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With the experimental evidences of B® — pp and B~ — Ap decays, it is now possible to extract both
tree and penguin amplitudes of the charmless two-body baryonic B decays for the first time. The extracted
penguin-tree ratio agrees with the expectation. Using the topological amplitude approach with the
experimental results on B° — pp and B~ — Ap decay rates as input, predictions on all other Bq - BB,
BD, DB and DD decay rates, where 13 and D are the low lying octet and decuplet baryons, respectively, are
given. It is nontrivial that the results do not violate any existing experimental upper limit. From the analysis
it is understandable that why B® — pp and B~ — Ap modes are the first two modes with experimental
evidences. Relations on rates are verified using the numerical results. We note that the predicted
B~ — pF rate is close to the experimental bound, which has not been updated in the last ten years.
Direct CP asymmetries of all Bq — BB, BD, DB and DD modes are explored. Relations on CP
asymmetries are examined using the numerical results. The direct CP asymmetry of B® — pp decay can be

as large as £50%. Some of the CP asymmetries can serve as tests of the Standard Model. Most of them
are pure penguin modes, which are expected to be sensitive to new physics contributions. In particular,
BY5E8E, B5E3, B->QE, B33, BV QQ, BO—
B - 2+¥, B 5 Q"E" and BY —» decays are AS = —1 pure penguin modes with unsup-
pressed rates, which can be searched in the near future. Their CP asymmetries are constrained to be of few

E-Z", BY = EE,

!—*_!—*_

% and are good candidates to be added to the list of the tests of the Standard Model.
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I. INTRODUCTION

Recently, the LHCb collaboration reported the evidence
for the first penguin dominated charmless two-body bar-
yonic mode, B~ — Ap decay, at 4.1¢ level [1], giving

B(B~ — Ap) = (24703 +£0.3) x 1077. (1)
The result is consistent with the predictions given in a
pole model calculation [2] and a topological amplitude
approach [3]. The latter work made use of the large mp

mass, the experimental rate of the tree-dominated B — pp
decay [4],

B(B - pp) = (147251 95) x 1075, (2)

and a naive estimation on tree-penguin ratio. In fact, it was
advocated in [3] that the B~ — Ap decay mode could be
the second charmless two-body baryonic mode to be found
experimentally. With both the experimental evidences on
B — pp and B~ — Ap decays, it is now possible to
extract both tree and penguin amplitudes at the same time.

Most of the decay amplitudes of the two-body baryonic
decays are nonfactorizable.! Various models, such as the
pole model, [2,6-8], sum rule, [9], diquark model, [10,11]

'For a study on the factorization contributions, see Ref. [5].
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and approaches employing flavor symmetry [12—15] were
used (for recent reviews, see [16,17]) to calculate the
amplitudes. Nevertheless all predictions on the B — pp
rate are off by several orders of magnitude comparing to the
LHCD result [4,16,17].

Indeed, the B® — pp decay mode is more suppressed
than expected. To see this one scales the B — A7 p rate by
the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
|Vur/Vep|? and with a possible dynamical suppression
factor fgy, included [18],

B(B® = pp) = B(B” = A p)|Vus/ Vel

X fayn ~2X 1077 X fu. (3)

The data demands fgy, ~0.1. It was pointed out in
Ref. [18] that for a given tree operator O;, one needs to
consider additional contributions, which were missed in the
literature, from its Fiertz transformed operator OQ. It was
found that there are cancellations of Feynman diagrams
induced by O; by that from O! and, consequently, the
smallness of the tree-dominated charmless two-body bar-
yonic B decays results from this partial cancellation.
Furthermore, as pointed out in Ref. [18], the internal
W-emission tree amplitude should be proportional to the
Wilson coefficient combination ¢ + ¢, rather than ¢; — ¢,
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where the latter is usually claimed in the literature. We shall
adapt this point in the present work.

We can make use of the newly measured B° — pp and
B~ — Ap rates to give information on other modes in a
symmetry related approach. The quark diagram or the so-
called topological approach, has been extensively used in
mesonic modes [19-24]. In fact, the approach is closely
related to the flavor SU(3) symmetry [19,22,25]. In [26] the
approach was extended to the charmless two-body baryonic
case. It was further developed in [3], where amplitudes for
all low lying charmless two-body baryonic modes with full
topological amplitudes are obtained. Note that in general a
typical amplitude has more than one tree and one penguin
amplitude. Asymptotic relations in the large mp limit [27]
can be used to relate various topological amplitudes [3,26].

In this work, using the experimental results on the B —
pp and B~ — Ap decay rates, we will extract both tree and
penguin amplitudes for the first time. Rates and direct CP
asymmetries of all low lying charmless two body baryonic
decays can be explored. Rates and CP asymmetries of
some modes can be checked experimentally in the near
future in LHCb and Belle-II. Note that CP asymmetries of
some modes can be added to the list of the tests of the
|
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Standard Model. In particular, AS = —1 pure penguin
modes have small CP asymmetries and they are expected
to be sensitive to new physics contributions. These modes
are good candidates to be added to the lists of the tests of
the Standard Model, especially for those with unsup-
pressed rates.

The layout of this paper is as follows. In Sec. II, we
briefly review and update our formulation for charmless
two-body baryonic decays modes. In Sec. III, we present
the numerical results on rates and direct CP asymmetries of
all low lying baryon modes. Relations on rates and CP
asymmetries will also be studied. The conclusion is given
in Sec. IV, which is followed by two appendixes.

II. TWO-BODY CHARMLESS BARYONIC B
DECAY AMPLITUDES

There are more than 160 B — BB, BD, DB, DD decay
amplitudes with 3 and D the low lying octet and decuplet
baryons, respectively. Their decay amplitudes expressed
in terms of topological amplitudes can be found in [3] and
are collected in Appendix A, since they will be used
extensively in this work. We show a few examples here,

— P
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B IV

A(B™ = A%P) = V2T p5 = V2Pps +
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IEWBD’

V2

?(3P1EWDB + Popwpp) — V2Apg,

2V2

3 2EWDB’ (6)

_ e 2
A(B® - A°A%) = 2Tpp +4Ppp + 3 Pewpp + 2Epp + 18PApp,

A(B™ - TFATT) =2V3T,  +2V3P,  +

4
Ve ewpp T 2V347;, (7)

where TV, PU), EO) AV PAY) and sz,v are tree, penguin, W-exchange, annihilation, penguin annihilation and electroweak
penguin amplitudes, respectively, for AS = 0(—1) decays (see Fig. 1). In most cases we need more than one tree and one
penguin amplitude in the baryonic decay amplitudes. Note that from the above amplitudes, B — pp decay is expected to
be a tree dominated mode, B~ — Ap decay a penguin dominated mode and B? — pp decay a suppressed mode.
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By considering the chirality nature of weak interaction
and asymptotic relations [27] at the large mjp limit
(my/mp,mgp/mp < 1), the number of independent
amplitudes is significantly reduced [3,26]:

T = T<IIL)38,ZBB,3BB 4BB Tilz)sb 28D T<1)DB 2DB T(D)D’
PO = P33 55 = Pep = Pps = Popy
P I(EQV =P g/];WBB,ZEWBB SEWBBAEWBB

=P <1123WBD owpp = (HEZWDB 2rwps = © 1(32VDD’

E\ 35 288,8DpB 0D A18B.28B.8D,0B DD PABB DD — 0, (8)

and there are only one tree, one penguin and one electro-
weak penguin amplitude, which are estimated to be

G
TV) = VubVZd(s>7%(Cl +ex)yi' (1-ys)v,

G
—f[C3 ey tKicsFrocelyit' (1=ys)v,

2% :_Vfbvjd(s)\/i
3 G, i
PRy = —EthVfd(S)\/—’%[Q +cio+Kic7 +rocglyit’ (1-ys)v,

©)

where c; are the next-to-leading order Wilson coefficients,
given by

c; = 1.081, ¢, = —0.190, c3 = 0.014,

¢y = —0.036, ¢s = 0.009, ce = —0.042,

c7 = —0.011agy, cg = 0.060ag),

cg = —1.254agy, c1o = 0.223agy, (10)

in the naive dimensional regularization scheme at scale
u = 4.2 GeV [28]. Note that the relative signs of ¢; 39 and
Cr4.10 in Eq. (9) are determined according to Ref. [18].
Since the Fiertz transformation of Os ¢ 7 ¢ are different from
01,34, additional coefficients «; in front of cs5(7) and cgg)
in Eq. (9) are assigned. For simplicity we take k; = k, = k.
The parameters y and x will be extracted from B — pp
and B~ —» Ap data. Note that |x| is expected to be of
order O(1).

In reality the mp mass is finite. The decays amplitudes
are not in the asymptotic forms. Some corrections are

expected. The correction on Tl(-/), Pl(-/) and Pl(a/%w are

estimated to be of order mpz/my (the baryon and B meson
mass ratio). Hence, we have

PHYSICAL REVIEW D 95, 096004 (2017)
with

|

DL N < my /g, (12)

ewp,i
parametrizing the correction to the asymptotic relations,
Eq. (8). Note that the phases of these ) can be any value.

For Pl(/), we replace the CKM factor -V, V7 d(s) by the sum
of V,, V’;d(s) and V, Vzd(s). The penguins with V,,, V;d(s)

and V.,V are u-penguin (PE/)") and c-penguin (Pl@c),
respectively. The r,; of the u-penguin and the c-penguin
are independent. Furthermore, although in the asymptotic
limit the &#'u and —it'ysu terms have the same coefficients,
see Eq. (9), this will no longer be true in the finite mp case.
In other words, the r) for #'u and —#'ysu terms are
independent. For subleading terms, such as exchange,
penguin annihilation and annihilation amplitudes, we have

E) =g l2E 0, A0 = BB )
mpmpg mpgmpg
P = g L2 po), (13)
mp mp

where the ratio fz/mp is from the usual estimation, the
factor mpg/mp is from the chirality structure. Note that
|n; j x| are estimated to be of order 1 and, explicitly, we take
0 < |n; ;x| < |n| = 1, with the bound [r| set to 1.

With the above amplitudes and formulas given in
Appendixes A and B, we are ready to study the two-body
baryonic decay rates. Note that for B — BD, DB decays,
we need to add a correction factor of p.,,/(mg/2) to the
topological amplitudes shown in Eq. (9) with p., the
momentum of the final state baryons in the center-of-mass
frame. The factor will further correct the amplitudes from
their asymptotic forms.

III. NUMERICAL RESULTS ON RATES
AND DIRECT CP ASYMMETRIES

A. Tree and penguin amplitudes

Using the recent data on the B® — pp rate and the
B~ — Ap rate, the unknown parameters y and «x in
asymptotic amplitudes, Eq. (9), are fitted to be

= (5.081]33) x 1073 GeV2,  k=192702.  (14)
Note that the value of « is indeed of order 1. The tree-
penguin ratio is close to the naive estimation. The penguin-
tree and tree-penguin ratios of the asymptotic amplitudes

[see Eq. (8)] for AS = 0 and —1 transitions, respectively,
can be extracted for the first time to be
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FIG. 1. Flavor flow or topological diagrams of (a) T") (tree), (b) P") (penguin), (c) E”) (W-exchange), (d) A") (annihilation), (e) PA(")
(penguin annihilation) and (f) Pl(zl%v (electroweak penguin) amplitudes in B to baryon pair decays for AS = 0(—1) decays.

!

P T
H —0.24 +0.04, ‘F =02170%.  (15)

The above equation is one of the major results of this work.

B. Numerical results on rates

In the following we make use of the B — pp and B~ —
Ap data as inputs and predict rates of all other B — BB,
BD, DB, DD modes. Results are shown in Tables I-VIIL
They are major results of this work. A first glimpse on these
tables reveals that all experimental upper bounds are
satisfied. This is a nontrivial check. We will go through
the discussions of the updated results on B — BB, BD, DB,
DD decay rates below and make suggestions on future
experimental searches. We will give a summary of our
suggestions at the end of this subsection.

1. Rates of Bq — BB decays

Predictions on AS = 0, Bq — BB decay rates are shown
in Table I. The first uncertainty is from the uncertainties
of the y and x parameters [see Eq. (14)], reflecting the
uncertainties in the measurements of B(B° — pp) and
B(B~ — Ap). The second uncertainty is obtained by

varying the tree and penguin strong phase ¢, where we
assign to the penguin amplitudezz

P(/):—V,ijd C3+C4+K6’5 +KC6])(€H/)IZ/(1—]/5)U

(16)

. . /
and a similar expression for P]%, We use a common strong

phase for simplicity. The third uncertainty is from relaxing
the asymptotic relations by varying r;, 7, i, F'ewpi [s€€
Egs. (11) and (12)] and the last uncertainty is from
subleading contributions, such as annihilation, penguin
annihilation and exchange amplitudes [see Eq. (13)].
From the tables we see that errors are reduced at least by
a factor of 2 compared to the previous analysis in [3]. These
errors can provide useful information: (i) As noted before
the first errors reflect the uncertainties in B(B° — pp) and
B(B~ — Ap). (ii) The second errors reflect the size of tree-
penguin interferences. We can see from the table that in

The strong phase of the tree amplitude is factored out and set
to zero. Therefore, the strong phase ¢ is the relative strong phase
of penguin and tree amplitudes.
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TABLEI. Decay rates of AS =0, Bq — BB modes. The first uncertainty is from the uncertainties of the y and x parameters, reflecting
the uncertainties in the measurements of B(B® — pp) and B(B~ — Ap), the second uncertainty is obtained by varying the tree and
penguin strong phase ¢, the third uncertainty is from relaxing the asymptotic relations, by varying r, ;, rp, ;, r'opi [se€ Egs. (11) and (12)]
and the last uncertainty is from subleading contributions, terms with #; ; , [see Eq. (13)]. Occasionally the last uncertainty is shown to a
larger decimal place. The latest experimental results are given in parentheses under the theoretical results. The experimental B® — pp

rate is one of the inputs.

Mode B(1078) Mode B(107%)
B~ > np 3451100 £0.09 BY - px*t L4270 000 + 0
B~ — X% 32900 £ 011 BY - nx0 0.75 03 ot £ 0
B3 0624938 + 023 B~ nA 2963071 +0
B~ > 3IA 0.4710%1 £ 01091009 BY - x0=0 1085133341255 £ 0
B~ —» 2= 0.071083 40 £ 0.0370 5003 B) - = E 176078 £ 0508 £ 0
B~ — AX" 047107 £ 010331050 B > AE" 0.111007 0068 0
B" > pp LA7H0 DA 20T 012 B - ¥zt 04040405
AT 05000 4]
B - nit 6.661315 10 %30+ £0.07 B — 3050 1.5210- 224924097 4 0,07
B° - =0=0 04040+ 0100 B’ —3z% 1154031 + 01078 + 0.04
B - EE- 0.07-99% £ 07593 +0.01 B® - 20A 4,101 819397190 + 0,05
BY — AA 0 == 0 & 02300005 BY - AX0 0.227509 £ 078 £ 0.001
(<32) [29]

general the effects of tree-penguin interference on rates are
not sizable. This is consistent with the tree-penguin ratios
shown in Eq. (15). (iii) The third errors, which correspond
to corrections to amplitudes away from the asymptotic
limit, are usually the largest ones. (iv) Occasionally we
show the last errors, which are from subleading contribu-
tions, to larger decimal places. These terms are with #; ;
[see Eq. (13)]. Note that for modes which only have
subleading contributions, the rates are proportional to
n;. j‘k|2, while for modes having tree and/or penguin terms
as well, these (subleading) contributions are roughly
proportional to 7; ; ;.

