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Smallness of tree-dominated charmless two-body baryonic B decay rates

Hai-Yang Cheng' and Chun-Khiang Chua®

'nstitute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China
2Department of Physics and Center for High Energy Physics, Chung Yuan Christian University,
Chung-Li, Taiwan 320, Republic of China
(Received 4 January 2015; published 12 February 2015)

The long-awaited baryonic B decay B® — pp was recently observed by LHCb with a branching
fraction of order 1078, All the earlier model predictions are too large compared with experiment. In this
work, we point out that for a given tree operator O;, the contribution from its Fiertz transformed operator,
an effect often missed in the literature, tends to cancel the internal W-emission amplitude induced from
O;. The wave function of low-lying baryons is symmetric in momenta and the quark flavor with the same
chirality but antisymmetric in color indices. Using these symmetry properties and the chiral structure of
weak interactions, we find that half of the Feynman diagrams responsible for internal W emission cancel.
Since this feature holds in the charmless modes but not in the charmful ones, we advocate that the partial
cancellation accounts for the smallness of the tree-dominated charmless two-body baryonic B decays.
This also explains why most previous model calculations predicted too large rates as the above
consideration was not taken into account. Finally, we emphasize that, contrary to the claim in the
literature, the internal W-emission tree amplitude should be proportional to the Wilson coefficient ¢; + ¢,

rather than ¢; — ¢,.
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I. INTRODUCTION

A unique feature of hadronic B decays is that the B
meson is heavy enough to allow a baryon-antibaryon pair
production in the final state (for a review of baryonic B
decays, see Refs. [1,2]). Naively, it is tempting to expect a
large fraction of baryonic decays to proceed via two-body
decay channels due to the larger phase space available for
them. However, it has been found experimentally that
decays of B mesons to just a baryon and an antibaryon
are rare and have smaller branching fractions than the three-
body ones, for example, B(B" — pp) < B(B~ — ppK~)
and B(B~ — Ap) < B(B® = Apx*) [3]. The first two-
body baryonic B decay observed was B’ — Afp [4].
Subsequently, B mesons decaying to two charmed baryons,
e.g., Bt — Z0A7, were observed with larger rates [5]. No
charmless two-body baryonic B decays have been observed
at B factories, and the upper limit has been pushed to the
1077 level [3]. For example, the most stringent limit on the
two-body charmless baryonic decay was set by Belle:
B(B® - pp) < 1.1 x 1077 [6]. Very recently, the LHCb
collaboration presented the first evidence of this mode with
the branching fraction (1.477084035) x 1078 [7].

There exist several theoretical models for describing B
decays into two baryons: the pole model [8—10], the diquark
model [11,12], and the QCD sum rule analysis [13]. The
predictions of these models for some selected charmless
baryonic B decays are listed in Table II of Ref. [9]. Evidently,
many of the earlier model predictions are too large
compared with experiment. For example, the prediction of
B(B° - pp)ranges from2.7 x 107 [11]to 1.1 x 1077 [9].
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Hence, most of the previous theoretical predictions
are not trustworthy. Presumably a reliable prediction
based on perturbative Quantum Chromodynamics (pQCD)
can be made as the energy release in charmless two-body
decay is very large, justifying the use of pQCD [9]. This
approach has been successfully applied to B® — Af p [14].
The pQCD calculation for charmless modes such as p p and
Ap has not yet been carried out.

Using the long-awaited B° — pp data from LHCb and
considering the topological approach together with the
chirality structure of weak interactions [15], one of us
(C.K.C.) was able to extract information on topological
amplitudes, estimate the penguin-to-tree-amplitude ratio,
and predict the rates of all other low-lying octet and
decuplet modes in the heavy quark limit [16].

