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I. INTRODUCTION

In the past years many new excited charmed baryon states have been discovered by BaBar,
Belle and CLEOQ. In particular, B factories have provided a very rich source of charmed baryons
both from B decays and from the continuum eTe™ — cé. A new chapter for the charmed baryon
spectroscopy is opened by the rich mass spectrum and the relatively narrow widths of the excited
states. 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 observation of the lifetime differences among the charmed mesons Dt, D and charmed
baryons is very interesting since it was realized very early that the naive parton model gives the
same lifetimes for all heavy particles containing a heavy quark (), while experimentally, the lifetimes
of =} and QU differ by a factor of six ! This implies the importance of the underlying mechanisms
such as W-exchange and Pauli interference due to the identical quarks produced in the heavy quark
decay and in the wavefunction of the charmed baryons. With the advent of heavy quark effective
theory, it was recognized in early nineties that nonperturbative corrections to the parton picture
can be systematically expanded in powers of 1/m¢. Within the QCD-based heavy quark expansion
framework, some phenomenological assumptions can be turned into some coherent and quantitative
statements and nonperturbative effects can be systematically studied.

Contrary to the significant progress made over the last 20 years or so in the studies of the heavy
meson weak decay, advancement in the arena of heavy baryons is relatively slow. Nevertheless, the
experimental measurements of the charmed baryon hadronic weak decays have been pushed to the
Cabibbo-suppressed level. Many new data emerged can be used to test a handful of phenomeno-
logical models available in the literature. Apart from the complication due to the presence of three
quarks in the baryon, a major disparity between charmed baryon and charmed meson decays is
that while the latter is usually dominated by factorizable amplitudes, the former receives sizable
nonfactorizable contributions from W-exchange diagrams which are not subject to color and he-
licity suppression. Besides the dynamical models, there are also some considerations based on the
symmetry argument and the quark diagram scheme.

The exclusive semileptonic decays of charmed baryons like A} — Aet (uF)ve, ZF — =% T v, and
=
light baryon transition form factors. Experimentally, the only information available so far is the

— Z~eTv, have been observed experimentally. Their rates depend on the heavy baryon to the

form-factor ratio measured in the semileptonic decay A, — Aew.

Although radiative decays are well measured in the charmed meson sector, e.g. D* — D~ and
D} — Df~, only three of the radiative modes in the charmed baryon sector have been observed,
namely, 2V — Z0y, ZF — =y and Q20 — Q0. Charm flavor is conserved in these electromagnetic
charmed baryon decays. However, it will be difficult to measure the rates of these decays because
these states are too narrow to be experimentally resolvable. There are also charm-flavor-conserving
weak radiative decays such as =. — A,y and Q. — Z.v. In these decays, weak radiative transitions
arise from the diquark sector of the heavy baryon whereas the heavy quark behaves as a “spectator”.
The charm-flavor-violating weak radiative decays, e.g., A7 — YTy and Z0 — =%y, arise from the
W-exchange diagram accompanied by a photon emission from the external quark.

Two excellent review articles on charmed baryons can be found in [1, 2].



II. PRODUCTION OF CHARMED BARYONS AT BESIII

Production and decays of the charmed baryons can be studied at BESIII once its center-of-
mass energy /s is upgraded to the level above 4.6 GeV. In order to estimate the number of
charmed baryon events produced at BESIII, it is necessary to know its luminosity, the cross section
o(ete™ — c¢) at the energies of interest and the fragmentation function of the ¢ quark into the
charmed baryon. ..... ...ccccooeviiiiiiiiiniiiiiee e,

III. SPECTROSCOPY

Charmed baryon spectroscopy provides an ideal place for studying the dynamics of the light
quarks in the environment of a heavy quark. The charmed baryon of interest contains 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 x3 = 3+6, there are two different SU(3) multiplets of charmed baryons: a
symmetric sextet 6 and an antisymmetric antitriplet 3. For the ground-state s-wave baryons in the
quark model, the symmetries in the flavor and spin of the diquarks are correlated. Consequently,
the diquark in the flavor-symmetric sextet has spin 1, while the diquark in the flavor-antisymmetric
antitriplet has spin 0. When the diquark combines with the charmed quark, the sextet contains

both spin 1/2 and spin 3/2 charmed baryons. However, the antitriplet contains only spin 1/2 ones.

+

F and ZY form a 3 representation and they all decay weakly. The Q2,

More specifically, the AT, =
=+, 29 and 2750 form a 6 representation; among them, only Q¥ decays weakly. Note that we
follow the Particle Data Group (PDG) [3] to use a prime to distinguish the =, in the 6 from the
one in the 3.

The lowest-lying orbitally excited baryon states are the p-wave charmed baryons with their
quantum numbers listed in Table I. Although the separate spin angular momentum Sy and orbital
angular momentum Ly of the light degrees of freedom are not well defined, they are included for
guidance from the quark model. In the heavy quark limit, the spin of the charmed quark S. and
the total angular momentum of the two light quarks J, = Sy + Ly are separately conserved. It is
convenient to use them to enumerate the spectrum of states. There are two types of L, = 1 orbital
excited charmed baryon states: states with the unit of orbital angular momentum between the
diquark and the charmed quark, and states with the unit of orbital angular momentum between
the two light quarks. The orbital wave function of the former (latter) is symmetric (antisymmetric)
under the exchange of two light quarks. To see this, one can define two independent relative
momenta k = %(pl—pg) and K = %(pl +p2—2p.) from the two light quark momenta p;, p and the
heavy quark momentum p.. (In the heavy quark limit, p. can be set to zero.) Denoting the quantum
numbers L and L as the eigenvalues of L% and L%(, the k-orbital momentum L describes relative
orbital excitations of the two light quarks, and the K-orbital momentum Lpg describes orbital
excitations of the center of the mass of the two light quarks relative to the heavy quark [1]. The
p-wave heavy baryon can be either in the (Ly = 0,Lx = 1) K-state or the (Ly = 1,Lx = 0)
k-state. It is obvious that the orbital K-state (k-state) is symmetric (antisymmetric) under the
interchange of p; and po.

The observed mass spectra and decay widths of charmed baryons are summarized in Table II (see
also Fig. 1). B factories have provided a very rich source of charmed baryons both from B decays
and from the continuum e*e™ — c¢. For example, several new excited charmed baryon states such



TABLE I: The p-wave charmed baryons and their quantum numbers, where Sy (J;) is the total spin
(angular momentum) of the two light quarks. The quantum number in the subscript labels J;. The
quantum number in parentheses is referred to the spin of the baryon. In the quark model, the upper
(lower) four multiplets have even (odd) orbital wave functions under the permutation of the two
light quarks. That is, Ly for the former is referred to the orbital angular momentum between the
diquark and the charmed quark, while L, for the latter is the orbital angular momentum between
the two light quarks. The explicit quark model wave functions for p-wave charmed baryons can be
found in [4].

State  |SUB3) S, L, J* State  |SU3) Sy Ly J/*
MG T3 0 1 1 [ EaddH 3 0 1 1
Zeo(3) 6 1 1 0 Zeo(3) 6 1 1 0°
sahd |6 1 1 1 | =dh | e 1 1 1
S35 | 6 1 1 20 | =3 e 1 1 2
a6 0o 1 17 | E4G.3 6 0 1 17
Awo(3) 3 1 1 0" Eeo(3) 3 1 1 0
Aa3,3 13 1 1 17 | EaddH | 3 1 1 1-
Ao3,5) | 3 1 1 20 | 2035 | 83 1 1 27

as Ao(2765)1, Ao(2880)", A.(2940)T, =.(2815), Z.(2980) and Z.(3077) have been measured recently

and they are not still not in the list of 2006 Particle Data Group [3]. By now, the J* = %Jr and

17 3 states: (A}, EF,29), (A(2593)F, Z.(2790)F, Z.(2790)%), and JP = 1¥ and 37 6 states:

cr —cr=c = 3
(Qe, 3¢, ZL), (2, 3%, =) are established. Notice that except for the parity of the lightest A, none
of the other J¥ quantum numbers given in Table II has been measured. One has to rely on the
quark model to determine the J¥ assignments.

In the following we discuss some of the new excited charmed baryon states:

e The highest A.(2940)" was first discovered by BaBar in the D%p decay mode [5] and confirmed
by Belle in the decays Y07, X7+ 7~ which subsequently decay into Af7*7~ [6, 7]. The
state A.(2880)" first observed by CLEO [8] in Afnt7n~ was also seen by BaBar in the
DY spectrum [5]. It was originally conjectured that, based on its narrow width, A.(2880)%"
might be a INXZB(%) state [8]. Recently, Belle has studied the experimental constraint on the
JP quantum numbers of A.(2880)* [6]. The angular analysis of A.(2880)% — X0++g+
indicates that J = 5/2 is favored over J = 1/2 or 3/2, while the study of the resonant
structure of A.(2880)" — AfnT7~ implies the existence of the Y}m intermediate states
and T(Xi7%)/T(Zent) = (24.1 4 6.4712)%. This value is in agreement with heavy quark
symmetry predictions [9] and favors the 5/27 over the 5/27 assignment.! Therefore, it is not
a /N\;B(%) state either. Since J; = 2,5, = 0,L = 2 for the diquark system of A.(2880)%, this

! Strictly speaking, the argument in favor of the 5/2% assignment is reached in [6] by considering only
the F-wave contribution and neglecting the P-wave contribution to A.(2880)" — X*m (see [10] for more

discussions).



TABLE II: Mass spectra and decay widths (in units of MeV) of charmed baryons. Experimental val-
ues are taken from the Particle Data Group [3] except A.(2880), A.(2940), Z.(2980)", =.(3077)+°
and Q.(2768) for which we use the most recent available BaBar and Belle measurements.

State quark content JP Mass Width
A} ude I ] 2286.46 +0.14
A.(2593) ude '3 2595.4 + 0.6 3.617%
A (2625)* ude 3- 2628.1 4 0.6 <19
A.(2765)* ude 77 2766.6 + 2.4 50
A(2880)* udc ot 2881.5 + 0.3 5.5+ 0.6
Ae(2940)F ude 77 2938.8 + 1.1 13.0 4 5.0
.(2455)TF uuc 17 ] 2454024018 |2.23+0.30
3. (2455)* ude . 2452.9 + 0.4 < 4.6
¥.(2455)° ddc 7] 2453.76 +0.18 2.240.4
¥0(2520)TF uuc 3% 2518.4 + 0.6 14.9+ 1.9
(2520 " ude 3% 2517.5 4+ 2.3 <17
¥.(2520)° ddc 37 2518.0+ 0.5 16.1+2.1
3(2800) T+ wuc ?? 280174 751
¥.(2800)F udc 77 2792714 62190
>.(2800)° dde 77 280271 61735
=t usc ] 2467.9+04
=0 dsc T 24710404
Al usc T 25757431
R dsc T 25780429
=.(2645)* usc 3t 2646.6 + 1.4 <31
2.(2645)0 dsc 3t 2646.1 + 1.2 <55
Z:(2790)* usc 3 2789.2 + 3.2 <15
Z.(2790)° dsc 3 2791.9 4+ 3.3 <12
Z.(2815)" usc 8- 2816.5 + 1.2 <35
Z.(2815)° dsc 3- 2818.2 + 2.1 < 6.5
Z.(2980)* usc 77 2971.1 4+ 1.7 25.2+3.0
2.(2980)° dsc 77 2977.1 £ 9.5 43.5
Z.(3077)* usc 77 3076.5 4 0.6 6.2+ 1.1
Z.(3077)° dsc 77 3082.8 + 2.3 524 3.6
00 ssc "] 2697.5+26
Q,(2768)" ssc 3t 2768.3 + 3.0
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FIG. 1: Charmed baryons and some of their orbital excitations [3].
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is the first observation of a d-wave charmed baryon. It is interesting to notice that, based on
the diquark idea, the assignment J¥ = 5/2% has already been predicted in [11] for the state
A.(2880) before the Belle experiment. As for A.(2980)", it was recently argued that it is an
exotic molecular state of D** and p [12].