ForAS =0, B ¢ BB decays, there are three modes that
can decay cascadely to all charged final states, namely
B > pp, B° > EE and AA decays.” We see from
Table I that among these modes the B® — pp decay has
the highest rate and highest detectability. The rates of
the other two modes are, in fact, one or two orders of
magnitude smaller than the pp rate. In particular, the

3To study the accessibilities of searching the charmless two-
body baryonic modes, we note that (i) A0, A, =, =**, 20 and
Q~ have nonsuppressed decay modes of final states with all
charged particles, (ii) A, =¥, Z°, £*0 and Z*~ can be detected by
detecting a 2, (iii) Z° can be detected by detecting y, and (iv) one
needs n in detecting A~ and X~ [3,30]. Note that although some
particles, such as Z~ and Z*°, can decay to final states with all
charged particles, they may suffer from low reconstruction
efficiencies.

predicted B — AA rate is much smaller than the present
experimental upper limit [29]. More modes can be searched
for with z°, y, z°2° and 7% in future experiments, such as
in Belle II. For example, with one 7° or y, one can search
for B - X°A and BY —» pX* decays, with 7%y one can
also search for BY — £°2° and B~ — X% decays, while
with yy one can search for B — X930 decays. In fact, the
BY — 920 decay rate is of the order of 10~7, which is the
highest rate in the table, but the mode is reconstructed
through the cascade decay BY — X°Z° — AyAz°, which
requires both y and #° for the detection. It is understandable
why the B — pp decay is the first mode with experimental
evidence.

From Eqgs. (Al), (A2) and (A3), we see that there
are several modes without any tree (T;z3) contribution.
These include B~ - XX, B~ > X A, B~ - E &,
B"-EE, B>z ¥, B'— =50 B — TtX* and
BY - "E~ decays. As shown in Table I the second
uncertainties of the rates of these modes are vanishing.
Note that B - E"E-, B> XX and B —» X E-
decays are pure penguin modes, which only have P,zp,
Pwii and PAgg terms, while B —» E°2° and B® —
>+XT decays only have subleading contributions, namely
Epgg and PAgp. Note that although B~ — ALY,
BY - AZ, B® - AA and B° — AX’ decays have tree
amplitudes 7T';z5, these tree amplitudes cancel out in the
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asymptotic limit [see Eqs (Al), (A2), (A3) and (8)]. In
particular, the tree, penguin, electroweak penguin and
exchange amplitudes in the B — AA amplitude all cancel
out in the asymptotic limit. This mode is therefore sensitive
to the correction to the asymptotic relations, Egs. (8), (11)
and (12).
Predictionson AS = —1,B P BB decay rates are shown
in Table II. There are 9 modes that have rates of order 1077,
namely B~ — 2°SF, B30, Ap, B - 030, -3, An,
BY — E92%, 2-E~ and AA decays. On the other hand, there
are 5 modes that can cascadely decay to all charged final
states, namely B~ — Z~A, Ap, BY — pp, E"E~ and AA.
Comparing these two sets, we see that B~ — Ap, BY — AA
and E-E~ decays are the only three modes that have
rates of order 1077 and can cascadely decay to all charge
final states. In fact, the B~ — Ap has the highest rate
among these three modes and has the best detectability as
the others need both A and A for detections (BY — AA,
B~ — Az~Ax*). It is understandable that why
B~ — Ap is the first penguin mode with experimental
evidence. Nevertheless, it is interesting to search for BY —
AA and E-Z" decays as well. One can also search for other
modes. For example, the B~ — Z~A mode can also cas-
cadely decay to all charged final states and its rate is of order
1078, but this mode suffers from the low reconstruction

—

BY - B 5

efficiency of E~. With y one can search for B~ — 530
decay, which has rate of order 10~7. With z° one can search
for B — Z°A and B — X*p decays at 1078 level. With

0

7°7° one can search for B~ — 2%+, BY — 2°2° and B —

Y3+ decays, where the first two modes have rate of order

PHYSICAL REVIEW D 95, 096004 (2017)

107, while with 7% one can search for B® — E°%9, which
has rate of order 1077, and finally with yy one can search for
BY — x050 decay at 1078 level. Note that with all charged
final states, y, 7°z° and z°y, most modes having rates of the
order of 107 can be searched for in the future.

From Eqgs. (A4), (AS) and (A6), we see that B~ — X771,
B-—>E3X, B >EA B 55T, B ->3zT,
BY - =75, BY - pp and BY — nii decays do not have
any tree (T;.BB) contribution. As shown in Table II the rates
of these modes have vanishing second uncertainties. In
particular, we note that B - 2-X~, B - ¥ X~ and B! —
E-E~ are pure penguin modes, which only have P;BB’
p Z'EWBB
decays only have subleading contributions, the E;BB and

and PA. terms, while B} — pp and B{ — ni

PA’BB terms. We will return to these modes later.

The predicted BY — pp rate is several orders smaller
than the present experimental result, which, however, has
large uncertainty. As noted this mode only receives con-
tributions from subleading terms [see Eq. (4)]. One may
enhance the subleading contributions, but will soon run into
contradictions. For example, after enhancing the sublead-
ing contributions in the B — pp mode, the so-called
“subleading contributions” will oversize the leading tree
contribution. Note that, some enhancement on subleading
contributions is possible in the presence of final state
rescattering (see for example, [31,32]), but it is unlikely
that the enhancement be so significant. Note that in
Ref. [5], when partial conservation of axial-vector current
is relaxed, the calculated B, — pp rate can be close to data,
but the predicted B~ — Ap rate is of the order 1073 and is

TABLEII. Same as Table I, but with AS = —1, Bq — BB modes. The latest experimental result is given in the parentheses under the
theoretical results. The experimental B~ — Ap rate is one of the inputs.

Mode B(1078) Mode B(1078)

B~ 3% 0.761 371 1o 57 £ 0.001 B >3p 1.837076:07:082 1

B™ = ¥"n L671545 £ 0204 000 B® - 3% L122340 00503 £ 0

B~ — =03+ 39'98:11..3;3;1&)127406 +0.03 B0 — =030 18.5028'.51;:());969'&7.89 +0

B~ - 2% 19407350 £ 07338 4 0.02 B0 — B29A 2.59F 7061280 £ 0

B~ - EA 2.367195 £ 0128 +0.005 B' - 23 35.885158 £ 0530 £ 0

B~ = Ap 24.00% %1208 14 £ 0.02 B — A 23.48150%0 %5 1P £ 0
2470 £ 3 [1]

BY = pp 040 4 070907 BY - x+x* L7620 5700500
28477 6700%) [4]

B~ 02£0:+ 03" B X LIS

B) — 2= 244650 59 B) > 35" 1497055 + 0505 0's

B> EE 22.6311002 + 0115274072 BY - A 0.0510.0310.044006 1 () 001

BY — AA 14.90 847125 T35 061 BY - AY' 0.0510557 %4 £ 0.02 £ 0.001
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in tension with the data [1]. We need a more precise
measurement on the B, — pp rate to settle the issue.

2. Rates of Bq — BD decays

Predictions on rates of AS =0, B, —» BD decays are
shown in Table III. Modes that can cascadely decay to all
charged final states and with unsuppressed rates are B~ —
pF and BY — pZT+ decays. In particular, the predicted
rate of B~ — pF decay is the highest one in the table
and is just roughly a factor of 2 smaller than the present
experimental upper bound [33], which, however, has not
been updated for quite a while. This mode could be just
around the corner. On the other hand, four other modes that
can cascadely decay to all charged final states, namely
B~ - E 20, AT, B - 2 Q" and AE* decays, are
one or two orders of magnitude more suppressed. Note that
with y one can search for B~ — 3°Z*" and B? — 305

decays, with 7° one can search for B® — pA* decay, while
|

Pen(B= = ZE)

PHYSICAL REVIEW D 95, 096004 (2017)

with yz° one can search for B® — X020 decay in the
future. All of these modes have rates of orders 1075,
From Egs. (A7), (A8) and (A9), we see that
B -3 30 B 5239 BY 5 35, B 5 5B,
B 5323, B'-=2Q, B'> T2t and B° —
292 decay amplitudes, do not have any tree (T;zp)
contribution. As shown in Table III, the rates of these
modes have vanishing second uncertainties. We note that
B’ - ="E* and B" — XX decays are pure penguin
modes with only P,z and Pgwpp contributions, while

B® - 33 and B® — E°2*0 decays are pure exchange
modes with only E.5 contributions.  Although
B~ — AX*", B9 - AE* and B® - AX* decay ampli-
tudes have tree amplitudes, these tree amplitudes cancel out
in the asymptotic limit.

There are relations among rates. Using formulas in
Appendixes A and B, we have [3]

B(B- —» E-EY) = 2B(B~ - z—ﬁ)<

Pem(B™ = Z72%)

3
) ~2B(B~ - £-39),

375 B(B" - °X) =315 B(B® -» E"E"") =373 B(BY > X&) = 13 B(B) > E™Q"),

B(B® - £tx*t) = B(B® — B2*0),

One can check from Table III that the rates of these modes
roughly satisfy the above relations and the agreement will
be improved when the SU(3) breaking effects are taken into
account. Note that these relations do not rely on the
asymptotic relations.

Predictions on AS = —1, Bq - BD decay rates are

shown in Table IV. Both B - Z-X* and AA° modes

(17)

I
can cascadely decay to all charge final states, where only
the B — Z~X* rate can reach 107® level. In principle, this
mode can be detected through B® - 2~ — Az~ Azn™
decay, but may be restricted by the low reconstruction
efficiency of Z~. Note that with z° one can search for
BY - 3, B~ - B0, B~ —» StATT, BY » B E

BY - 5920 and B~ — Z-2*0 decays, which have rates of

’

TABLE III. Same as Table I, but with AS =0, Bq — BD modes. The latest experimental result is given in the parentheses.

Mode B(107%) Mode B(1078%)

B~ — pATt 6.211 3014985877 + 0,08 BY — pz*t 1.84 108910172260 1
(<14) [33]

B~ — nA" 2,181 050095 4+ 0.03 B - nz0 0.97104750:041 0

B~ — X0z 3,145 9310471134 4 0.02 BY — =050 2,771} 3540455119 4 )

B~ - xx0 0.04 £ 0.02 £ 0 £ 0.02°5:505 BY - =B 0.08 £0.03+0+0.03+0

B — =80 0.0779903 + g 93100004 B -z 0.1879%8 + 0799 + 0

B~ — AT 0.14709¢ £ 07031 £ 40.001 BY — AE0 0.1210% £ 01042 £ 0

B° = pAT 1.92102340.1842.71 0,02 B0 - xtzet 0+ 0+ 00001

B? - nA° 2,015 997 1080 5 £0.03 BY - 050 14550 D500 062 1+ 0.01

B — 0= 0=+ 0=+ 070! B’ —» =¥ 0.08 0% £0+0.03+0

BO o 5= 0-06j8f823 + 01’8"823 +0 B0 5 A0 0.0670-93 - ()+0-10+0.0004

—0.02 —0.02-0.0003
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orders 1078, while with y one can search for B® — Z0A0
decay in the future. In particular, the B~ — AT decay
rate is the highest one in the table. With yz°, 2°2° or yy, one
can search for B~ — XA, BY - S+*A*, B0 - 3050 and
B — 50570 decays, which have rates of orders (or close to)
1073, in the future. Note that the predicted B — AA? and
B~ — AAT rates are both roughly two orders of magnitude
below the present experimental bounds [34].

From Egs. (A10), (All) and (Al2), we see that
B -3 A% B -2 B'53 AT, B ETT,
BY >33, BY > =5, B> pAT and B - nA®
decays do not have any tree (T’ ,5) contribution. As shown
in Table IV, the rates of these modes have vanishing second
uncertainties. Note that B - X~A~, B* - 27, B! —
¥~¥* and BY — E-E* decays are pure penguin modes

with only P, and P contributions, while BY - pA*

iEWBD
and BY — nA® are pure exchange modes with only E
contributions.

The rates of some modes are related. From Appendixes
A and B, we have [3]

2B(B~ —» E-20) = B(B~ —» £-A"),
3rp B(BY - £7%%) = 313 B(B! - E"E*)
= 3743 B(B" - E7%7)
— 74 B(B® —» A7),
B(B" - pAT) = B(B® - nA), (18)

where these relations are subjected to corrections from
SU(3) breaking in |pgy|*. These relations do not rely on
the asymptotic relations. As shown in Table III the rates of
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these modes roughly satisfy the above relations and the
agreement will be improved when the SU(3) breaking
effects are taken into account.

3. Rates of B, — D1 decays

Predictions on AS = 0, B = DB decay rates are shown
in Table V. The mode with the highest decay rate is B® —
A decay, which is unfortunately hard to detect. Both
B~ — A% and B? — A°A decays can cascadely decay to
all charge final states. These two modes both have rates at
the order of 1073, but the B~ — A®p decay has better
detectability. Note that the predicted rate of this mode is
roughly two orders of magnitude below the present
experimental limit [33], which, however, has not been
updated since 2008. With z°, one can search for B® — A* p
and B® — Z*0A decays, while B — A% decay, which
has a slightly smaller rate, can be searched for with z° in
the future. With 7z°z° one can search for B? — X050,
BY - At and B~ — I3 decays, in the future. These
modes all have rates at the level of 1078,

Note that B~ - A™n, B~ — Z*‘g, B~ — E*‘@,
B~ —-3X"A, B"-="E, BY-> A%, B 3E,
B® > 33, B" - 280 and B® - ¥*tX* decays do
not have any tree (7;pg) contribution [see Egs. (A19),
(A20) and (A21)], and, consequently, their rates in Table V
have vanishing second uncertainties. In particular, the
B85, B'- A2, BO>3"E and B’ -

>*~X~ decays are pure penguin modes, which only have

Ppgp and Pywpp contributions, while B® — Z0=° and
BY — T**+ decays are pure exchange (Epp) modes.

The rates of some modes are related. Using the formulas
in Appendixes A and B, we have [3]

TABLE IV. Same as Table I, but with AS = —1, Bq — BD modes. The latest experimental results are given in parentheses.