Even before the LHCb measurement of B® — pp, it was
argued that its branching fraction is most likely of order
1078 [1,2]. This charmless decay is suppressed relative to
BY — Afp by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements |V,,/V.,|> and is subject to a possible
dynamical suppression:

B(BO - pp) = B(BO - Ai—p)|vub/vcb|2 X fdyn

~2x 1077 x fayn- (1)
A similar relation holds for charmful modes in which the
CKM angles for Z.A, and A, p have the same magnitudes

except for a sign difference:

B(B - A p) = B(B" —» ZFAD) X flye  (2)
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Experimental measurements [3] indicate that the dynamical
suppression effect fijn is of order 102, This suppression
can be understood from the observation that no hard gluon
is needed to produce the energetic =, A, pair in B decays,
while two gluons are needed to produce an energetic
antiproton in the decay B° — A} p. Therefore, the latter
process is suppressed relative to the former due to a
dynamical suppression f}, ~O(a;) ~ 107 [17]. In the
absence of dynamical suppression fgy,, the predicted
branching fraction for two-body charmless decays will
be of order 10" If the dynamical suppression is of order
1072 similar to that of A p relative to Z.A,, then it will
become of order 10~ and thus be beyond the reach even of
super flavor factories. In reality, the branching fraction is
most likely of order 1073, between the extreme cases of
1077 and 107°.

Since at least two hard gluons are needed in both
B® - A p and B’ - pp decays,' one may wonder where
is the underlying source for the dynamical suppression
S ayn» Which is presumably of order 10", In this work, we
shall point out that for a given tree operator O; the effect
from its Fiertz transformed operator, a contribution often
missed in the literature, tends to cancel the amplitude
induced from O;. As a consequence, the smallness of tree-
dominated charmless two-body baryonic B decays follows
from partial cancellation.

This work is organized as follows. The aforementioned
argument for the smallness of tree-dominated charmless
two-body baryonic B decays is spelled out in details in
Sec. II. In particular, we show explicitly that half of
Feynman diagrams cancel. Implications of our results
are discussed in Sec. III. Section IV presents our
conclusions.

II. TREE-DOMINATED TWO-BODY
BARYONIC B DECAY

The effective weak Hamiltonian for charmless B decays
is [18]

G 10
Heffzjz{ Z quvuq 0101 +C202} ththZC 0, }

r=u,c i=3

+Hec., (3)

where ¢ = d, s, and

'Note that the center-of-mass momentum for pp, Al p, and
Z9A7 final states is 2.467,2.021, and 1.144 GeV, respectively [3].
The energy released in the first two modes is much larger than the
third one.
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q’
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q/
3
O709) = ) (ab)y Aze (@9 )vsa
q
3
Os(10) = 5(%17/)‘ V- Azeq C]/;%)Vim (4)

q

with O;_¢ being the QCD penguin operators, O;_j, the
electroweak  penguin  operators, and (§'q)y 4=
q'v,(1 £vs)q. The spin-flavor wave function of a left-
handed (helicity = — %) low-lying octet or decuplet baryon
can be expressed as (see, for example, Ref. [19])

1
|B,¢>~%(|B»¢N> +

i.e., composed of 13-, 12-, and 23-symmetric terms,
respectively. For B = A™" p, we have

(AT M) = u(D)u)uB)L ).

B AN + B 1)), (5)

A1) =7§[ u(1)u(2)d(3) + u(1)d(2)u(3)
+d(u2)uB) 1),
d(l u(2) u(1)d(2 )u(3)

- \@u<1>u<z>d<3>} 1), )

for the corresponding |B; | 1) parts, while the 12- and 23-
symmetric parts can be obtained by permutation.

The quark diagrams for two-body baryonic B decays
involve the internal W-emission tree diagram for b — ¢(u),
the penguin loop diagram for b — s(d) transition, W
exchange for the neutral B meson, and W annihilation
for the charged B. As for mesonic B decays, W exchange
and W annihilation are expected to be helicity suppressed,
which can be understood in the same way as for leptonic
decays. Therefore, the main contributions to two-body
baryonic B decay B — B are due to either the internal
W-emission diagram or the penguin diagram.

