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We study two-body baryonic decays of pseudoscalar B mesons to charmed-baryon-antibaryon
pairs, where baryons (or antibaryons) are orbital ground states in spin doublets or quartets. The
four-fermion interaction theory forbids F-wave decays for spin-quartet—quartet final-state
configurations. SU(6) symmetry requires that all decay amplitudes are expressed by no more than
eight parameters: three for S wave, four for P wave, and one for D wave. Both A, inclusive and
some exclusive branching ratios are studied based on the assumption of two-body dominance in
baryonic decays of B mesons. Results are listed in tables.

In this paper we would like to explore charmed-baryon
decays of B mesons from the point of view of SU(6) sym-
metry.! Some analyses based on SU(3) symmetry have al-
ready appeared.”> Obviously, SU(6) symmetry, which
combines the light-flavor SU(3) with spin, more stringent-
ly constrains the decay amplitudes, so it gives more rela-
tions among different decay amplitudes than SU(3). The
relevance of these relations depends on how small the
SU(6)-breaking factors are. SU(3) is a good symmetry if
the u-, d-, s-quark mass difference is small compared to
the scale of strong interactions (about 1 GeV; Ref. 4) and
the coset symmetry SU(6)/SU(3) is good if the energy of
the hyperfine interaction® is small. Both conditions are
well satisfied here; therefore, we believe the SU(6) analysis
may give some guide on what is going on in the processes
under investigation. We shall limit ourselves here to
two-body baryonic decays where a “body” is an S-wave
baryon in spin doublet or quartet.

Before going into detail, let us first review some general
facts. Now the final states of the baryon-antibaryon pairs
may have one of the following spin combinations: (i)
++3%; Gi) 3+3; Gil) 2+ 3. As is well known, the final an-
gular momentum for (i) can be L =0 or 1, since the weak
decay B mesons have spin zero. Similarly, for (ii), L =1
or 2 and for (iii), L =0, 1, 2, or 3. We shall mark these
amplitudes as S, P, D, F, respectively, following common
conventions. Note that S and D are parity-conserving
amplitudes and P and F, parity-violating ones. In the
nonrelativistic limit, one neglects D- and F-wave ampli-
tudes; of course, one may recover them if nonrelativistic
limit is not valid (and probably this is the case for B-
meson decays). It is very interresting to notice that if
weak decays are governed by four-quark operators, as
they are in the standard model, the F wave does not ap-
pear simply because the spin of the four quarks cannot
match the F wave to make a scalar. Therefore we only
have to establish three kinds of relations: the S-wave re-
lations for (i) and (iii), the P-wave relations for (i), (ii), and
(iii) and the D-wave relations for (i) and (iii).

Expanding a vector or axial-vector current made of a
particle-antiparticle pair (e.g., #y,v) in terms of spin and
relevant three-momentum p, we find that the parity-
conserving Hamiltonian has the structure

H~1819000®0®0 pR0-p, (1

where the first and second terms contribute to S-wave
amplitudes and the third, to the S and D waves. Note the
second term means that quarks in each currents flip spins
but the total spin is conserved. In the third term, the to-
tal spin can flip two units to match the D wave. The
structure of the parity-violating Hamiltonian is

HY~1go0000 190 Ao . ()

For SU(6) calculations, only spins of the quarks are
relevant. Also, for group-theory calculations, it is con-
venient to turn the initial B meson into a final-state B
meson. So the SU(6) Hamiltonian can be written as

HY~(b'e'—b'e)d 'ut—d ‘u")
ob'c'd ut—Lb'et+ble")d tul+d Tut)
+b'c'd 'ulleb'c'd T’ 3)
and
HY~b'e'—b'eHd 'u'!
eb'c(dut—d‘u')
eb'd'(cut—ctu"), @)

where quark symbols represent creation operators of
quarks (e.g., b) or antiquarks (¢). Upper index arrows
are the s,’s of the quarks; e.g., d‘z '—d 'z ! is a spin-0
combination. Following Ref. 6 we omit color indices,
which is equivalent to regarding quarks as bosons. One
may imagine terms such as (b'd '—b'd “)u'‘c"—u'c!)
and (b'd ‘*—b'd e u'. However, they are nothing but
specific linear combinations of the first two terms in (3)
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and three terms in (4), respectively, due to the Fierz reor-
dering rule.