The new charmed strange baryons Z.(2980)" and Z.(3077)" that decay into Af K~ 7"
were first observed by Belle [13] and confirmed by BaBar [14]. In the recent BaBar
measurement [14], the =.(2980)" is found to decay resonantly through the intermediate
state ¥.(2455)TT K~ with 4.90 significance and non-resonantly to AfK 7+ with 4.1
significance. With 5.8 ¢ significance, the Z.(3077)" is found to decay resonantly through
¥.(2455)Tt K~ and with 4.6 0 significance, it is found to decay through X.(2520)" " K.

The significance of the signal for the non-resonant decay Z.(3077)" — AT K 7" is 1.40.

The highest isotriplet charmed baryons ¥.(2800) T+ 19 decaying into A} 7 were first measured
by Belle [15]. They are most likely to be the J! = 3/27 5 states because the S (3) baryon
decays principally into the A.m system in a D-wave, while Ecl(%) decays mainly into the two
pion system A.mmw. The state Eco(%) can decay into A.7 in an S-wave, but it is very broad
with width of order 406 MeV [10]. Experimentally, it will be very difficult to observe it.

The new 3/2% Q.(2768) was recently observed by BaBar in the electromagnetic decay
Q.(2768) — Q. [16]. With this new observation, the 3/2% sextet is finally completed.

Evidence of double charm states has been reported by SELEX in Z..(3519)" — AT K7+
[17]. Further observations of 2t — AT K 77" and EF, — pDT K~ were also announced
by SELEX [18]. However, none of the double charm states discovered by SELEX has been
confirmed by FOCUS, BaBar [19] and Belle [7] despite the 10° A. events produced in B

factories versus 1630 A, events observed at SELEX.
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Charmed baryon spectroscopy has been studied extensively in various models. The interested
readers are referred to [20] for further references. In heavy quark effective theory, the mass splittings
between spin—% and spin—% sextet charmed baryon multiplets are governed by the chromomagnetic
interactions so that

Myx — My, = Mg — Mz, = Mox — MQ,, (3.1)

up to corrections of 1/m.. This relation is borne out by experiment: my.+ — my+ = 64.6 £2.3
MeV, Mgret — Mgt = 70.9 + 3.4 MeV and mgqx —mq, = 70.8 £ 1.5 MeV.

IV. STRONG DECAYS

Due to the rich mass spectrum and the relatively narrow widths of the excited states, the
charmed baryon system offers an excellent ground for testing the ideas and predictions of heavy
quark symmetry and light flavor SU(3) symmetry. The pseudoscalar mesons involved in the strong
decays of charmed baryons such as . — A.m are soft. Therefore, heavy quark symmetry of the
heavy quark and chiral symmetry of the light quarks will have interesting implications for the
low-energy dynamics of heavy baryons interacting with the Goldstone bosons.

The strong decays of charmed baryons are most conveniently described by the heavy hadron
chiral Lagrangians in which heavy quark symmetry and chiral symmetry are incorporated [21, 22].
The Lagrangian involves two coupling constants g; and gy for P-wave transitions between s-wave
and s-wave baryons [21], six couplings ho —h7 for the S-wave transitions between s-wave and p-wave
baryons, and eight couplings hg—h15 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 reader is referred to Egs. (3.1) and (3.3) of [4]. Nevertheless, we list some of the partial
widths derived from the Lagrangian [4]:

2

2
* _ g1 ms, 3 _ g3 MA, 3
T ) = e g, P T T AT T G g P
P(A(1/2) — Ser) = 12 M5 g2, N(8,0(1/2) — Ar) = 5 e g2,
27Tf7% A, " 27Tf7% ms. "
h421 ms. 2 3 h% ms. 2
I'(X.1(1/2 by = —<F I'(X.1(1/2 by = —<F 4.1
( cl( / ) - c7T) 47Tf7% ms,, P ( cl( / ) - c7T) 47Tf72r mid Prs ( )
h% mz. h% ms, 2

T(Ze0(1/2) — Eemr) = EZpr, T(Aa(1/2) — Ser) =

7rp7T7

27 f2 mz 27 f2 mg.,

where p, is the pion’s momentum and fr; = 132 MeV. Unfortunately, the decay ¥} — X .7 is
kinematically prohibited since the mass difference between X} and X. is only of order 65 MeV.
Consequently, the coupling g; cannot be extracted directly from the strong decays of heavy baryons.

A. Strong decays of s-wave charmed baryons

In the framework of heavy hadron chiral pertrubation theory (HHChPT), one can use some
measurements as input to fix the coupling g2 which, in turn, can be used to predict the rates of



other strong decays. We shall use ¥, — A.m as input [3]
L) =T — AfrT) = 2.234+£0.30MeV. (4.2)
From which we obtain
92| = 0.60570 033, (4.3)

where we have neglected the tiny contributions from electromagnetic decays. Note that |ga| obtained
from ¥¥ — A7~ has the same central value as Eq. (4.3) except that the errors are slightly large.
If ¥ — A.m decays are employed as input, we will obtain |go| = 0.57 £ 0.04 from Xt+ — Atat
and 0.6040.04 from X0 — AF7~. Hence, it is preferable to use the measurement of ¥+ — AfzT
to fix |go|.2

As pointed out in [21], within in the framework of the non-relativistic quark model, the couplings
g1 and g can be related to g%, the axial-vector coupling in a single quark transition of u — d, via

4 \/5
= —4g1 =1/=g%. 4.4
g9 39,47 92 39A (4.4)
Using ¢% = 0.75 which is required to reproduce the correct value of ¢ = 1.25, we obtain
A A
g =1, g2 = 0.61. (4.5)

Hence, the quark model prediction is in good agreement with experiment, but deviates 20 from the
large-N, argument: |go| = g /v/2 = 0.88 [24]. Applying (4.3) leads to (see also Table III)

2
=y =it =4 0 =04\ _ 93 [(1M=r 5 M=0 g\
IE}) =TE} - 520" = Inf? <2mE/+p7r+mE/+p7r = (2.8 £ 0.4) MeV,
2
=% —/% —_t = = g mEj 1 mgo
PES) =TES - Efn 50" = 47302 (m_opf; + 5 Op§r> = (2.9+0.4) MeV. (4.6)
T = =N

—_
—

Note that we have neglected the effect of =, — E/, mixing in calculations (for recent considerations,
see [29, 30]). Therefore, the predicted total width of ZF is in the vicinity of the current limit
D(Z7t) < 3.1 MeV [31].

It is clear from Table III that the predicted widths of X7+ and X% by HHChPT are in good
agreement with experiment. The strong decay width of ¥, is smaller than that of ¥} 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.m while it is two times
bigger in X} — A.7. Since 3. states are significantly narrower than their spin-3/2 counterparts, this
explains why the measurement of their widths came out much later. Instead of using the data to fix
the coupling constants in a model-independent manner, there exist some calculations of couplings
in various models such as the relativistic light-front model [25], the relativistic three-quark model
[26] and light-cone sum rules [27, 32]. The results are summarized in Table III.

It is worth remarking that although the coupling g1 cannot be determined directly from the
strong decay such as ¥¥ — X.m, some information of g; can be learned from the radiative decay
=Z*0 — =0, which is prohibited at tree level by SU(3) symmetry but can be induced by chiral
loops. A measurement of T’ (E/C*O — Z9) will yield two possible solutions for g;. Assuming the
validity of the quark model relations among different coupling constants, the experimental value of
g2 implies |g1| = 0.93 + 0.16 [23] (see also Sec. VIIL.A).

2 For previous efforts of extracting go from experiment using HHChPT, see [4, 23].
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TABLE III: Decay widths (in units of MeV) of s-wave charmed baryons. Theoretical predictions

of [25] are taken from Table IV of [26].

Decay Expt. HHChPT Tawfiq Ivanov Huang Albertus

(3] [10] et al. [25] | et al. [26] |et al. [27]| et al. [28]
It = Afrt 2.23+0.30| input |1.51+£0.17|2.854+0.19| 2.5 2.41 +£0.07
»F — Afa0 <46 | 26404 |1.56+0.17|3.63£0.27| 3.2 2.79 £ 0.08
Y — Afme 22404 | 22403 [1.444+0.16 | 2.65+0.19| 24 2.37 £ 0.07
Ye(2520) T — AfrT | 14.9+£1.9]16.7£2.3 |11.77 4+ 1.27(21.99 £ 0.87| 82 |17.52+0.75
3(2520)F — A0 <17 | 174423 8.6 |17.31+£0.74
¥(2520)0 — Afmr~ | 16.142.1|16.6+2.2 [11.37 £1.22(21.21 £0.81| 8.2  [16.90 +0.72
Ee(2645)F — =0t +0) <31 | 28404 | 1.76+0.14 | 3.04 £ 0.37 3.18 £0.10
Z0(2645)° — 2070 <55 | 29404 |1.834+0.06 | 3.1240.33 3.03£0.10

B. Strong decays of p-wave charmed baryons

Some of the S-wave and D-wave couplings of p-wave baryons to s-wave baryons can be deter-
mined. In principle, the coupling hs is readily extracted from A.(2593)* — X07F with A.(2593)"
identified as Aq(3)F. However, since A.(2593)* — S is kinematically barely allowed, the finite
width effects of the intermediate resonant states will become important [33].

Pole contributions to the decays A.(2593)%, A.(2625)" — Af7m have been considered in [4,
27, 34] with the finite width effects included. The intermediate states of interest are ¥, and X}
poles. The resonant contribution arises from the Y. pole, while the non-resonant term receives a
contribution from the X} pole. (Since A.(2593)", A.(2625)" — A’m are not kinematically allowed,
the 3% pole is not a resonant contribution.) The decay rates thus depend on two coupling constants
hy and hg. The decay rate for the process A (2593) — Afnt7~ can be calculated in the framework
of heavy hadron chiral perturbation theory to be [10]

[(A(2593) — Afnm)
['(A:(2625) — At 7m)

14.48h3 + 27.54h3 — 3.11hahs,
= 0.648h3 + 0.143 x 105h% — 28.6hahs.