Two internal W-emission diagrams induced by the tree
operator O, in the heavy quark limit are exhibited in Fig. 1.
Intuitively, it is expected that the second diagram will
cancel the first one. The argument goes as follows. After
Fiertz reorder, the second diagram can be brought into the
first one except for three differences: switching the flavor
and momenta of u; and d; (s, ) of the final state baryon and
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FIG. 1.

also switching the color quantum numbers of these two
quarks in Fig. 1(a). Since the baryon wave function is
symmetric in the flavor and momenta of u; and d; (s;) [see
Egs. (5) and (6)] and antisymmetric in color indices, the
second amplitude [Fig. 1(b)] is opposite in sign to the first
amplitude [Fig. 1(a)]. As we shall see shortly below, the
realistic process of charmless baryonic decays involves at
least two hard gluons. Although the QCD interaction is
chiral conserving and color conserving, adding gluons will
redistribute colors and momenta and change the Dirac
structure. Therefore, we need to explicitly check if the
above feature still holds.

In charmless baryonic B decays, the three quarks of the
energetic light baryon almost share the same momentum
fraction ~1/3. Hence, at least two hard gluons are needed
to produce an energetic light baryon: one hard gluon to kick
the spectator quark of the B meson to make it energetic and
the other to produce the hard gg pair. In the Feynman
diagrams shown in Figs. 2 and 3, we add hard gluons
explicitly. For simplicity, we only show the diagrams for
AS =0 transition. Those for AS = —1 can be easily
obtained by changing the final state d; into s;.

We first consider the tree amplitudes generated by the O
operator. The O and the Fiertz transformed O’ are given by

0"t =(Gpba)y_a(itatty)y_4,

(7)

O = (ityby)v_a(Gpup)y_a

with ¢ = d, s. Although O'{ is identical to O}, we purposely
denote it with a different notation for the sake of the ensuing
discussion. To proceed, we replace O} by O’} in each of the
Feynman diagrams with a suitable replacement of color and
flavor indices while keeping Dirac and momentum struc-
tures intact. Since O} is equal to O}, the sum of all the
diagrams generated from O’} should be equal to the sum of
all the diagrams generated from Of. In other words, we have

(BB'|0{|B) = (BB'|0'{|B)
1

((BB'|0f|B) + (BB'|0'{|B))  (8)

N |
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1

q b
qr dr, sr
ur, ur
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(a) and (b): Two internal W-emission diagrams induced by the operator O;.

for the tree amplitudes, and we will inspect the cancelation
diagram by diagram through the use of the above equation.
Note that the counterdiagram (the diagram obtained by
replacing O by O') switches u; and d;,s; and changes
colors. Since the baryon wave function is symmetric in u;,
and d; (s ), and the counterdiagram has the same Dirac and
momentum structure as the original one, all we need to check
is the change in color factors. Note that Eq. (8) should be
respected by all the model calculations.

In Table I, we give explicitly the color factors for each
diagram in Figs. 2 and 3.2 For Fig. 2, we have, for example,

16

z(b)' ea/}y(T;)aTép)(T£5T£7)5ﬂ(757[ﬂ€ﬂ]/}< = —?7

o o 16
2(b)/: eaﬂy(T;)aTiip)(TfyéTi}’)amré/lﬁeinK =5

3 bl
: i i (T T 16
2(d) . eaﬁy(TpaT(Sp)(T/laT"J’)éaéénﬁeﬁnx = _?’
o o 16
Z(d)/: €aﬂy(T;mT:Sp>(TﬁaTiy)énééaﬂean = ? s (9)

where T’s arise from the gluon vertices; € is from the
baryon’s color structure, for example, €,4, is from the
baryon on the left, and €, is from the baryon on the right;
and the Kronecker delta symbols reflect the color structure
of O} or O'}. Note that the difference between 2(b) [2(d)]
and 2(b)’ [2(d)’] is the order of the indices of the two
Kronecker 6 factors, corresponding to the color structure of
O} and O'{, respectively. The values of these color factors
can be easily worked out using the identity

— 1 1
TopTys =75 <5ms5yﬂ -3 5(1/5575> : (10)
It is easily seen that the color factor of Fig. 2(b)’ [2(d)’] is
opposite of that of Fig. 2(b) [2(d)]. We thus conclude that
the amplitudes of Figs. 2(b)’ and 2(d)’ are opposite in sign

’In the pQCD approach, Feynman diagrams for the decay
BY — A p are similar to those in Figs. 2 and 3 for B — pp
except for a replacement of the ¢ quark by the u quark. The
relevant color factors have been evaluated in Ref. [20]. Our
results agree with them.
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FIG.2. (a)to (I): Feynman diagrams of internal W emission induced by Of. Those in parenthesis are the corresponding diagrams using

the Fiertz transformed O/ (i.e., O'}). These diagrams cancel.

of that of Figs. 2(b) and 2(d), respectively. These diagrams
cancel each other. This applies to all the diagrams in Fig. 2
(see Table I).

