmed baryons (4p-mode)
(n,, ;) (n,,¢,) d&° ¢ j* Jr

possible assignment

PP
(0,1) 0,1) 4' 0 17 (1/2,3/2)*
1 0+ 1/2+
1™ (1/2,3/2)*
2t (3/2.5/2)* A%(2880)(?)
2 1t (1/2,3/2)F
2t (3/2,5/2)" A%(2880)(?)
3t (5/2,7/2)* A:(2880) ()
A:(J7 p-mode) = [[yo, (Ao, (3). d'Vx] 2 DVe.
(21)

The minimal configuration for J¥ = 1/2% state for A,
baryons is an orbital excitation for the nodal quantum
number n; =1 or n,=1 as with the spin-0 diquark given by

As(1/2%m, = 1) = [y, Dy () d*Vx ) 2, (22)

. 2 - 1/2
AL(1/2%5m, = 1) = o (Dyis (7). e . (23)
both of which are the HQS singlets.

The higher excited states of J” with P =+ can be
constructed by the d-wave excitation as the total angular
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momentum. In this case, we have three possibilities, as

(¢).¢,) = (2,0), (1,1), and (0,2). In the (2,0) and (0,2)

cases, the diquark spin should be 0, and the total baryon

spin can be J = 3/2, 5/2, as

J=2+1/2 DOc.
(24)

A (I8, =2) = [WoaRAwos(B), AP 1]

A (%5, =2) = [[woDwoa @), P, ) 2 Dle.
(25)

In the case with (¢;,7,) = (1, 1), the diquark spin should
be 1, as

A2, =1,6,=1) = [[wo,(Dwop(p), d'V.x.) DO
(26)

The total angular momentum # (Z” =7 1+ ¢ ») can be 0, 1,
or 2, and the resulting light-component spin can be j = (1),
(0,1,2), and (1,2,3), giving 13 states. The heavy baryons
are the HQS singlet only for j = 0 and the HQS doublet
for the others.

We leave a comment on the difference between the wave
function used in Ref. [31] and ours. In Ref. [31], the bases
of the quark wave function are given by >*!£,, namely

[[fzfp]f[[slsz]s3]S]J7 (27)
while ours are given by
[[£:2,) [s152)12) s3] (28)

They are different in general except for the highest
weight state of 7 and s. In the latter, the subcomponent
[[£:¢,) [s155)*2), which is assigned as the light-
component spin j, decouples from the heavy quark spin
sy in the heavy quark limit. Hence the latter basis is
compatible with the heavy quark symmetry.

III. FORMULATION

A. Basic interaction of the pion

In the constituent quark model, the pion can couple to a
single quark through the Yukawa interaction, which is
considered to contribute dominantly to one-pion emission
decays (Fig. 3). In the relativistic description, there are two
independent couplings of pseudoscalar and axial-vector

types,
qysiq - 7. qyrstq - O'7. (29)

In the nonrelativistic model, they correspond to the follow-
ing two terms,
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o (Pi—ps)=06-q. - (pit+py). (30)
where p; (py) is the momentum of the initial (final) quarks
and ¢ is the pion momentum. We keep in mind that these
two couplings in Eq. (29) are equivalent for the on-shell
particles in the initial and final states, but not for the off-
shell particles confined within a finite size. The present
case is the latter, because the quarks are confined in the
harmonic oscillator potential. In this work, we employ the
axial-vector-type coupling,

Logg(x) = jTAzm)yﬂys%q(w E(x),  (31)

in accordance with the low-energy chiral dynamics. The
nonrelativistic limit in Eq. (31) leads to the combination
of the two terms in Eq. (29). In Eq. (31), g/‘i is the axial
coupling of the light quarks, for which we use the value
g1 =1[41,42]. As we will see later, importantly, the axial-
vector coupling can explain surprisingly well the decay of
A%(2595) through the time-derivative piece in Eq. (31). On
the contrary, the pseudoscalar coupling cannot reproduce it
because it is proportional to the pion momentum ¢ which
almost vanishes. This strongly supports the chiral dynamics
of the pion working with constituent light quarks.

B. Matrix elements with the quark model
wave functions

In this section, we formulate the one-pion emission
decay of a charmed baryon within the quark model. The
relevant diagram is shown in Fig. 3, where one pion is
emitted from a single light quark. We write the state vector
for the Y, baryon (Y. = A, or X.) with mass My _, spin J,
and momentum P in the baryon rest frame in the momen-
tum representation as

RN RN | <dzf>/ (f,ff

{s.2}
1 1 1 - -
X :
P om 2MV/fﬂ(pp)l//fA<pi)
x1q1(p1-51))|q2(P2: $2))|a3(p3. 53)),  (32)
T
q .
D1 // D1

A\ 4

FIG. 3. Decay amplitude of the charmed baryon Y, to Y. with
one-pion emission.
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which is a superposition of quarks in the momentum

space |q(p1,51))s [2(P2, 52)), and [q3(ps, 53)), weighted
by the baryon wave functions y,(p,) and y,(p;). Here the

relative momenta p, and p, are defined by

- 1 - - -

P, Zm(Mm + Mp, —2mps), (33)
- 1. -
Py =5(P1=Pa). (34)

and the total momentum of three quarks, which is the
baryon momentum, is given by

P =P+ py+ ps. (35)

The factors of 1/+/2m are for the normalizations of the

&p; = \2
confined quark states so that [ o lw(p;)|> = 1. The sum

> (5.} 18 taken over the spins of the three quarks and their

angular momenta such that the total angular momentum
gives the spin J.
The decay amplitude for Y. — Y.z is given by

/d4x1<Y2(P’7J/)H(Q)liE(X1)|Yc(PJ)>, (36)

where only one light quark |g;) in the initial and final
baryon state participates in the transition as

(q) (P, $1)7(@)[iLrgq(x1)|q1 (P11 51))
q
O i g L
= lje (P=rt D i, (g |(pr + L) - 6lxs,)
—i2m(yy [(p1 = PY) - 0lxs, )} (37)

while the other light quark |¢,) and the charm quark |g3)
are spectators and then their matrix elements are just delta
functions of their three-momenta

<CI}(P}, S})|¢Ij(l?j, Sj)> = 2Ej(2”)35<3)(13} - Z’j)5sjs;
=2E, / d3xje—i(pj—pj)-Xj @S} |)(s_,->’
(38)

where j =2 or 3. We have now ten x-integrals as

/ A0y ey ey P10 i) i)
(39)

and the first x{-integral leads to the energy conservation
(27)6(E| — E| — w,) in the q; — ¢} 7 process. We rewrite
the remaining x-integrals in terms of the Jacobi coordinates
and we find
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/ d3Xd3pd3,1€_i(;’/—i’>'ie_i(i’;_ﬁ/’)"Be_i<;;_ﬁi>'ie_ié'(i+ﬁi+%ﬁ) ) (40)

The X-integral leads to the total three-momentum conservation, via (27)36®)(P — P' — §). By eliminating the common
delta functions for the energy-momentum conservation, we find the amplitude for Y. — Y.z decay as

_ltYC—>Y’67r =

. {iwﬂmg () +25)) - 3lzs) + i(w

\/EF 2m / d3pﬂ

/ ACAL Py, (D,)ePrPy, (D))e “iPityr, (py)eii

M
dm+M

d3 / d3p1 d3p;L "
(21)? / 27 ) en)? / &4

lq/l'ie_izfp'.a

—2m><)(s;|5'5|Xsl>}<1s;|%sz><ls;b(s£>’ (41)

where the effective momentum transfer g, and ¢, appearing in the pion plane wave e~ is defined by