(4.7)

It is clear that the limit on I'(A.(2625)) gives an upper bound on hg of order 1073 (in units
of MeV~1), whereas the decay width of A.(2593) is entirely governed by the coupling ho. This
indicates that the direct non-resonant A7 cannot be described by the ¥ pole alone. Identifying
the calculated T'(A+(2593) — Af7m) with the resonant one, we find

|ho| = 0.427F0111 |hs| < 3.57 x 1073 (4.8)

Assuming that the total decay width of A.(2593) is saturated by the resonant Afnm 3-body
decays, Pirjol and Yan obtained |ha| = 0.57275322 and |hg| < (3.50 — 3.68) x 1073 MeV ! [4].

Using the updated hadron masses and T'(A.(2593) — Af7),? we find |ho| = 0.49970135. Taking

3 The CLEO result T'(A.(2593)) = 3.973-3 MeV [35] is used in [4] to fix ho.



TABLE IV: Same as Table III except for p-wave charmed baryons [10].

Decay Expt. | HHChPT Tawfiq Ivanov Huang Zhu
(3] [10] et al. [25] et al. [26] et al. [27] | [32]
Ae(2593)T — (Afnm)g [2.63T1 05|  input 2.5
Ae(2593)T — Sttr= 0.657031 0.627037 | 1.474+0.57 | 0.794+0.09 | 055753, | 0.64
Ao(2593)T — 207t 0.67794 0.677050 | 1.78 £ 0.70 | 0.83+£0.09 | 0.89 + 0.86 | 0.86
Ac(2593)F — SFq0 1.347012 1 1184046 | 0.9840.12 | 1.74049 | 1.2
Ae(2625) — SFta— | <0.10 | <0.028 | 0.44+0.23 [ 0.076 +£0.009| 0.013 | 0.011
Ao(2625)F — 207t | <0.09 | <0.028 | 0.47+0.25 [0.080£0.009| 0.013 | 0.011
A.(2625)F — 570 <0.040 | 0424022 [0.0954+0.012| 0.013 |0.011
Ac(2625)T — Af7m <19 | <021 0.11
¥.(2800) T+ — A, > 75122 input
5:(2800)F — Ao, 57 | 6279 | input
26(2800)° = A.m, X7 | 6172 | input
Z.(2790)t — E0+t0 | <15 | 77735
Z.(2790)0 — = O07=0 | <12 | 81738
Z.(2815)F — ZxH070+ | <35 | 32719 | 2354093 | 0.70+0.04
=.(2815)0 — = H0r—0 | <65 | 35120

into account the fact that the ¥, and X poles only describe the resonant contributions to the total
width of A.(2593), we finally reach the hy value given in (4.8). Taking into account the threshold (or
finite width) effect in the strong decay A.(2593)* — A.7m, a slightly small coupling h3 = 0.24f8:ﬁ’
is obtained in [33]. For the spin-3 state A.(2625), its decay is dominated by the three-body channel
Afmm as the major two-body decay Y. is a D-wave one.

Some information on the coupling hig cane be inferred from the strong decays of A.(2800). As
noticed in passing, the states 2.(2800) "0 are most likely to be Sco(2). Assuming their widths
are dominated by the two-body modes A.m, 3.7 and AX7w, we have [4]

O(za)) = 1 (3a() = atet) +7 (5a) = 5int) 41 (2a(G) — 5t

2
4h3y ma, 5 hi, ms, 5 hi  myzp s
—_ c c c , 49
Tomf2 w7 T 0w /2 m, P T 10w f2 iy P (4.9)

and similar expressions for ¥.(2800)* and ¥.(2800)°. Using the quark model relation h?; = 2h%,
[see also Eq. (4.12)] and the measured widths of X.(2800)*+ 0 (Table II), we obtain

|h1o] = (0.85T0:48) x 1073 MeV L. (4.10)

Since the state A (2) is broader, even a small mixing of Aca(2) with Aci(3) could enhance the
decay width of the former [4]. In this case, the above value for hig should be regarded as an upper
limit of |h1g|. Using the quark model relation |hg| = |hio| (see Eq. (4.12) below), the calculated
partial widths of A.(2625)" are shown in Table IV.
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The Z(2790) and Z.(2815) baryons form a doublet = (3, 3). Z.(2790) decays to Z.m, while

=.(2815) decays to Z.mm, resonating through =¥, i.e. =.(2645). Using the coupling hs obtained
(4.8) and the experimental observation that the Z.7m mode in =.(2815) decays is consistent with
being entirely via =.(2645)7, the predicted Z.(2790) and =.(2815) widths are shown in Table TV
and they are consistent with the current experimental limits.

Couplings other than ho and hig 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]

lhsl V3 lha|l 1 |hs| 2 |hs|

Vo Ml _ - sl _ 2 0 sl 4.11
bl =20 Tl T2 Thel VB b )
The D-wave couplings satisfy the relations
|11 |has] |h12] B4
hs| = |ho| = |hig|, — =2 =4/2, =2l—9 2 —1, 4.12
] = hol = ol |hao|  [ha4l |h1s] |h1s] (4.12)

The reader is referred to [4] for further details.

V. LIFETIMES

The lifetime differences among the charmed mesons DT, D? and charmed baryons have been
studied extensively both experimentally and theoretically since late 1970s. It was realized very
early that the naive parton model gives the same lifetimes for all heavy particles containing a
heavy quark @ and that the underlying mechanism for the decay width differences and the lifetime
hierarchy of heavy hadrons comes mainly from the spectator effects like W-exchange and Pauli
interference due to the identical quarks produced in the heavy quark decay and in the charmed
baryons (for a review, see [2, 36, 37]). The spectator effects were expressed in 1980s in terms of
local four-quark operators by relating the total widths to the imaginary part of certain forward
scattering amplitudes [38-40]. (The spectator effects for charmed baryons were first studied in
[41].) With the advent of heavy quark effective theory (HQET), it was recognized in early 1990s
that nonperturbative corrections to the parton picture can be systematically expanded in powers
of 1/mq [42, 43]. Subsequently, it was demonstrated that this 1/m¢ expansion is applicable not
only to global quantities such as lifetimes, but also to local quantities, e.g. the lepton spectrum in
the semileptonic decays of heavy hadrons [44]. Therefore, the above-mentioned phenomenological
work in 1980s acquired a firm theoretical footing in 1990s, namely the heavy quark expansion
(HQE), which is a generalization of the operator product expansion (OPE) in 1/mg. Within this
QCD-based framework, some phenomenological assumptions can be turned into some coherent and
quantitative statements and nonperturbative effects can be systematically studied.

Based on the OPE approach for the analysis of inclusive weak decays, the inclusive rate of the
charmed baryon is schematically represented by

GEm} Ay | Az 1

The Ag term comes from the ¢ quark decay and is common to all charmed hadrons. There is no
linear 1/mg corrections to the inclusive decay rate due to the lack of gauge-invariant dimension-
four operators [42, 45], a consequence known as Luke’s theorem [46]. Nonperturbative corrections
start at order 1/ m2Q and they are model independent. Spectator effects in inclusive decays due to
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the Pauli interference and W-exchange contributions account for 1/m?2 corrections and they have
two eminent features: First, the estimate of spectator effects is model dependent; the hadronic
four-quark matrix elements are usually evaluated by assuming the factorization approximation for
mesons and the quark model for baryons. Second, there is a two-body phase-space enhancement
factor of 1672 for spectator effects relative to the three-body phase space for heavy quark decay.
This implies that spectator effects, being of order 1/m?, are comparable to and even exceed the
1/m? terms.
The lifetimes of charmed baryons are measured to be [3]

T(AF) = (200 £ 6) x 107 %s,  7(Z}) = (442 % 26) x 10~ 55,
7(E)) = (1127]3) x 107, 7(Q2) = (69 £ 12) x 10~ . (5.2)

As we shall see below, the lifetime hierarchy 7(ZF) > 7(Af) > 7(22) > 7(Q)) is qualitatively
understandable in the OPE approach but not quantitatively.

In general, the total width of the charmed baryon B. receives contributions from inclusive
nonleptonic and semileptonic decays: I'(B.) = I'nL(Bc) + I'st.(B¢). The nonleptonic contribution
can be decomposed into

Inp(Be) = T9(B,) 4+ T*™(B,) + T'(B.) + T (B.), (5.3)

corresponding to the c-quark decay, the W-exchange contribution, destructive and constructive
Pauli interferences. It is known that the inclusive decay rate is governed by the imaginary part of
an effective nonlocal forward transition operator 7. Therefore, I'*¢ corresponds to the imaginary
part of Fig. 2(a) sandwiched between the same B, states. At the Cabibbo-allowed level, I
represents the decay rate of ¢ — sud, and I'*™ denotes the contribution due to the W-exchange
diagram cd — us. The interference I'™ (T''*) arises from the destructive (constructive) interference
between the u (s) quark produced in the c-quark decay and the spectator u (s) quark in the charmed
baryon B.. Notice that the constructive Pauli interference is unique to the charmed baryon sector
as it does not occur in the bottom baryon sector. From the quark content of the charmed baryons
(see Table II), it is clear that at the Cabibbo-allowed level, the destructive interference occurs in
A and E decays, while EF, Z2 and Q2 can have I'. Since Q0 contains two s quarks, it is natural
to expect that T'%(Q0) > T%(Z.). W-exchange occurs only for 2% and A at the same Cabibbo-
allowed level. In the heavy quark expansion approach, the above-mentioned spectator effects can
be described in terms of the matrix elements of local four-quark operators.

Within this QCD-based heavy quark expansion approach, some phenomenological assumptions
can be turned into some coherent and quantitative statements and nonperturbative effects can be
systematically studied. To begin with, we write down the general expressions for the inclusive
decay widths of charmed hadrons. Under the heavy quark expansion, the inclusive nonleptonic
decay rate of a charmed baryon B, is given by [42, 43]

GEm) 1 2cic
Ine(Be) = 1;27%3]% Vekm 2m{ (C% +c+ ]\1, 2) |:10<x7 0,0)(Bc|cc|Be)
L 1(@.0,0)(Bifeo - GelB)| — —5 242 1y(2,0,0)(B.Jeo - GelB)
mg 1L, Yy c c m?; N. PACERS) c c
1 1
+ 2mB <Bc’£spec’Bc> +O miécl ’ (54)
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FIG. 2: Contributions to nonleptonic decay rates of charmed baryons from four-quark operators: (a)
c-quark decay, (b) W-exchange, (c) destructive Pauli interference and (d) constructive interference.

where -G = 0, GM, © = (ms/me)?, N, is the number of colors, ¢, ca are Wilson coefficient
functions, N. = 3 is the number of color and Vg takes care of the relevant CKM matrix elements.
In the above equation, Iy 12 are phase-space factors

Io(x,0,0) = (1 —2?)(1 — 8z + %) — 122°Inz,
1 d
L(2,0,0) = 5(2=2--)Io(,0,0) = (1 - z)4,
I2($7070) = (1 _:C)Sv (55)

for ¢ — sud transition.
In heavy quark effective theory, the two-body matrix element (B.|éc|B.) in Eq. (5.4) can be
recast to

(Bclee|Be) Ky Gpg
2mgp, ! 2m?2 + 2m2’ (5:6)
with
Ky = ———(Be|e(iD 1 )?c|B.) = —\1,
G :L@*} GelB.) = dyh (5.7)
H_2ch 0020 ClO¢c) = AH A2, .

where dy = 0 for the antitriplet baryon and dy = 4 for the spin—% sextet baryon. It should be
stressed that the expression (5.6) is model independent and it contains nonperturbative kinetic
and chromomagnetic effects which are usually absent in the quark model calculations. The non-
perturbative HQET parameters A\; and Ay are independent of the heavy quark mass. Numerically,
we shall use APV = —(0.4 4 0.2) GeV? [47] and AY*™°" = 0.055 GeV? for charmed baryons [48].
Spectator effects in inclusive decays of charmed hadrons are described by the dimension-six four-
quark operators Lgpec in Eq. (5.4) at order 1/m?. Its complete expression can be found in, for
example, Eq. (2.4) of [48].