There exist other diagrams related to those discussed so
far by crossing two of the fermion lines while keeping the
same gluon line attached. For example, a new diagram can
be obtained from Fig. 2(d) by shifting the u; quark line in
such a way that the quark line orderreads d; , u; , and g;. The
gluon connected to u; and gy, is still there. The amplitudes of
the new diagrams are identical to the original ones, since
crossing a fermion line gives a minus sign, while changing
the color indices gives another minus sign that compensates
the sign changed. Since momentum changes are irrelevant as
noted in passing, these diagrams also cancel.

We next consider the diagrams in Fig. 3. As we shall see
shortly, these figures do not cancel each other. For example,
the color factors of the following diagrams are given by

3(¢): eapy(ThaTy) (T45Th)30pOypine = =
3(e)": Caﬂy(T;mTfsn)(T£5T£V)5np5aﬂ€/mx = -
3(0): o (ThaTis) (Thy Ty = 5
3(€)' €upy (ThaTis) (T3 Th )8,p8apCine = =
and
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dr qr

q q
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qr dr qr
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qar qar qr

qr dr qr
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FIG. 3.

3(9) : €aﬁny)(lifijk legTi}/é&ﬂénﬂeir]K

= ea/}yT;)a(leéTga - TflaTég)chréép‘SnﬂeinK

=3(e) —3(c) =6,
3(9)/: eaﬁy T;;aifijk T]A{gT’j;J’énp&aﬁe/an

=3(e) —=3(c) =0. (12)
It is clear that amplitudes in Figs. 3(c), 3(e), and 3(g) do not
cancel with those of Figs. 3(c)’, 3(e)’ and 3(g)’, respec-
tively. Hence, diagrams in Fig. 3 do not cancel each other
(see Table I). As the previous case, diagrams with crossing

fermion lines but with the same gluon lines attached are
identical to the original ones.

qr dr qr

M

(a) to (1): Same as Fig. 2, but these diagrams do not cancel.

Color factors for all possible hard gluon pairings are
summarized in Table I. We see that 12 configurations from
Fig. 2 yield vanishing results when summing over the
diagrams from O and the counterparts from O'{, while 12
configurations from Fig. 3 survive and can be grouped into
six pairs, according to the order shown in the table, with
opposite color factors within the pairs. The Dirac structure
of the amplitudes within the pairs can be related through the
Fiertz transformation

VuPL)i (" PL) iy = =, PL)a(r" PL)y; (13)

and the interchange of the momentum of u; and d; . Since
the baryon wave function is symmetric in momenta, the
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TABLE I.  Color factors for the diagrams in Figs. 2 and 3. The
second and third columns are the color factors for amplitudes
generated through O} and O'Y, respectively.

COnﬁguraﬁOn AO'I‘ AO"I‘ (AO'I‘ + Aofﬁl)/z
Fig. 2(a) 2/3 -2/3 0
Fig. 2(b) ~16/3 16/3 0
Fig. 2(c) 6 -6 0
Fig. 2(d) ~16/3 16/3 0
Fig. 2(e) ~16/3 16/3 0
Fig. 2(f) ~16/3 16/3 0
Fig. 2(g) 8/3 -8/3 0
Fig. 2(h) 8/3 ~8/3 0
Fig. 2(i) 8/3 -8/3 0
Fig. 2(j) 8/3 -8/3 0
Fig. 2(k) 8/3 -8/3 0
Fig. 2(1) 0 0 0
Fig. 3(a) 2/3 -8/3 -1
Fig. 3(b) 8/3 ~2/3 1
Fig. 3(c) ~16/3 -8/3 —4
Fig. 3(d) 8/3 16/3 4
Fig. 3(e) 2/3 -8/3 -1
Fig. 3() 8/3 ~2/3 I
Fig. 3(g) 6 0 3
Fig. 3(h) 0 -6 -3
Fig. 3(i) ~16/3 -8/3 4
Fig. 3(j) 16/3 8/3 4
Fig. 3(k) ~16/3 —8/3 _4
Fig. 3(1) 8/3 16/3 4

color factors are opposite, and the above Fiertz trans-
formation gives an additional minus sign; the two ampli-
tudes within the pairs are the same and add together, giving
nonvanishing results. We thus conclude that the cancella-
tion is incomplete.