- M
q, =

2m+ M

-

qp, = é (42)

N =

The first term in Eq. (41) involves the relative momenta p/, and p/, of the constituent quarks in the final baryon, which can be

replaced by the derivative of the wave functions as

&ép),

d3
(27 )31’/)‘///’ (pple ~HP = iV / 2V/f’

PP = lew,,w (P). (43)

and the same for p/. In the case of A.(JM)" — Z.(J'M’)** 7™, after performing the momentum integrals and by showing
the flavor (isospin) part explicitly, the decay amplitude is given by

ity = A oMy o o [ e D e (D) v, B, (). Ty

. . - M - S .
{anli¥, +29,) 5+ (wﬂm— 2 )il v (). V) (44)

where & o1y and T N matrices operate the spin and isospin
wave functions 0% quark 1. For simplicity, the notation for
the bra and ket states

[lwe, Dwe, (p), dV s xclin)
= we,Wwe, (05 s s, (45)
{es)

are used in Eq. (44). The derivatives <€ ;, and ﬁp operate the
final state wave functions. We also have to consider the case
that the pion couples to the another light quark ¢,(x,).
Summing over the amplitudes of the two cases coherently,
we obtain the total decay amplitude.

C. Decay widths with the helicity amplitude
The decay width of B; — Byx is given by

~ioome | 4Ol 40

|
where ¢ is the magnitude of the three-momentum of the final
pion in the center-of-mass frame, and the sum is taken over
the possible quantum numbers, in the present case, the spin
state (helicity) of the final baryon for a given initial baryon
spin. The matrix element depends on the decay angle Q (the
angle between the quantization axis of the initial baryon spin
and the momentum vector p ¢ of the final baryon) and on the
helicity of By. In this article, we employ the helicity
amplitude approach to calculate the decay width in Eq. (46).
In this approach, we expand the initial spin state
|B;(J,J, =J))., which is quantized along a fixed &, axis,
in the angular momentum basis quantized along the direction
of the momentum of the final baryon, &, = p;/|py|, by

|Bi(J. 1) = > |Bi(J.M)). D}, (~$.0.4). (47)

where D9, are the Wigner’s D functions [43]. If the spin of
the final state (B/(p;,h)| is quantized along &, then the
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helicity # is equal to the third component of the final state
spin,

(Br(Pp. )| = (By(ps. S h)]. (48)

where J' is the spin of the final baryon B;.
Hence the matrix element is written with its angular
dependence shown explicitly as

AB(py. I )a(=pf)E|Bi(J,]))
=Dy, (=¢.0.9) (Bp(ps.J', h)a(=py)[i|B;(J. h))..
(49)

where only the diagonal element M = h remains after
summing over Y, because of the helicity (spin z-
component) conservation. In Eq. (49) both of the initial
and final spins are quantized along the e, axis.
Now, the helicity amplitude A, is defined by
(27)*6W (P =P;)Ay= (B(ps.J . ) (=py)|1|B;(J, h))..
(50)

The amplitude A, depends on J, J', and h, but does not
depend on the decay angle, because the spin quantization
axis is chosen along the direction of the momentum of the
final baryon p ;, which is equal to the situation of the decay
into the z direction. The possible angular dependence of 13f
is taken care of by the D function, and the angular-integral
dQ in Eq. (46) then can be performed exactly and finally
we find

2
4n2M221+1Z‘ al” (51)

where ¢ = |py|. Here, the amplitude A_,, with the opposite
helicity has the same form as A,,.

D. Parameters

In the present Hamiltonian of the harmonic oscillator in
Eq. (1), we have three model parameters; m the mass of the
light quark, M that of the heavy quark, and k the spring
constant. The masses of the quarks are set to be

m = 0.35 £ 0.05 (GeV),
M =15+0.1 (GeV). (52)

We tune the value of k so that the level spacing of
the A-mode excitation as w; ~ 0.35 +0.05 GeV and the
root-mean-square radius of the charmed baryon as
V/(R?) ~0.45-0.55 fm, which is defined as the average
of the distance of each quark from the center of mass as

PHYSICAL REVIEW D 95, 014023 (2017)

TABLE 1II. Range of the model parameters of {m, M, k}
(inputs) and the properties of resulting harmonic oscillator
(H.O.) functions (outputs).

Inputs light quark mass m 0.3-0.4 (GeV)
heavy quark mass M 1.4-1.6 (GeV)
H.O. potential k 0.02-0.038 (GeV?)
H.O. energy w; 0.3-0.4 (GeV)

Outputs H.O. energy w, 0.42-0.58 (GeV)

Gauss range a,
Gauss range a,

0.36-0.44 (GeV)
0.26-0.32 (GeV)

2 0.55-0.67 (fm)
<p2> 0.76-0.93 (fm)
(R?) 0.45-0.55 (fm)

Ig~ - =0
RZE§Z(1”,»—X)
i=1
1 (2(2m* + M? 1
- LUAM—& ‘
3\ 2m+ M) 2

(53)
We summarize the model parameters used in the present
calculation in Table II. Depending on these input param-
eters, the range parameters of the Gaussian wave functions
vary within the range of

a; = 0.36-0.44 (GeV),
a, = 0.26-0.32 (GeV), (54)

which is the source of the uncertainty in our theory
predictions.

III. NUMERICAL RESULTS

A. Decays of the ground state X (1/2")
and X}(3/2%) - A (1/2")x

The X.(2455) baryon is an orbital ground state
baryon having J¥ = 1/2". The mass of the X.(2455)""
is 245397 £0.14 MeV and its full width is
1.89709% (MeV) [24]. The £.(2455) — A.(2286)x decay
channel is the only possible strong decay and its branching
ratio is ~100%. The X%(2520) baryon has J* = 3/2" and
is expected to form a HQS doublet with X.(2455). The
mass of the X}(2520)** is 2518.41%07 (MeV) and its
width is 14.7870%0 (MeV) [24]. Again the A,(2286)x
decay channel is the only possible channel in the strong
decay and its branching ratio is ~100%. Because both
%.(2455) and X}(2520) baryons are the spin and isospin
flip states of the ground state A.(2286), their decay
rates reflect mainly the spin-isospin structure and is rather
insensitive to the spatial structure. Therefore, we can use
these processes to check the validity of the present quark
model calculations.
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The helicity amplitude for the X.(1/2%) - A.(1/27)z

decay is given by
A, = AX“’ + A6, (55)

where AY and A{” correspond to the (V, + 2%,)) - 6 term
and the ¢-o term in Eq. (44), respectively. They are
given by

Wy

—iAY}3 = G * (— %) G q, + qp> F(q), (56)

and

-2 (-55) (-2
(57)

where ¢;,) = |g;(,)| and G denotes the coupling constant
and the normahzatlons as

zf” \/2My L\ 2M . (58)

The function F(g) denotes the Gaussian form factor as
Fg) = e~/ 3143, (59)

which is the Fourier transform of ground to ground
transition amplitude. The factors of a; and a, correspond
to the inverse of the range of the Gaussian wave functions
for A- and p-motions, respectively, and their definitions
are given in Appendix A. Similarly, the helicity amplitude
for the ;:(3/2") - A.(1/2")x decay is given by the same
expressions as Egs. (56) and (57) but the factor —1/ V3 is
replaced by 4/2/3 in both equations.