Mode B(1078) Mode B(107%)

B~ — TtATT 6.99 390751 £ 0.002 BY - ZtAT 2.161590+9-202097 4

B~ — XA 4251 8340362183 1 0,003 BY - x0A° 3.9311805 929 £ 0

B~ — = A° 1967987 + 0108 +0.002 B’ > XA™ 5461751 L0 £0

B - 2T 149788710109, 40,002 B - 250 0.60 03110104 %0
B~ — 2730 0.811038 + 01034 4 0.001 B - =3 1.49%088 + 01083 + 0

B~ — AAT 01550004000 £ 0 BY - AAY 0.14+997+010:006 4

(<82) [34] (<93) [34]

BY - pA* 0 == 0 == 090000 BY - =ty 2.0719361 0355093 £+ 0.001
BY = nA® 0 4 0 = 0000005 BY - 3050 1.89108140251081 4 0001
B) —» 5°2*0 131500 53 e, £ 0.002 B} - ¥°T L7450 £ 0204 £ 0

B) - BB 1425080 £ 01080 £ 0 BY —» AZ 0.0740 5052 £ 0.001
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TABLE V. Same as Table I, but with AS =0, Bq — DB modes. The latest experimental result is given in the parentheses.

Mode B(107%) Mode B(1078)

B~ — A% 2,19 o 0 £0.03 BY - ATTF 1.707 58240161079 4 ()
(<138) [33]

B~ AR 03305 + 01313700 BY — AOFD 0,96/ 84570154950 + 0

B~ — T0%F 0.851 03119059036+ 0.01 BY) - ATZ7 0.277 013 £ 07008 £ 0

B~ - %0 0.04 £ 0.02 & 0 £ 0.021 5565 BY - x0=0 2.73 et ee T £ 0

B~ — 5 & 0.0710:03 4 0 - 93400004 BY - »E" 0.07 £0.03+04+0.03+0

B~ - XA 0.14100¢ 4+ 01098 £ 0.001 BY — A°A 2.59 30t £ 0

B - A*p 1921005153049 £ 0.02 B’ - xtxt 0000

B® —» A% 7.463 894319 1 0.05 B0 — z0%0 0.397 012404017 4+ 0.005

B’ — E0=0 0040400 B’ —» =37 0.08 0% £0+0.03+0

B’ —» BB 0.0670% £ 0755 £ 0 B’ - =0A L18T 7 04 £0.02

where these relations are subjected to corrections from
SU(3) breaking in | pen|*. These relations do not rely on the
asymptotic relations. Note that the relations on B~ decay
rates are new compared to those in [3]. As shown in
Table V the rates of these modes roughly satisfy the above
relations and the agreement will be improved when the

B(B~
B(B~ - A~n
375 B(B" —» X7

B(B" - x+z7

SU(3) breaking effects are taken into account.

Predictions on AS = —1, Bq — DB decay rates are
shown in Table VI. Note that B - Q-E-, B - E0A

= 6B(B~ —» £39) = 2B(B~ — =*A),
) =13, B(B) > A7) =373 B(B) -» T E"),

(19)

and B — X**p decays are the only three modes that can
cascadely decay to all charged final states. All of them have
rates of order 10~8. We need more data to search for them as
the reconstruction efficiencies of the final states of the first
two modes are low, while the predicted B — X** p rate is

one order of magnitude below the experimental limit, which

TABLE VI. Same as Table I, but with AS = —1, Bq — DB modes.

has not been updated since 2007 [34]. Note that with one 7°

one can search for B~ - Q2% B~ — 2*~A, BY - 50=0,

Mode B(107%) Mode B(1078%)

B~ - xp 0.947 533107031 1, £ 0.001 B - = p 2.251 0501981993 £
<47 [34] <26 [34]

B~ - Xq 2.05199% £ 07947 £ 0.002 B’ - = 1.397028706570.54 1

B~ - EY%7 1442087 07 St +0.002 B - =1%" 0.67 26307017025 £ 0

B~ - Ex 0.787033 & 07033 £ 0.001 B’ —» E%7 145708 £ 0708 £ 0

B~ - Q& 3.775157 £ 0114 +£0.003 B' - Q= 3475158 04 £0

B~ - E“A 2487149 £ 0705 £ 0.002 B’ —» EOA 271533100 12 £ 0

BY - Ap 0= 0 4 0 4 0000005 BY - Trtxt 19870824921 1082 40,001

BY — A% 0 £ 0+ 0 & 0000005 BY — x0%0 1815085924107 1 0.001

BY - 50=0 1.9908310340.78 + 0,0002 BY - x5 1671074 £ 01071 + 0

B) - EE” 136505 £ 01023 £0 BY —» A 0.0610 657395 £ 0.02 £ 0.001
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BY - ¥»*t3F, B~ —» E*0%F BY - E*E and B~ — Xp
decays, which have rates of order 1078, in the future. In
particular, the B~ — Q~E decay has the highest rate in the
table and the predicted B~ — X*p rate is more than one
order of magnitude below the experimental limit, which has
not been updated since 2007 [34]. With 7% one can search
for BY — £*9%0 and B~ — 2*~X° decays, which have rates
of order (or close to) 1078, in the future.

Note that B~ - X*7ii, B~ —»E"X0, B~ -> Q&
B~ > E“A, B> Q &, B(s) - ¥*Y, BY 5 B3,
|

where these relations are subjected to corrections from
SU(3) breaking in |p.y,|*. Note that the relations on B~
decay rates are new compared to those in [3]. These
relations do not rely on the asymptotic relations. The rates
in Table IV roughly satisfy the above relations and the
agreement will be improved when the SU(3) breaking
effects are taken into account.

4. Rates of B, - DD decays

Predictions on AS = 0, B P DD decay rates are shown
in Table VII. There are six modes that can cascadely decay

PHYSICAL REVIEW D 95, 096004 (2017)

BY - =2~ B? - A*p and BY —» A’7i decays do not
have any tree (T:.DB) contribution [see Eqs. (A16), (A17)
and (A18)], and, consequently, their rates in Table VI
have vanishing second uncertainties. In particular, the
BY - =¥~ and BY —» Z*"E~ decays are pure penguin
modes, which only have P%)B and P:’EWDB’ contributions,
while BY - A*p and BY — A7 decays are pure exchange
(E’DB) modes.

The rates of some modes are related. Using the formulas
in Appendixes A and B, we have [3]

= 6B(B~ - 2%0) = B(B~ - Q%) = 2B(B~ - E*A),
315 B(BY » EE") =313 B(B" » £ ) =75 B(B* » QE"),

(20)

I
to all charged final states. They are B® — AT+ATH, AOAD,
QQ°, XY, ¥ and E050 decays. However, most
of them have highly suppressed rates, except B — AOA0
and B® — T*~X* decays, which have rates of order 1078

and should be searchable. In particular, the bound on BY >
A°A rate has not been updated for almost three decades
[35]. Note that with z° one can search for plenty of
unsuppressed modes. These modes include B~ — ATATT,
B~ — APA¥, BY - ATZF, B~ — 305 F B0 o A0%H0,
BY - 3050 B0 _, *-F and B® - E*"Q" decays. In

TABLE VII. Same as Table I, but with AS = 0, Bq — DD modes.

Mode B(1078) Mode B(107%)
B~ — AtATT 17155804 61797 £ 0.22 BY » AYEH 58T F 424 10
B~ — AOAT 6.47 3977102339 1 0,14 BY — A0z 29311320455 £ 0
B~ — AA° 0.927 941 £ 0753519506 BY - AT 0.837037 £07935 £ 0
B~ — 0zt 3.025 3048 £0.07 BY — x0z0 2,737 30454 £ 0
B~ - xx0 0.571925 4+ 01523 £ 0.003 BY —» =B 1031040 £ 010494 £ 0
B~ — =220 0.267 003 £ 07510802 B) - EQ~ 0.717058 £07932 £ 0
BY —» ATTATH 0+0£0=£0700 B - xE 0+0+£0£0709
<1.1 x 10* [35]
B - ATAT 5.29125640.504246 40,16 BO — 3030 1.4010:8610224073 4 () 06
BY — A%A° 5.99 5499314 £0.13 B’ —» ¥ 1055047 £ 01037 £0.07
<1.5x 10° [35]
B" - A~A™ 255708 £07 0% £0.11 B - =050 0+£0+0£0M
B' - Q O~ 0£0+£0£075" B’ —» BB 0.247508 £ 07039 £ 0.03

096004-10
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particular, the mode with the highest rate (the only one at
order 1077) can be searched through the B~ — ATATT >
pa®pr~ decay. With 792°, one can also search for BY —
A*AT and B® - =050 decays.

Note that B~ — A~A?, B~ = ¥*-30 B- _ 550,
BY - A-A-, BY - ¥*3* BV - BB, B? - ATXF,
BY —» 2B, B - =Q~, B0 > ATTATT,
BY - z+¥F, B0 2900 and BY - Q-Q~ decays do
not have any tree (7'pp) contribution [see Egs. (A19), (A20)
and (A21)], and, consequently, their rates in Table VII
have vanishing second uncertainties. In particular, the
BY > A—A-, BY - T3 BV - BB, B? - ATZF,
BY - ¥* 2" and BY —» Z*"Q~ decays are pure penguin
modes, which only have Ppp, Prwpp and PApp contri-
butions, the B® — A*TAT+, BY = =**¥*+ and B° —
5050 decays are subleading modes, which only have
Epp and Py, contributions, while the B — Q~Q~ decay
is a pure penguin annihilation (PApp) mode.

The rates of some modes are related. Using formulas in
Appendixes A and B, we have [3]

2B(B~— A~A%) =3B(B~ -2 20) =6B(B~ - EEY),
B(B~— A"AT)=2B(B~ - XTF),
B(BY— AVT) = B(BY — £V,

4B(BY— A7) =4B(BY > E"Q") =3B(BY > X "E"),

(21)

where these relations are subjected to SU(3) breaking from
the phase space factors. These relations do not rely on the
asymptotic relations. As shown in Table VII the rates of
these modes roughly satisfy the above relations and the

PHYSICAL REVIEW D 95, 096004 (2017)

agreement will be improved when the SU(3) breaking
effects are taken into account.

Predictions on AS = —1, Bq — DD decay rates are
shown in Table VIII. There are eight modes that can
cascadely decay to all charged final states with unsup-
pressed rates. They are B? —» Q Q~, B~ — 0%+,
BY - E*Oﬁ, B~ — YA, B~ — Q_@,
BY —» =3, B~ - A and B? — =" decays. It
is interesting that many (the first five) of them have rates of
order 1077, In particular, the BY — Q~Q~ decay has the
highest rate and good detectability. Note that with one 7°
search for BY - =23, BV Q E*,
B~ — YOAT, B - »0A0 and B0 -
g0x+0 decays in the future. All of them have rates of
order 10~7. With 7z°z° one can search for B~ — 230,
BY — 57050 and B® — =*FAT decays, where the first one
has rate of order 10~".

Note that B~ — £*~A%, B~ - B39, B~ - Q &%,
BY > YA, B » B* ¥ BV - Q"F*, B(s) N YD
B - QQ, BY - BB, BY = ATTATT,
BY > A*AT, B - A°AD and B? - A~A~ decays do
not have any tree (77,5) contribution [see Egs. (A22),
(A23) and (A24)], and, consequently, their rates in
Table VIII have vanishing second uncertainties. The
BY - T A~ BY - BT, BY - QEF,
BY - ¥, BY > Q Q and BY - E*E decays
are pure penguin modes, which only have P, PLy.~
and PA’ - contributions, the BY — ATTATT B0 5 ATAT

one can

50 ——
B; - 27E",

and B® — AOA? decays are subleading modes, which only
have E/ - and P/ . contributions, while the B} — A~A~
decay is a pure penguin annihilation (PA7,7) mode.

TABLE VIII. Same as Table I, but with AS = —1, Bq — DD modes.

Mode B(107%) Mode B(107%)

B~ - TATT 21.48 89245334886 4 (0,007 B - ZHAT 6.63 2341714273 4
B~ — T0A* 13.0813:8311-734532 + 0.008 B® - =0A0 12,1132/ 71604493 + 0
B~ —zA° 6.061268 4+ 0427 4 0.005 B - xA 16.837740 + 07703 + 0
B~ — BT 24261943378 £0.01 B0 — E0%0 11,2335 2157 0
B~ — =250 11.247508 £ 07477 £ 0.01 B’ —» BT 20.7919:3 £ 038 10
B~ - Q&0 1549788 £ 01837 £ 0.01 B' - QE™ 1432783 £ 0788 £ 0
BY —» ATTATT 040404099 BY - zrtzet 6.491 2804 16T 207 10.77
BY - ATAT 0404040109 BY - x:0x+0 5.931255407942410.74
B — AOA0 0404040109 S 5481243 4 012334072
B - A-A™ 0+0+0+075% BY — 5050 21,9270 4290 8924 1.36
B > QO 41950535 + 00156 s B »E"E" 2029155 + 0491056
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TABLE IX. Modes with (relatively) unsuppressed rates and (relatively) good detectability are summarized.