For inclusive semileptonic decays, there is an additional spectator effect in charmed-baryon
semileptonic decay originating from the Pauli interference of the s quark for charmed baryons =,
and Q. [49]. The general expression of the inclusive semileptonic widths is given by

G2m? x,xp,0 _ 1 _
P (Bo) = S Vs M0 20 (1 0,0) el o) oz 112,0.0)(Belcor - Gel )|
Gy - 2]+ D) @) e) — (1 + 201~ 15)s5(1 + 9], (5.3)
o esl" 5 T 5 cs)(sc T)c Y5)SS ¥s)c|, (O.

c
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where 7(x, z,0) with 2, = (mg/mg)? is the QCD radiative correction to the semileptonic decay
rate and its general analytic expression is given in [50]. Since both nonleptonic and semileptonic
decay widths scale with the fifth power of the charmed quark mass, it is very important to fix the
value of m,. It is found that the experimental values for D+ and D" semileptonic widths [3] can be
fitted by the quark pole mass m. = 1.6 GeV. Taking ms = 170 MeV, we obtain the charmed-baryon
semileptonic decay rates

(A, — Xev) =T'(E. — Xev) = 1.533 x 107 12CeV,
Q. — Xer) = 1.308 x 107 13GeV. (5.9)

The prediction (5.9) for the A, baryon is in good agreement with experiment [3]
T(Ae — XeD)exps = (1.480 £ 0.559) x 10~ 3GeV. (5.10)

We shall see beolw that the Pauli interference effect in the semileptonic decays of =, and 2. can
be very significant, in particular for the latter.

The baryon matrix element of the four-quark operator (Bc|(¢q1)(g2¢3)|Bc) with (q1g2) = g1y, (1—
v5)q2 is customarily evaluated using the quark model. In the non-relativistic quark model (for early
related studies, see [38, 39]), the matrix element is governed by the charmed baryon wave function at
origin, |15¢(0)|?, which can be related to the charmed meson wave function [2(0)?
the hyperfine splittings between ¥ and 3., and between D* and D separately yield [51]

. For example,

_ 4 mz: —myg,

5 (0)]* = |2 (0)] [ (0)]. (5.11)

N 3 mpx —mp
This relation is supposed to be robust as [¢),(0)|?
the strong coupling a; and the light quark mass m, directly. Defining

W5 (0) = rp. |02 (0)]%, (5.12)

determined in this manner does not depend on

we have

4 myx —m 4 me=x — mx=r 4 mqox —m
My T mee o fMETme o 2 mar T o (5.13)

T— = =3
¢ © 3 mpr—mp’ ° 3 mpr—mp

T 3 mp- —mp’
In terms of the parameter TBCW({%(O)\Q we have [48]

2 2
Gch

I () = “EEry (1= 2 (n(d + &) — 2e100) [0 (0)],
: GZm?
MM = =1 ra (1= 2)’(1+ 2) (0] = 2102 = Ne3) [P (O,
P2, /s, = DA /ra,, TPED) 1z, = T™(A) /7.
) 2,2
r(g,) = _GZ;”C re.(1 - 2%)(1+ ) (nc} — 2e16, = Nec? ) [P(0) 2,
' 2,2
P 0) = ~ P2 o (1 - 0%)(5 -+ ) (nh — 2612 — Ned) PO,
G2m?
(@) = 6712 rg, (1 - 2®) (n(e} + ) — 2e1e2) [P (0)
C _ G2 mz
I(Ee = Xew) = ~E vz (1-2?) (1 + o)l (0,
; G2m?
Q. — Xew) = gﬁ € ro.(1—22)(5 + )P (0)% (5.14)
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where the parameter 7 is introduced via

(Bc|(cc)(qq)[Be) = —n(Bel(cq)(qc)|Be), (5.15)

so that 7 = 1 in the valence quark approximation. In the zero light quark mass limit (z = 0)
and in the valence quark approximation, the reader can check that results of (5.14) are in agree-
ment with those obtained in [38, 39, 52] except the Cabibbo-suppressed W-exchange contribution
to Q0 Ta11((),). We have a coefficient of 6 arising from the matrix element (Q.|(¢s)(5¢)|Q) =
—615k (0)[*(2mg, ) [48], while the coefficient is claimed to be % in [52].

Neglecting the small difference between ry,, r=, and rq, and setting = 0, the inclusive non-

leptonic rates of charmed baryons in the valence quark approximation have the expressions:

Ini(AF) = T9C(AY) + cosg T 4+ I'0F  sing, T,

Inp(EF) = T9¢(EF) 4 sin, 1800 4 ¢ 4 cos?, TI0E,
FNL(E'E;)) — FdeC(Eg) + rann + Flft + Flj_lt,
10 ;
Iap(Q0) = 14e¢(Q9) 4 6sinZ T2 4 3 cosg, It (5.16)

with ¢ being the Cabibbo angle.

Assuming the D meson wavefunction at the origin squared |@ZJC%(0)|2 being given by % fAmp, we
obtain |2 (0)|> = 7.5 x 1073GeV? for fp = 220 MeV.* To proceed to the numerical calculations,
we use the Wilson coefficients ¢;(u) = 1.35 and ca(p) = —0.64 evaluated at the scale p = 1.25
GeV. Since n = 1 in the valence-quark approximation and since the wavefunction squared ratio
r is evaluated using the quark model, it is reasonable to assume that the NQM and the valence-
quark approximation are most reliable when the baryon matrix elements are evaluated at a typical
hadronic scale ppaq. As shown in [54], the parameters 7 and r renormalized at two different scales
are related via the renormalization group equation, from which we obtain n(u) ~ 0.74n(pihaq) ~ 0.74
and r(p) ~ 1.36 7(finaa) [48].

The results of calculations are summarized in Table V. It is clear that the lifetime pattern

7(EF) > 7(AD) > 7(EY) > 7(Q2) (5.17)

is in accordance with experiment. This lifetime hierarchy is qualitatively understandable. The
=1 baryon is longest-lived among charmed baryons because of the smallness of W-exchange and
partial cancellation between constructive and destructive Pauli interferences, while €). is shortest-
lived due to the presence of two s quarks in the 2. that renders the contribution of Fift largely
enhanced. From Eq. (5.14) we also see that Fi_ft is always positive, '™ is negative and that the
constructive interference is larger than the magnitude of the destructive one. This explains why
7(EF) > 7(AF). It is also clear from Table V that, although the qualitative feature of the lifetime
pattern is comprehensive, the quantitative estimates of charmed baryon lifetimes and their ratios
are still rather poor.

In [52], a much larger charmed baryon wave function at origin is employed. This is based on the
argument originally advocated in [37]. The physical charmed meson decay constant fp is related
to the asymptotic static value Fp via

Ip="Fp <1 - L‘i - O(Wlﬁ)) : (5.18)

4 The recent CLEO measurement of Dt — ptv yields fp+ = 222.6 + 16.773% MeV [53].
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TABLE V: Various contributions to the decay rates (in units of 1072 GeV) of charmed baryons.
The charmed meson wavefunction at the origin squared |1/ (0)[? is taken to be & fZmp. Experi-
mental values are taken from [3].

Fdec Tann ]__‘iilt Fift FSL Ttot T(10_135) Texpt (10—138)
AF | 1.006 1.342 —0.196 0.323 2.492 2.64 2.00 + 0.06
EF11.006 0.071 —0.203 0.364 0.547 1.785 3.68 4.42 40.26
=01 1.006 1.466 0.385 0.547 3.404 1.93 1.12%543
Q9] 1.132  0.439 1.241 1.039 3.851 1.71 0.69 +0.12

It was argued in [37] that one should not use the physical value of fp when relating |1/%¢(0)?
to |¢P(0)|? for reason of consistency since the widths have been calculated through order 1/m
only. Hence, the part of fp which is not suppressed by 1/m,. should not be taken into account.
However, if we use Fp ~ 2fp for the wave function |¢)”(0)|2, we find that the predicted lifetimes
of charmed baryons become too short compared to experiment except Q0. By contrast, using
[pAe(0)]2 = 2.62 x 1072GeV? and the so-called hybrid renormalization, lifetimes 7(A}) = 2.39,
7(2F) = 2.51, 7(2Y) = 0.96 and 7(Q%) = 0.61 in units of 10~!3s are obtained in [52]. They are in
better agreement with the data except =F. The predicted ratio 7(21)/7(A}) = 1.05 is too small
compared to the experimental value of 2.21 4+ 0.15. By inspecting Eq. (5.16), it seems to be very
difficult to enhance the ratio by a factor of 2.

In short, when the lifetimes of charmed baryons are analyzed within the framework of the
heavy quark expansion, the qualitative feature of the lifetime pattern is understandable, but a
quantitative description of charmed baryon lifetimes is still lack. This may be ascribed to the
following possibilities:

1. Unlike the semileptonic decays, the heavy quark expansion in inclusive nonleptonic decays
cannot be justified by analytic continuation into the complex plane and local duality has to
be assumed in order to apply the OPE directly in the physical region. The may suggest a
significant violation of quark-hadron local duality in the charm sector.

2. Since the ¢ quark is not heavy enough, it casts doubts on the validity of heavy quark expansion
for inclusive charm decays. This point can be illustrated by the following example. It is
well known that the observed lifetime difference between the D and DO is ascribed to the
destructive interference in Dt decays and/or the constructive W-exchange contribution to
DY decays. However, there is a serious problem with the evaluation of the destructive Pauli
interference I'"*(D%) in D*. A direct calculation analogous to I'™(3.) in the charmed
baryon sector indicates that I'""*(D%) overcomes the ¢ quark decay rate so that the resulting
nonleptonic decay width of D' becomes negative [37, 55]. This certainly does not make
sense. This example clearly indicates that the 1/m, expansion in charm decay is not well
convergent and sensible, to say the least. It is not clear if the situation is improved even
after higher dimension terms are included.