In Table III, we show the numerical results for the
%.(2455)(1/27)*" —» Afzn" decay. The calculated decay
width is almost twice as large as the experimental value.
We also show the results of the £%(2520)(3/2") decay in
the same table. The calculated decay width of £%(3/2") is
again twice as large as the experimental value.

TABLE III. Calculated decay widths of X.(2455)"" and
%(2520)** into the A.(2286)"x" pair. ¢ is the momentum
of the final particle in the center-of-mass frame.

Bi JP l—‘exp q Flh(z‘c(‘]+)++ -
(MeV) (MeV) (MeVic) A, (2286)*z") (MeV)
£,(2455)7F 1/2F 1.89 89 427-4.33
(2453.98)

$5(2520)7F 3/2F 1478 177 30.3-31.6
(2517.9)
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As shown in the table, the uncertainty from the ambi-
guities of the quark model parameters (m, M, k) is small,
which means the decay width of the ground state to the
ground state does not depend on the detail of the wave
functions, as anticipated. Therefore the discrepancy might
come from the axial-coupling constant g4 for the zgq
interaction.

In the present calculation, we employ g =1 for the
grrm coupling, but it is also known that this value does
not reproduce the axial-coupling constant of the nucleon
gy = 1.25 but leads to g =5/3 instead. To reproduce
the axial-coupling constant of the nucleon g%, one needs
a suppression factor of about 3/4 for g%, which reduces
the decay width by a factor (3/4)? ~0.56, the result of
which is consistent with the experimental data. This is
expected because the pion emission decays essentially
measure the axial couplings for the relevant baryons
(transitions). Our input here is the axial coupling of the
constituent quarks, which can take in principle any value
when chiral symmetry is spontaneously broken. Here we
have shown that it is about 3/4 empirically from the
phenomena of the ground state baryons not only for the
nucleon but also for charmed baryons, which is not far
from the discussion of Weinberg [41]. The suppression
of g4 has been considered to be originated from the
mixing of p-waves due to relativistic corrections or pion
clouds [44]. This, however, may vary for different
baryon excitations. Keeping this in mind, in the follow-
ing calculations for decays of the excited states, we keep
using the value ¢4 = 1.

B. A;(2595)(1/27) — X.(2455)(1/2 ")z

The A}(2595)" baryon is the first excited charmed
baryons with I = 0 and is expected to have J© =1/2".
The total decay width is Iy, = 2.6 £ 0.6 MeV, where
the Afzz channel is the only strong decay. The Afzx
seems to be dominated by X.(2455)z and its branching
ratio I'(X.z)/T'(total) is quoted as BR(Z "z7) =
BR(Zz") = (24 4+7)% [24]. The direct three-body
decay width is 18 4+ 10%, which we do not calculate
in this article.

Employing the quark model, we have three possibilities
to describe the excited A} baryon having J© = 1/27 as
discussed in the previous section. One is the A-mode
excitation having j© = 17, and the other two are the p-
mode excitations having j* = 0~ and j© = 1-.

The helicity amplitude for the z~ emission decay of
A:(1/27;0)T = Z.(1/2%) T2~ is found again as the sum

Ap(1/2752) = AYo(1/2750) + AT°(1/2732),  (60)

where
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v _ o) 1 49,
_zAlv/g(l/Z ,/1) = lG;ﬂ{Coa/{ +C2 <EQ/1 +qp> a-ﬁ}F(q),
(61)

and

~iAl%(1/27:2) = ~iG L < w, — 2m> oL F(g),

m\2m+ M a,
(62)
where
1 1
cop=——F7=, ) =—F7, 63
0 \/§ 2 3\/5 ( )

which are determined by the Clebsch-Gordan coefficients.
We summarize the general expressions in Appendix B. We
can see that the AV starts from 0O(q"), reflecting properly
the nature of the possible s-wave decay, while A9 is of
order O(q?*). We will see that the former gives a consid-
erable contribution to the A}(2595) decay width.

As for the p-mode with j = 1, we find a similar form for
the A¢(1/27,pj—1)" = Z(1/27)"* 2~ decay as

—iAYS(1/275pjm)

_ 1 q
= lGﬁ {C()ap + Cy <261/1 + q;;) CZZ}F(Q)’ (64)
and
—iATS(1/275pjr)
. q M q,
—_iGL -2 £ , 65

I P <2m +M60,z m>c2 a, (CI) ( )

where
1

In contrast to the above two cases, the situation is quite
different for the decay of A7(1/27,p;_) having the light
spin j = 0. The amplitudes are exactly zero as

AV3(1/273p,0) =0, (67)
AT5(1/27p50) = O, (68)

for the decay into the .(1/2%) baryon. This is due to the
spin conservation of the light component; the spin-parity
j¥ = 0~ state cannot decay into j© = 17 with the pion 0~
for any combination of relative angular momentum.
Generally, as we will see in other examples, such require-
ments lead to selection rules due to the consistency between

PHYSICAL REVIEW D 95, 014023 (2017)

the decays of baryons and decays of the light component, or
the diquark in the quark model because the pion couples
only to the light quarks. Such observations can be done best
by using the baryon wave functions as inspired by the
heavy quark symmetry.

To estimate the decay width of the A(2595) baryon, we
should take the finite width of the finial X. baryon into
account, because the X 7z threshold is very close to the
A%(2595) mass. Indeed, the = "z~ and X2z channels
barely close at the A%(2595) mass while the £/ z° channel
opens, which means the isospin breaking is large contrary
to the assumption made in PDG [24]. To this end, we
convolute the decay width of A%(2595) by the finite width
of 2. as

B 1 . Ty (M
Py=y / dMs, Im = (M) (69)

My, —Ms + irzc(Mzc)/z,

where I'y- (My) is the calculated decay width of A% given in
Eq. (51) which depends on the mass My of the final X,
baryon. The normalization factor N is defined by

i 1
N = / dMs, Tm — (70)

My, — My +ils (Ms)/2

We take into account the phase space factor for the X.
decay width in the convolution integral as

i My (ARG MmN
I's(Ms) =T 2"( (M5, M3, >>

D
MEL 21/2 (M§C ’ M%( ’ m%)
x O, ~ My, —m,). (71)

where M _is the mass of the ground state A (2286), and
'y, is the decay width of X, given by I'y = 1.89 (MeV)
for 27, T'y, = 1.83 (MeV) for . Because only the upper
limit is determined for X}, we calculate the ratio of
[(Zf)/T(Zf) by employing our formalism discussed
in Sec. IVA, and then estimate it as I'y = 2.1 (MeV)
for £F. The convolution corresponds to the consideration
of the sequential decay of the A} — X .z followed by
Y. — A,z as depicted in Fig. 4. The double z° emission
decay of A%(2595)" — A.(2286)7°z° can be approxi-
mated by the convoluted single z° decay of A%(2595)" —
¥.(2455)*7° (including a symmetry factor for the two

Ac” Xe Ac

FIG. 4. Feynman diagram of the sequential decay of A} — X .z
followed by X. — A .z supposed in Eq. (69).

