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We first give a brief overview of the charmed baryon spectroscopy and discuss their possible structure and
spin-parity assignments in the quark model. With the new Belle measurement of the widths of .(2455) and
%.(2520) and the recent CDF measurement of the strong decays of A (2595) and A.(2625), we give updated
coupling constants in heavy hadron chiral perturbation theory. We find ¢, = 0.565f8:8214{ for P-wave
transitions between s-wave and s-wave baryons, and /,, one of the couplings responsible for S-wave
transitions between s-wave and p-wave baryons, is extracted from A.(2595)" — Afzztobe 0.63 + 0.07. Tt
is substantially enhanced compared to the old value of order 0.437. With the help from the quark model, two
of the couplings &y and A, responsible for D-wave transitions between s-wave and p-wave baryons are
determined from X.(2880) decays. There is a tension for the coupling /4, as its value extracted from
A.(2595)F — Al zz will imply 2,(2790)° — E.x and 2,(2815)" — E}r rates slightly above the current

limits. It is conceivable that SU(3) flavor symmetry breaking can help account for the discrepancy.
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I. INTRODUCTION

Many new excited charmed baryon states have been
discovered by BABAR, Belle, CLEO, and LHCb in the past
decade. A very rich source of charmed baryons comes both
from B decays and from the e"e™ — ¢¢ continuum.
Experimentally and theoretically, it is important to identify
the quantum numbers of these new states and understand their
properties. Since the pseudoscalar mesons involved in the
strong decays of charmed baryons are soft, the charmed
baryon system offers an excellent ground for testing the ideas
and predictions of heavy quark symmetry of the heavy quark
and chiral symmetry of the light quarks. The strong decays of
charmed baryons are most conveniently described by the
heavy hadron chiral perturbation theory (HHChPT) in which
heavy quark symmetry and chiral symmetry are incorporated
[1,2]. Heavy baryon chiral Lagrangians were first constructed
in Ref. [1] for strong decays of s-wave charmed baryons and
in Refs. [3,4] for p-wave ones. Previous phenomenological
studies of the strong decays of p-wave charmed baryons
based on HHChPT can be found in Refs. [3-7].

With the new Belle measurement of the X.(2455) and
¥.(2520) widths and the recent collider detector at Fermilab
measurement of the strong decays of A.(2595) and
A.(2625), we would like to update the coupling constants
appearing in heavy hadron chiral perturbation theory. Indeed,
this work is basically the update of Ref. [7]. We begin with the
spectroscopy of charmed baryon states and discuss their
possible spin-parity quantum numbers and inner structure in
Sec. II. Then in Sec. IIl we consider the strong decays of s-
wave and p-wave baryons within the framework of HHChPT
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and update the relevant coupling constants. Section IV comes
to our conclusions.

II. SPECTROSCOPY

Charmed baryon spectroscopy provides an ideal place
for studying the dynamics of the light quarks in the
environment of a heavy quark. The singly charmed baryon
is composed of a charmed quark and two light quarks,
which we will often refer to as a diquark. Each light quark
is a triplet of the flavor SU(3). Since 3 x 3 = 3+ 6, there
are two different SU(3) multiplets of charmed baryons: a
symmetric sextet 6 and an antisymmetric antitriplet 3. The
Af, B, and 20 form a 3 representation, and they all decay
weakly. The Q0, ., 20, and ™0 form a 6 represen-
tation; among them, only QO decays weakly. We have
followed the Particle Data Group’s convention [8] to use a
prime to distinguish the Z, in the 6 from the one in the 3.

In the quark model, the orbital angular momentum of the
light diquark can be decomposed into L, = L, + L; (not
L,=L,+ L;!), where L, is the orbital angular momen-
tum between the two light quarks and L the orbital angular
momentum between the diquark and the charmed quark.
The lowest-lying orbitally excited baryon states are the
p-wave charmed baryons. Denoting the quantum numbers
L, and L, as the eigenvalues of L2 and L?, respectively, the
p-wave heavy baryon can be either in the (L, =0, L, = 1)
A-state or the (L, = 1, L; = 0) p-state. It is obvious that the
orbital 1-state (p-state) is symmetric (antisymmetric) under
the interchange of two light quarks ¢, and ¢,. The total
angular momentum of the diquark is J, =S, + L,, and
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The p-wave charmed baryons denoted by B,,,(J”) and B, 7,(J) where J, is the total angular momentum of the two light

quarks. In the quark model, the orbital 1-states with L; = 1 (p-states with L, = 1) have even (odd) orbital wave functions under the
permutation of the two light quarks. The p-states are denoted by a tilde. A prime is used to distinguish between the sextet and antitriplet
SU(3) flavor states of the E.. The explicit quark model wave functions for p-wave charmed baryons can be found in Ref. [4].

State SU(3) Sf Lf(Lp,LA) J;f State SU(3) Sf Lf(Lp,Ll) J;f
A, (3 3 0 1(0, 1) 1- Zo() 6 1 1(0, 1) 0~
Aok 3 1 11,0 0~ Za(dm.3) 6 1 1 (0, 1) 1-
Aa(i-3) 3 1 11,0 1~ T,3.5) 6 1 10, 1) 2"
RaG§) 3 ! Lo ) 6 0 1o
Eq(7.3) 3 0 10, 1) 1= o) 6 1 10, 1) 0~
Eo(1) 3 1(1,0) 0~ g,(43) 6 1 10, 1) 1~
Ea(d.3) 3 1 1(1,0 1- 2,(3.3) 6 1 1 (0, 1) 2"
oG §) 3 ! 1,0 > EGD 6 0 1,0 -

the total angular momentum of the charmed baryon is
J =S, + J,. Inthe heavy quark limit, the spin of the charmed
quark S, and the total angular momentum of the two light
quarks J, are separately conserved. In the following, we shall
use the notation B, (J*) (B.;,(J*)) to denote the states
symmetric (antisymmetric) in the orbital wave functions
under the exchange of two light quarks. The lowest-lying
orbitally excited baryon states are the p-wave charmed
baryons with their quantum numbers listed in Table I.

The next orbitally excited states are the positive-parity
excitations with L, + L; = 2. There are multiplets for the
first positive-parity excited charmed baryons (e.g. A, and

AcZ) with the symmetric orbital wave function, correspond-
ingtoL; =2,L,=0and L, =0, L, =2 (see Table II).
They are distinguished by a hat. For the case of
L, =L, =1, the total orbital angular momentum L, of
the dlquark is 2, 1, or 0. Since the orbital states are
antisymmetric under the interchange of two light quarks,
we shall use a tilde to denote the L; =L, =1 states.