3. To overcome the aforementioned difficulty with I'"*( D7) it has been conjectured in [37] that
higher-dimension corrections amount to replacing m. by mp in the expansion parameter
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f3mp/m3, so that it becomes f3/m3%,. As a consequence, the destructive Pauli interference

will be reduced by a factor of (m./mp)3.

By the same token, the Pauli interference in
charmed baryon decay may also be subject to the same effect. Another way of alleviating
the problem is to realize that the usual local four-quark operators are derived in the heavy
quark limit so that the effect of spectator light quarks can be neglected. Since the charmed
quark is not heavy enough, it is very important, as stressed by Chernyak [55], to take into
account the nonzero momentum of spectator quarks in charm decay. In the framework of

heavy quark expansion, this spectator effect can be regarded as higher order 1/m, corrections.

4. One of the major theoretical uncertainties comes from the evaluation of the four-quark matrix
elements. One can hope that lattice QCD will provide a better handle on those quantities.

VI. HADRONIC WEAK DECAYS

Contrary to the significant progress made over the last 20 years or so in the studies of the heavy
meson weak decay, advancement in the arena of heavy baryons, both theoretical and experimental,
has been relatively slow. This is partly due to the smaller baryon production cross section and the
shorter lifetimes of heavy baryons. From the theoretical point of view, baryons being made out
of three quarks, in contrast to two quarks for mesons, bring along several essential complications.
First of all, the factorization approximation that the hadronic matrix element is factorized into
the product of two matrix elements of single currents and that the nonfactorizable term such as
the W-exchange contribution is negligible relative to the factorizable one is known empirically to
be working reasonably well for describing the nonleptonic weak decays of heavy mesons. However,
this approximation is a priori not directly applicable to the charmed baryon case as W-exchange
there, manifested as pole diagrams, is no longer subject to helicity and color suppression. This is
different from the naive color suppression of internal W-emission. It is known in the heavy meson
case that nonfactorizable contributions will render the color suppression of internal W-emission
ineffective. However, the W-exchange in baryon decays is not subject to color suppression even in
the absence of nonfactorizable terms. A simple way to see this is to consider the large-IN. limit.
Although the W-exchange diagram is down by a factor of 1/N, relative to the external W-emission
one, it is compensated by the fact that the baryon contains N, quarks in the limit of large N,, thus
allowing N, different possibilities for W exchange between heavy and light quarks [56]. That is,
the pole contribution can be as important as the factorizable one. The experimental measurement
of the decay modes A} — Y077, ¥+7% and A} — Z°K ™, which do not receive any factorizable
contributions, indicates that W-exchange indeed plays an essential role in charmed baryon decays.
Second, there are more possibilities in drawing the quark daigram amplitudes as depicted in Fig. 3;
in general there exist two distinct internal W-emissions and several different W-exchange diagrams
which will be discussed in more detail shortly.

Historically, the two-body nonleptonic weak decays of charmed baryons were first studied by
utilizing the same technique of current algebra as in the case of hyperon decays [57]. However, the
use of the soft-meson theorem makes sense only if the emitted meson is of the pseudoscalar type
and its momentum is soft enough. Obviously, the pseudoscalar-meson final state in charmed bayon
decay is far from being “soft”. Therefore, it is not appropriate to make the soft meson limit. It
is no longer justified to apply current algebra to heavy-baryon weak decays, especially for s-wave
amplitudes. Thus one has to go back to the original pole model, which is nevertheless reduced to
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current algebra in the soft pseudoscalar-meson limit, to deal with nonfactorizable contributions.
The merit of the pole model is obvious: Its use is very general and is not limited to the soft
meson limit and to the pseudoscalar-meson final state. Of course, the price we have to pay is that
it requires the knowledge of the negative-parity baryon poles for the parity-violating transition.
This also explains why the theoretical study of nonleptonic decays of heavy baryons is much more
difficult than the hyperon and heavy meson decays.

The nonfactorizable pole contributions to hadronic weak decays of charmed baryons have been
studied in the literature [58-60]. In general, nonfactorizable s- and p-wave amplitudes for %+ —
%Jr + P(V) decays (P: pseudoscalar meson, V: vector meson), for example, are dominated by
%7 low-lying baryon resonances and %Jr ground-state baryon poles, respectively. However, the
estimation of pole amplitudes is a difficult and nontrivial task since it involves weak baryon matrix
elements and strong coupling constants of %Jr and %_ baryon states. This is the case in particular
for s-wave terms as we know very little about the %_ states. As a consequence, the evaluation
of pole diagrams is far more uncertain than the factorizable terms. In short, W-exchange plays a
dramatic role in the charmed baryon case and it even dominates over the spectator contribution in
hadronic decays of A} and =0 [61].

Since the light quarks of the charmed baryon can undergo weak transitions, one can also have
charm-flavor-conserving weak decays, e.g., Z. — A.m and Q. — Z.m, where the charm quark
behaves as a spectator. This special class of weak decays usually can be calculated more reliably
than the conventional charmed baryon weak decays.

A. Quark-diagram scheme

Besides dynamical model calculations, it is useful to study the nonleptonic weak decays in a way
which is as model independent as possible. The two-body nonleptonic decays of charmed baryons
have been analyzed in terms of SU(3)-irreducible-representation amplitudes [62, 63]. However, the
quark-diagram scheme (i.e., analyzing the decays in terms of quark-diagram amplitudes) has the
advantage that it is more intuitive and easier for implementing model calculations. It has been
successfully applied to the hadronic weak decays of charmed and bottom mesons [64, 65]. It has
provided a framework with which we not only can do the least-model-dependent data analysis and
give predictions but also make evaluations of theoretical model calculations.

A general formulation of the quark-diagram scheme for the nonleptonic weak decays of charmed
baryons has been given in [66] (see also [67]). The general quark diagrams shown in Fig. 3 are:
the external W-emission tree diagram 7', internal W-emission diagrams C and C’, W-exchange
diagrams Fi, Es and E’ (see Fig. 2 of [66] for notation and for details). There are also penguin-
type quark diagrams which are presumably negligible in charm decays due to GIM cancellation.
The quark diagram amplitudes T, C, C’--- etc. in each type of hadronic decays are in general not
the same. For octet baryons in the final state, each of the W-exchange amplitudes has two more
independent types: the symmetric and the antisymmetric, for example, E14, Faa, Fas, E'y and
EY% [66]. The antiquark produced from the charmed quark decay ¢ — ¢i1¢2g3 in diagram C’ can
combine with ¢ or g2 to form an outgoing meson. Consequently, diagram C’ contains factorizable
contributions but C' does not. It should be stressed that all quark graphs used in this approach
are topological with all the strong interactions included, i.e. gluon lines are included in all possible
ways. Hence, they are not Feynman graphs. Moreover, final-state interactions are also classified
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FIG. 3: Quark diagrams for charmed baryon decays

in the same manner. A good example is the reaction D° — K9%p, which can be produced via
final-state rescattering even in the absence of the W-exchange diagram. Then it was shown in [65]
that this rescattering diagram belongs to the generic W-exchange topology.

Since the two spectator light quarks in the heavy baryon are antisymmetrized in the antitriplet
charmed baryon B.(3) and the wave function of the decuplet baryon B(10) is totally symmetric,
it is clear that factorizable amplitudes T and C’ cannot contribute to the decays of type B.(3) —
B(10) + M(8); it receives contributions only from the W-exchange and penguin-type diagrams
(see Fig. 1 of [66]). Examples are A7 — ATTK— 3+ p0 vty =0 K+ and 20 — 2*+ KO, They
can only proceed via W-exchange. Hence, the experimental observation of them implies that the
W-exchange mechanism plays a significant role in charmed baryon decays. The quark diagram
amplitudes for all two-body decays of (Cabibbo-allowed, singly suppressed and doubly suppressed)
AF 250 and QU are listed in [66]. In the SU(3) limit, there exist many relations among various
charmed baryon decay amplitudes, see [66] for detail. For charmed baryon decays, there are only
a few decay modes which proceed through factorizable external or internal W-emission diagram,
namely, Cabibbo-allowed Q2 — Q=7 (p*), Z**K°(K*?) and Cabibbo-suppressed Al — pg.

B. Dynamical model calculation

To proceed we first consider the Cabibbo-allowed decays Bc(%+) — B(%+) + P(V). The general
amplitudes are

M[Bi(1/2%) — By(1/27) + P] = its(ps)(A + Bys)ui(pi), (6.1)
M[B;(1/27) — By(1/2%) + V] = as(py)e™ [Arvuys + A2(ps)uys + Biyvu + Ba(ps)ului(pi),

where ¢, is the polarization vector of the vector meson, A, (B, By, B2) and Ay are s-wave, p-wave
and d-wave amplitudes, respectively, and A; consists of both s-wave and d-wave ones. The QCD-
corrected weak Hamiltonian responsible for Cabibbo-allowed hadronic decays of charmed baryons
reads

G
Hy = Tgv (101 + ¢203), (6.2)
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where O1 = (5¢)(ud) and Oy = (5d)(uc) with (gig2) = G1yu(1 — v5)g2. ;From the expression of
O1 2, it is clear that factorization occurs if the final-state meson is 77 (p™) or K(K*?). Explicitly,

AP(B; — By +71) = Nayfp(mi —my)fi
BfaC(Bi N Bf+7r+) ( )
AfaC(Bi _ Bf + KO) = )\CLQfP(mi - mf)fl
BfaC(Bi — Bf + K'O) ( )
and

Bi— Bi+p") = _)\alfpmp[gl(m?))+g2(m;2))(m’i_mf)]7
Bi—>Bf+p+) = —2)\a1fpmp92(m,2))a

Bi — By +pt) = Xayfymp[fi(m?2) = fa(m?2)(m; + my)],
Bi— Br+p") = 2)\a1fpmpf2(m,2)),

and similar expressions for B; — By + K*0 where A = G FVesVi/ V2, f; and g; are the form factors
defined by (¢ = p; — py)

(By(p)|Vy — AulBi(p)) = ty(pr)[f1(@*) v + if2(0®)omwd” + f3(a*)au
(g1 v+ i92(6*) o d” + 93(a) @) vs)ui (pi)- (6.4)

In the naive factorization approach, the coefficients a; for the external W-emission amplitude
and ap for internal W-emission are given by (c1 + %) and (c2 + §F), respectively. However, we
have learned from charmed meson decays that the naive factorization approach never works for the
decay rate of color-suppressed decay modes, though it usually operates for color-allowed decays.
Empirically, it was learned in the 1980s that if the Fierz-transformed terms characterized by 1/N,
are dropped, the discrepancy between theory and experiment is greatly improved [68]. This leads
to the so-called large-N,. approach for describing hadronic D decays [69]. Theoretically, explicit
calculations based on the QCD sum-rule analysis [70] indicate that the Fierz terms are indeed
largely compensated by the nonfactorizable corrections.