014023-10



STRUCTURE OF CHARMED BARYONS STUDIED BY ...
12

ol

10} % |

\

1

< 5 |

9 \

2, |

= 6 ‘

= \

S BW of Ac |

> w/ fixed width

S 4F \
Q
[a)

|
|
BW of A¢ !
2+ w/ E-dep. width !
|
0 L
2580 2585 2590 2595 2600 2605
Total energy \/s [MeV]
FIG. 5. Convoluted decay width of Aj(2595;2-mode) —

%.(2455)r as functions of total energy (= the mass of the
A%). The thin (blue) lines denote the z~, z°, and zt emission
decay widths as indicated in the figure. The thick (red) solid
line denotes the sum of the three charge states. The resulting
Breit-Winger spectral functions of the A} are also shown in
arbitrary units.

identical particles), because of the dominant contribution
of the on-shell X. [27]. Similarly, the charged pion decay
A,z n~ is approximated by the sum of the "z~ and
>07" decays.

In Fig. 5, we show the calculated result for the decay
width of the A%(2595) baryon in the case of the A-mode
as functions of the mass of the A} (the total energy +/s).
We find that the z* decay width remains finite even at
\/s = M ., which is below the 7 threshold, owing to the
finite width of the X baryon. We can also see that the 7°
threshold is located at 5 MeV below /s = M. and then
the 7° decay width is much larger than that of 7, meaning
a large isospin breaking. We also show the resulting

PHYSICAL REVIEW D 95, 014023 (2017)

Breit-Wigner (BW) form in Fig. 5 with the fixed width
at /s = M). =259225 (MeV) and with the energy-
dependent width. In the present case, the two BW functions
resemble each other because of the resulting small width.
However, the energy dependence of the width is large, so
we have to be careful when estimating the BW width
for A}(2595).

In Table IV we show the calculated decay widths
of A:(2595)T — X.(2455) 7=, X.(2455)°z%, and
¥.(2455) " z° together with the sum of these three channels
evaluated at \/s = M. = 2592.25 (MeV). These numbers
have uncertainty reflecting that of model parameters of
(m, M, k) as discussed in Sec. III D. The uncertainty of the
model parameters leads to an almost factor-2 difference in
the decay widths. In spite of this uncertainty, including the
one coming from g4, using the axial-vector coupling works
well to reproduce the relatively large decay width of
A(2595) located at almost the X .z threshold. This is
due to the time-derivative term with the strength determined
by the mass of the pion. Thus the decay of A(2595)
provides a good example to show that the chiral theory
works up to the order O(m,,). As discussed in the previous
section, we find that, by employing the pseudoscalar
coupling (y5) for the pion, we obtain less than 1 (keV)
for the A}(2595) decay due to the small pion momentum g.

We also find that the assignment of the p-mode con-
figuration with j¥ = 1~ to the A%(2595) leads to an almost
2.5-5 times larger width than the experimental value for the
total width. They are significantly large even if we consider
the uncertainty of the pion coupling, because the exper-
imental total width contains not only the X .z decay channel
but also the nonresonant three-body decay of A zz, which
we do not consider in this paper.

In addition, the p-mode configuration with j© =0~
cannot decay into X 7. Therefore we can conclude that,
by a detailed study of decay width, it is likely that the
A%(2595) baryon is dominated by the A-mode configuration

TABLE IV. Calculated decay width of the A%(2595) — X.(2455)x. The charge decay channels are indicated in the table, where
[Z.7]" denotes the isospin summed width. The quantum numbers of the A- and p-modes are indicated by (n;,7,) and (n,,¢,), and

ptp

Ja:( Jj)F stands for the assigned spin and parity for A} with the light-component spin j. The masses of A%, ., and x are also shown in the

table. The symbol 7 indicates the closed channels for on-shell Z 7.

A%(2595)" Decay width [M . = 2592.25 (MeV)]

Decay channel full [Zea]™ DAY ozt Z+a0
Experimental value Iy, (MeV) [24] 26+£0.6 0.624 (24%) 0.624 (24%)
Momentum of final particle ¢ (MeV/c) e T ¥ 34
This work (n,.2,), (n,.2,) Ja()?
r (0,1), (0,0) 1/2(1)" 1.5-2.9 0.13-0.25 0.15-0.28 1.2-2.4
(MeV) (0,0), (0,1) 1/2(0)~ 0 0 0 0
1/2(1)" 6.5-11.9 0.57-1.04 0.63-1.15 5.3-9.7
My (MeV) 2453.97 2453.75 2452.9
input parameters employed I's MeV) 1.89 1.83 2.2
in the convolution Eq. (69) m, (MeV) 139.57 139.57 134.98
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as expected. We might add a comment that other assign-
ments of the J¥ = 3/2~ or higher spin configurations for
A%(2595) cannot reproduce the large experimental value
for the decay width due to the d-wave (or higher partial
wave) nature.

C. A;(2625)(3/27) - X.(2455)(1/2")x

The A}(2625)" baryon is a very narrow resonant state
and is expected to have J* = 3/2~. In PDG, only the upper
limit of the decay width is given as 'y, < 0.97 MeV [24].
The Af 7z and its submode X .z are the only strong decay
channels. The branching ratio BR(Z/*z7)/BR(Afz"n™)
is less than 5%, and therefore the partial decay width for
Fexp(A7(2625)F — X F77) is less than 0.05 MeV.

As discussed in the previous section, the A}(2625)
baryon is assigned to be the low-lying orbital excitation
state with £; = 1 with a spin-0 light diquark. The helicity
amplitude for the A%(3/27;4)" — X"z~ is then given
by the same expressions as Egs. (61) and (62) but with the
different coefficients as

¢y =+ (72)

COZO, 3

In contrast to the case of A%(2595), the coefficient ¢, of the
g° term is zero and then the helicity amplitudes AX“’ and
A7 are of order of O(g?), as expected for the 3/27 —
1/27 + 0~ decay.

We have two more possible quark configurations for the
A% excitations with J” = 3/2~, which are the p-mode
excitations with j = 1 and j = 2. The helicity amplitudes
for these configurations are found to be again the same as
Egs. (64) and (65) but with different coefficients as

Co = 0, Cr = ——"—~= (73)

COZO, Cyr =

for AL(3/27,p;—n) = Z.(1/2%)x decay.

In Table V we show the numerical results for the
A:(2625)" — X.(2455)" "z~ decay. In the A%(2625) case,
we do not convolute over the finite width of X. because the
>z threshold is well below the A%(2625) mass, and the
convolution does not change the result much. In the table,
we also show the calculated decay widths of other assign-
ments than J* =3/2".

We find that the assignment of the A-mode configu-
ration with J¥ =3/27 for A}(2625) works very well
to describe the small decay width of A%(2625) - 2.z,
while the assignment of 1/27 leads to a larger width
than the experimental value. In contrast to the case of

PHYSICAL REVIEW D 95, 014023 (2017)

TABLE V. Calculated decay widths of the A%(2625) —
2.(2455)**z~. The quantum numbers of the A- and p-mode
are indicated by (n;.7;) and (n,.7,), and J . (j)" stands for the
assigned spin and parity for A} with the light-component spin ;.
The masses of the £/ and 7z~ are My++ = 2453.97 (MeV) and
my- = 139.57 (MeV).

