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We study the four-body semileptonic baryonic decay of B~ — Apv# in the standard model. We find
that the decay branching ratio is (7.9 * 1.9) X 1077, Similar to the rare decays of B~ — K™~ v, this
baryonic decay of B~ — A pv7 is also sensitive to new physics and accessible to the future B factories.
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L. INTRODUCTION

Since the inclusive flavor-changing neutral-current pro-
cesses of b — svv and b — dvv in the standard model
(SM) can only be induced through box and electroweak
penguin diagrams, the corresponding exclusive ones, such
as B— K¢ (€ = e, u, 7, v), are highly suppressed as
rare decays. Experimental searches for these rare decays
could shed light to find new physics. For example, as the
current experimental upper bound on the decay branching
ratio of B~ — K v is 14 X 107° [1,2], while its SM
prediction is (4.5 = 0.7) X 107® [3], there would exist
some kind of new physics [3-7] between the sandwiched
area. Moreover, for the decay of B — K*vv with an on
shell K* — K, some physical observables [8] are also
available to test T-violating effects beyond the SM. When
the experimental sensitivities are gradually improved, even
the decays of B~ — (7, p~)vv via b — dvp with an
additional suppression of |V,;/V,|? can also function as
probes for new physics.

In this report, we propose to use the baryonic modes of
B~ — Apté (€ = e, u, 7, v) as a new type of the exclu-
sive B decays via b — s€{ to examine flavor-changing
neutral currents. To simplify our discussions on the bar-
yonic form factors, we will concentrate on the four-body
semileptonic baryonic decay of B~ — Apvw. In particu-
lar, we will study its decay branching ratio in the SM. It is
interesting to note that the B~ — Apwp can be well
reconstructed experimentally, since the charged p along
with p7~ from A can be easily detected.

The decay of B~ — Apwvv has several interesting fea-
tures. First, as a four-body decay, the observables for angu-
lar distribution asymmetries can be constructed as a probe
to right-handed vector as well as (pseudo-)scalar currents
beyond the SM. Second, by keeping the A spin §,, we are
able to construct a T-odd observable 55 - (P X pj) with
the A(p) momentum p, 5 to test time-reversal violation.
As the basis to study new physics, B(B~ — Apvp) in the
SM can be naively estimated to be of order 10~°~10~7. This
is in comparison with the B~ — pp{ v via b — ul v
being 100 times bigger than b — sv ¥, while the predicted
B(B~ — ppl~ ) is of order 10~* to 1073 [9]. In order to
precisely calculate the decay, a knowledge of the matrix
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elements for the B~ — A p transition is needed, which is
difficult to obtain in QCD. However, since B~ — Apvv is
considered to associate with the three-body baryonic B
decays of B — pp(K™, ar, p) [10-15] and B® — ppD™)°
[16,17] via the B — BB/ transitions, the solution can be
simply made. The parametrizations for the B — BB/’ tran-
sitions in [18-24] can be reliably adopted, as the theoretical
studies of B(B— AAK) [22], B(B°— AAD°) and
B(B~ — ApD™0) [23] relating the B — BB’ transitions
are approved to agree with the data [25,26]. In addition, with
the B~ — pp transition, the CP violation for B~ —
ppK*~ [24] is found to be nearly 20% of the world average
[27,28] even though it is still inconclusive experimentally
due to the data errors.

The paper is organized as follows. In Sec. II, we provide
the formalism, which involves the decay amplitude and
rate of B~ — Apvy based on the form factors in the
parametrizations for the matrix elements of the B — BB’
transitions. We give our numerical results and discussions
in Sec. IIL. In Sec. IV, we present the conclusions.