Moreover, we shall use the notation BC 7. P) for tilde states

in the 3 as the quantum number L, is needed to distinguish
different states.”

The observed mass spectra and decay widths of charmed
baryons are summarized in Table III. By now, the J© = %*
and 1= 3 states, (Af, B, B0), (A.(2595)", E.(2790)",
E.(2790)%), and (A.(2625)F, =.(2815)%, E. (2815)0)
respectively, and J” =1 and 3% 6 states, (Q., ., &,
and (QF, ZF, &), respectlvely, are established. Notice that,
except for the parity of the lightest A and the heavier one
A.(2880)", none of the other J¥ quantum numbers given in

'In our original paper [7], we did not explicitly distinguish
between L,=2,L,=0and L, =0, L, =2 orbital states.

r—l/

’In terms of the old notation in Ref. [7], Ery(5F.37) stands for

:il(y“,?r) and E/L"z(;ﬂg*) for LZ(;*,;*) for example.

Table IIT has been measured. One has to rely on the quark
model to determine the J” assignments.

In the following we discuss some of the excited charmed
baryon states.

A. A, states

There are seven lowest-lying p-wave A, states arising
from combining the charmed quark spin S. with light

constituents in the Jf:" = 1~ state: A, (é ,; ), Acl(é‘,g )s
An(.57), and one singlet A(}~) (see Table I).
A.(2595)" and A.(2625)" form a doublet A, (37,37).
The allowed strong decays are A, (1/27) — [Z.7]s, [Zi7]p
and A.1(3/27) = [Z.np, [Zixls p, [Acnz]p.

A.(2765)" is a broad state (I' ~ 50 MeV) first seen in
AFz*n~ by CLEO [12]. It appears to resonate through X,
and probably also Z}. It has a nickname X, (2765)" because
whether it is a A7 or a = and whether the width might be
due to overlapping states are not known. It could be a first
positive-parity excitation of A_. It has also been proposed in
the diquark model [13] to be either the first radial (25)
excitation of the A, with J© = %‘ containing the light scalar
diquark or the first orbital excitation (1P) of the X, with
JP = %‘ containing the light axial-vector diquark.

The state A.(2880)" first observed by CLEO [12] in
Azt n~ was also seen by BABAR in the D°p spectrum
[14]. Belle has studied the experimental constraint on its

spin-parity quantum numbers [15] and found that J* = 3*
is favored by the angular analysis of A.(2880)" —

>0t 7* together with the ratio of £*z/Zx measured to be
I'(A.(2880) — Zin™
= [(A:(2880) = Zer™) (24.1 £ 6475, (2.1)

(A, (2880) — = 7%

In the quark model, the candidates for the parity-even spin—%
state are Ap(3%), A(39), AL(E). A5(%), and A5(5%)
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TABLE II. The first positive-parity excitations of charmed baryons denoted by B, (J7), B, (J¥), and ijf (JP). States with
antisymmetric orbital wave functions (i.e. L, = L; = 1) under the interchange of two light quarks are denoted by a tilde. States with the
symmetric orbital wave functions L, =2 and L, = 0 are denoted by a hat. A prime is used to distinguish between the sextet and
antitriplet SU(3) flavor states of the =,.. For convenience, we drop the superscript L, for tilde states in the sextet.

State SU(3) S, L,(L,.L;) gL State SU(3), S, L,(L,.L;) Jhe
Ao(3) 3 20,2 2 (3" 6 ! 20.2 I
AaB.3) 3 22,0 2+ 2(3*.53%) 6 1 20, 2) 2+
R (b3 3 1 0(,1) 1+ T3 1) 6 1 2(0,2) 3+
Alo(3H) 3 1 1(1, 1) 0+ S (b+.3%) 6 1 22, 0) 1+
Au (3.3 3 1 1(1, 1) 1+ $,(.37) 6 1 22, 0) 2+
AbLG3) 3 1 1(1, 1) 2+ $.,(34.1%) 6 1 22, 0) 3+
A2 (43 3 1 2(1, 1 1" Tl 6 0 0(1, 1) 0+
ALGH3Y 3 1 23,1 2+ St 3 6 0 ) 1+
AHGHT) 3 ! 201, 1) 3 5,603 6 0 21, 1) 2+
E0(".37) 3 20,2 2+ =, (4,3 6 1 20, 2) I+
EaGt37) 3 22,0 2+ =,(3+,3%) 6 1 2 (0, 2) 2+
2.3 3 1 0(1, 1) I g, (5.1 6 1 20, 2) 3+
Eeo(3h) 3 1 1, n 0 & (.3 6 I 22,0 I+
Ea(3t.3Y) 3 1 11, 1) 1 2,03+, 5%) 6 1 2.2, 0) 2+
E(T.37) 3 1 11, 1) 2+ &5 1) 6 1 22,0 3+
B4 (5.3 3 1 21, 1) 1" &) 6 0 0, 1) 0+
EL(3.5) 3 1 2(1, 1) 2+ &, (4.3 6 0 11, 1) 1+
RGN, 3 1 2(L D 3 ELEHY 6 0 201, 1) 2t

(see Table II), recalling that the superscript refers to the
orbital angular momentum L, of the diquark. Based on
heavy quark symmetry alone, one cannot predict the ratio R
for these states except A% (37). Its decays to iz, X7, and
A,z all in F waves. It turns out that [7]

T(AG(5/2%) = [Zialy) _ 5 pa(A(2880) — in)
- [Zalp)  4pi(A(2880) - X x)

5
= %029 = 0.36, (2.2)

where the factor of 5/4 follows from heavy quark sym-
metry. Although this deviates from the experimental
measurement (2.1) by 1o, it is a robust prediction.

It is worth mentioning that the Peking group [16] has
studied the strong decays of charmed baryons based on the
so-called * P, recombination model. For the A (2880), the
Peking group found that all the symmetric states A, and
A, are ruled out as they do not decay into D°p according
to the 3P, model. Moreover, the predicted ratio R is either
too large or too small compared to experiment. Therefore, it

appears that the L =2 orbitally excited state A2 G
dictates the inner structure of A.(2880).