Group 1
All charged final states

Group II
With single z°/y

Group III
With 7°2°, 7% or yy

BB,AS =0 B = pp;
BB,AS = — B~ — Ap, BY - EE;
BY > AA, B~ > E°A;
BD,AS =0 B~ — pATT, B) — p=;
BD,AS = —1 B - =5
DB’ AS = 0 B_ - Aop’ B(s) d AO/_\’
DB, AS =~ B~ Q°F, B - EOA;
B0 — =tp
DD,AS =0 B = AOAD, B0 33
DD,AS = -1 B - Q0. B - =0T,

B} - B2, B~ — ¥*TAT,
B~ —» QB BY - £ E
B~ - XA’ BY » ¥

BY > 20/_\, B_? — p2_+; B? - ZOE_O, B~ — ZOZ+,
BY — 3030

B~ — 2730, B* - EVA; B~ — E%F, BY - 2020,

B - 3Itp B — 020 BO DI VN
BY — 3050

B~ — 2%, BY — 0B, BO - x50

B - pA+

B~ — Z+E, BY — YOAD; B~ — XOAF, B0 5 THAT,

BY - »ty+ B~ — E0xt; BY - 3030 B0 _ =030

BO N '—'—'—* BO '—OE*O

B~ — ”‘2*0

BY —» Atp, B® — T0A; BY — 2*0@ BY — A+IT,

BY —» A0 B~ =z

B~ - QB9 B~ - 5A; BY - 050 p= — 550

B0 — =020 B0 5 sty

B~ — 203t B0 - 5 E,

B~ - x0p

B~ — ATATT, B~ — AOA+: BY = A*A*, BY = ¥ 030

BY - ATZ, B™ - 203,

B(Y) - AOE*O, B? N 2*0'—*0

BY - »5~, BY - 2-Q~

BO —'*—z*— BO _)Q—'—*— B? — ':*—':*— B — 2*0A+

BO Z*OAL BO :*02*0’ B~ — '—*—E*O BO 2*02*0

BY - AT

The rates of some modes are related. Using formulas in
Appendixes A and B, we have ;31

6B(B~ -2 A") =2B(B~—»Q E)=3B(B~ -»E* %),
2B(B~ —»XOAT)=B(B~ - E0T),

B(B® - A% = B(B® - E*0x0),
4B(B°»2"A")=3B(B"—E"~T)=4B(B" > Q "),

(22)

where these relations are subjected to SU(3) breaking from
the phase space factors. These relations do not relay on the
asymptotic relations. The rates in Table VIII roughly satisfy
the above relations and the agreement will be improved
when the SU(3) breaking effects are taken into account.
We have shown that B - pp and B~ — Ap decays
have a better chance to be found experimentally. We have
identified several modes that can cascadely decay to all
charged final states with (relatively) unsuppressed rates.
They will be searchable in the near future. In particular, we

*A typo in the last relation is corrected.

note that the predicted B~ — pA*+ rate is close to the
experimental bound, which has not been updated in the last
ten years [33]. Furthermore, the bounds on B~ — A°p and
B — T** p rates have not been updated in the last ten years

[33,34] and the bound on B — A®A” rate was last given in
1989 [35], while their rates are predicted to be of the order
of 1078, Also note that the BY — Q~Q" rate is predicted to
be the highest rate. It will also be interesting for Belle-II,
which will be turned on soon, to search for baryonic modes,
as there are many modes having unsuppressed rates but
require z° or y for detection. We pointed out several modes
without tree amplitudes. Some of them are pure penguin
modes. As we shall see in the next subsection, these will
affect their CP asymmetries. We summarize our sugges-
tions for experimental searches in Table IX. These modes
have (relatively) unsuppressed rates and better detectability.
Modes are arranged according to their quantum numbers,
detection and rates (in descending order) and they are
assigned into groups I, II and III accordingly, where group I
modes are modes that have unsuppressed rates and can
cascadely decay to all charged final states, group II modes
are modes that can be searched with z° or y and group 11
modes are modes that can be searched with z°z°, 7% or yy.
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TABLE X. Direct CP asymmetries (A in %) of AS =0, B, — BB modes for ¢) = 0, =7/4 and +x/2. The uncertainties are from

(UI(0]

varying the strong phases of r,;, r A" and nijx [see Egs. (11) and (13)].

ti> "pio Tewp,i
Mode $=0 ¢ =+n/4 ¢ ==+n/2 Mode $=0 ¢ =+n/4 ¢ ==+n/2
B~ = np 0+32.1 F (7407020 F(97.97%) B — pz* 0+£21.2 F (36.0053)  F(49.317%3)
B~ =30 04312 F (59333 F (79578 BY - axd 0+ 14.9 + (267430 + (38.87139)
B~ - 3230 0+54.6 04 54.6 04 54.6 BY - nA 0+31.0 T (71.6557)  F (94955)
B~ - XA 0+357 0+357 0+357 BY - 2020 0+154 F (42.81138)  F (58.37/%))
B~ - E&0 04357 04357 04357 B — > E~ 0+30.0 0+30.0 0+30.0
B~ — AXY 0+70.7 0+70.7 0+70.7 B - AEO 0+ 100 0+ 100 0+ 100
B’ = pp 0+26.9 F (36.072%8)  F(4937%2) B> EtEt —100~100 =100~ 100 —100 ~ 100
B — ni 0+£31.6 F (593723 F (795759 BY - 200 0+33.6 F (5937358 F(79.558])
B - 220  —100~100  —100~ 100 -100~100  B" —» =% 0+47.1 0+47.1 0+47.1
B - EE” 0+32.1 0+32.1 0+32.1 B° - 20A 0+133 F (36.0113%)  F (49.37H)
B’ - AA —-100~100  —100 ~ 100 ~100~100  B® - AX" 0+70.7 0+70.7 0+70.7

C. Numerical results on direct CP asymmetries

In this subsection, we will give results of direct CP
asymmetries of all modes and plot asymmetries of several
interesting modes. Note that this study becomes possible
as we now have the information of the tree-penguin
ratio, Eq. (15).

1. CP asymmetries of Bq — BB decays

In Table X we give results of direct CP asymmetries of
AS =0, Bq — BB modes. The central values are the
asymmetries generated from tree-penguin interference
where only the asymptotic amplitudes and Eq. (16) are
used. We show results for ¢ =0, +z/4 and +x/2. The
uncertainties are from relaxing the asymptotic relation by
(U0

using Eq. (11) and varying the strong phases of r,;, ).
)

ewp,; and from subleading terms Eq. (13) with strong
phases from 7; ;. Note that to satisty the experimental
B® — ppand B~ — Ap rates, the sizes of |r")| are reduced
by 60% in all B, — BB modes.

Now we discuss the CP asymmetries of group I, II, III
modes, according to their rates and detectability as noted in
Table IX. For the group I mode, the CP asymmetry of the
B — pp decay can be as large as F 49%. For the group II
modes, A(B° — X°A) and A(B? — pZ*) are similar to
A(B® = pp). For the group Il modes, the CP asymme-
tries of B~ — 0% T and B® — =950 decays are similar and

can reach F 80%, while the CP asymmetry of the BY —

r

¥0=0 decay is smaller then these two modes, but can still
reach F 58%. The CP asymmetries of these modes
basically all have the same sign when |¢| is large enough.

As noted in the previous subsection, B~ — X~X0,

B —-3XA B -22 B 525", B2 E and

B® — 7%~ decays do not have any tree (T;5) contribu-
tion. Although the B - 2"5~, B’ - "X~ and B! -
¥~E~ decays are pure penguins modes, which only have
P, Pipwps and PAgg contributions, it is still possible
for these modes to have sizable CP asymmetries. Since
the sizes of u-penguin (P") and c-penguin (P€) in
AS = 0 modes are not very different, as their ratio can
be estimated as

PM
pe

z'—V””Vr’d ~0.38

23
VoV, (23)

and they can have different strong phases to produce CP
asymmetries.” For subleading modes, B® — Z°Z° and
B% —» =*%* decays, which only have Ejzz and PAgg
contributions, their CP asymmetries can be any value.
Note that B~ — AZ—+, BY - AZ°, B - AA and B® —
AX? decay with tree amplitudes T;z5 canceled in the
asymptotic limits, and have large uncertainties on CP
asymmetries, which mostly come from the corrections to
the asymptotic relations. Measuring CP asymmetries of
these modes can give information on the corrections to the
asymptotic relations.

In Table XI we give results of direct CP asymmetries of
AS = -1, Bq — BB modes. The CP asymmetries of the
group I modes are as follows. The CP asymmetries of the
B~ — Ap and B? — AA decays are similar reaching +13%
and +19%, respectively, and their signs are opposite to the

——

sign of A(B® — pp). The CP asymmetries of B) - 5~

5Similarly the sizable CP asymmetry of a pure penguin mode

A(B® — K°K®) = —16.7375]745546% as predicted in a QCD

factorization (QCDF) calculation [36] can be understood.
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TABLE XI. Same as Table X, but with AS = —1, Bq — BB modes.

PHYSICAL REVIEW D 95, 096004 (2017)

Mode =0 ¢ =+rn/4 ¢ =+x/2 Mode =0 ¢ =+rn/4 ¢ = +1/2
B~ — % 04209  F(289221)  F (45039  BOSItp  0+164  £(27.17186)  +(35371%)
B~ —Xh 0+1.8 0+£18 0+18 B’ - 2% 0+£29.0  £(47.87353%)  £(58.61133)
B~ — 20%F 0426 +(5.873%) +(8.1137) B° — =050 0423 +(5.8739) +(8.1139)
B~ — =30 0418 0418 0418 BO>2'A 04245 4271733 +(353772)
B~ —>E°A 0+55 0+55 0+55 B >E% 0415 0+15 0+15
B~ — Ap 0+4.8 +£(9.6137) +(132193) B> An 0+8.4 +(18.7129) +(24.972%)
BY = pp ~100~100  —100~100  —100~100  BY—¥*X®  0+£21.0  £(Q27.17216)  £(353201)
BY — nii —100 ~ 100 —100 ~ 100 -100 ~ 100 BY — x50 0£11.1  £(1425%)  £(19.2537)
BY — =020 0+8.4 +(14.274%%) +(19255)  BY - X7 0+1.6 0+1.6 0+1.6
BV »=E 042.5 0425 0425 BO> XA 04464  +(743727)  +(84.7713%)
B > AA 0+7.0 +(14.2183) +£(19.2:88 BY — AXO 0+428  +(743719])  £(84.771%))

and B~ — Z-A decays are vanishingly small. We will
return to these modes later. From the table we see that for
the group I modes, A(B~ — E~%Y) is vanishingly small,
while A(B® — Z°A) and A(B° — =*p) are similar and
can be as large as +-35%. For the group III modes, A(B? —
t3) is the largest one reaching +35%, A(B? — E°5°)
and A(BY — x°3°) are similar and can be as large as
+19%, while A(B~ — 2°%%) and A(B® — 2°%0) are
similar and are not sizable, but can reach =8%. Some of
the above modes have rates of orders 107 (see Table II)
and with unsuppressed CP asymmetries.

From Table XI, we see that the CP asymmetries of
B -Xi B -E3X B -EA B"-E23, B>
¥Y" and BY - E"E~ decays have vanishing central
values as they do not have any tree (T;BB) contribution.
In particular, B* - 2 X7, BY > "3~ and BY - =25~
decays are pure penguin modes, which only have P;'BB’
P’ wep and PA; terms. Their CP asymmetries are small.
This can be understood as P" is much smaller than P"*. We
can estimate the CP asymmetry as follows:

Plu

P/C

V*
|Al =2 # siny = 3.8%, (24)
chbV cs

siny|sind| < 2’

where ¢ is the strong phase difference of the penguins,6 The
smallness of the direct CP reflects the fact thatin AS = —1
decays, the c-penguin is much larger than the u-penguin
as their CKM factors are off by about a factor of 50. They
can be tests of the Standard Model. In particular, the

®1t is useful to compare to the CP asymmetry of the AS =1
pure penguin PP mode: A(BY — K°K?) = 0.9703707 102
in a QCDF calculation [36].

BY — 275~ decay being a group I mode, can cascadely
decay to all charged final states and with unsuppressed rate
(~2 x 1077, see Table II). The CP asymmetry of this mode
can be searched for. Nevertheless the search is quite
demanding as it requires tagging of B, and suffers from
low efficiency of E~ reconstruction. Subleading modes,
B} —» pp and B) — nii decays with E/.. and PAj;
contributions, can have any value on their CP asymmetries.

There are relations on direct CP asymmetries between
AS = 0 and AS = —1 modes by using the so-called U-spin
symmetry [37,38]. With

ACP(Bq_)f)EF(Bq_’f)_F(Bq_’f)

= {5y AB~ NBB, = . (9
we have [3]
Acp(B™ = np) = —=Acp(B~ - E'TF),
Acp(B~ = EE%) = —Acp(B~ — 7).
Acp(B” = pp) = —Acp(BY » T7TF),
Acp(B® — nit) = —Acp(B) — EOE),
Acp(B” — T+3F) = —Acp(BY - pp),
Acp(B” = E7X7) = —Acp(BY —» E'E7),
Acp(B® — E°E0) = —Acp(BY - ni),
Acp(B® —» EE7) = —Acp(B) - Z7X7),
Acp(B) = pZF) = —Acp(B” - D),
Acp(B — 5°F°) = —Agp(B" > E-5°).  (26)

The minus signs in the above relations are from
Im(V,, Vi, Vi Vig) = —Im(V,, Vi Vi Vo). Note that these

096004-14



RATES AND CP ASYMMETRIES OF CHARMLESS TWO- ...

TABLE XII. Same as Table X, but with AS = 0, Bq — BD modes.

PHYSICAL REVIEW D 95, 096004 (2017)

Mode $=0 ¢ =tn/4 ¢ =+n/2 Mode $=0 ¢ =+n/4 ¢ =+x/2
B~ — pAtT 04487  F(36.07%3)  F (49318 BY - pxt 0+479  F (36.075¢ F (49.31543)
B~ - nA* 0£199  £(26.7783) +(388770))  BY - nx0 0£19.6  +(26.77%) +(38.87/20)
B~ - 3% 0+115  F(20873Y  F(2897%)  BY - x0E0 0+114  F(20.85)%° F (28.933%%)
B~ —3xx0  0£357 0+357 0+357 B) > ET  0+299 0+29.9 0+29.9
B -2 80 04357 0+357 0+35.7 B)->EQ° 0+£299 0+29.9 0+29.9
B~ — AT 0+ 100 0+ 100 0+ 100 BY - AE0 0+ 100 0+ 100 0+ 100
B’ - pA* 0+487  F(36.0153)  F (494748 B xtyet 0 0 0

BY - nA° 0£199  £(26.7793) +(38.8770)) B0 - x0%0 0£115  F(20.85%* F (28.95%°)
B — 5050 0 0 0 B' > XX 0+£299 0+29.9 0+£29.9
B' - = ET  0£299 0+£29.9 0+£29.9 B - AT 0+ 100 0+ 100 0+ 100

relations do not rely on the large mp limit but are subjected
to corrections from SU(3) breaking in the phase space
factors and topological amplitudes. Some relations are
satisfied trivially as all the related CP asymmetries are
always vanishing. We can checked that the results shown in
Tables X and XI roughly satisfy these relations and the
agreement can be improved when SU(3) breaking effects
are taken into account.” For example, using the first three
relations of the above equation and the corresponding rates
from Tables I and II, we have

B(B~ — np)
B(B~ - EOZT)
= —(0.087)A(B~ — np),
C Lm0 - A(B- — 37 BB =)
A =2 E) = A T
= —(23.9)A(B~ - X7 n).
o sy g o 7B BB pp)
A(BQ - XY ) = A(BO Pp) T(BO) B(B? IR 2+?)
= —(0.8)A(B" = pp). (27)

A(B~ = E'Z%) = —A(B~ - np)

which are roughly satisfied compared to results of the CP
asymmetries in Tables X and XI. Note that the rate ratios in
the above relations are not fixed. For example, they can
change with ¢. The values of the rate ratios used are just
rough estimations using the center values of rates in
Tables I and II.

'Note that the values and signs of Acp(B®— Z*X7),
Acp(B® = B2, Ap(BY — pp) and Acp(B? — nit) cannot
be read out from the tables. The relative signs of modes in the
sixth, eighth and tenth relations cannot be read out from the
tables.

Some of these relations are useful for constraining the
sizes of CP asymmetries of the AS = —1 pure penguin
modes model independently. From the sixth, eighth and
tenth relations we have

_ _ _ — BO) B(BO — 2_7_)
B 5 — | AR 55| LB Blb il
A~ 57| = A~ =) e
0 n0 -5 —
_T(Bg)B(]? S5 con
(B)BB -EE)
) . __ 2(BY)B(B'»EE")
A(BY 5 337)| = |A(B - 25| D 202 =

0 sy 0 == 7(B")B(B} X E")
7(BY)B(B? - &)

_ —2=50%. (28

7(BY)B(B" - E7%7) b (28)

We see from Table XI that the above inequalities are all
satisfied. Note that the constraining powers of these
inequalities are similar to the one in Eq. (24).