II. FORMALISM

The effective Hamiltonian for the inclusive mode of
b — sv,vy is given by [29]

_ Gr o _
f]"[(b — SVpPy) = ﬁ m&l)(h)s?’ﬂ(l —s)
X bljg')/’u“(l - ')/S)V(, (1)

with A, = ViV, x, = m}/mj,, and v, = v, or v, or v,,
where D(x,) is the top-quark loop function [30,31]. From
Fig. 1, via the effective Hamiltonian in Eq. (1) the ampli-
tude of B~ — Apv,v, can be factorized as

GF Aem —=
—————AD A
5 amsg MDDy,

X (1 = ys)b|B™)ppy (1 — ys)vy,
()

where the explicit form of the matrix element for B~ —
Ap depends on the parametrization, which has been
studied in three-body baryonic B decays. With Lorentz

A(B~ — Apyyvy) =

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.85.094019

C.Q. GENG AND Y.K. HSIAO
v
1%
Z
b W :
W ((

(a)

>

LI QAUS®

hol|

FIG. 1 (color online).

invariance, the most general forms of the B — BB’ tran-
sition form factors are given by [23]

(BB'|g'y,bIB) = it(pp)lg 1Yy + 8200u,P" + 837y
+ 844, + &5(pw — pB)ulysv(pe),
(BB'Ig'y, vsb|B) = iti(pp)lf1Yy + f2i0up” + fappu
+ faq, + f5(pi — pu)uJv(pp),
3)
with ¢ = pg + pg and p = pz — ¢, for the vector and
axial-vector quark currents, respectively. For the momen-

tum dependences, the form factors f; and g; (i =
1,2,...,5) are taken to be [19]

D, D
fi= t?’ 8i = ;'» 4)

%31’3” where Dy, and D, are constants to be

determined by the measured data in B — ppM decays.
Note that 1/£ arises from three hard gluons as the
propagators to form a baryon pair in the approach of the
perturbative quantum chromodynamics counting rules
[18,32-34], where two of them attach to valence quarks
in BB/, while the third one kicks and speeds up the
spectator quark in B. It is worth to note that, due to f;, g; &
1/#3, the dibaryon invariant mass spectrum peaks at the
threshold area and flattens out at the large energy region.
Hence, this so-called threshold effect measured as a com-
mon feature in B — ppM decays should also appear in the
B~ — Apv,p, decay. To integrate over the phase space for
the amplitude squared | A |2, which is obtained by assem-
bling the required elements in Eqgs. (2)-(4) and summing
over all fermion spins, the knowledge of the kinematics for
the four-body decay is needed. For this reason, we use the
partial decay width [35-37]

| A?
dl = WXﬁBﬁLdsdtd cosfgdcosfydep, (5)

witht=g>=m

where

1 1/2
X=|:Z(m%—s—t)2—st] ,

1
Bs :;Al/z(l‘, m%, m%, s

1
BL =—-A2(s,m%,m2), (6)
s
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Contributions to the B~ — A pv decay from (a) penguin and (b) box diagrams.

with A(a, b, ¢) = a®> + b? + ¢ — 2ab — 2bc — 2ca, and
t,s = (p, + p;)? 0z, 01, and ¢ are five variables in the
phase space. As seen from Fig. 2, the angle Op,) is
between py (p,) in the BB’ (v%) rest frame and the line
of flight of the BB’ (»7) system in the rest frame of the B,
while the angle ¢ is between the BB’ plane and the v
plane, which are defined by the momenta of the BB’
pair and the momenta of the v pair, respectively, in the
rest frame of B. The ranges of the five variables are
given by

m, mg =s5s=mgzg— 1)7,
(m, +m;)? = s = (mg — \/1)?
(mg + mp)* =1 = (mz —m, — m;)?, 0=06y,

Op = , 0=¢ =27 7

The decay branching ratio of B(B~ — A pvv) depends on
the integration in Egs. (5)—(7), where we have to sum over
the three neutrino flavors since they are indistinguishable.
We can also define the integrated angular distribution
asymmetries, given by

1_dB ) dB

— 7 0dcos dcosd; f—l dcoseidcosai (i=B.L)

b [1_dB 0 _dB ) =bL)
IO dcos&idcosgi + f—l dcoseidcosﬁi

®)

III. NUMERICAL RESULTS AND DISCUSSIONS

For the numerical analysis, we take the values of Gp,
Qem» Sin?@y, and ViV, in the PDG [38] as the input
parameters. In the large t limit, the approach of the

FIG. 2 (color online).  Three angles 6, 0y, and ¢ in the phase
space for the four-body B — BB/v decay.
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perturbative quantum chromodynamics counting rules al-
lows the vector and axial-vector currents to be incorporated
as two chiral currents. As a result, D, and Dy. from the
vector currents can be related by the another set of con-
stants D), and DDy, from the chiral currents, and the 10

constants for B~ — A p are reduced as [23]