B. X, states

The highest isotriplet charmed baryons %.(2800)***0
decaying to Afrz were first measured by Belle [17].
The measured widths of order 70 MeV are shown in
Table III. The possible quark states are E.(3),

2a(37.37), Za(7.30), and Z,(37.37) (see Table D).
Obviously, the mass analysis alone is not adequate to
fix the quantum numbers J* of £.(2800), and the study of
its strong decays is necessary. The states X.; and icl are
ruled out because their decays to Al z are excluded in the
heavy quark limit. They decay mainly to the two pion
system A.zz in a P-wave. Now the £,(37.37) baryon
decays principally into the A .z system in a D-wave, while
T.0(37) decays into A.z in an S-wave. Since HHChPT
implies a very broad X, with width of order 885 MeV (see
Sec. III. B below), this p-wave state is also excluded.
Therefore, £.(2800) """ are likely to be either £, (37) or

2.,(37) or their mixing. In the quark-diquark model [18],
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TABLE III.
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Mass spectra and widths (in units of MeV) of charmed baryons. Experimental values are taken from the Particle Data

Group [8]. For the widths of the .(2455)%++ and £,(2520)%** baryons, we have taken into account the recent Belle measurement [9]
for the average. The width of Z,(2645)" is taken from Ref. [10]. For E.(3055)°, we quote the preliminary result from Belle [11].

State JP S, L, j’;f Mass Width Decay modes
AF 1+ 0 0 0+ 2286.46 + 0.14 weak
A.(2595)* 1- 0 1 1- 2592.25 +0.28 2.594+0.56 A.am, Zom
A.(2625)* 3- 0 1 1- 2628.11 +£0.19 <097 Az, Zom
A.(2765)* 97 ? ? ? 2766.6 + 2.4 50 T.7, Aan
A.(2880)* s+ ? ? ? 2881.53 +0.35 58+ 1.1 >0z, Auzm, DOp
A.(2940)" ?? ? ? ? 2939.311¢ 1778 g, Az, DOp
.(2455) " 1+ 1 0 1 2453.98 +£0.16 1.9410% Az
T.(2455)* L+ 1 0 1+ 245294+ 0.4 <46 Ao
.(2455)° L+ 1 0 1t 2453.74 +£0.16 1.8701 Az

¥, (2520)+ 3+ 1 0 1+ 2517.9+0.6 14.810:3 Az

¥ (2520)* 3+ 1 0 1+ 2517.5+23 <17 Aoz
%.(2520)° 3+ 1 0 1 2518.84+0.6 15.3107 Az
Z.(2800)7 7 ? ? ? 2801:2 75:272 Az, ZE*)E, A.nr
Z.(2800)* 7 ? ? ? 279213 6215 Az, 7, Aoan
2,(2800)° ? ? ? ? 280613 72453 A.m, >Vn, Az
B/ = 0 0 0" 24678704 weak

= = 0 0 0+ 2470.88+ 034 weak

=t L+ 1 0 1+ 2575.6 4+ 3.1 By

=9 1+ 1 0 1+ 2577.9+2.9 R
2,.(2645)* 3+ 1 0 1+ 2645.9103 26+05 B
2.(2645)° 3+ 1 0 1+ 2645.9 +0.9 <55 B
Z.(2790)* 1- 0 1 1- 2789.9 £3.2 <15 s
2.(2790)° - 0 1 1- 2791.8 +£3.3 <12 s
E.(2815)" 2= 0 1 1~ 2816.6 £ 0.9 <35 Hin, B.nm, Blx
=,.(2815)° 3- 0 1 1- 2819.6 +1.2 <65 Bin, E.nn, ELn
2.(2930)° ?? ? ? ? 2931+ 6 36413 A K
Z,.(2980)* 97 ? ? ? 2971.4 433 2647 > K, A Kz, E.nn
2.(2980)° ?? ? ? ? 2968.0 + 2.6 2047 > K, A\ Kz, E.nn
Z.(3055)F 7 ? ? ? 30542+ 1.3 174+ 13 >.K, A.Kn, DA
E.(3055)° ?? ? ? ? 3059.7 £ 0.8 7.4+39 > K, A Kz, DA
Z.(3080)* 97 ? ? ? 3077.0 + 0.4 58+1.0 > K, AKz, DA
=,.(3080)° ?? ? ? ? 3079.9 + 1.4 56+22 > K, A Kz, DA
Z.(3123)* 9 ? ? ? 312294 1.3 44+38 K, AKn
Q0 L+ 1 0 1+ 26952+ 1.7 weak
Q.(2770)° 3+ 1 0 1+ 2765.9 +2.0 Q.

both of them have very close masses compatible with
experiment. However, if we consider the Regge trajectory
in the (J, M?) plane, %.(2800) with J¥ = 3 /2" fits nicely
to the parent X, trajectory (see Fig. 2(a) of Ref. [18]).
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TABLE IV. Antitriplet and sextet states of charmed baryons. The spin-parity quantum numbers of =.(3080) are

not yet established. Mass differences Amz s = mg, — my , Amz ) = mg —my ,and Amg = = mq — mg arein

units of MeV.
B, (J*) States Mass difference

3 Bco(%ﬂ A.(2287)*, E.(2470)*, E,.(2470)° Amg = 133
B.a() A.(2595)*, B.(2790)F, E,.(2790)° Amg , =198
Ba() A.(2625)F, E.(2815)*, E,.(2815)° Amg =190
B?S(%ﬂ A,(2880)*, E.(3080)", =,(3080)° Amg = 196

6 BC,(%+) Q.(2695)°, E..(2575)70, =,(2455)**++0 Amgy =124, Amg = = 119
B.i(3) 0, (2770)°, E.(2645)"0, T, (2520)++0 Amgs, =128, Amg z = 120

C. &, states

There are seven lowest-lying p-wave Z,. states in the 3,

écO(%_)’ Zel (é_7; )’ —cl (é_’; )’ and écZ(%_’ %_)’ and seven

—
-

states in the 6, E(37), E,(7.37), éél(%‘%‘) and
2,30). The states .(2790) and Z,(2815) form a
doublet Z,;(37,37). Their strong decays are ,.(1/27) —
[E.x]g and ZE,(3/27)—>[Eiz]g where E! stands
for E.(2645).