From the SU(6) point of view, the b and ¢ quarks are
SU(6) singlets, and the terms in HFC and H?Y are
members of some 35-plets. As already pointed out, the
charmed antibaryons and ordinary baryons are in 21*
and 56, respectively, and the B mesons, 6*. Group
theory tells us

6*®21*=56*+170* ,
56®(56* +70*)=(1+35+405+2695)
+(35+280* +405+3200) .

Therefore, for each terms in (3) and (4) there are two
ways of making SU(6) invariants with the relevant three
multiplets of particles. Now let us describe the SU(6)
multiplets in terms of quark operators in order to write
down the invariant amplitudes. We have

6=(quTsTuldlsl) ,

- - (8)
6t=(__171_d l_glﬁ Td TET) ,

so the 35-plet is expressed as

ul

dT
o |sT - _
M=\, (—at—dl=sta'ld's)—1nqg, 6)
dl

st

APC':SI(biE T_b‘fa l)(M54A5jB4jk+M21Aszljk)Ck
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where
o=t —a'tu'+7z'u'—-d'd"+d 'd*—5tsT+5 s .
B mesons are

cl=b"(—a'-d'-s'a'ld's"),

- - N
Cl=bY—a't—d'‘—sta'd's",
and we make the phase convention
§,,=%(b117 T—pTg !, etc.
Charmed antibaryons are
Ay=e(—a'~d'=s'a'd'sH¥,
- - (8)
Afy=cl(—a'-d'~sta'ld'’sH¥,
and the light baryons made of the u,d,s quarks are
BYk=(yd s utd s3] , )
where
xx Xy
= Ly gy

and similarly for (x,y)P3. Following general rules of
making group invariants we find

+8,[(—b'c )M 4, BY* —L(b'e "+b T )M, A5 BY*—M? 4, B*)+b'c M3 45,BV¥]C,

+S5(b'e T —b'e )M, CsB*+M? C,BY*) 4,

+S‘3[ _b1z.- TM24C2B4jk_%(b lE T+bTZ.- l)(M54CSB4jk_M2]CZB1jk)+b lE lM51C5Bljk]Ajk

+D,b'c 'M* 4,,BY*C, +D,b'c "M\ CsB* 4, , (10)
AW=—P bl (M°,A5;BY*+M?* 4,,BYV*)C, +31P,(b'c " —b'c ")M> 45,BY*C,

—P3b'c (M°,CsBY* +M? C,B' )4, —Pi(b'c ' —b'c )M CsB* 4,
+P(b'c M BY*—b'e ‘M B'*) A5;,C, +Py(b'c 'M* B —b'c !M* BV )C 4 , (11)

where S, etc., are parameters as explained before. Mak-
ing use of the rules such as ¢ 4= A,-}, etc., we find that
S5 terms are exactly the same as the S; terms if only
B(07) mesons are concerned, so we drop S terms for 0~
decays. Similarly, we drop P} and P, terms, because they
coincide with P; terms. In addition, D, terms do not
contribute to B,(07) decay, so are dropped. Therefore
there are eight independent invariant amplitudes for
B(07) decays, three for S wave, four for P wave, and one
D wave. These are listed in Table I where all quarks
should be collected to compose light baryons and anti-

f

quarks, charmed antibaryons. It is worth noting that
each term corresponds to specific quark diagrams: S,
and P; are from exchange diagrams, and the others are
from spectator diagrams.

All information available in this model about
charmed-baryon decays of B mesons is included in Table
I. The next question is how to read this table to find
what we want to know about these decays. We may give
a list of all the possible initial and final states and their
amplitudes; however, it is out of the scope of this paper.
Instead, we give A, inclusive branching ratios and some
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TABLE 1. Eight invariant forms for charmed-baryon decays of B mesons.