To make the above conclusion in a more concrete
manner, we write

(BB'|0%|B) = Y (BB|0%|B),. (14)

L

where the superscript i refers to the diagrams Figs. 2(a),
2(b), ..., 3(a), 3(b), ..., 3(1) induced from the operator Of.
Denoting the reduced matrix element of (BB'|0%|B); with
the color factor being factored out by (O)); and using the
results from Table I, we obtain

(BB|0{1B) =2 (0N~ (0N +++ 3(O0asy
F2(000 +3 (0N + -+ 340N,
(BB|0'41B) = > (0N 0+ (0Nt + =3 40Ny
8

6
~340)s0 =5 (0N + 5 (O,
(15)
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It follows from Eq. (8) that
(BB'|0Y}|B) = (BB'|0"|B)
= —({ON3(a) = ON3))
—4({O0N3(c) — €ON3(a)
+ - = 4((0 N30 — €ON30)
= =2{O0N3(a) — 8LON3(c) = 2ON3(e)
+ 640 N34 — 8CON3(i) — 8CON3(4),  (16)
where use of Eq. (13) has been made for the last line. This

shows the complete cancellation from Fig. 2 but not so
from Fig. 3.

I11. DISCUSSIONS

Thus far, we have focused on the tree operator Of and its
Fiertz transformed one O'{. Considering the operator O%
and its Fiertz transformed one O'Y,

0; = (ﬁﬂba)V—A(Qauﬁ)V—A’
0" = (z]aba)V—A(ﬁﬂuﬂ)V—A’ (17)

it is easily seen that O% (O'%) is identical to O'} (OY), but
with g; and u; interchanged. Since the baryon wave
functions are symmetric under the above exchange [i.e.,
exchanging d; (s;) with u; ], we are led to

(BB'|05|B) = (BB'|0'5|B) = (BB'|0{|B) = (BB'|0'}|B).
(18)
As a consequence,

(BB'|c) 0% + c,04|B) = (¢ 4 ¢2)[-24 0N 3(0) — 84O 3()
=2{0N3(e) T 6LO0N315) —8LON3(5)
—8(ON3(1)]- (19)

This shows that the tree amplitude of the baryonic B
decay B — BB’ is proportional to the Wilson coeffi-
cient ¢; + ¢,.

In the literature, it is often argued that the tree amplitude
is proportional to ¢; — ¢, (see, e.g., Refs. [9,11,12,21]),
whereas our conclusion is the other way around. To clarify
this point, we write

1 —C
2

(&1 +C2

0’4 OM:
107 + 05 2

(07 = 03) +

(07 + 03).
(20)

It is easy to check that the first (second) term is antisym-
metric (symmetric) in the color indices of the initial (b, u)
and final (z#; and ¢q;) states. Since the baryon-color wave
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function is totally antisymmetric, it is tempting to claim that
only the color-antitriplet operator O; — O, contributes.
While this argument holds for the diagrams in Figs. 1
and 2, as one can see by using (BB'|c,0% + ¢,04|B) =
c1(BB'|0Y|B) + c,(BB'|0"%|B) together with Eq. (15), it is
no longer true for those diagrams in Fig. 3, where the color
structure of the amplitude is affected by the presence of
gluon exchanges. Even for Figs. 1 and 2, contributions
from the Fiertz reordered operators O’} and O’j, which
were missed in the literature, should be taken into account.
As a result of Eq. (18), the tree amplitude induced by the
operator O; — O, vanishes, and this is consistent with our
previous argument for the vanishing tree amplitude
of Fig. 1.