The charmed strange baryons Z.(2980) and =.(3080)
that decay into Af K~z " and AJ K%z~ were first observed
by Belle [19] and confirmed by BABAR [20]. In the same
paper, BABAR also claimed evidence of two new reso-
nances Z.(3055)" and E.(3123)". The former was con-
firmed by Belle, while no signature of the latter was seen
[10]. The neutral Z,(3055)° was observed recently by Belle
in AD" decays [11]. Another state Z.(2930)° omitted
from the Particle Data Group (PDG) summary table has
been only seen by BABAR in the A} K~ mass projection of
B~ — AFAZK™ [21].

The charmed baryons E.(2980), E.(3055), E.(3080),
and 2..(3123) could be the first positive-parity excitations of
the Z... The study of the Regge phenomenology is very useful
for the J” assignment of charmed baryons [18,22]. Just as the
two states A.(2880)(5/2") and A.(2625)(3/27) fit nicely
the parent A, Regge trajectory in the (J,M?) plane,
E.(3080) and E.(2815)(3/27) fall into the parent E.
Regge trajectory (see Fig. 3(a) of Ref. [18]). Hence, this
suggests that Z,(3080) has J¥ = 5/2". Likewise, Z,(3055)
with 3/2* fits to the parent =.(2790)(1/27) Regge trajec-
tory (see Fig. 3(b) of Ref. [18]).

Since the mass difference between the antitriplets A,
and B, for JP =1, 1= 37 is of order 180 ~ 200 MeV, it is
conceivable that E.(2980) and E.(3080) are the counter-
parts of A.(2765) and A.(2880), respectively, in the strange
charmed baryon sector. As noted in passing, the state
A.(2765)" could be a radial excitation (ZS) of Af, and
A,.(2880) has the quantum numbers J” =327, it is thus
tempting to assign J* =1t to E,.(2980) w1th first radial
excitation and 3 to E,(3080). From Table IV we see that

Z.(3080) and A.(2880) form nicely aJ¥ = 5/27 antitriplet

as the mass difference between =.(3080) and A.(2880) is
consistent with that observed in other antitriplets.

In the relativistic quark-diquark model [18], Z.(2980) is a
sextet J© = %* state. According to Table II, possible sextet
candidates are E, (1), E.,(1*), El(1*), and =, (1),
recalling that a tilde is to denote states with antisymmetric
orbital wave functions (i.e. L, = L; = 1) under the inter-
change of two light quarks and a hatfor L, =2 and L, =0
states. Strong decays of these four states have been studied in
Ref. [16] using the * P model. It turns out that T'(Eo(1%)) ~
2.0 MeV is too small compared to the experimental value of
order 25 MeV (see Table III), while =/, (1) yields too large
A} K and 7 rates. In the 3P model, the strong decay of
2., (") to £ K is largely suppressed relative to Af K. This is
not favored by experiment as the decay modes A} Kz, T .K,
E.zrm, and E,.(2645)x of .(2980) have been seen, but not
AfK. E,(3*) does not decay to E.z and A K and has a
width of 28 MeV consistent with experiment. Therefore,
the favored candidate for E.(2980) is =, (") which
has J, =L, = 1.

Just as A.(2880), E.(3080) is mostly likely an antitriplet
JP = %* state as noted in passing. The possible quark
states are 2 (37), Ea(3"), EL(G1), EnBT), and E5(37)
(see Table I). Since E.(3080) is above the DA threshold the
two-body mode DA should exist though it has not been
searched for in the DA spectrum. Recall that the neutral
E.(3055)° was observed recently by Belle in the D°A
spectrum [11]. According to the *P, model, the first four
quark states are excluded as they do not decay into DA [16].
The only possibility left is E25 (5+) Although it can decay
into DA, the identification of E;;(3*) with E.(3080)
encounters two potential difficulties: (i) its width is domi-
nated by E.z and AfK modes which have not been
seen experimentally, and (ii) the predicted width of
order 47 MeV [16] is too large compared to the measured
one of order 5.7 MeV, even though one may argue that the
3 Py model’s prediction can be easily off by a factor of 2 ~ 3
from the experimental measurement due to its inherent
uncertainties [16].
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D. Q, states

Only two ground states have been observed thus far:
1/27 Q% and 3/2% Q.(2770)°. The latter was seen
by BABAR in the electromagnetic decay Q.(2770) —
Q.y [23].

Charmed baryon spectroscopy has been studied exten-
sively in various models. The interested readers are referred
to Refs. [24-26] for further references. It appears that the
spectroscopy is well described by the model based on the
relativitsic heavy quark-light diquark model by Ebert,
Faustov, and Galkin (EFG) [18] (see also Ref. [27]).
Indeed, the quantum numbers J* =37 of A.(2880) have
been correctly predicted in the model based on the diquark
idea before the Belle experiment [28]. Moreover, EFG have
shown that all available experimental data on heavy
baryons fit nicely to the linear Regge trajectories, namely,
the trajectories in the (J,M?) and (n,, M?*) planes for
orbitally and radially excited heavy baryons, respectively,

J = aM? + ay, n, = pM? + p,. (2.3)
where 7, is the radial excitation quantum number; «, f are
the slopes; and «y, 3, are intercepts. The Regge trajectories
can be plotted for charmed baryons with natural
(P = (=1)’"12) and unnatural (P = (—1)"*!/2) parties.
The linearity, parallelism, and equidistance of the Regge
trajectories were verified. The predictions of the spin-parity
quantum numbers of charmed baryons and their masses in
Ref. [18] can be regarded as a theoretical benchmark.
Specifically, the J assignments are given by A,(2765):
1/27(2S); X.(2800): 3/27(1P); E.(2930): 1/27, 3/2,
5/27(1P); EL(2980): 1/2%(2S); E.(3055): 3/2"(1D);
E.(3080): 5/2*(1D); E.(3123): 7/2*(1D).

Since the J” =1/2~ and 3/2~ antitriplets are well
established (see Table IV), one may wonder what the

counterparts are in the 6. It turns out that there is no J =
1

5~ sextet as the X.(2800) cannot be assigned with such
spin-parity quantum numbers. This should not be a surprise
given that the light ¥ baryon with J© = 1/2 also has not
been seen [8]. The next possible sextet is for J¥ = 3/27:
(Q.(3050)°, =.(2930)*°, £.(2800)**++0%) where the
Q.(3/27) is predicted to have a mass 3050 MeV by the
quark-diquark model [18]. The mass differences in this
sextet, Amzy = 131 MeV and Amg = = 119 MeV, are
consistent with that measured in J* = 1/2% and 3/2°*
sextets (cf. Table IV).