Term

Forms

+Sl

+5,

-P,

N
v
~N

(_—Tdt—lulu __chle ldT__chTS ulsT
+e'd'autut+e'd'd Tutdt+e'd 15 Tutst
+eldtatutut+eldd u'd +e d s tuls!
—cld'mulut—cld'du'd*—c'd ‘s Tu'lsh

X(u'*B,+d'B,;+s'B,) — all spins reversed

[
&

I

EN

[(_Ergx-iuxur_zrg1gxu1dr_frg1§1uxsr
+e'd ‘g 'utut+eld 'd utd +eTd s Tuts Y
—L—etd " tutu+e i d '3 utd e T s
+e'd g utut+etd 'd utd e td s Tuts
—eld Tt =3 d e = s st
+etdtatuut+etd dd uldt+etd s Tu s )
X(u 'B,+d'B;+s'B,) — all spins reversed

(—2c'g'd 'wtu'dt—2e'd ‘d Tutdid'—2e 'd 'stutd s’
+2cta'd "wtutdt+e'd 'd "utdtdt +2e 'd 5 Tutd st
+2etgldutuld ' +e'd‘'d utd’d +2e 'd ‘s tutd's!
_26117 TalululdT_ZETalETuldT i
+ETiIliIlulu1u'+2" J'u u T+ bpdylstst
—2e'gtr Tututu' -2 " s Tutu —2c TsigTyistst
Ywiutut—2¢ g slu u s'+‘c"§‘§'uls‘sl

+c'a 'a 'u

+2¢ "7 's'utulst — all spins reversed) B,

(—c 'gid wiu'—c'd 'd 'u'q! ETJ’F‘ulsT
gld'utut+e'd'd utd +etd 15 tulst
g'd'uu'+e'dd uld +ed s tulst

-—"E'E‘uTu‘—-ETETc?1u'd‘+€’3‘§’u’s‘)

X(u'B,+d'B;+s'B,)

TﬁiuTur_—tgrglutdt_c—.rgrflutst
+eld g ulut+eldd uldt+eTd 5 Tulsh)
X(u'B,+d'B,+s'B,

n]

—C

-~

(=t atd e = a3 td = g T by T
+cld g wut+etdd uldt +etd s Tulsh)
X(u'B,+d'B,+s'B,)

],

(+2e'g'd u'd'u'+c'd'd u'd'd +2e'd ‘s 'u'ds!
—2c'w lt‘i_TuYu'dl—Zc“Tt?ll?Turdel'-ZF"(_i‘lfs’Tu'de1
—2'u'duutd '+ 'd'd u'ldldt =26 'd 5 utd st
+2e'a'd wtu'dt +2e 'd 's T ldts!

+e'lgitag tuly! u’-+-2c’“J uT '+c iy lylsts?
—2e'wtgtuutu' 2 Ta s Tu 'ty —2c 5 sty tsist
+ela gty Tutul —ZE’ﬁTslu’u s’+c 5i5 Ty lsist
+2c'a sty Tu'shHB,
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TABLE 1. (Continued).

Term Forms
P, (—clutd'u'u'—c'd'd u'd"—ctd 'stu's!
+eta'd'wtut+eid'd uldi+etd s Tu st
+ela!d utu'+e13'd u'ld +2'd 5 uts!
—cla'dwtut—-c'd'd'u'd'—c'd s Tu'sh)
X(B,u'+B,d"+B;s")
+D, (—e'd'a'u'u'—c'd'd'u'd'—c'd 5 u's’

+c'd'auut+c'd'd uld! +2'd s u'sh

X(u'B,+d'B,+s'B,)

exclusive branching ratios such as B,(B;—A_.P). The
ARGUS and CLEO Collaborations have separately
claimed A, dominance in inclusive baryonic decays from
a mixed B, and B, decay sample.”®

The inclusive A, fractions in all two-body baryonic de-
cays are very easily estimate by assuming two-body domi-
nance in baryonic decays.’” From the calculated
charmed-baryon spectrum® one finds that all charmed
baryons of cuu, cdu, and cdd types decay into A, +x by
strong or electromagnetic transitions, while charmed
baryons of c¢ds, cus, or css types are not allowed to decay
into A, because none of them is heavy enough to allow
producing K mesons. Based on this observation, our
counting indicates that

B,—A +X

B B, baryonic decays

=
-]
!
>
+
o)
|
I

7
9 (12)

+X)=2. (13)

It so happens that these inclusive branching ratios are
equally valid for S-, P-, and D-wave decay widths. But it
is not the case for B; decays because the Hamiltonian has
a d quark in it. For the S-wave B, decays we have [(a,b)
is defined as L(a*b+ab*)]

F(B;—A,+X)s=Ng/Ds ,

Ng=15|S 2+ 4|5, [*+60]S,|?
+24(5,,8;)—32(5,,5;)—(S},S,) , (14)

Ds=1918, 1>+ 2|5, >+ 112]S,]?
+32(5,,5;)—44(5,,5;,)—(S,,S,) .