As the discrepancy between theory and experiment for charmed meson decays gets much im-
proved in the 1/N, expansion method, it is natural to ask if this scenario also works in the baryon
sector? This issue can be settled down by the experimental measurement of the Cabibbo-suppressed
mode AT — p@, which receives contributions only from the factorizable diagrams. As pointed out
in [58], the large-NN, predicted rate is in good agreement with the measured value. By contrast,
its decay rate prdicted by the naive factorization approximation is too small by a factor of 15.
Therefore, the 1/N, approach also works for the factorizable amplitude of charmed baryon decays.
This also implies that the inclusion of nonfactorizable contributions is inevitable and necessary. If
nonfactorizable effects amount to a redefinition of the effective parameters a1, as and are universal
(i.e., channel-independent) in charm decays, then we still have a new factorization scheme with the
universal parameters a;, ao to be determined from experiment. Throughout this paper, we will
thus treat a1 and ay as free effective parameters.

At the hadronic level, the decay amplitudes for quark diagrams 7" and C’are conventionally eval-
uated using the factorization approximation. How do we tackle with the remaining nonfactorizable
diagrams C, Ey, F5, E' ? One popular approach is to consider the contributions from all possible

intermediate states. Among all possible pole contributions, including resonances and continuum
states, one usually focuses on the most important poles such as the low-lying %+, %7 states, known
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By’ Bn, Bf B1 Bn Bf

FIG. 4: Pole diagrams for charmed baryon decay B; — By + M.

as pole approximation. More specifically, the s-wave amplitude is dominated by the low-lying 1/2~
resonances and the p-wave one governed by the ground-state 1/2% poles (see Fig. 4):

Anf _ Z -ngBn*an*i + bfn*an*BiP +.. :
Bx(1/2-) m; — Mp* myg — Mpx
.g n anz a ng B
B = -% BpBnl i TinIBeBeb ) (6.5)
5 \ i — My, myg — My

where A™ and B™ are the nonfactorizable s- and p-wave amplitudes of B, — BP, respectively,
ellipses in Eq.(6.5) denote other pole contributions which are negligible for our purposes, and a;;
as well as b;«; are the baryon-baryon matrix elements defined by

(Bi|Hy, |Bj) = wi(ag; — bijys)uj, (Bf (1/2 )[HYY|B)) = ibi=j suy, (6.6)

with bj;+ = —b;«;. Evidently, the calculation of s-wave amplitudes is more difficult than the p-wave
owing to the troublesome negative-parity baryon resonances which are not well understood in the
quark model. In [58, 59], the form factors appearing in factorizable amplitudes and the strong
coupling constants and baryon transition matrix elements relevant to nonfactorizable contributions
are evaluated using the MIT bag model [71]. Two of the pole model calculations for branching
ratios [59, 60] are displayed in Table VI. The study of charmed baryon hadronic decays in [72] is
similar to [59, 60] except that the effect of W-exchange is parametrized in terms of the baryon wave
function at origin. Sharma and Verma [72] defined a parameter r = [¢5¢(0)|2/[¢8(0)|? and argued
that its value is close to 1.4. A variant of the pole model has been considered in [73] in which the
effects of pole-model-induced SU(4) symmetry breaking in parity-conserving and parity-violating
amplitudes are studied.

Instead of decomposing the decay amplitude into products of strong couplings and two-body
weak transitions, Kérner and Kramer [56] have analyzed the nonleptonic weak processes using the
spin-flavor structure of the effective Hamiltonian and the wave functions of baryons and mesons
described by the covariant quark model. The nonfactorizable amplitudes are then obtained in
terms of two wave function overlap parameters Ho and Hs, which are in turn determined by fitting
to the experimental data of AY — pK® and A} — Am™, respectively. Despite the absence of
first-principles calculation of the parameters Ho and Hj, this quark model approach has fruitful
predictions for not only B. — B + P, but also B, — B+ V, B*(3/27) + P and B*(3/27) + V
decays. Another advantage of this analysis is that each amplitude has one-to-one quark-diagram
interpretation. While the overlap integrals are treated as phenomenological parameters to be
determined from a fit to the data, Ivanov et al. [74] developed a microscopic approach to the
overlap integrals by specifying the form of the hadron-quark transition vertex including the explicit
momentum dependence of the Lorentz scalar part of this vertex.
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TABLE VI: Branching ratios of Cabibbo-allowed B, — B + P decays in various models. Results of
[56, 59, 60] have been normalized using the current world averages of charmed baryon lifetimes [3].

Branching ratios cited from [72] are for ¢,_,y = —23° and r = 1.4.

Decay Korner, Xu, Cheng, Ivanov Zenczykowski Sharma, Expt.

Kréamer [56]|Kamal [60]| Tseng [59]|et al. [74] [73] Verma [72] 3]

AF — Ant input 1.62 0.88 0.79 0.54 1.12 | 0.90+ 0.28
AF — XOrt 0.32 0.34 0.72 0.88 0.41 1.34 | 0.99+ 0.32
Af — B0 0.32 0.34 0.72 0.88 0.41 1.34 | 1.004 0.34
AF — ¥ty 0.16 0.11 0.94 0.57 | 0.48+ 0.17
Af — oty 1.28 0.12 0.12 0.10
Af — pKO input 1.20 1.26 2.06 1.79 1.64 2.34 0.6
A} — 20K+ 0.26 0.10 0.31 0.36 0.13 | 0.39% 0.14
Ef - XTK? 645 0.44 0.84 3.08 1.56 0.04
EF — =0t 3.54 3.36 3.93 4.40 1.59 0.53  |0.55 4+ 0.16%
20 — AKY 0.12 0.37 0.27 0.42 0.35 0.54 seen
=20 — »OKO 1.18 0.11 0.13 0.20 0.11 0.07
- YTK-| 0.2 0.12 0.27 0.36 0.12
29 — =070 0.03 0.56 0.28 0.04 0.69 0.87
=Y — =% 0.24 0.28 0.01 0.22
29 — =0y 0.85 0.31 0.09 0.06
20 =gt 1.04 1.74 1.25 1.22 0.61 2.46 seen
00 — =0K0 1.21 0.09 0.02

“Branching ratio relative to =f — E-n 7T,

C. Discussions

Various model predictions of the branching ratios and decay asymmetries for Cabibbo-allowed
B. — B+ P(V) decays are summarized in Tables VI-IX. In the following we shall first discuss the
decay asymmetry parameter o and then turn to the decay rates.

1. Decay asymmetry

A very useful information is provided by the study of the polarization of the daughter baryon
B’ in the decay B — B'w. Its general expression is given by

ag+ Pg - n)n+ﬁ5(n X PB) + BN X (n X PB)

(
Py =
5 1+ apPp-n

: (6.7)

where Py is the parent baryon polarization, ag, g and g are the parent baryon asymmetry
parameters and n is a unit vector along the daughter baryon B’ in the parent baryon frame. If
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TABLE VII: The predicted asymmetry parameter « for Cabibbo-allowed B, — B + P decays in

various models. Results cited from [72] are for ¢, _,y = —23° and r = 1.4.
Decay Korner, Xu, Cheng, Ivanov |Zenczykowski| Sharma, Expt.
Kramer [56]|Kamal [60]| Tseng [59]|et al. [74] [73] Verma [72] (3]
Af — Ant —0.70 —0.67 —0.95 —0.95 —0.99 -0.99 |-0.91 £0.15
Af — ¥0xt 0.70 0.92 0.78 0.43 0.39 —-0.31
A} — B0 0.71 0.92 0.78 0.43 0.39 —0.31 | —0.454 0.32
A — ¥ty 0.33 0.55 0 —0.91
Af — oty —0.45 —-0.05 —-0.91 0.78
A} — pK© -1.0 0.51 —0.49 —-0.97 —0.66 —0.99
Af — 20KT 0 0 0 0 0
EF—-XTK? -1.0 0.24 —0.09 —-0.99 1.00 0.54
EF — =0 —0.78 —0.81 —0.77 —-1.0 1.00 —-0.27
=) — AKY —0.76 1.0 —0.73 —0.75 —0.29 —0.79
=) — 20RO —0.96 —0.99 —0.59 —0.55 —0.50 0.48
20— NTK— 0 0 0 0 0
g9 — =070 0.92 0.92 —0.54 0.94 0.21 —0.80
=Y — =% —0.92 —-1.0 —0.04 0.21
29 — =0y —0.38 —0.32 —1.00 0.80
20— =gt —0.38 —0.38 —-0.99 —0.84 —0.79 -0.97 | —0.6+0.4
00 — =0K0 0.51 —-0.93 —-0.81

the parent baryon is unpolarized, the above equation reduces to Pg = agn, which implies that
the baryon B’ obtained from the decay of the unpolarized baryon B is longitudinally polarized by
the amount of ap. The transverse polarization components are measured by the parameters (g
and yp. In terms of the s- and p-wave amplitudes in Eq. (6.1), the baryon parameters have the

expressions
2Re(S*P 2Im(S*P S|?2 — |PJ?
[S]2+ [P 1S]? + |P| 1S|2 + | P
where
S = \/QmB/(E, + T)’LB/) A, P = \/2mB/(E’ — T)’LB/) B (69)

When CP is conserved and final-state interactions are negligible, § vanishes. Since the sign of ag
depends on the relative sign between s- and p-wave amplitudes, the measurement of o can be used
to discriminate between different models.

The model predictions for the decay asymmetry « in AT — Azx™ range from —0.67 to —0.99 (see
Table VII). The current world average of v is —0.91 £ 0.15 [3], while the most recent measurement
is —0.78 £ 0.16 £ 0.19 by FOCUS [75]. The agreement between theory and experiment implies the
V — A structure of the decay process Al — Ax™.
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TABLE VIII: Branching ratios of Cabibbo-allowed B. — B + V decays in various models. The
experimental value denoted by the superscript * is the branching ratio relative to =f — =~ 7t x™.

Decay Korner, |Zenczykowski| Cheng, Experiment
Kramer [56] [73] Tseng [58] 3]

AF — ApT 19.08 1.80 2.6 <5
Af — 30T 3.14 1.56 0.19 0.99+ 0.32
AF — Btp0 3.12 1.56 0.19 <14
Af — 2tw 4.02 1.10 2.7+ 1.0
Af —2t¢ 0.26 0.11 0.32+ 0.10
A} — pK*0 3.08 5.03 3.3 1.6+ 0.5
Af - ZK*T| 012 0.11 0.39+ 0.14
=F — utK*0 2.34 7.38 0.81 4+ 0.15*
=F — =0T 95.83 5.48
=20 — AK*O 1.12 1.15
20 — MOK*0 0.62 0.77
=0 - YtK*| 0.39 0.37
=0 — =0p0 1.71 1.22
20 — =0 2.33 0.15
=0 — =% 0.18 0.10
20— = pt 12.29 1.50
QY — =00 0.59

It is evident from Table VII that all the models except one model in [72] predict a positive decay
asymmetry for the decay A7 — X*+7° Therefore, the measurement of o = —0.45 + 0.31 + 0.06
by CLEO [76] is a big surprise. If the negative sign of « is confirmed in the future, this will
imply an opposite sign between s-wave and p-wave amplitudes for this decay, contrary to the model
expectation. The implication of this has been discussed in detail in [58]. Since the error of the
previous CLEO measurement is very large, it is crucial to have more accurate measurements of the
decay asymmetry for A} — 70,

The decays A} — Z°K* and ZY — %+ K~ share some common features that they can proceed
via W-exchange [66] and that their s-wave amplitudes are very small. As a consequence, their
decay asymmetries are expected to be very tiny. Indeed, all the existing models predict vanishing
s-wave amplitude and hence a = 0 (cf. Table VII).