On the basis of QCD sum rules, many charmed baryon
multiplets classified according to [6 (or 37), J,, Sy, p/ )]
were studied in Ref. [24] with a focus on the physics of p-
and A-mode excitations. Three sextets were proposed in this
work: (.(3250), =.(2980), £.(2800)) for J* =1/27,
3/2~ and (Q.(3320), Z.(3080), =.(2890)) for J* = 5/2".
Notice that 5..(2980) and E..(3080) were treated as p-wave
baryons rather than first positive-parity excitations. The
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results on the multiplet [65,1,0,p] led the authors of
Ref. [24] to suggest that there are two X.(2800),
E.(2980), and Q.(3250) states with J” =1/2" and
JP =3/27. The mass splittings are 14 £7, 1247, and
10 £ 6 MeV, respectively. The predicted mass of
Q.(1/27,3/27) around 3250 4200 MeV is to be com-
pared with 3050 MeV calculated in the quark-diquark
model. Using the central value of the predicted masses to
label the states in the multiplet [6, 1,0, p] (see Table I of
Ref. [24]), one will have

JP =1/271 (Q.(3250), E.(2960), £.(2730)),
Amgs =230 + 234,
Amg, = = 290 + 250,

JP =372 (Q.(3260), E.(2980), £.(2750)),
Amzy = 230+ 234,

Amg = = 280 + 242 (2.4)
in units of MeV. Because of the large theoretical uncer-
tainties in masses, it is not clear if the QCD sum-rule
calculations are compatible with the mass differences
measured in JP =1/2% and 3/2% sextets, namely,
Amg s =~ 125 MeV and Amg = ~ 120 MeV. At any rate,
it will be interesting to test these two different model
predictions for J© = 3/27 and 1/2~ sextets in the future.
Finally, we would like to remark that in recent years there
have been intensive lattice studies of singly, doubly, and
triply charmed baryon spectra by many different groups;
see e.g. Refs. [29,30] and references therein. However, the
current lattice QCD calculations on singly charmed bary-
ons focus mostly on the low-lying 1/2" and 3/2% states.
There exist some preliminary lattice results on excited
charmed baryon spectroscopy, but the identification with
observed charmed baryon states has not been made [30,31].
It will be very interesting if the lattice studies in the future
can provide us information on the spin-parity quantum
numbers of p-wave and d-wave excited states such as
A.(2765),%.(2800), E.(2980), E.(3055), ..., etc.

III. STRONG DECAYS

As stated in the Introduction, strong decays of
charmed baryons involving soft pseudoscalar mesons are
most conveniently described by HHChPT. The chiral
Lagrangian involves two coupling constants g; and g,
for P-wave transitions between s-wave and s-wave baryons
[1], six couplings h,—h; for the S-wave transitions between
s-wave and p-wave baryons, and eight couplings hg—h s
for the D-wave transitions between s-wave and p-wave
baryons [4]. The general chiral Lagrangian for heavy
baryons coupling to the pseudoscalar mesons can be
expressed compactly in terms of superfields. We will not
write down the relevant Lagrangians here; instead the
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reader is referred to Egs. (3.1) and (3.3) of Ref. [4].
Nevertheless, we list some of the partial widths derived
from the Lagrangian [4],

my,
X - Ar) = 27%2 mzt ps,
h% Z 2
F(Ad(l/z )_’Zc”)_z fzmA aPrs
i 1
h: my
l—‘(zc’O(l/2 ) - Ac”) = ) }2 mZ:( Ezzr 7
s 0
[(Z,(1/27) = Z.1) = f_ms, g
cl c 4 f%m):l ntns
h2 my
(2, (1/2 ) =—>—2F2
( Cl( / >_’ c”) 477}?:’"2, P>
= — — hz m:(
[(Ew(1/27) = Een) = 271_]6(2 e D
V.4 E-O
h% Z 2
F(AC1<1/2 )—>Zcﬂ,’)*2 f2m~ P
7[ A(l
2]’12 msy
P (3/27) = Zem) =g =
- * h3 ng*)
D(Ea(3/27) = X0 = 5o =l
n e1(3
4]’[2 mA
F(Zc2(3/2 ) - Ac”) = 157[}02 mzf ]57,'7
T o
. h3, Mg
[(Z,(3/27) = o )”) - 1072}2 mzﬁ "
T c2
2]’12 my
[(Z,(5/2 o) ==
( c2( / )_) cﬂ) 457Tf72szC2 n
Th? Ny
[(£,(5/27) = Zin) = ——5—=p3.
( C2( / )_) cﬂ) 457[f72rm2d T
h2 my
(Z,(3/2 o) =2 p3
( cl( / )_’ c”) 97[f%m§:c] n
~ 4h2 my
[(A(3/27) = Zo1) = —5—=p3.
( cl( / )_) Lﬂ) 9ﬂf%m]\c] Px
= —_ 4]’[2 mE
F('—'c2(3/2 ) - :c”) = 1571_1;2 m_c p7517
z EL’Z
h2 my
['(A(3/2 T) == p3 3.1
( 02(/ )_’ c”) 3 f%m]\ n ( )

where p, is the pion’s momentum and f, = 132 MeV.
The dependence on the pion momentum is proportional
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to p, p., and p) for S-wave, P-wave and D-wave
transitions, respectively. It is obvious that the couplings
di> 92, hy, ..., hy are dimensionless, while #g, ..., h;5 have
canonical dimension E~'.

A. Strong decays of s-wave charmed baryons

Since the strong decay Xi — X .z is kinematically
prohibited, the coupling ¢; cannot be extracted directly
from the strong decays of heavy baryons. In the frame-
work of HHChPT, one can use some measurements as
input to fix the coupling g, which, in turn, can be used to
predict the rates of other strong decays. Among the
strong decays IQIN Az, ZFT - Afzat is the most well
measured. Hence, we shall use this mode to extract the
coupling ¢,.

Using the 2006 data of ['(X/ 1) =T(Zf" - Afz") =
2.23 £0.30 MeV [32], we obtain the coupling g, to be

192|006 = 0.605%0033 (3.2)
where we have neglected the tiny contributions from
electromagnetic decays. The predicted rates of other modes
are shown in Table V, for example,

[(E:) =T(ET - Efa° Ent)

2 1 me+ mso
_ 922 By TR
drfz \2mz-+ Mg+

= (2.8 +0.4) MeV,

[(EX) =T (B - 2f 2, 200)

2
I L L=
- dnf? <m5/? e 2 mgn Pr

= (2.9 +0.4) MeV.