For the P wave we have

F(B;—»A,+X)P=Np/Dp ,

Np=15|P||*+13|P,|24+ 60| P,|?
+24(P1)P3)_36(P2,P3)—3(P1,P2)
—14(P,,P,)—21(P,,P,)+14|P,|* . (15)

Dp=19|P >+ 11L|P, |2+ 112|P,|?
+32(P,,P,)—48(P,,P;)—3(P,,P,)
—18(P,,P,)—27(P,,P,)+18|P,| .

The values of Egs. (12) to (15) are collected in Table II. A
large A, inclusive branching ratio in B, decay appears
when W-exchange diagrams (S and P;) are neglected.
The story of exclusive branching ratios in B, to A_p,
etc., is much longer. In order to calculate them, let us
first give the wave functions of final baryons and anti-
baryons. The flavor structure of a baryon is classified ac-
cording to the number of different quark flavors in it.
For n =1, e.g., uuu the wave functions of the baryons are

[Att,s,=3)=—=u"uTu'l0),
(16)
AT s,=1)=—"=u"u"u'|0)
For n =2, let
at=qlqlq}, B'=qlqiq}, (17)
M=a—B, S=at+283, (18)

TABLE II. Estimated A, fraction in two-body baryonic de-
cays of B mesons.

Meson A.+X fraction Waves
B, % S,P,D
B, % S,P,D
B, 0.54-0.80 S

0.54-0.86 V4
% D
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TABLE III. Amplitudes for B mesons to ground-state _ 1 oty 1
baryons. P-wave amplitudes are obtained by replacing S; by P,. |AY)= T/zz—x 0}, [=2%)= ‘/—3)’ o),
D-wave amplitudes are zero for these modes. (23)
: IEO”)=—1—-—2‘|O) .
Meson Baryons Amplitude No. V3
B, Ez* - T/%S 1 + 2—‘3/—;5'2 1 For charmed antibaryons, we use a, b, and ¢ in place of «,
B,and 7, e.g.,
B, Az? %652 2 al=c'd's!, pl=c'd's!, cl=z'd's'. (4
g9=° —3_—s, + —3—_32 3
V6 2v'6 Our phase convention (in this case, to identify a and b)
_ 3 _ is made as the following. In a the spin of the lightest
B, AP T/T6S2 —-ves; 4 quark is s,=J. We get s,=1 ordinary baryons and
Erst —V'6S, 5 s,=—1 charmed antibaryons by reversing all spins in
EA 35 +35: -5 6 (21) and (24), respectively.
_ The spins of the final baryon-antibaryon pairs are
Zo30 %3_51 '%52 +V3S, 7 marked by (s,s") where s and s’ are the spins of the
— charmed and ordinary baryons, respectively.
Q.=° —25; 8 Now we identify each term in Table I according to
(m,n) and (s,s’). For s’ or s equal to 1, we identify a,b,¢
or a,B3,7 and then express them by M,S (or M',S’) ac-
cording to Eq. (18) if m or n =2 and x,y,z (or x',y’,2")
and, we have, e.g., for uud, according to (22) if m or n =3. By this way we will find
that, for the S-wave amplitudes, there are only s=s’
pt)y= 1 MYo), (19)  terms with correct coefficients to make the total spin
V3 zero. For P-wave amplitudes, |s —s’| <|1 to make the to-
P U tal spin 1 and, for the D wave, |s +5'| >2 to make the to-
A >”_‘/'3'S o) . 20) tal spin 2. In Table III, we give the amplitudes for B

For n =3, let, e.g.,
al=u1‘dlsl, Bl=uldel’ yl=uldls1,

x=a—p, y=a+p—2y, z=a+p+tvy,

2n
(22)

and we have

mesons to ground-state baryon-antibaryon pairs. These
amplitudes satisfy triangle relations given in Ref. 2 from
the SU(3) analysis, in particular, since B, and B, decays
in Table III are governed only by two parameters, we
have the triangle relation

(B,—~EZ%2%+(B,»E%=")=(B,>A,Z%). (25

TABLE IV. Fractions of ground-state baryons in baryonic decays of corresponding B mesons.
F=N/D. For the numbering, see the last column of Table III. (a,b) is defined as %(a *b+ab*).