To discuss the diagrams depicted in Figs. 2 and 3, it is
more convenient to write

1 —C
2

C1+C2
2

€07 +¢,05 = (0 = 03) + (0 + 03).

(21)

It is obvious that the first term is antisymmetric in g; and
u; and, most importantly, this feature holds irrespective of
the QCD color interaction. Since the baryon wave function
is symmetric in g; (= d;, s;) and u; while (perturbative)
QCD respects chirality and flavor, this term does not
contribute to the internal W-emission amplitudes. This
reinforces our conclusion that the tree amplitude is propor-
tional to the Wilson coefficient combination ¢ + ¢, rather
than ¢ 1 — Co.

The above features apply to all (V—-A)® (V—-A)
operators, namely, 0'1‘.2, 03,04, 0y, O/, in all B to charm-
less two-body baryonic decays with low-lying octet and/or
decuplet final states. Therefore, c3, ¢4, cg, 1o appear in the
penguin amplitudes also in the form of ¢34 ¢4 and
Cc9g + ¢19- Things are different in the case of
Os, Og, 07, Og. Since their forms will be changed after
the Fiertz transformation, the above argument is not
applicable. For example, although we can also write

C5 — Cq
2

C5+C6
2

¢505 + c606 = (05— 0¢) + (05 + Og),

(22)

the first (second) term is no longer antisymmetric (Sym-
metric) in g; and uy, and the previous argument breaks
down. The relative sign between c¢s and cq (c; and cg)
cannot be fixed by the symmetry alone.

Note that the above-mentioned partial cancellation (i.e.,
cancellation from half of the Feynman diagrams) occurs in
the tree-dominated charmless mode BB’ but not in the
charmful states B.B and B.B'.. We thus advocate that the
partial cancellation is responsible for the dynamical sup-
pression f 4, of B® — pp relative to B® — A.p apart from

PHYSICAL REVIEW D 91, 036003 (2015)

the CKM suppression. Of course, this conjecture remains to
be checked by realistic pQCD calculations.

Finally, we would like to comment on the previous
model calculations. The internal W-emission amplitude
for charmless two-body baryonic modes is often expressed
as (c; — ¢,){BB'|O" — 0%|B). When taking into account
the contributions from the Fiertz reordered operators
O'! and O'Y, the hadronic matrix element vanishes as
one can see from Eq. (18). In the pole model, the internal
W-emission amplitude of, for example, B° — pp
is proportional to (c¢; — ¢, ){p|O% — O4|Z}) =2(c; — ¢3) ¥
(p|O%|Z}) [9]. However, when the contribution from O'Y
is included, it cancels the one from Of due to the fact that
the proton wave function is symmetric in the flavor and
momenta of u; and d; but antisymmetric in color indices.
As stressed in passing, the internal W-emission amplitude
should be of the form (c; + ¢,)(BB'|0% + 0%|B), and the
pQCD approach will be the most reliable approach to
evaluate the relevant hadronic matrix elements.

IV. CONCLUSIONS

Charmless two-body baryonic B decays are very
rare. The first mode observed recently by LHCb was
B° — pp with a branching fraction of order 1078, Tree-
dominated charmless baryonic decays such as B —
pp. A\ proceed mainly through the internal W-emission
diagram. All the earlier model predictions are too large
compared with experiment. We point out that for a given
tree operator O;, the contribution from its Fiertz trans-
formed operator O’, an effect missed in the literature, has
to be taken into account. Feynman diagrams responsible
for internal W emission can be classified into two
categories. We found that diagrams in the first category
induced by O; are completely canceled by that from O/,
while no cancellation occurs for diagrams in the second
category. The cancellation is ascribed to the fact that the
wave function of low-lying baryons is symmetric in
momenta and the quark flavor with the same chirality
but antisymmetric in color indices. We advocate that the
partial cancellation accounts for the smallness of the
tree-dominated charmless two-body baryonic B decays
which can be checked by realistic pQCD calculations. A
byproduct of this work is that, contrary to the claim in
the literature, the internal W-emission tree amplitude
should be proportional to the Wilson coefficient combi-
nation c¢; + ¢, rather than c¢; — c,.
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