(3.3)
Note that we have neglected the effect of E.— =,
mixing in calculations (for recent considerations, see
Refs. [33,34]). It is clear from Table V that the agree-
ment between theory and experiment is excellent
except the predicted width for Xt — Afz™ is a bit
too large.

Using the new data from 2014 Particle Data Group
[8] in conjunction with the new measurements of X.
and X! widths by Belle [9], we have ['(Z/" —
Afzt) = 1.9470% MeV. Therefore, the coupling g, is
reduced to

5+0.01 1

—-0.024 - (3 4)

9212015 = 0.56
From Table V we see that the agreement between theory
and experiment is further improved: The predicted
E.(2645)" width is consistent with the first new
measurement by Belle [10], and the new calculated
width for X" — Afz™ is now in agreement with
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TABLE V. Decay widths (in units of MeV) of s-wave charmed baryons. Data under the label Expt.(2015) are
taken from 2014 PDG [8] together with the new measurements of X, =¥ [9] and E.(2645)" widths [10].

Decay Expt.(2006) HHChPT(2006) Expt.(2015) HHChPT(2015)
THt = Afat 2.234+0.30 input 1.94+008 input

5 - A <46 2.6+ 0.4 <46 23101

2 > Afam 22404 22403 19401 1.9+01
2.(2520)*F - Afzt 149+£19 16.7 £2.3 14.8102 14.5793

¥, (2520)" = Af2° <17 174423 <17 1521406

¥, (2520)° = Az~ 16.1 +£2.1 16.6 +2.2 153104 14.7+0¢
E,.(2645)" — X0 <3.1 28+04 26+0.5 24101
2,.(2645)0 » B 0770 <55 29404 <55 25101

experiment. It is also clear that the X. width is smaller
than that of X} by a factor of ~7, although they will
become the same in the limit of heavy quark symmetry.
This is ascribed to the fact that the pion’s momentum is
around 90 MeV in the decay X. — A .z while it is two
times bigger in X} — A7

It is worth remarking that, although the coupling g,
cannot be determined directly from the strong decay
such as X} — Xz, some information of ¢g; can be
learned from the radiative decay E° — =y, which is
prohibited at tree level by SU(3) symmetry but can be
induced by chiral loops. A measurement of I'(Z/0 —
E%) will yield two possible solutions for g;. As pointed
out in Ref. [1], within the framework of the non-
relativistic quark model, the couplings ¢; and ¢, can
be related to g%, the axial-vector coupling in a single
quark transition of u — d, via

4 2
g ==94. 9 =1\/204- (3.5)

3 3
Assuming the validity of the quark model relations
among different coupling constants, the experimental
value of g, implies |g;| = 0.93 £0.16 [35].
The couplings g; and ¢, have been evaluated using
lattice QCD with the results [36]3
gy =0.56 £0.13, g, =0414+0.08. (3.6)
Hence, the quark model values of ¢g; and g, are
significantly larger than the above lattice QCD results.
This is ascribed to the fact that 1/m, corrections to
strong decays have been taken into account in lattice
calculations [36]. For example, the 1/m, effect on the

3Our definitions of g1 and g, are related to that of Detmold,
Lin, and Meinel [36] by the relations g; = (2/3)¢"™ and

0 = )

amplitude of Z@ — Az is about 40%. As a conse-
quence, the lattice values of g; and g, are significantly
smaller than the quark model results.

B. Strong decays of p-wave charmed baryons

As noted in passing, six couplings #,—h; are needed to
describe the S-wave transitions between s-wave and p-
wave baryons, and eight couplings hg—h5 are needed for
the D-wave transitions between s-wave and p-wave bary-
ons [4]. Since A.(2595)" and A.(2625)" form a doublet
Ao (57,37, the couplings h, and hg in principle can be
extracted from A.(2595) — .z and A.(2625) — Z.x,
respectively. However, this method is not practical as only
the decay A,(2595)" — Z*z° is kinematically (barely)
allowed (see the discussions below), while the A.(2625)
decay to .z via a D-wave transition is kinematically
suppressed.

Likewise, the information on the couplings %y and /i,
can be inferred from the strong decays of X.(2800)
identified with X.,(3/27). Couplings other than h,, hg,
and A, can be related to each other via the quark model.
The S-wave couplings between the s-wave and the p-wave
baryons are related by [4]

sl V3 w1 w2l
lhal 27 |m| 27 kel V3T |
(3.7)

The D-wave couplings satisfy the relations

(Al s
hsl = |ho| = [hyol, 4 =12 = V2,
| 8| | 9| | 10 |l’l10| |]’l14|
A2 714
Lt ) =1. (3.8)
|13 |13

The reader is referred to Ref. [4] for further details.
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TABLE VI. Same as Table V except for p-wave charmed baryons. The results under the label HHChPT(2015) are
obtained using g, = 0.565, 1, = 0.63 £ 0.07 and /g = (0.85704) x 107> MeV~1.

Decay Expt.(2006) HHChPT(2006) Expt.(2015) HHChPT(2015)
A.(2595)" = (Afzn)g 2631136 Input 2.59 +0.56 Input
A(2595)F —» =t 0.657041 0.72494

A.(2595)" — 0t 0.67- 941 0.775948

A.(2595)F - =fa0 1574002 2.382030

A (2625)" = =it a <0.58 0.029 < 0.30 0.028
A.(2625)F — X0zt < 0.60 0.029 < 0.30 0.029
A.(2625)F - =ta0 0.041 0.040

A (2625)" — Afzaz <19 0.21 <0.97 0.32
,(2800)** — Az, ZE )z 75j1272 Input 75j1272 Input
%,(2800)* - Az, =7 62°5 Input 62150 Input
%.(2800)° — Az, =x 611738 Input 7212 Input
2.(2790)t — 2% 710 <15 8.0147 <15 167438
2,.(2790)° - =/ 072~0 <12 8.5139 <12 177429
2,(2815)T — 25070+ <35 3.4120 <35 71413
E.(2815)° » B 0770 <65 3612 <65 7747

Although the coupling %, can be inferred from
the two-body decay A.(2595) — Xz, this method is less
accurate because the decay is kinematically barely
allowed or even prohibited depending on the mass of
A.(2595)*. Since m(ZfT) + m(x™) = 2593.55 MeV,
m(ZS) + m(z°) = 2587.88 MeV, and m(Z2) + m(z") =
2593.31 MeV, it is obvious that the decays A.(2595)" —
T, X0t and A.(2595)" — 2% are kinematically
barely allowed for m(A.(2595)) = 2595.4 MeV, while
only the last mode is allowed for m(A.(2595)) =
2592.25 MeV. Moreover, the finite width effect of the
intermediate resonant states could become important [6].