No. wave N D F value
1 s 1 18 L
P 3P, —P,? 27[|P, 2+ 3P, 2+ |P,|? 0.0 to 0.06
—(P,Py)—3(P,,P,)
+(P,,P,)]
2,3 S 318,17+ 218,12 +(S},8,)] 18(1S, 1>+ 31S,1%) 0.08 to 0.17
P PP+ 2P, +(P,,Py)] 18[|P, 1>+ 2| P2+ |P, |2 0.0 to 0.10
+(P,,P,)—3(P,,P,)]
4t08 s IS\ 12425, 12+20| S, 2 1915, 2+ 2|5, 2 0.05 to 0.20
—12(S,,8;)+2(S8,S;) +112|8;]2— 44(5,,S;)
+32(8,,8,)—(5},S,)
P |P1I2+%|P2|2+20|P312 19|P1}2+14Au’2’2 0.0 to 0.19

—12(P,,P;)+2(P,,P;)

+112|P, |24+ 32(P,, P,)
—48(P,,Py)—3(P,,P,)
+18|P,[2—18(P,,P,)

—27(P,,P,)
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FIG. 1. Quark diagrams of B,— AP decay.

From Table III and the normalization factors in Egs.
(12)—(15) (the parameter dependences of the normaliza-
tion factors in B, and B, decays are accidently canceled
out, but the reader can read them off directly from Table
I) we obtain Table IV. From this table we find that the
typical fraction of one exclusive ground-state baryonic
decay mode in baryonic decay channels is about &, if
two-body decays dominate baryonic decays. So its typi-
cal branching ratio, taking total baryonic decay branch-
ing ratio as, say, larger than 4% into account, is about
larger than 2 X 1072,

As we stated before, the SU(6) calculation has kind of a
correspondence with the quark-diagram calculation,©
e.g., the S; (and P;) terms are from W-exchange dia-
grams and the others are from spectator diagrams; see
Fig. 1 for B;—A_.p. Two questions follow. (a) There is
only one spectator diagram while there are two SU(6)-
invariant coefficients S| and S, [which is true even if only
SU(3) symmetry is considered]; why is this? The reason
for this is that, though uud are grouped in the SU(3) oc-
tet, the u quark produced at the weak vertex and the d
quark can be either in 6 or 3* and there is no reason to
require that the amplitudes for the two cases be equal. (b)
From the quark diagrams—see Fig. 2—the amplitudes
of B, ~Z%3% and B, —>A_Z" are apparently democrat-
ic, but the group-theory calculation tells us that they are
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FIG.2. E,—~»Z%3" and By—A 2",

not equal; how is this contradiction to be explained? Ac-
tually the two modes may be differed by phases and nor-
malization constants, whose evaluation sometimes has to
go through all the steps described above, in the section
explaining how Table III is obtained. Even for inclusive
decays of B,—(¢5u)(usu) and B, —(cs5)(ssu), their
widths are still different; see S; (or P3) terms in Table L.

The SU(6) analysis is more restrictive than the SU(3)
one in a few aspects. First, it minimizes the D-wave in-
variants to only one, compared to eight in the SU(3) case.
Incidently, we ruled out F waves from general considera-
tions at the beginning. Second, it connects amplitudes of
different final-state spin configurations. There can be six
of them: (} ,1), (%,%), (3,3), ({,,3), (%y,%), (3,3).
All these amplitudes are expressed by only eight indepen-
dent invariants. They would need 30 invariants, if only
SU(3) is considered. Finally, our invariants correspond
explicitly to different quark diagrams, so they are very
convenient for model calculations.
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