2. CP asymmetries of Bq — BD decays

In Table XII we give results of direct CP asymmetries of
AS =0, Bq — BD modes. The CP asymmetries of group I
modes, B~ — pF and B? — pZT+ decays, are similar
and can be as large as F 49%. For group II modes,
A(B~ - 2°2*") and A(BY — X°2*0) are similar and
can be as large as F 29%, while A(B° — pF) is more
sizable and is similar to the CP asymmetries of B~ —
pATT and BY — px*T decays, reaching  49%. The CP
asymmetry of the group III mode, A(B° — 2050), is
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similar to A(B~ — £°2*") and A(B? — £°Z*0), reaching
F 29%. The CP asymmetries of these modes basically all
share the sign of A(B® — pp) for large enough |¢|.

From Egs. (A7), (A8) and (A9), we can easily identify
the following relations:

We see from Table XII that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit,
while the first relation is subjected to corrections from
SU(3) breaking in the topological amplitudes.

As shown in Table XII, the CP asymmetries of
B — Z‘W, B~ — E_ﬁ, B - x5, B’ BB,
B> 33", B'5=Q7, B >xtZt and B’ -
250570 decays have vanishing central values, as they do
not have any tree (7,zp) contribution. In particular, B —
E-E" and B — XX decays are AS = 0 pure penguin
modes with only P,z and Pgwpp contributions, while

BY —» ¥ and B — E°Z*0 decays are pure exchange
modes with only E 7 contributions. The CP asymmetries
of the former two modes need not be vanishing [see
discussion around Eq. (23)], while the CP asymmetries
of the latter two modes are always vanishing. Note that
although B~ — AX*", BY - AZ*0 and B — AX*0 decays
have vanishing tree contributions in the asymptotic limit,
resulting in their CP asymmetries having vanishing center
values, their uncertainties, mostly from corrections to the
asymptotic relations, are sizable, however. Measuring the
CP asymmetries of these modes can give information on
the breaking of the asymptotic relations.

PHYSICAL REVIEW D 95, 096004 (2017)

In Table XIII we give results of direct CP asymmetries of
AS = -1, Bq — BD modes. The CP asymmetry of the
group I mode B — E~X*~ is vanishing. We will return to
this later. For group II modes, A(B~ — Z*A**) and
A(BY - tE*") are similar reaching +35%, A(B~ —
205" and A(B? — E°Z*0) are similar and sizable reach-
ing F 45%, but with sign opposite to most modes in
Table XIII, A(B° — °A%) can reach +19%, while
A(B" - 2"E7) and A(B~ —» E°%) are vanishingly
small. In the group Il modes, A(B® — Z°50) is the
largest one reaching F 45% and is similar to A(B~ —
E9%°7) and A(BY — E°2%), A(B® — tAT) can be as
large as £35%, while A(B~ — XA ") and A(B? — £°%0)
are similar and can be as large as £19%. Note that for
large enough |¢| most modes in the table have signs
basically equal to the sign of A(B~ — Ap).

From Eqgs. (A10), (All) and (A12), we can easily
identify the following relations:

A(B~ — E720) = A(B~ - A7),
A(BY - £°57) = ABY » E'E7) = A(B* - E'T7)

A(B? - pAT) = A(B? - nA®) = 0. (30)

We see from Table XIII that these relations are satisfied.
Note that these relations do not relay on the asymptotic
limit but are subjected to SU(3) breaking in the topological
amplitudes.

As shown in Table XIII, the CP asymmetries of
B~ >3 A0, B~ 5 EX0 BV ¥A-, BO— BT,
BY - 3x3, B> EE", B> pF and BY — nA®
decays have vanishing central values, as they do not have
any tree (T;_ 55) contribution. In- particular, BY - ¥"A-,

TABLE XIII. Same as Table X, but with AS = —1, Bq — BD modes.

Mode $=0 ¢ =+n/4 ¢=+x/2 Mode $=0 ¢ =£n/4 ¢ ==+n/2
B~ - TtATH  0£303 £(27.17%9) +£(35.31204) B > EtAT  0+£300  +(27.14288 +(35.37302)
B~ — Z0A* 0+16.1  £(14257) +(19.27189) B - 20A0 0+158 (14278 +(19.25/5%)
B~ - X A" 0+1.8 0+1.8 0+1.8 B > £A~ 0+1.5 0+1.5 0+ 1.5
B~ - 2% 04213 F(289%%2%)  F (45.077%9)  BO- =50 04210  F (289739  F (45.0°%])
B~ — =30 0+18 0+18 0+ 1.8 B> EITF  0£15 0+15 0+ 15
B~ — AAT 0+£529  £(74373%)) (847714 BY 5 AA° 0+£529 (7437372 +(84.75)%h
BY = pAT 0 0 0 BT 04303 +(27.1720) (353724
BY - nA° 0 0 0 BY — x0%+0 0+160  £(14.2579 +(19.27/57)
B — E0=+0 0+21.3  F(2897%0)  F(45013Y) BY—>x=E- 0£15 0£15 0+1.5
BY —» BE-E* 0£15 0+15 0£15 BY — AX0 0+£53.6  £(74.37351) +(84.7524)
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B’ - 23, BY - X3 and B? —
pure penguin modes with only P’ - and P’

~ decays are

EWBD contributions,

while B - pA* and B? — nAO are pure exchange modes
with only E;@ contributions. The CP asymmetries of the
AS = —1 pure penguin modes are small [see Eq. (24)], while
the CP asymmetries of pure exchange modes are always
vanishing. These can be tests of the Standard Model. In

) =3Acp(B°

= -3Acp(BY > ETE) = =3A¢p(B°

Acp(B® —» £FE°F) =
Acp(B - PF) =
Acp(BY — ”ﬁ) =—Acp(B" = EOF)
Acp(BY — pZ™) = —=Acp(B® — ZAT).

ACP(BO g
~Acp(B) - V),

EOE*O)

These relations are subjected to corrections from SU(3)
breaking in the |p.y|* factors and topological amplitudes.
The above relations are roughly satisfied by the results
shown in Tables XII and XIII and the agreement can be
improved when SU(3) breaking effects are taken into
account. One can make a quick but nontrivial check on
the relative signs of these asymmetries and see that they are
indeed in agreement with the above relations.® Note that
several vanishing CP asymmetries as discussed previously
are related to each other. The fifth relation can be used to
constrain the sizes of CP asymmetries of AS = —1 pure
penguin modes model independently. For example, from
the relation we can have

M@*EFN

) B(BO - = Q_)

0
11(30) B(BY - =~ ) B
S3E) BB 5T

(32)

which is satisfied by A(B° — Z~X*") shown in Table XIII.
Note that the above inequalities are generic and can be

¥Note that for the second relation, the CP asymmetries of these
modes all have vanishing central values; their relative signs
cannot be read out from Tables XII and XIII.

PHYSICAL REVIEW D 95, 096004 (2017)

particular, the B® — Z-X*~ decay can cascadely decay to
all charged final states and have unsuppressed decay rate
(see Table 1V), but may suffer from low reconstruction
efficiencies of the final state particles. Nevertheless, it is still
interesting to search for this mode and its CP asymmetry.

The U-spin relations for octet-antidecuplet modes are
given by [3]

E_E*_) = 3ACP(B(X) - Z_?) = ACP(B(X) - E_F) = _3ACP(B? d Z_F)
- EX7) = —Acp(B® - A7),

= —Acp(BY = pAT) = —Acp(BY - nA®) =0,

(31)

|
tested experimentally as the quantities on the both sides are
measurable.

3. CP asymmetries of l_i’q — DB decays

In Table XIV we give results of direct CP asymmetries of
AS =0, Bq — DB modes. The CP asymmetries of two
group I modes, B~ — A%p and B? — A°A decays, are
opposite in signs, while the former can reach £39% and is
more sizable than the latter. For group I modes, A(B° —
A*p) and A(B° — T*0A) are similar reaching F 49%,
while A(BY — A"%?) can be as large as F 80%. For group
11 modes, A(B? — £*029) and A(B? — A*X") can reach
F 29% and F 49%, respectively, and have the same sign,
while A(B~ — Z*9Z) can be as large as +£39%, but with
sign opposites to the other two.

From Eqs. (A13), (Al14) and (Al15), we can easily
identify the following relations:

A(B~ = A%) = A(B~ - £0T7)
A(B~ - A7) = A(B~ - B E") = A(B~ —» X))
= A(B~ - TA),
A(B? - £757) = A(BY - E*E7) = A(B? - A7)
= A(BY - £*°E7),
A(B® - £ET) = A(BY —» E02%) = 0 (33)
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TABLE XIV. Same as Table X, but with AS =0, Bq — DB modes.

PHYSICAL REVIEW D 95, 096004 (2017)

Mode $=0 ¢ =+n/d ¢ ==+n/2 Mode $=0 ¢ =+n/4 ¢ =+x/2
B~ > A% 04185  +£(267H20)  £(388%87)  BY—>ATEIT  0+190  F (36.0118%) (49.3179)
B~ - Aq 04357 04357 04357 B - A'%0 0+309  F(59.3723¢ T (79.54182)
B~ - XOTF  0+185  £(26.7Hgh +(38.851%)  BY - A"Z" 0+29.9 0+29.9 0+29.9
B~ -3  0+357 04357 04357 BY— =920 04110  F (208418 T (28.91)20)
B~ —="E 0+£357 0+357 0+357 BY - TE 04299 0+29.9 0+29.9
B~ - XA 04357 0+35.7 04357 BY — A°A 0+23 F (44539 F (6.2779)
B> ATH 0+194  F (3607123 ¥ (4931183  BO—xxt 0 0 0

BY —» A% 0+11.1  F(20.852%  F(289%2") B0 x50 0£185  £(26.77/¢0) +(38.87/%0)
B — =050 0 0 0 B' > T-E"  0+£299 0+29.9 0+29.9
B' - E"E-  0+£299 0+£29.9 0+£29.9 BY — =0A 0+£194  F (36.053 F (49355

We see from Table XIV that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit
but are subjected to SU(3) breaking in the topological
amplitudes.

Note that the central values of the CP asymmetries of
B~ - A", B-—>x273X, B~ > E="E) B — XA,
B E-F, B o AT, B - xE, B - 3y
B? — 292% and B° — Z*TX* decays are vanishing, as
they do not have any tree (7;pg) contribution. The
BY—=-F, B'>AT, B'-3-F and B'—
¥*~X~ decays are pure penguin modes, which only have
Ppgi and Pypp contributions, while BY - =0 and
B® — T3+ decays are pure exchange (Epg) modes, the
CP asymmetries of the AS = 0 pure penguin modes need
not be vanishing [see Eq. (23)], while the CP asymmetries
of the pure exchange modes are always vanishing.

In Table XV we give results of direct CP asymmetries of
AS = -1, Bq — DB modes. In the group I modes,
A(B® - E*A) and A(B° — X**p) are similar and sizable
reaching +35%, while A(B° - Q~E7) is vanishing and
will be discussed later. For group II modes,
A(BY - 5980), A(B® - £*+5F), A(B~ - =9%F) and
A(B~ — =*0p) are sizable reaching +59%, +35%, F 45%
and F 45%, respectively, and the signs of the first two
asymmetries are opposite to the last two, while
A(B~ > Q8%, AB~ > E*"A) and A(BY - =E")
are vanishingly small and will be discussed later. For the
group Il modes, A(B? — £*9%0) can be as large as +19%,

but A(B~ — E-39) is highly suppressed.
From Eqgs. (A10), (All) and (A12), we can easily
identify the following relations:

TABLE XV. Same as Table X, but with AS = -1, B, — DB modes.

Mode $=0 ¢ =+n/4 ¢ =+n/2 Mode $=0 ¢ =+n/4 ¢ ==+n/2
B~ - x0p 0£194  F (289729  F 45073 B ->Tp 0+148  £(27.1753) +(35.3703)
B~ - i 0+1.8 0+18 0+18 BY - =05 0+264  +(47.8729) +(58.651%1)
B~ —EOSF 04194  F (28979 (450143 B0 - =0x0 0+£192  F(289770)  F (450743
B~ — 2y 0+ 1.8 0+18 0+18 B'—>E-%  0£15 0+ 15 0+ 15
B - Q& 0+1.8 0+18 0+18 B - Q& 0+ 15 0+ 1.5 0+15
B~ - E"A 0+1.8 0+18 0+18 B - E0A 0+148  £(27.17)53) +(35.3733)
BY = ATp 0 0 0 BY - TEY  0+151 £(27.17)352) +(35.3511)
B = A% 0 0 0 BY—- 2050 0+79  +(142185)  £(19270)
B - B9  0+267  £(47.87F)) +(58.65182)  BY—3TET  0£15 0+1.5 0+1.5
BY » =& 0+15 0+1.5 0+1.5 BY - TOA 0+£41.6  £(74.37399) +(84.71/28)
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A(B~ = 2p) = A(B~ — BVE7),
AB~ = x70) = A(B" > 57Y) = A(B” > @°F)
— A(B~ —ER),
AB? - 237) = AB? - 5" ) = A(B* - E%")
= A(B® - Q°E7),
A(B) - A*p) = A(BY — A%) = 0. (34)

We see from Table XV that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit
but are subjected to SU(3) breaking in the topological
amplitudes.

The central values of CP asymmetries of B~ — X" 7,
B ->2730, B~ >QE, B-->E"A, B> QE"
B)—->3x-%, BO>="3%2, BO-E"E", B> A+
|

ACP(B_ g AO_) = 2ACP(B g E*
ACP(B_ g A_Fl) == 3ACP(B_ e "‘

S+
_=0
=
B

PHYSICAL REVIEW D 95, 096004 (2017)

and B? — A decays are vanishing, as they do not
have any tree (T,;) contribution. Since B’ - Q &,
B - x-%", B' — ”*‘Z‘ and BY — E*"E~ decays are

pure penguin modes, which only have PD- and Pi EWDB

contributions, while B - A*p and BY — A7 decays are
pure exchange (E’ p) modes, the CP asymmetries of the
AS = —1 pure penguin modes are small [see Eq. (24)],
while the CP asymmetries of the pure exchange modes are
always vanishing. These can be tests of the Standard model.
In particular, B* - Q"= and BY — belonging to
group I and II modes, respectively, have decay rates that are
unsuppressed (see Table VI). These modes should be
searched for, but the latter mode requires B, tagging to
search for its CP asymmetry.