We next turn to the three-body decays Afzz of
A.(2595)" and A,(2625)" to extract h, and hg. Since
the three-body decay of the latter proceeds in a P-wave,
it is expected to be suppressed. Using the measured
ratios of T'(A.(2595)" =Xt Tzn~) and T'(A.(2595)" —
Xzt) relative to T'(A.(2595)" = AfzTz™), assuming
(A (2595)7 — Afn°2°) = T(A.(2595)" — Afzatzn")
(see the discussion below for the justification) and using
the 2006 data from PDG [32] for I'(A.(2595)) =
3.6:7) MeV and the mass m(A.(2595)) =2595.4 &
0.6 MeV, we have obtained the experimental resonant
rate [7]

['(A.(2593)* = Afzn)g = (2.637]59) MeV  (3.9)

as shown in Table VI.

Assuming the pole contributions to A.(2595)" — Afzz
due to the intermediate states X. and X, the resonant rate
for the process A/, (2595) — Afz" 2~ can be calculated in
the framework of HHChPT to be [4]

d’T(A};(2595) - Afnt(E))n (Ey))

dE,dE,
gZ *
= W’”A:{P%MP + pi|B|* + 2p; - poRe(AB*)},
(3.10)
with
hE
A(EhEZ) = 2 "
AR - Az(c) - El + lFEQ/Z
3 3 hsp3
AR - Azz«‘() - El + lFZ:o/z’
2hgp; -
sP1 P2 (311)

+ Ap — AZZ++ - E, + ir2;++/2 ’

B(E\, E,; AZE*)O, AZE.*)++) = A(E,, Ey; AESHH, AEE*)O)’
(3.12)

where  Ap = my 503y —my, and Azﬁ*) =My — My .

%
Likewise, a similar relation can be derived for A/ (2625) —
AFntn™ (see Ref. [4]). Numerically, we found [7]
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[(A(2595)" —» Afnm)g
= 13.82/2 + 26.28h% — 2.97hy hg,
[(A.(2625)" —» Afzm)g

= 0.617h3 + 0.136 x 10%h3 — 27h,hg, (3.13)
where A zr = Afntn~ + Af2%7°. It is clear that the limit
on I'(A.(2625)) gives an upper bound on g of order 103
(in units of MeV~"), whereas the decay width of A,(2595)
is entirely governed by the coupling A,

11212006 = 0.437f8j|15§,

(3.14)

It was pointed out in Ref. [6] that the proximity of the
A.(2595)" mass to the sum of the masses of its decay
products will lead to an important threshold effect which
will lower the A.(2595)" mass by 2-3 MeV than the
one observed. A more sophisticated treatment of the
mass line shape of A.(2595)" — Afz"z~ by CDF with
data sample 25 times larger than previous measurements
yields m(A.(2595)) = 2592.25 4+ 0.28 MeV [37], which
is 3.1 MeV smaller than the 2006 world average.
Therefore, strong decays of A.(2595) into A.zm are
very close to the threshold as my (2505) —mp =
305.79 £ 0.24 MeV [8]. Hence, its phase space is very
sensitive to the small isospin-violating mass differences
between members of pions and charmed Sigma baryon
multiplets.

For m(A.(2595)) = 2592.25+0.28 MeV [37], we
obtain (in units of MeV)

T(A.(2595)" > Afzn)g
= ¢3(20.45h% + 43.92h% — 8.95hyhg),
[(A(2625)* — Afzn)g

= (17812 +4.557 x 10082 —79.75hyhg).  (3.15)
By performing a fit to the measured M(pK ntzt) —
M(pK=z") and M(pK ntztn™)—M(pK z") mass
difference distributions and using g5 = 0.365, CDF
found h% =0.36+0.08 or |h|=0.60+0.07 [37].
This corresponds to a decay width I'(A.(2595)") =
2.59 +£0.30 £ 0.47 MeV [37].4 Note that the decay
width of A.(2595)" measured by CDF is the quantity
['(A.(2595)" - Afznr), instead of the natural width

*Note that the contributions from the hg terms to
T({A.(2595)*,A.(2625)"} - Afzx) have been ignored in
the CDF fit to the data [37]. Using ¢35 =0.365 and
h% = 0.36 & 0.08, we obtain T'(A.(2595)") ~2.68 MeV from
Eq. (3.15), which is slightly larger than the CDF value of
2.59 £0.56 MeV. This is mainly because we have used the
updated widths for £, and X.

|hg|h00s < 3.65 x 1073 MeV~!.

PHYSICAL REVIEW D 92, 074014 (2015)

associated with a Breit—-Wigner curve. For the width
of A.(2625)%, CDF observed a value consistent with
zero and therefore calculated an upper limit 0.97 MeV
using a Bayesian approach. According to the PDG,
A.(2625)" —» Afzzm is dominated by direct nonresonant
contributions [8].

From the CDF measurements I'(A.(2595)") = 2.59 +
0.56 MeV and I'(A,(2625)") < 0.97 MeV, we obtain

|halho1s = 0.63£0.07,  |hglygs <2.32x 1073 MeV~1.

(3.16)

Hence, the magnitude of the coupling h, is greatly
enhanced from 0.437 to 0.63. Our h, is slightly different
from the value of 0.60 obtained by CDF. This is
because CDF used |g,| = 0.604 to calculate the mass
dependence of I'(Afzrz), while we used |g,| = 0.565.
Since T'(A.(2595)" — Afzx) is basically proportional
to g3h3, a smaller g, will lead to a larger h,.