2. A} decays
Experimentally, nearly all the branching ratios of the Al are measured relative to the pK 7™

mode. Some Cabibbo-suppressed modes such as A7 — AK* and A} — XK have been recently
measured by BaBar [79]. Theoretically, only one model [80] gives predictions for the Cabibbo-
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TABLE IX: Branching ratios and decay asymmetries (in parentheses) of Cabibbo-allowed B, —
B(3/2%) + P(V) decays in various models. Experimental values denoted by the superscript * are
the branching ratios relative to =5 — Z~ 77, The model calculations of Xu and Kamal are done
in two different schemes [77].

Decay Korner, Xu & Kamal Cheng Experiment
Krimer [56] [77] [78] 3]
A — ATTK— 2.70 1.00(0.00); 1.04(0.43) 0.86 & 0.30
AF — ATKO 0.90 0.34(0.00); 0.34(0.43) 0.99+ 0.32
Ay — =O0KT 0.50 0.08(0.00); 0.08(0.25) 0.26 & 0.10
Af — otq0 0.50 0.22(0.00); 0.24(0.40)
Af — 2Ogt 0.50 0.22(0.00); 0.24(0.40)
Af — 2ty 0.54 0.85+0.33
F— KO 0 0 1.0 + 0.5

Ef — = 0g+ 0 0 <0.1*
20— Q Kt 0.34 0.15(0.00); 0.16(0.27) seen
=Y — ROk 0.25 0.09(0.00); 0.10(0.43)
20 YK 0.49 0.18(0.00); 0.19(0.43)
20 — =¥050 0.28 0.12(0.00); 0.13(0.40)
20 =gt 0.56 0.25(0.00); 0.27(0.40)
Q0 — Qat 0.35a3 1.47a2(0); 1.44a3(0) 0.92a2(0.17) seen
Q0 — =00 0.40a3 0.69a3(0); 0.61a3(0) 1.06a3(0.35)
Q0 — Q pt 2.02a% |8.02a2(—0.08); 7.82a3(—0.21)| 3.23a2(0.43)
Q0 — =00 2.28a3 |3.15a3(—0.09); 1.13a3(—0.27)| 1.60a3(0.28)

suppressed decays.

The first measured Cabibbo-suppressed mode AT — p¢ is of particular interest because it
receives contributions only from the factorizable diagram and is expected to be color suppressed in
the naive factorization approach. An updated calculation in [81] yields

B(AF — pp) =226 x 107343,  a(Af — pp) = —0.10. (6.10)
;From the experimental measurement B(Af — pg) = (8.2 £2.7) x 10~% [3], it follows that
|asexpt = 0.60 £ 0.10. (6.11)

This is in excellent agreement with the 1/N. approach where ag = ca(m.) = —0.59.

=+
3. ET decays

No absolute branching ratios have been measured. The branching ratios listed in Tables VI and
VIII are the ones relative to ZF — =~ nTxT. Several Cabibbo-suppressed decay modes such as

pK*0, ¥ ¢ and Z2(1690) Kt have been observed.
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The Cabibbo-allowed decays =f — B(3/2%) + P have been studied and they are believed to
be forbidden as they do not receive factorizable and 1/2% pole contributions [56, 77]. However,
the ©** KY mode was seen by FOCUS before [82] and this may indicate the importance of pole

contributions beyond low-lying 1/2% intermediate states.

4. =Y decays

No absolute branching ratios have been measured so far. However, there are several measure-
ments of ratios of branching fractions, for example [3],

(=0 — AKY)
INE2 — =—7t)

r
Ry = =0.21+£0.02£0.02, Ry= =0.297£0.024. (6.12)

Most models predict a ratio of Ry smaller than 0.18 except the model of Zenczykowski [73] which
yields Ry = 0.29 due to the small predicted rate of 22 — =~ 7" (see Table VI). The model of
Korner and Kramer [56] predicts Ry = 0.33 (Table IX), in agreement with experiment, but its
prediction Ry = 0.06 is too small compared to the data.

5. Q0 decays

One of the unique features of the QU decay is that the decay Q0 — Q= 7% proceeds only via
external W-emission, while Q0 — =Z*9 K9 proceeds via the factorizable internal W-emission diagram
C’. The general amplitudes for B, — B*(%Jr) + P(V) are:

M[B; — B}(3/27) + P] = iqu s (py)(C + Dys)ui(pi),
M[Bl — B;(3/2+) + V] = ﬂ?(pf)S*H[gyu(Cl + Dl’yg,)
+01,7u(C2 + D27s) + prup2u(C3 + D37ys)|ui(pi), (6.13)

with u* being the Rarita-Schwinger vector spinor for a spin—% particle. Various model predictions
of Cabibbo-allowed QY — B(3/2%) + P(V) are displayed in Table IX with the unknown parameters
aj and as. From the decay AT — p¢ we learn that |as| = 0.60 &+ 0.10. Notice a sign difference of
a for Q. — %Jr + V in [77] and [78]. It seems to us that the sign of A; and B; in Eq. (58) of [77]
should be flipped. A consequence of this sign change will render « positive in . — %+ + V decay.
In the model of Xu and Kamal [77], the D-wave amplitude in Eq. (6.13) and hence the parameter
« vanishes in the decay . — %Jr + P due to the fact that the vector current is conserved at all ¢?

in their scheme 1 and at ¢> = 0 in scheme 2.

D. Charm-flavor-conserving weak decays

There is a special class of weak decays of charmed baryons which can be studied in a reliable
way, namely, heavy-flavor-conserving nonleptonic decays. Some examples are the singly Cabibbo-

suppressed decays 2, — A.m and Q. — E.w. The idea is simple: In these decays only the light
quarks inside the heavy baryon will participate in weak interactions; that is, while the two light
quarks undergo weak transitions, the heavy quark behaves as a “spectator”. As the emitted light

mesons are soft, the AS = 1 weak interactions among light quarks can be handled by the well
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TABLE X: Predicted semileptonic decay rates (in units of 10'°s~!) and decay asymmetries (second
entry) in various models. Dipole ¢? dependence for form factors is assumed whenever the form-
factor momentum dependence is not calculated in the model. Predictions of [85] are obtained in
the non-relativistic quark model and the MIT bag model (in parentheses).

Process Pérez-Marcial |Singleton| Cheng, Ivanov Luo |Marques de Carvalho Huang, Expt.
et al. [85] (86] Tseng [81]|et al. [87]| [88] et al. [89] Wang [90] (3]
AF — AVetu| 112 (7.7) 9.8 7.1 7.22 7.0 13.2+£1.8 10.9+£3.0 10.5 £ 3.0
—0.812 -1 —0.88 £0.03|—0.86 + 0.04
20 - Z-etve| 18.1 (12.5) 8.5 7.4 8.16 9.7 seen
Ef — 20ty | 18.4 (12.7) 8.5 7.4 8.16 9.7 seen

known short-distance effective Hamiltonian. The synthesis of heavy-quark and chiral symmetries
provides a natural setting for investigating these reactions [83]. The weak decays Z¢ — Agm with
Q@ = ¢, b were also studied in [84].

The combined symmetries of heavy and light quarks severely restricts the weak interactions
allowed. In the symmetry limit, it is found that there cannot be Bz — B and Bf — Bg nonleptonic
weak transitions. Symmetries alone permit three types of transitions: Bs — Bz, Bs — Bs and B§ — Bg
transitions. However, in both the MIT bag and diquark models, only Bs — Bs transitions have
nonzero amplitudes.

The predicted rates are [83]

NE - Af7n7) = 1L.7x 1075 GeV, T(EF — Af7Y) =1.0 x 10717 GeV,
N0 — 2f7n7) =4.3 x 10717 GeV, (6.14)
and the corresponding branching ratios are
BEY - Afr™) = 29x107%,  BEF - A7) =6.7x 107",
B - =fn7) =4.5x107°, (6.15)

c

As stated above, the Bg — Bg transition Q0 — =7~ vanishes in the chiral limit. It receives a

finite factorizable contribution as a result of symmetry-breaking effect. At any rate, the predicted

0 +

+.0
o - — A7 are of order

branching ratios for the charm-flavor-conserving decays ZY — A7~ and =

1072 ~ 10~* and should be readily accessible in the near future.

VII. SEMILEPTONIC DECAYS

The exclusive semileptonic decays of charmed baryons: AF — Aet(uT)ve, ZF — =% 71, and
=Y — Z~ e, have been observed experimentally. Their rates depend on the B. — B form factors
fi(¢%) and ¢;(¢%) (i = 1,2,3) defined in Eq. (6.4). These form factors have been evaluated in the
non-relativistic quark model [81, 85, 86], the MIT bag model [85], the relativistic quark model [87],
the light-front quark model [88] and QCD sum rules [89, 90]. Experimentally, the only information
available so far is the form-factor ratio measured in the semileptonic decay A, — Aev. In the heavy

quark limit, the six A, — A form factors are reduced to two:

(AP)57 (1 = 75)elAe(©)) = Ty (Fw - p) + $F (v p)) 7u(1 = 35)u,, - (7.1)
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Assuming a dipole ¢? behavior for form factors, the ratio R = F2AcA / FlAcA is measured by CLEO
to be [91]

R =—0.31+0.05+0.04. (7.2)

Various model predictions of the charmed baryon semileptonic decay rates and decay asymme-
tries are shown in Table X. Dipole ¢ dependence for form factors is assumed whenever the form
factor momentum dependence is not available in the model. The predicted rates cited from [85]
include QCD corrections. However, as stressed in [1], it seems that QCD effects computed in [85]
are unrealistically too large. Moreover, the calculated heavy-heavy baryon form factors in [85] at
zero recoil do not satisfy the constraints imposed by heavy quark symmetry [81]. From Table X we
see that the computed branching ratios of AT — Ae™wv lie in the range 1.4% ~ 2.6%, in agreement
with experiment, (2.140.6)% [3]. Branching ratios of Z) — Z~e*v and =} — Z%Tv are predicted
to fall into the ranges (0.8 ~ 2.0)% and (3.3 ~ 8.1)%, resepctively. Experimentally, only the ratios
of the branching fractions are available so far [3]

I(Er — =%*)

c = 2.340.6%5 —=
['(Ed — E-ntat) 0 P(E) - Ew)

=3.1+1.0%53. (7.3)

VIII. ELECTROMAGNETIC AND WEAK RADIATIVE DECAYS

Although radiative decays are well measured in the charmed meson sector, e.g. D* — D~
and D} — D7+, only three of the radiative modes in the charmed baryon sector have been seen,
namely, 2 — E0v, E/F — Efy and 2% — QY. This is understandable because mz, — mz, ~ 107
MeV and mq: — mq, = 71 MeV. Hence, =/, and €} are governed by the electromagnetic decays.
However, it will be difficult to measure the rates of these decays because these states are too
narrow to be experimentally resolvable. Nevertheless, we shall systematically study the two-body

electromagnetic decays of charmed baryons and also weak radiative decays.