The U-spin relations for decuplet-antioctet modes are
given by [3]

r—w*_r—

) = =28cp(B~ = £°p) = —Acp(B~ — EVET),
0) = 6Acp(B~ = £2°) = 2A¢p(B™ = T7A) = =3Acp(B” > T70)

= —6Acp(B~ = E750) = —Acp(B~ > QE%) = —2Ap(B~ — EA),

Acp(B® — A*p) = —Acp(B? - TET),
3ACP(BO - Z*_T) = 3ACP(_

- BE7) =

ACP(BO - Z*+Z—+)
Acp(B® — A%7) =

ACP(B_(S) d A+Z—+)

“Acp(BY - EOE0),
~Acp(B® -
ACP(B(S) b Z*OEO) = —ACP(B

p).

7).

MM

These relations are subjected to corrections from SU(3)
breaking in |p,,,|* and topological amplitudes. They are
roughly satisfied by the results shown in Tables XIV and
XV and the agreement can be improved when SU(3)
breaking effects are taken into account. One can make a
quick but nontrivial check on the relative signs of these
asymmetries and see that they are indeed agreed with the
above relations.” The forth relation can be used to constrain
the size of CP asymmetries of AS = —1 pure penguin
modes model independently. For example, we can have

|A(B® — QE7)
(B%) B(BY - X&)
7(B ) (BO — Q_T)
7(B°) B(BY - = &7)
7(B%) B(B" - Q&)

~6.1%, (36)

°Note that for the second and fourth relations, the CP
asymmetries of these modes all have vanishing central values;
their relative signs cannot be read out from Tables XIV and XV.

Acp(BY — A7) = 3Acp(BY — ) = -3Acp(BY > XX
= _3ACP(BO H*_:_) == _3ACP(BO
= ACP(BO — »-4* E_) = _ACP(BS — A"r[—)) — _ACP(BE) N Aofl) _ O’

H*_Z_) — —ACP<BO ad Q_§),

(35)

which is satisfied by the result shown in Table XV. Note
that the two modes in the above inequality have final states
that can cascadely decay to all charged particles. The
inequality is generic and can be verified experimentally.

4. CP asymmetries of Bq — DD decays

In Table X VI, we give results of direct CP asymmetries
of AS = 0, B, — DD modes. For group I modes, A(B® —
A%A) is sizable and can reach F 80%, but A(B® —
¥*~X*7) is vanishing and will be discussed later. For
group II modes, A(B~ — A°AT), A(B~ — Z0%F),
A(B? - A2, A(BY - £92) and A(B° — =0%*0)
are similar and sizable, reaching F 80%, A(B~ —
A*ATY) and A(B? - A*X*F) are similar and sizable,
reaching F 49%, but A(B? - X*~E) and A(B? —
E*~Q~) are vanishing and will be discussed later. The

group III mode, the B® - ATAT decay, has sizable CP
asymmetry, reaching F 49%. Most of these CP asymme-
tries basically share the sign of A(B° — pp).
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TABLE XVI. Same as Table X, but with AS = 0, Bq — DD modes.
Mode $=0 ¢ =tn/4 ¢ =+n/2 Mode $=0 ¢ =tn/4 ¢ =+n/2
B~ — ATATF 0+194  F(36.07193)  F (4937183 BV - ATZF 0+£190  F (36.07185)  F (49.35]79)
B~ — AAF 0+£32.1 F (59354 F(79.5H8))  BY - A'xO 0+£309  F (5937328  F(79.5587)
B~ = A~A° 0+35.7 0+357 0+357 BY —» A—XF 0£29.9 0+£29.9 0+£299
B~ — TO0%F 0+32.1 T (59324 F(79.518]) B - x0=0 0+£309  F(59.37328) ¥ (79.5587)
B~ — Xy 0+35.7 0+357 0+35.7 BY - X-E=  0+299 0+29.9 0+29.9
B~ - 550 0+35.7 0+357 0+357 B? Q0 0£299 0+£29.9 0+£299
B® - A*TATT  —100~100  —100~100  —100~ 100 — TEF —100~100 —100~100  —100~ 100
BY — ATAT 04229  F (360724 F(493%2))  BO - z0x0 0+£37.1  F(59.37F3)  F(79.55]9)
0 — APA° 0+£340  F (59339 F (795571 B —>I-IT  0+306 0£30.6 0+30.6
B’ —» ATA™ 0+30.6 0+30.6 0+30.6 B® - =920 _100~100 —100~100  —100~ 100
B' > QO 0 0 0 B' > E-ET 04321 0+32.1 0+32.1

From Egs. (A19), (A20) and (A21), we can easily
identify the following relations:

A(B= > AA%) = A(B~ - £ 39) = A(B~ > B &),
A(B~ = A’AT) = A(B~ - £0%°7)
A(B(S)_)AOZ*O):A(_(S)_)2*O:~*O)’
A(B) > A7) = A(B) > EQ) = A(B) » X E7)

We see from Table XVI that these relations are satisfied.
These relations do not rely on the asymptotic limit and are
not corrected from the phase space ratio but are subjected to
SU(3) breaking in the topological amplitudes. Note that the
CP asymmetries of several group I modes, B~ — ACAT,
B~ — 20 BY 5 A0 and BO — $0E0 decays, are
related.
The central values of the CP asymmetries of
B~ = AA%, B~ —» 339, B~ - 2780, B - ATA,
- T, B0 — BB, BY - AT,
Bg? - 2B, B> 2"Q, and B’ - Q Q" decays
are vanishing, as they do not have any tree (Tpp)
contribution. The B® — A*T*ATF B0 - ¥**¥*F and
B® - 5050 decays are subleading modes, which only
have Epp and Ppp contributions. Their CP asymmetries
can be any value. The B’ - A~A~, BY - I*~T*,
B - =-E-, B> AT, B —>TE and B -
Q™ decays are AS =0 pure penguin modes, which
only have Ppp, Prywpp and PApp contributions, while the
BY - Q~Q~ decay is a pure penguin annihilation (PApp)
mode. The CP asymmetries of the AS = 0 penguin modes
need not be vanishing [see Eq. (23)], while the CP

!—*_

asymmetry of the pure penguin annihilation mode is always
vanishing.

In Table XVII we give results of direct CP asymmetries
of AS=-1, B, » DD modes. For group I modes,
A(B~ — Z*FA*H) and A(B? — Z*tZ*") are similar and
can be as large as £35%, A(B~ — E02*") and A(B? —
E*Oﬁ) are similar and can be as large as +19%, but
ABY - QQ7), A(B~ - QE9), AB~ - =~ A) and
A(BY — £*~T*7) are vanishingly small and will be dis-
cussed later. For group II modes, A(B® = Z**AT) can
reach £35%, A(B° — £°A%) and A(B° - %) are
similar and can be +19%, but A(B° - E*"X*") and
A(B® - Q"E") are vanishing. For group III modes,
A(B= - £°AT) and A(B° — £50) are similar and
can be +19%, but A(BY - E*"E) and A(B~ —
E*‘F) are vanishingly small and will be discussed later.

From Eqs. (A22), (A23) and (A24), we can easily
identify the following relations:

AB~ > 27 A% = A(B~» Q EV) = A(B~ > E2),
A(B~ = ZOAT) = A(B~ - E05F),
A(B® - =0A%) = A(B® — E%0),
A(B® - 2~A7) = A(B* - E X7 ) = A(B" - Q"E").

(38)

We see from Table XVII that these relations are satisfied.
Note that these relations do not rely on the asymptotic limit
but are subjected to SU(3) breaking in the topological
amplitudes.

The central values

B~ - 3A% B~ > =30 B~ - Q 50, B

of the CP asymmetries of
- A,
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B - =232 B 5 Q 5, B 5 2, B 5 Q Q" [see Eq. (24)] or always vanishing. These can be tests of the
BY —» E"E*~ and BY — A=A~ decays are vanishing, as  Standard Model. Note that some of these modes have
they do not have any tree (77,5) contribution. The sub-  relatively good detectability. These include two group I

leading modes, B® — A*TATT B - ATAT and B >  modes, B - Q Q~ and B - T3 decays two group
A°A0 decays, have E. 5 and P/ - contributions. Their CP II modes, B® - E*"X*~ and B - Q E*~ decays, and a
asymmetries can be any Value. Since the B® — £*"A~,  group Il mode, the B — Z*"E* decay, where all have

B" 272", B > QE", B> 2%, BY > Q Q" rates of orders 1077 (see Table VIII). It will be interesting to

and B —» E'"E"" decays are AS=—1 pure penguin  gearch for these modes and use their CP asymmetries as the
modes, which only have P/ -, P’ and PA’; contri-

pD’ ' EWDD null tests of the Standard Model.
butions, and the BY - A=A~ decay is a pure pengum The U-spin relations for decuplet-antidecuplet modes are
annihilation (PA’ >) mode, their CP asymmetries are small  gjven by [3]"

2Acp(B™ = A~AY) = 3Acp(B~ — £7E0) = Ap(B~ — EED)
= —6Acp(B~ = =A%) = 2A0p(B~ > QEP) = —3A.p(B~ — EE0),
Acp(B™ = APAY) = 2A0p(B™ = Z0Z*F) = —2Ap(B~ — ZOAT) = —Ap(B™ — E0TT),
Acp(B~ = AYATT) = —Acp(B~ — AT,

Acp(BY = TUE0) = —Acp(B® — TUAD) = ~Acp(B® - EUZY),

4Acp(BY = EQ7) = 3Ap(B) - TET)
~48cp(B" ~ A7) = 3¢ (B’ — BT = ~4cp(B) - 0ET),
—Acp(B > Z**A*)

= —Acp(BY > AOAO)

) =
)
ACP(B_.? - AOE*U)
AAcp(B) — ATTT)

—Acp(BY » I,

) =

?) =

27) =

) = —Acp(BY - Z020),

Q) =—-Acp(BY - AA7) =0,
ACP(BO N A++A++) — _ACP(BO N A++A++)

)

A7)

)

AT)

A?)

ACP(BO i Z*+Z*+ - —ACP<BO i A+A+)

Acp(BY - A=A7) = —Acp(B? » QQF),

Acp(B® = TF7) = —Acp(BY - EET),

ACP(BO d A+ = —ACP(BO g Z*+2*+)

ACP(BO g AO = —ACP(BO - :*0:*0). (39)

These relations are roughly satisfied by the results shown in Tables XVI and XVII and the agreement can be improved
when SU(3) breaking effects are taken into account. For example, one can make a quick but nontrivial check on the
relative signs of these asymmetries and see that they indeed agree with the above relations.!’ Note that several
vanishing CP asymmetries as discussed previously are related to each other. For example, from the last relation of the
above equation, we have

A typo in the fifth relation is corrected.
"Note that for the first relation, the CP asymmetries of these modes all have vanishing central values; their relative signs cannot be
read out from Tables XVI and XVII. The relative signs of Agp(B® — E0Z*0 and App(BY — A°A%) App(B® — ATHATT) and

Acp(BY = AYTATY) Ay (E — 2T and Acp(BY — ATAT) cannot be read out from Tables XVI and XVIL The signs of modes
in the fifth, eighth, thirteenth and fourteenth relations cannot be read out from the tables.
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TABLE XVII. Same as Table X, but with AS = —1, Bq — DD modes.
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Mode $=0 ¢ =+n/4 ¢=+xn/2 Mode $=0 ¢ =+n/4 ¢ =+n/2
B~ — TFAT 0+15.1 +(27.1152)  £(35.3115) B - TtAT 0+ 148 £(27.1532 +(35.35133)
B~ — ZOAT 0+8.0 £(142189)  £(192120)  BY - T0AD 0+£77  +(142188)  £(19.243%)
B~ — A" 0+1.8 0+1.8 0+1.8 B 53~A" 0+15 0+15 0+1.5
B~ - EO0%F 0+8.0 +£(142189)  £(19252)  BY =050 0477 £(142180)  £(19.2189)
B~ — 550 0+1.8 0+1.8 0+1.8 B ="  0+15 0+1.5 0+1.5
B~ - Q&0 0+1.8 0+1.8 0+1.8 B> QE  0+15 0+15 0+1.5
BY - ATTATT  —100~100  —=100~100  —=100~100  B? - =T 0+183  +(27.1779)  +(353*7%)
B ATAT ~100~100  —100~100  —100~100 BY—EOS0 0496  +£(14219) (1927112
BY — AOAD -100~100  —100~100  —100~100  B? - T~T~  0+1.6 0+ 1.6 0+ 1.6
B> A A" 0 0 0 B - 2980  0£86  £(1421985)  £(19.21)99)
B - QQ 0+1.5 0+1.5 0+15 BY > E"E~  0+16 04 1.6 0+16

7(B°) B(B? — E:0=0)
(BY) B(B" — A"A0)
=—(3.7)A(B? - E05"), (40)

A(B - APA%) = — A(B) — E0E)

The results in Tables XVI and XVII agree with it. Note that
these two modes are both group I modes. We will return to
this later. The fifth, eighth, thirteenth and fourteenth rela-
tions can be used to constrain the sizes of CP asymmetries
of the AS = —1 pure penguin modes model independently.
For example, using the fifth relation we can have

JA(B® - Q&)
7(B°) B(BY —» *"E")
7(BY) B(B" - QE7)

37(B") B(BY - TE7)
~47(BY) B(B" » QE)

3 - =
=2 -z

=5.5%,

(41)

which is satisfied by the result shown in Table XVII. Note
that the above two modes are both group II modes and
one does not need B, tagging to test the inequality
experimentally.

In Tables X to XVII, we show results of CP asymmetries
for some specify values of the penguin-tree relative strong
phase ¢ (0, £7/4 and £x/2). It will be useful to plot the
CP asymmetries of some interesting modes in the full range
of ¢. In Fig. 2, we plot the CP asymmetries of B — pp,
B~ > Ap, B > AA, B~ - pA*T, B - p=*t, B~ >
A%p and B? — A°A decays. In Fig. 3, we plot the CP
asymmetries of B — Z°A, B? — =t p, BO - AOAO,
B~ - tATY, BY - 2yt B~ —» 203t and BY —
2050 decays. These are direct CP asymmetries of several
group I modes, which have unsuppressed rates and can

cascadely decay to all charged final states. The solid lines
are from tree-penguin interferences using the asymptotic
relation. The bands between the dashed (dotted) lines in
the figures are with contributions from corrections to the
asymptotic relation without (with) contributions from
subleading terms. For the figures we see that corrections
to the asymptotic relation dominate the uncertainties.

Note that the remaining group I modes, including
BY 555, B--EZ A B 52X, B - QE,
B 5323 B 5 QQ, B> QE? B - A
and B — Z*~X*~ decays do not depend on ¢; hence, their
CP asymmetries are not plotted. In particular, as noted
before, A(BY—>E"E"), A(B* - E°27), A(B* - Q°E7),
A(B? - Q Q7), and A(BY —» £*~X*7) are small and can
be used to test the Standard Model; especially these modes
have good detectability in rates.

We now return to Figs. 2 and 3. Most of these
asymmetries are sizable. We can classify these modes,
according to the dependence of ¢, into two groups.