The reader may wonder why the coupling 4, obtained in
2006 and 2015 is so different even though the resonant rate
of A.(2595)" — Afzz used in 2006 and 2015 is very
similar in its central value. This is ascribed to the fact that
the mass of A.(2595)% is 3.1 MeV lower than the previous
world average due to the threshold effect. To illustrate this,
following Ref. [37] we consider the dependence of
C(Afztn~)/h3 and T(Af7°7°)/h5 on AM(A.(2595)) =
M(A.(2595)%) — M(Af) as depicted in Fig. 1. For
AM(A.(2595)) = 308.9 MeV, we see that ['(Afz°7%)~
C(Afz*z~), while T(Afz°z°)~4.5T(AfzTn") for
AM(A,.(2595)) = 305.79 MeV. Due to the threshold
effect, the isospin relation I'(Af7°z°) = i (Afzt7™) as
advocated by the PDG is strongly violated in A.(2595) —
A .z decays, though it is still valid in A.(2625) — A.zn
decays. It is evident from Fig. 1 that T'(Afzx)/h3 at

[(A(2595))/hy%[MeV]

|NOAVAr oF S NV 4
I -
0 —‘—1-—‘?'!"_‘—‘_-1—‘ N
296 298 300 302 304 306

Mass(A(2595))—Mass(A,.")[MeV]

IR S T St
308 310

FIG. 1 (color online). Calculated dependence of T'(A/ z°%°) /h3
(full curve) and T[(Afz*z")/h} (dashed curve) on
m(A.(2595)") — m(A}), where we have used the parameters
gy = 0.565, hy = 0.63, and hg = 0.85 x 103 MeV~".
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AM(A.(2595)) = 305.79 MeV is smaller than that at
308.9 MeV. This explains why h, should become larger
when AM(A.(2595)) becomes smaller.

The E.(2790) and E.(2815) baryons form a doublet
E.(37.37). B.(2790) decays to E.x, while E.(2815)
decays to E.zzm, resonating through E}, i.e. E.(2645).
Using the coupling &, obtained from (3.16) and assuming
SU@3) flavor symmetry, the predicted =.(2790) and
E.(2815) widths are shown in Table VI, where uses have
been made of

L(E,(1/27)7)
~T(E(1/27)F - B a0, 207)
mE£‘+

h% (1 m':/()
= ~ Eiztpﬂﬁ_éEzzrpn ’
Anfz \2mz, (1)) Mz, (1/2)
[(E(3/27)%)

~T(E.(3/27)" - B’ B 0)

M=
—Ep) (3.17)
mE/:l (3/2)

Mo+
=c

3 (1
477f;2z 2m561(3/2)

Elp, +

and similar expressions for the neutral = (%‘,%‘) states

based on the experimental observation that the E.zx
mode in E.(2815) decays is consistent with being
entirely via Elz [38]. It is evident that the predicted
two-body decay rates of E.(2790)° and Z.(2815)"
exceed the current experimental limits because of the
enhancement of h, (see Table VI). Hence, there is a
tension for the coupling A, as its value extracted from
A.(2595)" —» Afzz will imply E.(2790)° - E.z and
E.(2815)" — Eirx rates slightly above current limits. It
is conceivable that SU(3) flavor symmetry breaking can
help account for the discrepancy. For example, if h,
is allowed to have 25% uncertainties due to SU(3)
breaking between E. and A, decays, one will have
['(2.(2790)°) ~ 9.9 MeV and I'(E.(2815)%) ~ 4.0 MeV
for h, = 0.47. 1t is clear that the former is consistent
with the measured limit, while the discrepancy between
theory and experiment for the latter is much improved.
In HHChPT, SU(3) breaking effects arise from chiral
loops due to the light quark masses. Applications to
the strong decays of heavy baryons have been consid-
ered in Ref. [39]. We plan to pursue this issue in the
future.

Some information on the coupling /4, can be inferred
from the strong decays of X.(2800). As noticed in passing,
the states X,.(2800) "0 are most likely to be T.,(37).

From Eq. (3.1) and the quark model relation | 5| = \/3|h,|
from Eq. (3.7), we obtain, for example, ['(X/)" —
Afn") ~ 885 MeV. Hence, X.(2800) cannot be identified
with Z.5(1/27). Assuming their widths are dominated
by the two-body D-wave modes A .z, .z, and Ziz, we
have [4]

PHYSICAL REVIEW D 92, 074014 (2015)
[(Za(3/2))
~D(E,(3/2)" > Af)
FT(Ea(3/2) = i) +T(E0(3/2) " - )
FT(Ea(3/2)" =) 4 T(,(3/2) T = Eit+a)
(3.18)

and similar expressions for £,(3)" and £,(3)°. The
first term is governed by the h%, coupling and the
rest by h?,. Using Eq. (3.1), the quark model relation
h3, = 2h%, [cf. Eq. (3.8)] and the measured widths of
2.(2800)T+0 (Table III), we obtain

|hio] = (0.85%048) x 107> MeV~!. (3.19)

Roughly speaking, the X.(2800) widths are about 55 and
15 MeV due to Az and 25’%, respectively. Hence, the
strong decays of X.(2800) are indeed dominated by the
A 7 mode.
The quark model relation |hg| = |ho| then leads to
|hg| ~ (0.85%4s) x 1073 MeV~!, (3.20)
which improves the previous limit (3.16) by a factor of 3.

The calculated partial widths of A.(2625)" shown in
Table VI are consistent with experimental limits.

IV. CONCLUSIONS

We began with a brief overview of the charmed baryon
spectroscopy and discussed their possible structure and J
assignment in the quark model. We have assigned 262(%‘)
to X.(2800). As for first positive-parity excitations, with
the help of the relativistic quark-diquark model and the *P,,
model, we have identified A2, (37) with A.(2800), éc’(%ﬂ
with 2,(2980), and 52, (37) with 2.(3080), though the last
assignment may encounter some potential problems.

With the new Belle measurement of the X.(2455) and
%.(2520) widths and the recent CDF measurement of the
strong decays of A.(2595) and A.(2625), we have updated
coupling constants in heavy hadron chiral perturbation
theory. We found g, = 0.5657001} for the P-wave tran-
sition between s-wave and s-wave baryons, and h, =
0.63 +0.07 extracted from A.(2595)" — Afzz. It is
substantially enhanced compared to the old value of order
0.437. With the help from the quark model, two of the
couplings h, and h,; responsible for D-wave transitions
between s-wave and p-wave baryons are determined from
>.(2880) decays. There is a tension for the coupling £, as
its value extracted from A.(2595)" — Afzz will imply
E.(2790)° - El.z and E.(2815)" — Eiz rates slightly
above the current limits. It is conceivable that SU(3) flavor
symmetry breaking can help account for the discrepancy.
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