A. Electromagnetic decays

In the baryon sector, the following two-body electromagnetic decays are of interest:

—/

Bg — Bs+7v : Ye = Ac+y, E.—Ec+7,
BE%BE_’_’V : Zz_)Ac+'77 E::*_>Ec+77
Bf = Bsg+7v : X =Y.+, Ef>Z=4+7 QO —Q +7, (8.1)

—c

where we have denoted the spin % baryons as Bg and Bz for a symmetric sextet 6 and antisymmetric
antitriplet 3, respectively, and the spin % baryon by Bg.

An ideal theoretical framework for studying the above-mentioned electromagnetic decays is pro-
vided by the formalism in which the heavy quark symmetry and the chiral symmetry of light quarks
are combined [21, 22]. When supplemented by the nonrelativistic quark model, the formalism de-
termines completely the low energy dynamics of heavy hadrons. The electromagnetic interactions
of heavy hadrons consist of two distinct contributions: one from gauging electromagnetically the
chirally invariant strong interaction Lagrangians for heavy mesons and baryons given in [21, 22],
and the other from the anomalous magnetic moment couplings of the heavy particles. The heavy
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FIG. 5: Chiral loop contribution to the E2 amplitude of ¥} — A.y.

quark symmetry reduces the number of free parameters needed to describe the magnetic couplings
to the photon. There are two undetermined parameters for the ground state heavy baryons. All
these parameters are related simply to the magnetic moments of the light quarks in the nonrel-
ativistic quark model. However, the charmed quark is not particularly heavy (m. ~ 1.6 GeV),
and it carries a charge of %e. Consequently, the contribution from its magnetic moment cannot be
neglected. The chiral and electromagnetic gauge-invariant Lagrangian for heavy baryons can be
found in Eqgs. (3.8) and (3.9) of [92].
The amplitudes of electromagnetic decays are given by [92]

A(Bg — B3+ ) = imuzou ke us,
A(Bg - Bg + ’7) - 7;7726;;1/015@37”]{&55““7
A(Bé - BG + ’7) = inBEMVaﬁEG'YVkaeﬂuMa (82)

where k,, is the photon 4-momentum and ¢, is the polarization 4-vector. The corresponding decay
rates are [92]
2 k°
I'(Be — B3 +7) = m e

i} o k® 3mi +m3
[(Bg — B3 +7) = 77237T

k3 3m?2 + m?>
I(Bf — B Y, DAl s |
(Bg — Bs + ) 77337T smZ

?

)

(8.3)

where m; (my) is the mass of the parent (daughter) baryon.
The coupling constants 7; can be calculated using the quark model [92]; some of them are

m(SH - AF) = 6(2%-1) m(SE - AF) = 6(24-1)

T 6v3\M, My T 3V6 \M, My

2v2e [ 1 1 2v/2e 1 1
St ) (_) w0 0y — (-—)
773( C - C ) 9 Mu Mc ) 773( C - C) 9 2Md ]\4C ?

2e 1 1 2 / e 2 1
DI yiy :(__> =Xt =) = ( )
mEem = 2) = =g M, 2M; M,)’ mET = E) 3v6 \ar, T r,)

0 —0 e 1 1 > 0 0 2ﬁe< 1 1 >
= )= —= (- Q Q) = - ——).(84
mE == = 7 (<3 ar) . O =90 = 2 (< —3p) - 69

Using the constituent quark masses, M, = 338 MeV, My = 322 MeV and M; = 510 MeV [3], the
calculated results are summarized in the second column of Table XI. A similar procedure is followed
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TABLE XI: Electromagnetic decay rates (in units of keV) of charmed baryons.

Decay HHChPT Ivanov Banuls Tawfiq | Experiment
+QM [23, 92]| et al. [87] | et al. [93] |et al. [94] [3]
F— Afy 88 60.7 £ 1.5 87
Tt Bty 1.4 3.04
- By 0.002 0.14 £ 0.004 0.19
i Ady 147 151 +4
¥ — Ay 1.2 0.76
B = Ely 16 127415 seen
B0 — =0y 0.3 0.17+0.02 | 1.2+0.7 seen
EXt - Efy 54 54+3
=20 — =0y 1.1 0.68+0.04 | 5.1+2.7
Q0 — QY 0.9 seen

in [94] where the heavy quark symmetry is supplemented with light-diquark symmetries to calculate
the widths of ¥ — Aty and ¥} — X.v. The authors of [87] apply the relativistic quark model
to predict various electromagnetic decays of charmed baryons. Besides the magnetic dipole (M1)
transition, the author of [95] also considered and estimated the electric quadrupole (E2) amplitude
for ¥** — Afy arising from the chiral loop correction (Fig. 5). A detailed analysis of the E2
contributions was presented in [93]. The E2 amplitudes appear at different higher orders for the
three kinds of decays: O(I/Ai) for B§ — Bs + 7, O(l/mQAi) for B — Bz + 7 and O(l/méAi)
for B¢ — B3 + 7. Therefore, the E2 contribution to Bg — B3 + « is completely negligible.

Chiral-loop corrections to the M1 electromagnetic decays and to the strong decays of heavy
baryons have been computed at the one loop order in [96]. The leading chiral-loop effects we found
are nonanalytic in the forms of m/A, and (mg/Ai)ln(Az/mQ) (or mé/2 and mgInmg, with m,
being the light quark mass). Some results are [96]

N — Afy) = 112keV, T(E] - EF4) = 29keV, F(E’S — 2%) = 0.15keV, (8.5)

C

which should be compared with the corresponding quark-model results: 88 keV, 16 keV and 0.3
keV (Table XI).

The electromagnetic decay =0

0 — =04 is of special interest. It has been advocated in [97] that

a measurement of its branching ratio will determine one of the coupling constants in HHChPT,
0 =0y is forbidden at tree level in SU(3) limit [see Eq.

namely, ¢g1. The radiative decay =,

(8.4)]. In heavy baryon chiral perturbation theory, this radiative decay is induced via chiral loops
where SU(3) symmetry is broken by the light current quark masses. By identifying the chiral loop
contribution to =0 — =%y with the quark model prediction given in Eq. (8.4), it was found in [23]
that one of the two possible solutions is in accord with the quark model expectation for g;.

For the electromagnetic deacys of p-wave charmed baryons, the search of A.(2593)" — A}~ and
A} (2625)" — Af~ has been failed so far. On the theoretical side, the interested reader is referred
to [32, 34, 87, 94, 97, 98] for more details.

The electromagnetic decays considered so far do not test critically the heavy quark symmetry
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FIG. 6: W-exchange diagrams contributing to the quark-quark bremsstrahlung process ¢ + @ —
s+ d + . The W-annihilation type diagrams are not shown here.

nor the chiral symmetry. The results follow simply from the quark model. There are examples
in which both the heavy quark symmetry and the chiral symmetry enter in a crucial way. These
are the radiative decays of heavy baryons involving an emitted pion. Some examples which are
kinematically allowed are

Yo — Ay, X5 — Acmy, X — Xemy, ZL— Ecmy. (8.6)
For an analysis of the decay 3. — A.7my, see [92].

B. Weak radiative decays

At the quark level, there are three different types of processes which can contribute to the
weak radiative decays of heavy hadrons, namely, single-, two- and three-quark transitions [100].
The single-quark transition mechanism comes from the so-called electromagnetic penguin diagram.
Unfortunately, the penguin process ¢ — uy is very suppressed and hence it plays no role in charmed
hadron radiative decays. There are two contributions from the two-quark transitions: one from the
W-exchange diagram accompanied by a photon emission from the external quark, and the other
from the same W-exchange diagram but with a photon radiated from the W boson. The latter
is typically suppressed by a factor of mgk/M3, (k being the photon energy) as compared to the
former bremsstrahlung process [99]. For charmed baryons, the Cabibbo-allowed decay modes via
cu — sdy (Fig. 6) or cd — usy are

Af — By, 20 - =0y, (8.7)
Finally, the three-quark transition involving W-exchange between two quarks and a photon emission
by the third quark is quite suppressed because of very small probability of finding three quarks in
adequate kinematic matching with the baryons [100, 101].
The general amplitude of the weak radiative baryon decay reads
A(B; — Byy) = itg(a+ bys)ouwe! k" u;, (8.8)

where a and b are parity-conserving and -violating amplitudes, respectively. The corresponding
decay rate is

1 (m2—m2\3
L(Bi — Bpy) = — (Zf> (la* + [b]?). (8.9)

8w m;
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Nonpenguin weak radiative decays of charmed baryons such as those in (8.7) are characterized
by emission of a hard photon and the presence of a highly virtual intermediate quark between the
electromagnetic and weak vertices. It has been shown in [102] that these features should make
possible to analyze these processes by perturbative QCD; that is, these processes are describable
by an effective local and gauge invariant Lagrangian:

o Gr F F
He dy) = TV V(e  OF + c_0F), 8.10
wlen = sdy) = SEVViilesOF + - OF) (5.10)
with

F, - TN e mg m; ~ . v
Oi(CUHSd’Y)— W { (63%+€umu> (F;LV+ZF;LU) Oi (811)

mf m; ad . v
— |ea—"+ec— ) (Fu — iFu ) O, 8.12
(edmd T mc) ( g e ) i } ( )

O = 5y"(1 — 75)cuy” (1 — v5)d £ 5y*(1 — y5)duy” (1 — 75)c. (8.13)

For the charmed baryon radiative decays, one needs to evaluate the matrix element (B¢|OL|B;).
Since the quark-model wave functions best resemble the hadronic states in the frame where both
baryons are static, the static MIT bag model [71] was thus adopted in [102] for the calculation.
The predictions are

BAF = X%)=49x1075  a(Af = XTy) = —-0.86,
B(E)—E%)=36x10"°,  «E—Z")=-0.86. (8.14)

A different analysis of the same decays was carried out in [103] with the results

B(Af = X%y)=28x107%  a(Af — XTy) =0.02,
BEY —-2%)=15x10"1 «a(E) - =%) = —-0.01. (8.15)

—c
Evidently, these predictions (especially the decay asymmetry) are very different from the ones
obtained in [102].

Finally, it is worth remarking that, in analog to the heavy-flavor-conserving nonleptonic weak
decays as discussed in Sec. VI, there is a special class of weak radiative decays in which heavy
flavor is conserved. Some examples are =, — Ay and . — Z.v. In these decays, weak radiative
transitions arise from the diquark sector of the heavy baryon whereas the heavy quark behaves
as a spectator. However, the dynamics of these radiative decays is more complicated than their
counterpart in nonleptonic weak decays, e.g., Z. — A.m. In any event, it deserves a detailed study.
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