3 3
Dgl = Dfl = _\/;D”’ ng = _ij = _\/;Dljl’

€))

with j =2,3,...,5. We note that the reduction is first
developed in Refs. [32-34] for the spacelike B—B’ bar-
yonic form factors, and extended to deal with the timelike
0 — BB’ baryonic form factors and the B — BB’ transi-
tion form factors in the studies of the B — BB’M decays

[18-23,39-43]. For Dflf’ and DY

i we adopt the values,

given by [23]

(Dy, D) = (67.7 + 16.3, —280.0 *+ 35.9) GeV?,
(D}, Dj), D, DY) = (~187.3 + 26,6, =840.1 = 132.1,
—10.1 + 10.8, —157.0 = 27.1) GeV*,
(10)

extracted from the measured data of the total branching
ratios, invariant mass spectra, and angular distributions in
the B— ppM decays. By using the various inputs, we
obtain the numerical results for the branching ratio and
angular distribution asymmetries of B~ — Apvrv in
Table I, where the values of B~ — ppe™ p, are taken
from Ref. [9]. The invariant mass spectra and angular dis-
tributions for B~ — A pvv are shown in Fig. 3, where the
shaded areas represent the theoretical uncertainties from the
form factors and Cabibbo-Kobayashi-Maskawa (CKM)
mixings. Note that the errors of the integrated angular
asymmetries A 4 ,, in Table I are relatively small compared
to those in Fig. 3(b). The reason is that A,  depend on the
ratios as shown in Eq. (8), which reduce the uncertainties.

From Fig. 3(a), we see that B(B~ — A pvp) receives the
dominant contribution near the threshold of m; — m, +
mp, when the curve sharply peaks in the invariant mass
spectrum. This reflects the fact of 1/#* as the momentum
dependence in the B~ — Ap transition form factors. In

TABLE I. Numerical results for B and A, (i = B, L) for
B~ — Apvp and B~ — ppe v, [9], respectively, where the
theoretical errors are mainly from the uncertainties in the form
factors and CKM mixings.

B™ — Apvp B~ — ppe v, [9]
B (7.9 £ 1.9) X 1077 (1.04 £ 0.29) X 107*
Ay, 0.01 = 0.02 0.06 = 0.02
Ay, 0.56 = 0.02 0.59 £ 0.02
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FIG. 3 (color online). Invariant mass spectra as functions of
the invariant masses m,; and m,; and angular distributions as
functions of cosfp; for B~ — Apvw, respectively, where the
shaded areas represent the theoretical uncertainties from the
form factors and CKM mixings.

contrast, the curve in the m,; spectrum is associated with
the total energy of the v pair. This is due to the helicity
structure of py*(1 — ys)v in the amplitude, formed as
(E, + E;)e*(p) with e*(p) the left-handed polarization.
Moreover, the fact that ¢*(p) couples to the left-handed
helicity state of the virtual Z boson results in a factor of
(1 + cosf; )? to explain the angular distribution for § = 6,
in Fig. 3(b). As a duplicate case, B~ — ppe” v, has the
same helicity structure for the lepton pair to couple to the
left-handed helicity state of the virtual weak boson W*™.
As a result, it is reasonable to have A (B~ — Apvp) =
Ay, (B~ — ppe” 7,) in Table 1. On the other hand, since
B(B~ — Aprv) can be traced back to the tensor terms
f2(g>) in the B~ — Ap transition, which give the main
contributions, fi7y, ysv and g iy, v are too small to pro-
vide factors of (1 * cosfg)? as apparent angular dependent
terms, as given in Fig. 3(b) for & = 6 and Table I for A, .