A%(2625)* decay width [M . = 2628.11 (MeV)]

decay channel full >ta

Experimental value ', (MeV) [24] <097 < 0.05(< 5%)

Momentum of final particle ¢ (MeV/c) e 101

This work  (n;,7,), (n,.2,) J\(j)"

r ©,1), (0,00 1/2(1)" 5.4-10.7

(MeV) 3/2(1)" 0.024-0.039

(0,0), (0,1) 1/2(0)~ 0

1/2(1)" 24.0-45.1
3/2(1) 0.013-0.019
3/2(2) 0.023-0.034
5/2(2)" 0.010-0.015

A%(2595)(1/27), however, we cannot exclude the possibil-
ities of the p-mode configurations for A%(2625)(3/27) by
the study of decay width, because the calculated X 7 decay
widths for the A-mode and the two p-modes with J = 3/2~
are accidentally similar to each other. It is interesting,
however, that these three modes give quite different
transition amplitudes for the X%(3/2%)x decay as will be
discussed later in Sec. IV D, although the X{z channel is
closed for A}(2625). To discuss the structure of Aj(2625)
in more detail, we need systematical analyses of the mass
spectrum [23], nonresonant three-body decay, and so on.

D. Decays of the higher excited A; baryons

In Ref. [24], three more A} states are nominated,
A:(2765), A:(2880), and A%(2940), though X;(2765)
cannot be excluded for A%(2765). Among them, spin of
A%(2880) is the only quantum number that is well
determined in the experiment. The parity of A%(2880) is
assigned to be positive, but it deserves being carefully
examined. Therefore we consider possible assignments of
both positive and negative parity cases. For these higher
states, the X;(2520)z channel opens in addition to the
%.(2450)7z channel. The ratio of I'(X}x)/T(X.x) also can
help us to determine the quantum numbers, and the quark
configuration as well. In the following discussions, ZE*)
denotes X.(2455) with 1/2% or X%(2520) with 3/2%.

1. N:(2765) — S decay

The A7(2765) baryon is seen in Afz"z~ channel
as a broad peak [24,45]. The width is reported as
[exp = 50 (MeV), but its quantum numbers are still
unknown. For this baryon, we consider the p-wave
excitations in a A- or p-mode with negative parity;

{(n2.43). (ny, 2,)} = {(0,1),(0,0)} or {(0,0), (0, 1)}.
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We also consider the possibility of s-wave or
d-wave excitations in A-mode with positive parity;
{(n2,22), (n,,¢,)} ={(1,0),(0,0)} or {(0,2),(0,0)}.
Further studies on A%(2765) with other quark configura-
tions are in progress and will be discussed elsewhere [46].

In Table VI, we summarize the possible A% spin-parity
considered here together with the calculated results.
Because the partial decay widths are not measured yet,
we show the isospin summed width calculated by using the
isospin-averaged masses M 50 and m,,. The concrete forms
of the helicity amplitudes are summarized in Appendix B.
We find that, for a higher j, the decay width tends to be
smaller due to the suppression of the phase space for higher
relative angular momentum in the final state.

In the last column in Table VI, we also show the ratio of
the decay widths to X.(2455)z and X} (2520)7 defined by

_T(A; - %)

R S

(75)
We find the order of magnitudes of the ratio R are
quite different for different configurations even if the
spin-parity is the same, e.g. Jy-(j)® =3/2(1)~(4-mode),
3/2(1)~(p-mode), and 3/2(2) (p-mode). In fact, these
three modes give similar widths for the X .z decay as
discussed in the previous section, but give quite different
widths for Xiz. In principle, the A:(3/27) baryon can
decay by s-wave to X%(3/27)z(07), while it decays by
d-wave to X.(1/27)z(07). Then the ratio R can be
expressed by

[(Zin), + T(Xin)y
F(Zcﬂ)d '

R= (76)

TABLE VI
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which is, in general, larger than unity. This is the case for
the J-(j)F =3/2(1)" as

R(3/2(1)~(A-mode)) = 5.6-7.8, (77)
R(3/2(1)~(p-mode)) = 49-70. (78)

In contrast, the light quark system having j© = 2~ cannot
decay by s-wave to that of 17 in 2%(3/2%)z(0~) because of
the spin-parity conservation. This is another example of the
selection rules in the heavy quark limit. Due to the absence
of an s-wave contribution, the ratio R is smaller than unity
for 3/2(2) as

I'(Zim),
= 0.25-0.26. (7
(%), 0.25-0.26.  (79)

In this configuration, the amplitudes of £z and X} decays
are the same except the momentum ¢ of pion as discussed
in Ref. [3]. Here, we stress that the s-wave suppression for
J4. = 3/2" is found only in the case of j* = 27, and not in

R(3/2(2) (p-mode)) =

the other quark configurations. This is the same phenome-
non that the 1/2(0)” state cannot decay into >z as
mentioned in Sec. [V B, and also is seen for the decay of the
A7(2880) as discussed in the next section.

As for the magnitude of the decay width, we find that the
assignments of J,.(j)" = 1/2(1)" and 3/2(1)~ (£, = 1)
give rather large decay widths due to the s-wave nature into
either X.(1/2%)x or Z;(3/2")x. We can exclude these
assignments because the resulting decay widths are too
large. Calculated widths for A-modes (£, = 1) are slightly
larger as compared with the observed full width, which

Calculated decay widths of the A (2765) — X.(2455)z and — X%(2520)z. The quantum numbers of the A- and p-modes

are indicated by (n,,£;) and (n,,¢,), and J . (j)” stands for the assigned spin and parity for A} with the light-component spin ;.

[Egﬂﬂ]* denotes the isospin summed width calculated by using the isospin average masses My = 2453.5 (MeV),
My. = 2518.1 (MeV), and m, = 138.0 (MeV). The ratio R indicates the X{/X. defined in the text.

A%(2765)" Decay width [M - = 2766.6 (MeV)]

Decay channel full [ZE*) roal [Zx]t [Zix]t R
Experimental value Iy, (MeV) 50 [24] e e
Momentum of final particle ¢ (MeV/c) 265 197
(n3.22), (n,.¢)) Ja()”
(0,1), (0,0) 1/2(1)" 65.1-146.3 61.2-140.2 3.9-6.1 0.044-0.064
3/2(1)” 52.2-104.2 7.9-11.9 443-92.4 5.6-7.8
0,0), (0,1) 1/2(0)~ 0 0 0 e
This work 1/2(1)~ 325.8-676.3 323.7-673.3 2.1-3.0 0.0044-0.0064
r 3/2(1)" 210.4-413.5 42-5.8 206.2-407.7 49-70
(MeV) 3/2(2)" 9.4-13.1 7.6-10.5 1.9-2.7 0.25-0.26
5/2(2)" 6.3-8.8 3.4-4.7 2942 0.87-0.90
(1,0), (0,0) 1/2(0)* 1.6-4.5 0.86-2.49 0.78-1.98 0.79-0.91
(0,2), (0,0) 3/2(2)* 4.7-10.9 4.4-10.1 0.33-0.72 0.071-0.076
5/2(2)* 1.9-44 0.13-0.32 1.77-4.04 12.8-13.8

014023-13



NAGAHIRO, YASUI, HOSAKA, OKA, and NOUMI

does not seem inconsistent if we consider the uncertainty of
g%. However, by taking into account contributions of
decays into nonresonant three-body Azz, these A-mode
states will receive a larger full width, with which the
possibility for them to be identified with A%(2765) might
decrease.

Among the considered assignments in this article, the
other assignments J,-(j)" = 1/2(0)~, 1/2(0)*, 3/2(2)",
3/2(2)*, 5/2(2)7, and 5/2(2)* cannot be excluded
because the total ZE*)H decay width is consistent with
the experimental value. The ratio R, however, takes a
different value reflecting the structure of the A} baryon,
which will help to determine the quantum numbers.