The A(B° - pp), A(B~ — pAtt), A(B? - pZt),
A(BY — A°A) and A(B° — A°A°) have similar behavior,

while A(B~ — Ap), A(BY = AA), A(B~ - A%),
A(B® = EOA),  A(B® = 2**p), A(B- — TFATT),
A(BY - =), AB~ - EYZ*") and A(BY -

=2*02*0) have similar behavior, but different from the first
group. The asymmetries in these two groups basically have
opposite signs for ¢ away from 0, z, 2z. Note that through
U-spin relation, A(B° — A°A®) and A(B? — E0=*) are
related by Eq. (39). We see from Figs. 3(c) and 3(g) that
they indeed respect the relation.

It will be interesting to measure the CP asymmetries of
these group I modes and compare to the predictions plotted
in Figs. 2 and 3. Measuring these asymmetries can provide
useful information on the decay amplitudes.

096004-22



RATES AND CP ASYMMETRIES OF CHARMLESS TWO- ... PHYSICAL REVIEW D 95, 096004 (2017)

80 -
RS
60 . &
S 20[ o
g <
T T
T @
5 &
-60
-80
(a) (b)
S
i<
<
T
[
AN

100 Fr T T T T S —— i
~ gof - ~. ] —
S sof Vs ’ \‘\i &
40PN / *] ©
b4 EN, / i
||/\| 200 N\ / 4 o
o oF \\ // W5 1 <
[ . s N
T -20f S’ //. ] ‘T
OFQV) -40 [\ / N g
— —60r°\, / 1 5 -40
W -sof SN 7 ]
-100 L, LT ‘ ‘ ‘ ‘ 4
0 2 b 3n/2 27

ABL > A°R) (%)

(@)

FIG. 2. Direct CP asymmetries of some interesting modes are plotted with respect to the penguin-tree relative strong phase ¢. The
solid lines are from tree-penguin interferences using the asymptotic relation. The bands between the dashed (dotted) lines are with
contributions from corrections to the asymptotic relation without (with) contributions from subleading terms.
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FIG. 3. Direct CP asymmetries of some interesting modes are plotted with respect to the penguin-tree relative strong phase ¢. The
solid lines are from tree-penguin interferences using the asymptotic relation. The bands between the dashed (dotted) lines are with
contributions from corrections to the asymptotic relation without (with) contributions from subleading terms.
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IV. CONCLUSION

With the experimental evidences of B — pp and B~ —
Ap decays, it is now possible to extract both tree and
penguin amplitudes of charmless two-body baryonic
decays for the first time. The extracted penguin-tree ratio
agrees with the expectation. Predictions on all B = BB,
BD, DB and DD decay rates are given. It is nontrivial that
the results do not violate any existing experimental upper
limit. From the results, it is understandable why B® — pp
and B~ — Ap modes are the first two modes with exper-
imental evidences. Relations on rates are verified. There
are 23 modes that have relatively sizable rates and can
cascadely decay to all charged final states, including
BY > pp, B~ — Ap, A, B? — AA, B E
B~ = pA*tt, BY > pZT+, B - B2, B~ — A%,
B = A°A, B = 3xp, QE, EOA; B - ACA°,
B = ¥F, B~ — Y AT, 503, Q-0 A0,
B > Q 7, 5020, x*t¥*F and £*-I* decays. With
7° and y another 38 modes can be searched for, while with
7°72°, 7% and yy38 more modes can be searched for in the
future. In particular, we note that the predicted B~ — pA*+
rate is close to the experimental bound, which has not
been updated in the last ten years [33]. The bounds on
B~ — A%p and B — X** p rates have not been updated in
the last ten years [33,34] and the bound on B — A°A rate
has not been updated in about three decades [35], while
their rates are predicted to be of the order of 10~%. Also note
that the BY — Q~Q~ rate is predicted to be the highest rate.
The analysis of this work can be improved systematically
when more modes are measured.

Direct CP asymmetries of all Bq — BB, BD, DB and
DD modes are explored. Relations on CP asymmetries are
verified. Results of CP asymmetries for modes with
relatively good detectability in rates are highlighted. In
particular, the direct CP asymmetry of B® — pp decay
can be as large as £50%. Some of the CP asymmetries
are small or vanishing. For B — BB, AS = —1 decays,
B - 5737, BY - =X and B? — E~E" decays are pure

penguin modes. For B — BD, AS =0 decays, B —
T+ and BY — E0=0 decays are pure exchange modes.
For B—BD, AS=-1 decays, B°— X A",
B’ - =73, BY - 73 and BY - Z"E*" decays are
pure penguin modes and B? — pAT and B — nA° decays
are pure exchange modes. For B — DB, AS = 0 decays,

PHYSICAL REVIEW D 95, 096004 (2017)

B® - 5050 and B® — =*+XF decays are pure exchange
modes. For B — DB, AS = —1 decays, B" - Q &,
BY - 3%, B® 5 2% and BY —» E*"E~ decays are
pure penguin modes, while B - A*p and B? — A%
decays are pure exchange modes. For B — DD, AS =0
decays, B — Q Q" decay is a pure penguin annihilation
mode. For B — DD, AS = —1 decays, B — X "A~,
B - E=-¥*, B0 - Q"E*, B(S) > TETYE B(S) >0 Q"
and B — Z*~E* decays are pure penguin modes, and the
BY — A=A~ decay is a pure penguin annihilation mode.
The CP asymmetries of the above modes are small,
following the hierarchy of the CKM factors, or vanishing.
They can be added to the list of the tests of the Standard
Model. Note that some of these modes have relatively
good detectability in rates. These include 5 group I
modes, BY - 22, B =X, B> Q &, B' -
22 and BY - Q Q~ decays, 4 group II modes,
B o EF , B —EE, B'—Z-T= and B —
Q~E*" decays, and a group III mode, the B — E*"E*~
decay, but some require B, tagging to search for its CP
asymmetry. It will be interesting to search for these modes
and use their CP asymmetries to search for new physics.
Furthermore, since these modes are rare decay modes and
all of them are pure penguin modes, they are expected to be
sensitive to new physics contributions.

>
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APPENDIX A: TOPOLOGICAL AMPLITUDES
OF TWO-BODY CHARMLESS
BARYONIC B DECAYS

We collect all the B — DD, DB, BD, BB decay
amplitudes obtained in Ref. [3]. Note that Eq. (A23) is
the corrected version.

1. B to octet-anti-octet baryonic decays

The full B — BB decay amplitudes for AS = 0 proc-
esses are given by
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A(B™ = np)=~T 55— 5P 55 +§(PIEWBB — P3pwss + Papwss) — 5A158
AB~ >3 50) =—

A(B™ = 3X05F) = V2T s+ —— (5P s — P +—— (P pvyis + Po s & 2P pvomis — 2P ez ) - —— (5A  pin — Ay i),
( ) 3BB \/—( 1BB ZBB) 3\/5( 1EWBB 2EWBB 3EWBB 4EWBB) \/—( 18BB ZBB)
V2

(SPIBB - PzBB) - Wz (PlEWBB +Prpwpi — 4P3EWBB - 2P4EWBB)

1
_%(SAIBB_AZBB)’
_ 1
A<B_ - Z_A) = —7(5P158 +P253) _WE(PIEWBB —Porwpg _4P3EWBB - 2P4EWBB) —76(5A13[3 +AZBB)’
_— 1
A(B~ > EE") =—Pypp +3Paewss — Awp:
e 2 1 1

A(B™ = AXT) =~ /5(T155 ~ T355) ——6(5P158+P258) +ﬁ(5P1EWBB+P2EWBB

1
—4P3pwpg + 2Papwis) ——=(5A 158 + Aspa). (A1)
6
A(B° = pp) = ~Topp+2T g5+ Popp +3

3 Popwes —SE g+ Eypp — 9PApp,
A(B® = nit) = —(Tpp + Tapp) — (5P 55 — Papp) + 3 (Pyewpg + Paewss — Piewss — 2Papwss) + Exps — 9PAgps
A(B® - 2EF) = —5E, g5 + Eypp — 9PAgg,
_ — 1
A(BY - x050) =

1

—Tsp5— 5 (5P 15— Papg) — = (Piewss + Paewss + 2P3ewss — 2Paewss)
~5 (5E 55— Eypp) = 9PApp

+2P3gwpg + 10Pypyip) =3

A(B - XA) = T(Twz‘s +2Ty55) +m(5pmz‘s + Papg) +7—(P1EWBB —PrwaB

\/g(SElBB + Eypp),

= X727) = (5P 55— Papg) — 5 (Piewss + Paewss — 4P3ewss — 2Parwss) — 9PAps:
A(B® - E92%) = E, 5 — 9PA 5.

I 1
A(B"-EE ):PZBB_§P2EWBB_9PABB’

A(B® - AX0) = Ve (T\pg—Tsp5) + —\/*(SPIBB + Papg) — 6v3 (5P1gwss + Paewss — 2P3ewss + 2Piewss)
1
——(5E, 55+ Expp).

2\/5( 1BB 283)

5
+—

A(B® = AA) = ——(T g +2T238 — T335 — 2T 453) — = (P13 — Pasi)
1
18

(5P1EWBB + 7PzEWBi3 - 2P3EWBB - 1OP4EWBB) - 6 (ElBB - EzBB) - 9PABB»
and

(A2)
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_ — 2
A(B) = pZ*) = Typ5 — 2T 455 — Pypis — §P2EWBZ_3’
_ — 1 1 V2
A(BY - nx0) = —7§T236 +7§PQBB +?(P2EWB

_ _ 1 1
A(BY - nA) = NG (2T 55 + Topg) + NG (10P 55 —

O- ...

B~ 3P4EWBB)»

1

PHYSICAL REVIEW D 95, 096004 (2017)

2
Pogg) — 3 \/;(ZPIEWBB + Parwss — 2P3ewss — Paewsi)-

_ 5 1
A(B? = 299 = V2(Ts5 + Tupg) + —=Pisg + —= (Piewss + 2Psswss + 4Papwss):
( ) ( 3BB 488) \/‘ 18BB 3\/5( 1EWBB 3EWBB 4EWBB)

2

_ _ 1
A(BY - X°E7) = —5P 55 + 5(—P1EWBB +4P3pwis + 2Papwss)

— 2
A(BY - AB) = _\/;(TIBB + Topg — Tspp — Tapg) —

1
NG (5Pyp5 — 2P,p5)

1
+—— (5P, ok + 4Porwii — 2Pspwis — AParwss)-
3\/6( 1EWBB 2EWBB 3EWBB 4EWBB)

while those for AS =1 transitions are given by

1 1 1 1
- 305y
A(B™ - X'p) = _75( 15~ 2Tpp) = \/EPéBB + 3\/2(3P/1EWBB + P pwsp) ~ \/EA,ZBB’
_ _ 1
A(B™ = X7i) = —Pypp + 3P/2EWBB Al
— 2
- =0 - _
A(B™ = E'27) = =T\ 55 = 5P\ g5 + 3 3 Piewss ~ Pyewss T Piewss) = 515
_ 3 5
- =30y — = -
A(B™ - EXY) = \/EP/lBB 3\/§(P/1£WBB AP’ pwis ~ 2P ipwes) ~ \/EAIIBB’
_ =% 1 1
A(B™ = E7A) = \/E(SP/IBB 2Ps5) — 3\/5( vewss + 2Ppwes ~ 4Psewss ~ 2Piewss) ~ \/'(5A1BB = 2A%55)-
_ _ 1 1
A(B™ = Ap) = \/5( 155+ 2 spp) + \/E(IOPQBB Plp) = 3\/'( 1ewss ~ Papwes
= 4Psewen + HPapwen) Tz (104155 = Aygp): (A4)
AB =S p) =T, —21 P _2p!
Tys8 4B ~ 1288 T 37 26WBB®
- 1 1
0 _, 50
A(B” — Z'n) = \/‘2‘(T/IBB + Topp = 2055 = 2T 5) + \/‘ Plss + \/‘(3P/15w33 + 2P pyp):
_ — 1 5 V2
0 _, =030
A(B” > E'YY) = \/ZTIIBB + \/ZPIIBB 3 (P pwss = Pigwss + Pipwsp):
A(B® - B°A) = - 1 (T" .+ 2T ) — ! (5P . — 2P, o) + = ! 2(P’ + 2P, - P - 5P! ).
== g 8B 258) ~ Jg " 8B 28’ T3\ 3\ 1EwsB 26wBB T ' 3EWBB 4EWBB/”
- - 1
0 2-3) — —
A(B” > E7Y7) = 5P 55— 3 3 Piewss = *P3ewss ~ 2Pipwsp)-
- 1 1
0 —
A(B” — An) = NG (T pg + Ty + 2T + 2T 5) + NG (10P) 5 = Plsp)
1
36 (P pwss + 2Popwss ~ 4P pwss ~ 8Pipwsn): (AS5)
and
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A(B! — pp) = SE;BB + E) g — 9PAs.
A(BY - ni) = — 9PAL;,
A(BY - Z+Z+) = _leBB + 2T g + Pl + §P/2EWBB SE|sp + Eypp — IPARs
A(BY ~ 20T) = = (Ty5 = 2Th) + Pl + ¢ Phss = 5 (5155~ Eas) ~ P A
A(BY ~ 2'A) = 2;§<2T155 + Tl =470 = 2T lg) = 3= P s+ Phsues) ~ 375 i+ Eae)
A(BY = X7X7) = Pl ;P/ZEWBB OPAgg.
A(BY > B°E%) = =T 3 = Tl = (5P g = Phgg) + i (P pwss T Papwss ~ Pyewss = 2Pipwss) T Eags — 9PAgs:
A(B) ~ E757) = (5P 5 = Phs) - §<P1EWBB Pl ~ P~ ZPAEWBB> OP AL,
A(BO - AZO) ig( 2BB + 2T:lBB) Wg( 2EWBB + 4P:1EWBB) 2\/" (SE/IBB + EIZBB)
A(BY = AA) = %(2%3 + T + AT + 2T ) — ; (10P) oz = Plyss)
+ %8 (ZPIIEWBB + PIZEWBB 8P,3EWBB 4P£¥EWBB) 6 (EIIBB ZBB) 9PABB‘ (A6)

2. B to octet-anti-decuplet baryonic decays

The full B — BD decay amplitudes for AS = 0 processes are given by

2
A(B~ — pAT) = —V6(T g5 — 2T, 5p) + VOP 5 + 2\/; P\ pyep + V6Agp,

— 2+/2
A(B™ = nA") = _\/ETusf + \/EPBZ_) + \3/.(P1EW85 = 3P,ypwpp) + ‘/EA@’

1

A(B™ - 20TF) = —2T, 55— P + 3 (P1gwss — OPopwisn) — Asp:
_ 0 1
A(B~ - XX ):_PBZ_)+§P1EWBY_)_ABY_)’
V2
A(B~ - E7EY) = _\/EPBE +TP1EW65 - \/iABﬁ’
_ Sy 2 1
A(B™ — ALT) = ﬁ (T35 = Tosp) — \/§P85 - ﬁ (P pwst — 2Pypwin) — \/gABﬁ’ (A7)
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- — 2v2
A(BO d pA+) = _\/E(TlBﬁ - 2TZBZ_7) + \/ipgﬁ +—\3/‘
- — 2v2
A(B® = na®) = —V2T ;55 + V2P + \3/—(P1EW[>’§
A(B® - TtE) = V2E 5,
A(B® — 272) = —V2T 5~ %P% + 3V2 (P1ewsp
V2

A(B" - £7E7) = —V2P 5 + TPIEWBY_)’

A(B° - E°2) = V2E .