The domination of the tensor terms f,(g,) in the B~ —
A p transition can be realized. The terms f5(g3) disappear
due to e*(p) with p = p, + p;, leading to the coupling of
e_ - p = 0. Because of the relatively small value of IDﬁI ~
10 GeV*, the terms f4(g4) are negligible. The suppression
for f5(gs) is in accordance with the limit of (p; — pa), =
(E; — En, P — pa) — (0, 0) as the invariant mass myp
approaches the threshold area to receive the main contri-
bution for B(B~ — A pvv) (see Fig. 3(a)). Moreover, with
an additional p in f5(g2)o,, p", the ratio of |f,(g2)pl* to
| £, (g1)|?, which is equal to Djzcz(gz)lplz/D]%l(gz) ~ 8|p|?, can
be enhanced by |p| — mpz — (my + mj;) around the
threshold area. This explains why f,(g,) prevail over the
other terms in the B~ — A pvv decay. Since the decays of
B~ — ppe v, and B~ — Apvy are similar four-body
decays, we suggest a relation, given by

_ 7 T — Hu)|2 1 12
ROAP) = A= APDE 3 gy 1 p,
|AB~ — ppe p,)I? 1/mig,

(11)

where the factor 3 comes from the three neutrino flavors
and R(Const?) = 0.012 is due to the constants of their own
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Hamiltonian and the form factor for f,(g,). When the
invariant masses m,; and m,; are close to 1.877 and
2.054 GeV? for B~ — ppe” v, and B~ — Apvv, respec-
tively, the curves are drawn to be at the top in the spectra.
Thus, we obtain R(| A|?) = R(Const?), which agrees with
the numerical result R(B) = B(B~ — Apvp)/B(B~ —
ppe” v,) = 0.012. It is interesting to point out that the
measurement for R(B) can be a test of 1/¢ as the momen-
tum dependence of the B — BB/ transition form factors in
Egs. (3) and (4).

Because of the rich spin structure in the final state, the
baryonic decay of B~ — Apwp is clearly quite different
from the mesonic one of B~ — (Kar)~ v. The spin effect
is sensitive to some new physics. For example, the angular
distributions in B~ — Apvv can be used to probe for
right-handed and (pseudo-)scalar currents beyond the
SM. In Ref. [6], the invisible scalar (§) decay has been
studied for the mesonic decays of B — K*SS and B —
K" ypo. Similar studies can be extended to the baryonic
modes here. In particular, we would like to emphasize that
to test the invisible scalar pair SS from the b — 5SS via
the (pseudo-)scalar couplings, B~ — Apvv can be more
beneficial than B — K®vp. As shown in Ref. [44], the
angular distributions in B — K*(— K7)SS and B —
K" (— K)vv are both angular-symmetric, so one cannot
distinguish them from the angular analysis. However, the
situation for the baryonic decays are different. Recall that
the large angular asymmetry observed to be 60% in the
B~ — ppK~ decay [10] has been attributed to the B —
BB’ transition via the (pseudo-)scalar couplings [19]. Since
the decay of B~ — A pSS through b — sSS has the same
type of the B — BB’ transition, we expect it to be largely
angular-asymmetric, whereas A, (B~ — Apvp) is pre-
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dicted to be as small as 1%. If the integrated angular
asymmetry in B~ — ApSS is 50%, to measure it at the
no level, about 5 X 10818~ are required, which should be
accessible to the future B factories.

Finally, we remark that in B~ — A pw 7, as the spins and
momentums may not be on the same plane, similar to the
cases in the B — BB’M decays [45], T-odd triple product
correlations, such as p, - (pp X pp) and §p - (pp X pp)
with §, denoting the A spin, can be generated. In the SM,
since the decay depends on A, = V;};V,,, which contains no
CP phase, these T-odd observables are expected to be
vanishingly small. However, they can be used to test direct
T violating effects from new particles.

IV. CONCLUSIONS

We have studied the four-body semileptonic baryonic
decay of B~ — A pvv based on the effective Hamiltonian
for b — svv, arising from electroweak penguin and box
diagrams in the SM. We have calculated the decay branch-
ing ratio and angular distribution asymmetries for the
decay. Explicitly, we have found that B(B~ — Aprv) =
(7.9 = 1.9) X 1077. We have also obtained a useful rela-
tion between the decays of B~ — Apvv and B~ —
ppe v,. Similar to the rare mesonic decays of B~ —
K"~ pp, the experimental search for the rare baryonic
decay of B~ — Apvv in the current as well as future B
factories is useful to test the SM and limit new physics.
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