2. \:(2880) — =7 decay

The A,.(2880) charmed baryon is observed in the A zx
channel [40,45] as well as in the pD° channel [47]. The
spin is determined as 5/2 from the angular distribution of
the decay into X.(2455)z [40]. In PDG [24], the parity is
assigned to be positive from the analysis of the X}/X.
branching ratio in comparison with the prediction of the
chiral perturbation [30] with the heavy quark symmetry [3].
However, as discussed in [30] a subtlety arises when
calculating the ratio.

TABLE VIL

PHYSICAL REVIEW D 95, 014023 (2017)

In Table VII we summarize the quark configurations
considered here for A%(2880). By comparing the observed
full width I';,, = 5.8 MeV and the calculated total one-pion
decay width, we can exclude all of the p-wave configura-
tions with the negative parity including 5/27. As for 5/2~
with p-mode excitation, both of the decays A%(5/27) —
2(1/2%)x and A3(5/27) =X:(3/20)x [(jF=27) -
(j® = 1)*0~ in terms of the light spin] go through by d-
wave, and the X%/ ratio R is larger than unity as

R(5/2(2):p

which does not agree with the experimental value R =
0.225 4+ 0.062 4= 0.010 [40]. This conclusion is consistent
with the chiral perturbation calculation with heavy quark
symmetry [3,30].

For the spin-parity 5/2% case, we can consider five
configurations as shown in Table VII; one d-wave excita-
tion in A-motion [5/2(2)" with £, = 2, denoted by 44], the
one in p-motion [5/2(2)" with £, = 2, denoted by pp], and
three double-p-wave excitations in the A- and p-motions
UAU)E = 5/2(2)1.5/2(2)5.5/2(3); whete £ = ¢, + 2,
with (£,.¢,) = (1,1), denoted by Ap]. Some of these
configurations give a decay width consistent with the
observed full width I'y,, = 5.8 (MeV). As for the ¢/,

) =1.6-1.8, (80)

Calculated decay width of the A%(2880) — X.(2455)z and — X}(2520)z. The quantum numbers of the A- and p-modes

are indicated by (n;,¢;), (n,.£,), and J ;- (j)" stands for the assigned spin for A} with the light-component spin j and the panty P. For

pCp

the {(0, 1), (0, 1)} configurations, we also show the total angular momentum £=¢ 0+ z,”p as a subscript £ in J . (j)2. [ ¢

JT] * denotes

the isospin summed width calculated by using the isospin-averaged masses My = 2453.5 (MeV), My = 2518.1 (MeV), and
m, = 138.0 (MeV). The ratio R indicates the X}/%, defined in the text.

A%(2880)" Decay width [M - = 2881.53 (MeV)]

Decay channel full [Z(C*) ol [Z.x]t [Zixt R
Experimental value Iy, (MeV) 5.8+ 1.1 [24] 0.225 [40]
Momentum of final particle ¢ (MeV/c) 375 315
(n/lvfi) (npal'ﬂp) ()P
(0,1), (0,0) 1/2(1)" 111.9-254.8 76.9-204.0 35.0-50.8 0.25-0.46
3/2(1)" 129.6-248.8 37.7-52.1 91.9-196.7 2.4-3.8
(0,0), (0,1) 1/2(0)~ 0 0 0
This work 1/2(1)" 502.5-1129.7  483.9-1104.7 18.6-24.9 0.038-0.023
r 3/2(1) 439.3-919.5 20.0-25.6 419.3-893.9 21-35
(MeV) 3/2(2) 52.8-68.5 36.0-46.0 16.7-22.4 0.46-0.49
5/2(2)" 42.0-55.3 16.0-20.5 26.0-34.9 1.6-1.7
(1,0), (0,0) 1/2(0)*" 3.7-13.5 1.3-5.6 2.4-7.9 1.4-1.8
(0,2), (0,0) 3/2(2)*" 16.3-39.5 13.9-34.2 24-53 0.16-0.17
5/2(2)* 11.2-26.1 1.2-2.8 9.9-23.3 8.1-84
(0,0), (1,0) 1/2(0)* 16.5-40.2 7.0-18.2 9.5-22.1 1.2-1.4
(0,0), (0,2) 3/2(2)*" 44.8-85.4 39.5-76.0 53-94 0.12-0.13
5/2(2)*" 27.8-52.2 1.4-2.6 26.4-49.5 18.7-18.9
(n/lvfi) (npﬁfp) JA(])?
(0,1), (0,1) 5/2(2)5 51.7-109.6 1.8-3.5 49.9-106.1 27.5-30.1
5/2(2)f 0.63-1.68 0 0.63-1.68 (o0)
5/2(3)5 2.9-5.8 2.1-4.0 0.85-1.73 0.41-0.43
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TABLE VIIIL.
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Calculated decay width of the A%(2940) — X.(2455)x and — X(2520)z. The quantum numbers of the A- and p-modes

are indicated by (n;,¢,), (n,.£,), and J - (j)" stands for the assigned spin for A} with the light-component spin j and the panty P. For

pCp

the {(0, 1), (0, 1)} configurations, we also show the total angular momentum F=0,+7¢ , as a subscript £ in J 5. (j)%. [ ¢

]+ denotes

the isospin summed width calculated by using the isospin-averaged masses My = 2453.5 (MeV), My. = 2518.1 (MeV), and
= 138.0 (MeV). The ratio R indicates the X} /X defined in the text.

A%(2940)" Decay width [M - = 2939.3 (MeV)]
Decay channel full =9 2] o [Z.x)*™ [Zix]t R
Experimental value I' (MeV) 1778 [24] (seen)
Momentum of final particle ¢ (MeV/c) 427 369
(n2.23), (n,y. 2)) Ja()”
(0,1), (0,0) 1/2(1)~ 144.8-313.8 73.8-215.4 71.0-98.4 0.46-0.96
3/2(1)” 182.2-332.0 65.4-85.7 116.8-246.3 1.8-2.9
0,0), (0,1) 1/2(0)-
This work 1/2(1)" 557.0-1299.3  519.3-1250.9 37.6-48.3 0.039-0.072
r 3/2(1)” 536.5-1152.9 34.6-42.2 501.8-1110.7 15-26
(MeV) 3/2(2)” 96.2-119.4 62.3-75.9 33.9-43.5 0.54-0.57
5/2(2)" 80.4-101.4 27.7-33.7 52.7-67.7 1.9-2.0
(1,0, (0,0) 1/2(0)* 3.7-17.4 1.1-6.4 2.7-11.0 1.7-2.5
0,2), (0,0) 3/2(2)* 24.9-61.7 20.1-51.0 4.8-10.8 0.21-0.24
5/2(2)" 19.8-46.6 2.8-5.9 17.1-40.7 6.2-6.9
(n/l’fi) (n/)’f/)) JA(.]);};
0,1), (0,1) 7/2(3)F 5.8-11.1 2.6-4.8 3.2-6.2 1.22-1.29

ratio, however, we obtain considerably different values for
different configurations like

R(5/2(2)";42) = 8.1-8.4,

R(5/2(2)";pp) = 18.7-18.9,
R(5/2(2):7p) = 27.5-30.1,
R(5/2(2){3p) = (o0),

R(5/2(3)f:7p) = 0.41-0.43, (81)

where the ambiguities of model parameters are almost
canceled. Note that (co) for the 5/2(2)] (4p) state is due to
the zero decay width into X.z. Among these five configu-
rations, we find that only one configuration [5/2(3)5; 4p]
with the light spin j = 3 with £ = 2 agrees both with the
small ratio R < 1 and with the magnitude of total decay
width. This seems to contrast with the calculation in
Ref. [30], where the other quark configuration for 5/2%
also gives the small R.