A(B® - E'E7) = —V2Pus + ~= P, i

_ ] 2 3 1 3
A(BO - AX 0) = \/;(Tlsﬁ - sz_)) - \/;Pb@ - % (PlEWBB - 2P25W55) + \/;Egﬁ’

PHYSICAL REVIEW D 95, 096004 (2017)

PIEWBZ_) - \/5E35,

- 3P2EWBB) - \/EEBB’

1
E

- 6P2EWBY_)) - ﬁ BD>

and
i} _ 2V2
A(B) — pZ+t) = _\/E(Tusﬁ —2T,55) + \/EPBﬁ + 3 P\ pwep»
_ — 2
A(B) = n2) = =T\ g5 + Ppp + g(wazaﬁ = 3Pypwip):

1

A(B(s) - ZOE*O) = _2T285 - PBE +§ (PIEW65 - 6P25WBE)’

V2
_\/Epzaﬁ + _PIEWBB’

A(B) - Z_F) = 3

_ Jp— 2
A(BQ - EQ7) = fPBD + \/; P\ pwep»
2

A(BY - AE0) = 7 (T g5 = Topip) — V3P 5 —

while those for AS = 1 transitions are given by

1

7§ (PIEWBZ_) - 2P2EW35)’

2 /
2\/; IEWED \/_A

+ 2A’

/ /
—3P 5) \/EA@

1EWBD 2EWBD

A(B™ > ZFATH) = V6(T, 1655~ 2pp) ~ \/EP/BZ_D a
A(B~ = XOAT) = T o+ 2T s+ 2P +;P’1EWBD
A(B™ - X7A%) = V2P —QP'IEWBD +V24
A(B~ - E"ZF) = V2T - V2P —2;[(1)/

A(B™ ~ ET0) = Pl = 2Pl o+ A

1
+2T" ) —— (P

A(B” _)AA+) 7( 18D 2D\ /3
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A(B® — T787) = VAT = 2T, ) — V2P, _&P,

1BD 2BD LEWBD’
A(BO — XVR) = =T\ 2T 4 2P i P
A(B® — 27A%) = V6P —\E -
AR = 25 = T 5= P =2 (P~ i)
A(B® — E757) = V2P —QP/IEWBD
AGB® = AB%) = (1) + 2T) = (P = Pl (a11)

and

BD
0 0 !
A(B) — nA®) = —V2E',
A(BY - T4T) = V(T = 2T) ) — V2P —iP’ +V2E,
s o 18D 2BD 1EWBD
- — 1 1 1
0 0y 0 T _ ! / / . )
A(B; > T°27) = \/i(TmD 2T2BD) + \/_P 3\/‘P1EWBD \/iEBﬁ’
- V2
0 —Nk— N S >}
A(BY - £7E7) = V2P 3 Plowss
_ 22
0 =0 /o P! —3p! !
A(BY - B'EY) = \/’T/IBD \/EPB 3 lEWBD 3P 2EWBD) t fE
. V2
0 =— / /
A(B; > BTE) = \/—P PIEWBD
AB = AT — o o g e 4 P (A12)
§ \/' 18D 28D \/6 1EWBD 2EWBD 27BD’

3. B to decuplet-anti-octet baryonic decays

The full B — DB decay amplitudes for AS = 0 processes are given by

_ _ V2
A(B~ — A%) = \/§T1DB - \/EPDB + 3 (3Pygwpi + Papwps) — \/EADBV
2
A(B™ = A7ii) = —V6Pp + \/;PZEW’DB ~V6Apg,
— 1
A(B™ = X%) = —Tpg + Ppp —§(3P1EWDB + Porwpp) + Apss
L ve-30 1

A(B™ - YY) = —Ppp +§P25WDB —App,

ﬂ

A(B~ - E"E") = V2P v — —~ Paewpi + \/_ADBv

A(B™ = ZA) = V3Ppg = —= Pypwpp + V3Aps, (A13)

\/5
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_ 22
A(B® = AT p) = V2T,pp + V2Pp5 + 5 Paswos = V2Ep;,

_ ) V2
A(B" - A%) = V2(T\pg + Topp) + V2Ppg + T(3P1EWDB +2Popypp) — V2Epg,
_ — 1 1 1 1
AB® - 295 = — T p5 ——=Ppg +——= 3P gwpi + Paewpi) — —=Epa.
( ) \/z 1DB \/i DB 3\/5( 1EWDB 2EWDB) \/§ DB

V2

A(B® - X%7) = —V2Ppg + —- 3 P pwoi

A(B® - 292%) = V2E,;.
V2

A(B® — EE) = =V2Pps +?P2EWDB’

- - 1 3 1 3
A(BY - £0A) = —76(T1DB +2Tpp) — \/;PDB - 76(P1EWDB + Popwpp) + \/%EDB’ (Al4)

and

_ — \/5

A(BY = ATXIT) = V2T 05 — V2P — == Pypypp.
R0 030 1

A(By — A"2%) = Typp + 2Ppp +§P2EWDB’
I 2

A(By - A™Y") = \/EPDB - §P2EWDZ_S”

_ = 1
A(B) — 2= 0) —(T1pg + Tapg) — Ppp — 3 (3Pygwpi + 2P2ewpi)

. _ V2
A(BY > 7E) = V2Pp - =3 Parwos:
- _ 1 1
A(B) = AA) = _%(2T1DB + T2pp) —7§(2P15va + Popwpi): (A15)
while those for AS = 1 transitions are given by

— +0 5
A(B™ = 27p) =T\ 15 = Py T3 (3P/1EWDB + P pyps) ~ Apps

L e \/5
A(B™ = X70) = _\/iP%DB + 5 P \/_A/DB’

A(B™ - BYYTF) = —V2T . + V2P, ﬂ(3P' + P )+ V24
1DB 1EWDB " 2EWDB DB’

1
H*_ O —_
A(B~ = E7E) = ~Ppyg + 3 Py = A

=5 2
-S5O =0 = —
A(B~ - QB0 =6P, \A P, s + VOA!

DB’

A(B~ - E"A) = V3P, - f P g+ V34, L. (Al6)
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+ V2P, ﬂP’

0 o
A(BY - £t p) = V2T DB

2DB

1
+ T+ Pla+ (3P o+ 2P

D %0 7
A(B® — %) = 2DB 3( |EWDB DEWDB)

1DB

0] =030
A(B’ - E%Y) = Tllpg Pl 3 (3P/1EWDB+P,2EWDB)

i} _ 2
AB® —» 27E7) = V2P, + \/—P’

3 2EWDB’

_ _ >
AB" - QE") = _\/EP;)B + \/;PZEWDB’

200} R0
A(B” = EYA) = + 2T/2DB) \/_P/ \/g(P/lEWDB + P/ZEWDB)

1
_7'( 1DB

and

A(BY — A*p) = —V2E ;.

A(BY — A%R) = —V2E, ..

R0 *+3+ 4
A(B) = Z7ET) = \/_TZDB 2EWDB DB’

2\@
V2P =5 +V2E
ABY - 050 = L +V2P, +—1 P L p
§ \/i 2DB \/§ 2EWDB \/§ DB’

= \/5
0 =y
A(BY - %7) = V2P, 3 Poswor

+V2E

0 —0=0 V2
A(BY - BYE") = —V2(T' o+ T} ) — V2P, o — = (6P, + 2P

1DB 2DB LEWDB 2EWDB )

3 /
2ewpp) + §EDB

A(BY » 27E7) =V2P, ﬂp’

2EWDB’

1 1
QT . +T (2P + P

R0 WORY
A(By = ZA) = \/5 DB ZDB) \/5 |EWDB

4. B to decuplet-anti-decuplet baryonic decays
The full B — DD decay amplitudes for AS = 0 processes are given by

S 4
A(B~ = ATATY) = 2V/3Tpp + 2V3Ppp 5

— 2
A(B_ - AOAJr) =2Tpp +4Ppp + gPEWD'D + 4App,

PEW'DZ_) + 2\/§AD'D’

— 2
A(B~ = A7A%) = 2V3Ppp - %PEWDTJ +2V3App,

— 2
A(B™ = %) = V2T pp + 2V2Ppp + %PEWD@ +2v2App,

2V2

A(B~ = =759) = 2vV2Pps — 2" Prupi + 2V2App,

—k— 2
A(B~ - E*EY) = 2Ppp _§PEWD@ + 2App.

096004-32

(A17)

(A18)

(A19)



RATES AND CP ASYMMETRIES OF CHARMLESS TWO- ... PHYSICAL REVIEW D 95, 096004 (2017)
A(B® = A ATF) = 6Epp + 18PApp,
_ _— 4
A(BO — A+A+) = 2TD@ + 2PDD + §PEWD@ + 4EDD + 18PAD@,
- — 2

A(B® —» =EF) = 4Epp + 18PApp,

- — 1

= S 4
A(BO — 2*‘2*‘) = 4PD® - gPEWD@ + ISPADZ'),

_ 1
A(B" — EE) = 2 Epp + 18PApp,

__ 2
A(B" — EE7) = 2Ppp — 3 Prypp + 18PApp.

A(B® - QQ7) = 18PApp. (A20)
and
A(BY —» AT ) = 2Tpp + 2Ppp + ;—‘PEWD@,
A(BY — A"2) = V2T pp + 2V2Ppp + \/?EPEWDZ_%
A(B) » A™E7) = 2V/3Ppp - \%PEWDD
A(BY - £E) = V2T pp +2V2Ppp + \/TEPEWDD7
A(B} - Z7ET) =4Ppp - gPEWD@’
A(BY = E7Q7) = 2V/3Ppp — \%PEWD@, (A21)

while those for AS =1 transitions are given by

A(B~ — T ATF) = 23T - +2V3P) f Pl op+2V3AL

— 2
A(B™ = ZOAY) = V2T o +2V2P) o+~ f +2V24AL

E WDD

2
- 5= A0
A(B™ = Z7A%) = 2P — 3P;2WD’D+2A/DD’

— 2
A(B™ — BOZ) = 2T« + 4P 5 + < P! +4A]

3 EWDD DD’
Dy 2v2
AB~ - E7Z0) =2v2P, -5 3 Prowop +2V245;,
=n 2
A(B~ - QEC) =2V3P _ - 7 Plop + 2V3AL (A22)
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_ — 4
A(B® — T AY) = 2T/ o + 2P - + 3P’EWDD,

_ — 2
A(B® - =A%) = V2T o +2V2P! \[

EWDD’
_ _— 2
0 A
A(B® —» A7) =2V3P, -7 P D
_ — 2
A(B" - BOS0) = V2T . +2V2P! \[ Py
. 4
0 k=S k—
A(B® - ET7) = 4P - 3P;5WDD,
A(B® - QE7) =2V3P, - \/gprwmj, (A23)
and
A(BY » ATTATT) = 6E, ; + 18PA] -,
A(BY — ATAY) =4E|  + 18PA! -,
A(BY — AA0) = 2B + 18PA
A(B? - A=A7) = 18PA”
= 4
A(BY - THXF) =217 + 2P, o+ 3 Prwpp + 4Epp + 18PAL,,
_ = 1
A(B) - Z080) =T/ - + 2P - + = 3 Pewpp + 2Epp + 18PAL,,
_ 2
A(B) - £E7) =2P, - - 3 Pewpp + 18P,
_ 2
A(BY —» EOE) = 2T/ _ + 4P| -+~ 3 P ovpp + 2Ens + 18PA -,
= 4
0 THEERT) —
A(BY - E"E") = 4P;)@ 3P:€WDD + 18PA/DD’
A(B) - Q Q") = 6Ppp — 2Ppypp + 18PAl - (A24)

APPENDIX B: FORMULAS FOR DECAY AMPLITUDES AND RATES

In general the decay amplitudes of B to final states with octet baryon (B) and decuplet baryons (D) can be expressed
as [7]

A(B - B,B,) = ity (Agg + 75Bgg) v2.
= = .q"
AB - D\B,) = lm—”lf(ADB +75Bpg) v,
B
- = gt p
A(B d BID2) = lm—ul(A55 + }/5B85)U2,
B
7 SN oA _ " _
A(B — D\D,) = ity (App + ¥sBpp) vy + 2 i (Cpp + vsDpp)vays (B1)
B

where ¢ = p; — p, and u”, v* are the Rarita-Schwinger vector spinors for a spin-% particle, where [39]
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& (%) —eﬂ(il)u(i%) 0, (%)
:<eﬂ(il)u< )+\[€ﬂ < ))/f

with e, (4) the usual polarization vector and u(s) the spinor.
Note that

q - €(A)2 =F 80mppc/m 2, (B3)
where p,. is the baryon momentum in the B rest frame
and €%(0) - €2(0) = (m% — m? — m3)/2m m, is the largest
product among €}(4;) - €2(4,). We can now express the
amplitudes in Eq. (B1) as

2Pem
\/; n:” it (Apg + vsBpg)v2,

2an'l -
(B - B D2) \/; m, I(ABD + VSBBD)”zy

2
mp

A(B - D\D,) = it (App + v5Bpp ) va, (B4)

3m1m2

where A” = App = 2(pew/mg)*Cpp and Bl o = Bpp —
2(pem/mp)*Dpp and decuplets are only or dominantly in

PHYSICAL REVIEW D 95, 096004 (2017)

the & Lhelicity states. All four B — B, B, (BB = BB, DB,
BD, DD) decays can be effectively expressed as

A(B d B1B2) = ﬁl(A + ]/5B)’U2, (BS)
and the rates are given by
D D pcm
I'(B— B,B,) = 2 5 [(2mg — 2(mp, + my,)?)A?
B
+ (2mj — 2(my, —myg,)*)B?,  (B6)
where
2p
Apn = App, Apn =i\ /= " Ann,
BB BB BD l\/;m@ DB
2 pem m3
App = —l\/; mp App, App = 3mpmp IDD’ (B7)
and
2p
Bz = Bgp, Bry =iy /=“" Bz,
BB BB B l\/;n% DB
2 p. m%
B‘:—'—LmB‘, B — r BS
DB l\/;mD B DD 3mDm2_) DD ( )

Note that in the asymptotic limit,
has p.,, = mg/2.

mpg > mg, one
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