This discrepancy can be explained as follows. The decay
of Ai(5/2%) - X.(1/2")zx goes through only by the
f-wave in the final two-body state, while the decay
Ai(5/27) = Zi(3/27)x can go through by both the f-
and p-waves. The discussion based on the heavy quark
limit leading to the model independent relation is possible
only when the same f-waves are taken, which is completely
contaminated by the presence of the p-wave contribution.
As shown explicitly in Appendix B, the amplitude for
A:(5/2%) = Zi(3/2")x can contain the p-wave contribu-
tion [the ¢; term in Eq. (B6)]. Thus we have

['(Zir), + T(Zin),
F(zcﬂ)d

R(5/2") = > 1, (82)
except for the case of 5/2(3)5. For the case of 5/2(3);,
the p-wave contribution [the ¢; term in Eq. (B7)] is
zero because of the conservation of the spin-parity of
the light component; the light system having j© = 3
cannot decay into that of 1" with the pion 0~ in the p-
wave, which leads to

F@zﬂ)d

1.
F(Zc”)d =

R(5/2(3);:4p) =

(83)

We stress here again that the p-wave suppression is found
only in the case of 5/2(3)" with £ = 2, and not in the other
states with 5/27. Here it is worth mentioning that the
O(q') contribution, which allows us to distinguish the
possible quark configurations for the same spin-parity,
appears only in the AV’ term arising from the axial-vector
coupling y,ys of the pion.

If A%(2880) is assigned as a Ap-mode state, a question
arises as to where the A1-mode states with £; =2 are.
Excitation energies of the A1-mode states are expected to be
lower than those of the Ap-mode states. Other information
such as production rates as discussed in Ref. [48] is helpful
to solve this problem, for which an experimental meas-
urement is planned in J-PARC [49].

3. A, (2940) > 37 decay

As for A%(2940), a narrow peak is observed both in the
pDC channel [47] and in the 2.z channel [40]. The total

014023-15



NAGAHIRO, YASUI, HOSAKA, OKA, and NOUMI

width is Tey, = 1718 (MeV) [24]. The spin-parity is not
determined.

In Table VIII, we show the calculated one-pion decay
widths together with the considered quark configurations for
A%(2940). In the previous section, we pointed out the
possibility that A%(2880) is a 5/2(3); excitation. If this
is the case, a new question arises: which Y, baryon is the
partner of the HQS doublet possessing 7/2(3); ? To discuss
the possibility of A%(2940) being the doublet partner of
A%(2880), we also show the one-pion decay width with
the 7/2(3); assignment for A%(2940) in the last line of
Table VIII. We can see that this assignment can be consistent
with the experimental full width in [24] in the sense that the
calculated total one-pion emission decay width does not
exceed the reported full width. For the same reason, the
negative parity assignments can be excluded for A%(2940).
Similarly to other A baryons, the partial decay widths and/
or the X! /X ratio will help us to determine the quantum
numbers and the possible quark configuration as well.

IV. SUMMARY

We have systematically evaluated the decay widths
of the charmed baryons A%(2595), A%(2625), A:(2765),
A%(2880), and A(2940) into X.(2455)x and X%(2520)7, as
well as X.(2455) and X}(2520) into A.z within the non-
relativistic quark model. We have emphasized the usefulness
of working in the baryon wave functions constructed to be
consistent with heavy quark symmetry. This provides various
selection rules associated with the pion emission between light
component of the baryons. Our findings are as follows:

(i) For the low-lying A:(2595) and A%(2625) baryons
the quark model descriptions as the A-mode excita-
tions with a spin-0 diquark can explain the decay
properties very well.

(ii) The derivative coupling derived from the axial-
vector interaction of wqq is essentially important
to produce the experimental decay rate of A%(2595).

(iii) Only one quark configuration, J,:(j)” =5/2(3);
for A%(2880), among the five possible 5/2% con-
figurations can lead to a result consistent with the
experimental data, while all other four configura-
tions of 5/2% cannot if the p-wave is properly
considered. We note that the HQS does not neces-
sarily lead to the small decay ratio of I'(Z}x) /(2. 7)
for 5/2%. This fact calls attention to the discussion
based on the HQS [3,30], which requires decays in
only one partial wave.

(iv) Having the above conclusion, we have discussed
the possibility of A(2940) being the HQS doublet
partner of A}(2880) possessing 7/2(3);. Here we
emphasize that our results concerning the possible
HQS doublet, A%(2880) and A(2940), can be
reached with a jj coupling scheme which respects
the heavy quark symmetry.

PHYSICAL REVIEW D 95, 014023 (2017)

(v) The ratios of I'(X}x) /T"(X.7) are considerably differ-
ent for different quark configurations even if the baryon
spin-parity is the same. This fact is particularly useful
for knowing the structure of charmed baryons.

In this study, we have discussed the various constraints
for the one-pion emission decays due to the selection rules
associated with the conservation of the spin j of the light
component in the baryons. We have to keep in mind,
however, that there is still a small breaking of heavy quark
symmetry for a charm quark. Studies along these lines will
be left for future works.

In our discussions in the quark model, we have consid-
ered only the excitations of valence quarks. We expect that
they provide a good description for low-lying states. For
higher excitations, however, there may be other modes such
as pair creations of quark and antiquark, gluon excitations,
and so on. The former can be taken into account in the
quark model by couplings to mesons or by unquenched
configurations [50], and in effective hadron models by
hadronic molecule configurations [51,52]. The present
systematic studies will help us to know where and how
these configurations beyond the quark model ones show up,
which should be studied in future J-PARC experiments.
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APPENDIX A: HARMONIC OSCILLATOR
WAVE FUNCTIONS

The radial functions R,.({) are given as

202/2 242
ROO(C) = 7[1/4 e—agc /2’ (Al)
8\ 1/2 a5/2 _a2?

Ral)= (3) " Sree @

16\ 1/2 a7/2 ey
Rp($) = <15> ﬁéz,e GRES (A3)

\/6617/2 2 _ 22
R10<€) :ﬂl—il(l—gag,é’z)e ag /2’ (A4)
where

ag = 1/7’)’[(;0)(;. (AS)
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The is either 4 or p. The reduced masses of m,; and m,, are
defined in Eq. (6).

APPENDIX B: MATRIX ELEMENTS

In this appendix, we summarize the concrete forms of the
helicity amplitudes A,.

1. Ground state ¥, decays

The amplitudes for the decays of PR A.(1/2%)x™ are
given by

Vo w, (1
_lz4lv/2 = Gzc<§ql + q/)>F(q)’
. 1 qC q M
IA?/ZZ_GEC<2;71—w”_2m>F(Q)’ (B1)

where the coefficent ¢ is given as

. {—1/\/§ for Z.(1/2%), (B2)

V2/3  for :(3/2%).

TABLE IX. Coefficients for the negative parity A} decays in
Eq. (BS).

A-mode excitation ({ = 1)

(n3.€3) (np.€p)  Ja()" J3 h Co )
(0,1), (0,0) 1/2(1)" 1/2+ 1/2 —% ﬁ
3/2°F 1/2 0 —%

3/2(1)" 1/2* 1/2 0 -1

3/2% 1/2 —% \/Ti

3/2 —% 0

p-mode exciation ({ = p)

(0,0), (0,1) 1/2(0)~ 1/2+ 1/2 0 0

3/2* 1/2 0 0

1/2(1)~ 1/2* 1/2 2 —%
3/2" 1/2 0 —ﬁ
3/2(1)" 1/2* 1/2 0 —ﬁ

3/2F 1/2 2 —%

3/2 2 -1

3/2(2)” 1/2* 1/2 0 ﬁ

3/2* 1/2 0 ﬁ
3/2 0 —2175

5/2(2)" 1/2* 1/2 0 \/%

3/2" 1/2 0 \/;3_0

3/2 0 %

PHYSICAL REVIEW D 95, 014023 (2017)

TABLE X. Coefficients for the positive parity A%(J") decays
with an s-wave (n; = 1) or a d-wave (£, = 2) in Eq. (B6).

A-mode excitation ({ = 4)

(n€3) (n,,€,)  Ja:(j)F Js0) h C 3
+ + 1 1
(1,0), (0,0 1/2(0) 1/2 1/2 = -
3/2% 1/2 _% %
+ + 1
0,2), (0,0 3/2(2) 1/2 1/2 ! \/§ 50
3/2% 1)2 _ﬁ ﬁ
3/2 _2'_\/5 0
5/2(2)" 12t 1/2 0 21%
+ 1
3/2 1/2 % Ve
3/2 % 0
p-mode excitation ({ = p)
(0,0), (1,0) 120007 172+ 1/2 g —ﬁ
3/2% 1/2 _% %
0,0), (0,2) 3/2(2)F 1727 1)2 @ ‘#m
3/2t 1/2 _ﬁ 31J§
3/2 —ﬁ 0
5/22)F  1/2% 1/2 0 z'ﬁ
3/2% 1/2 \/g —L
3 V30
5
3/2 2 0
V5

The factor G denotes the coupling constant and the
normalizations as

94
G= 2M 2M .,
2f, VI Ay R

and the function F(q) denotes the Gaussian form factor as

(B3)

F(q) = e /4 ¢=0/4a; (B4)
2. Negative parity A} (J~) decays
The amplitudes for the decays of the negative parity

excitations with a p-wave of A%(J7) — ZE*)ﬂ are given by

. o . wﬂ 1 q
_IAX _ZGE{COaé“i_Cz(qu_FQp) C}F(q)’

a
. M
—iA! :qu<

(BS)

where the coefficients ¢, and ¢, are summarized in
Table IX. The subscript ¢ is either 4 or p, depending on
the A- or p-mode excitations.
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3. Positive parity A} (J") decays

The amplitudes for the decays of the positive parity excitations with an s-wave (n; = 1) or a d-wave (£ = 2) of

A:(JH) = =7 are given by

1
—iAhv"’ = G& {clqg +c3 <—
m

—inde =G 1

m<2m+M

w,,—zm) (=1)cs

2
1Z

2
az

=

sS4t q,;) }F(q),

(B6)

where the coefficients c¢; and c¢3 are summarized in Table X. The subscript ¢ is either 1 or p, depending on the A- or p-mode

excitations.

The amplitudes for the decays of the positive parity excitations with A — p mixed excited states (£,,7,) = (1,1) of

AN(TT) = 7 are given by

V. ;[ q; q, - 04, (1

—iAY" =G—= —1)%2a,* =L Ly - F(q),

1Ay, " {Cl <( ) apal"'aiap +C3 aa, 261/1+qp (q)

—iar =G (M om ) (—1)e E % Ry, (B7)
m\2m+M " aa,

where # denotes the total angular momentum £=¢ 5+

Z, and the coefficients ¢; and c¢; are summarized in
Table XI.

TABLE XI. Coefficients for the positive parity A%(J") decays
with 4 —p mixed excitations in Eq. (B7). ¢ denotes the total

angular momentum defined by t=¢ 2+ ¢ )

A — p mixed excitation

(nﬂvfﬂ) (np’fp) JA;(j)P ¢ JIZDE*) h El E'3
(0,1), (0,1) 5/22)t 2 1/2% 1/2 0 l\/i
3 5
3/27 1/2
SN N
+ L
Y232 g e g
1 172 12 0 0
3/2% 1/2 0
SR
3/2% 3/2 0
/ / _%\@
5/2(3)F 2 1/2 1/2 0
/2(3) / / _%\/%
3/27 1/2 0
Y -1/
32 3/2 0 7
105
7/23)F 2 1/2* 1/2 0 e
105
320 20 -
3/2¢ 3/2 0 -

APPENDIX C: MATRIX ELEMENTS IN THE
HEAVY QUARK LIMIT

In this appendix, we derive the matrix elements in the
heavy quark limit to show how and when the geometric
factor is separated, leading to the model independent
relations [3]. Let us consider one-pion emission of a heavy
baryon containing one heavy quark Q and a pair of light
quarks gq. Following the notation in this paper, let the
initial baryon denoted by A, and the final one by X,. Then
the spin and angular momentum couplings for the initial A,
and final X 7z states are

Ia M,
b

1) = [Ac) = liag> S0l

) = |Zem) = (Y1 [, so] )™, (C1)

where J 030 is the baryon spin, j, 030 the total spin of
the light degrees of freedom, L the relative angular
momentum of zX,, and J, the total spin Js, + L. The
decay probability is then computed as

T 1Ll i)
L

2
)

(€2)

where L, is the pion-quark interaction, and the sum over
the final state is taken over possible L’s. For instance, for
the decay of 5/2"7 — 3/2", the angular momentum L can
be both 1 (P-wave) and 3 (F-wave), while for the decay of
5/2% - 1/27", only the F-wave is possible.

In the literature, the model independent relation has been
discussed for the ratio of the decays into X%(3/2") and into
%.(1/27). In the heavy quark limit it can be obtained only
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for the decay into the same and single partial wave L. As
we have discussed in Sec. IV D in detail, this is possible
only in some limited cases where a selection rule due to
the diquark transitions imposes an additional constraint.
For a single L, after recouping the final state, we obtain the
matrix element as follows:

. Js 1 . Is M
(YL, lzy» S0l ™)™ | Lin [fay» s0) 0™ 2)
_ Z} A (_1)sz+SQ+Jf+L Tz, Jz S0
T Ll i I L
Jr f f

X <HYL7J'2Q]jfv SQ]Jfo|£'im|[jAQv SQ]J‘\QM‘&L’)- (C3)

PHYSICAL REVIEW D 95, 014023 (2017)

Because the interaction L;,; is active only for the light
quarks, after the application of the Wigner-Eckart
theorem, the matrix element in the third line can be
factorized into one of the light degrees of freedom,
<[YL,j2Q]jf||£im||jAQ>, and the trivial one of the heavy
quark. If, furthermore, the configuration of the light
degrees of freedom is uniquely determined, which is to
fix j; at a single value, the Js, dependence is com-
pletely dictated by the six-j symbol and the normali-
zation Jy ,- This explains how and when the ratio in
Eq. (75) can be determined in a model independent
manner by the formula (C3).
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