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Various new measurements in charmless B, ;, — PP modes, where P is a low lying pseudoscalar
meson, are reported by Belle and LHCb. These include the rates of BY - 7079, 7]77.’0, B, —» n'1, B >
K*K~ and B? = 7"z~ decays. Some of these modes are highly suppressed and are among the rarest B
decays. Direct CP asymmetries on various modes are constantly updated. It is well known that direct CP
asymmetries and rates of suppressed modes are sensitive to final state interaction (FSI). As new
measurements are reported and more data will be collected, it is interesting and timely to revisit the
rescattering effects in B, ;; — PP states. We perform a y? analysis with all available data on CP-averaged
rates and CP asymmetries in B, ;; — PP decays. Our numerical results are compared to data and those
from factorization approach. The quality of the fit is improved significantly from the factorization results in
the presence of rescattering. The relations on topological amplitudes and rescattering are explored and they
help to provide a better understanding of the effects of FSI. As suggested by U(3) symmetry on topological
amplitudes and FSI, a vanishing exchange rescattering scenario is considered. The exchange, annihilation,
u-penguin, u-penguin annihilation, and some electroweak penguin amplitudes are enhanced significantly
via annihilation and total annihilation rescatterings. In particular, the u-penguin annihilation amplitude is
sizably enhanced by the tree amplitude via total annihilation rescattering. These enhancements affect rates

and CP asymmetries. Predictions can be checked in the near future.
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I. INTRODUCTION

In recent years there are some experimental progresses on
measurements of the charmless B, ; ; — PP decays. In year
2015, Belle reported a 3.00 significant measurement on
B - " decay rate with B(B® — 5z°) = (4.17-1197) x
1077 [1] and B(B? » K°K®) = (19.673% £ 1.0 £ 2.0) x
1076 [2] with 5.16 significance, while LHCb observed B, —
n'n’ decay at (3.31 £0.64 +0.28 £ 0.12) x 107> at 6.4¢
significance [3]. In year 2016, LHCb reported on the
observation of annihilation modes with B(B® - K*K~) =
(7.80+1.27 £0.81 £0.21) x 10 and B(B? — 777) =
(6.91 +0.54 +0.63 +0.19 4 0.40) x 1077 [4]. Last year
Belle reported the rate of B — 7°2° of B(B* — 7°2°) =
(1.31£0.19 £0.18) x 107® [5]. Some of these modes
are highly suppressed and are among the rarest B decays.
There were constant updates on other measurements, such as
rates and direct CP asymmetries on B — Kz, KK, nx
modes [6-8].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2018,/97(9)/093004(37)

093004-1

It is well known that direct CP asymmetries and rates of
suppressed modes are sensitive to final state interaction
(FSI) [9,10]. In a study on the effects of FSIon B,, ; ; — PP
modes [11], the so called (too large) B(z°z%)/B(z*7™)
ratio and (nonvanishing) AA= A(K-zt) — A(K~2°)
direct CP asymmetry puzzles in B, 4 decays can both be
resolved by considering rescattering among PP states."
Several rates and CP asymmetries were predicted. The
newly observed B — K°K" rate is consistent with the
prediction. However, there are some results that are in
tension with the recent measurement. In particular, the
predicted B; — 'y’ rate is too high compared to data. In
fact, its central value is off by a factor of 3. As new
measurements are reported and more data will be collected
in LHCb, and Belle II will be turned on in the very near
future, it is interesting and timely to revisit the subject.

It will be useful to give the physical picture. From
the time-invariant property of the Wilson operators in the
weak Hamiltonian, one finds that the decay amplitude
satisfies [14]2

'One is referred to [12,13] for some recent analyses on these
puzzles.
See Appendix A for a derivation.
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where A; is a B ¢ — PP decay amplitude with weak as well
as strong phases, Ag is a amplitude containing weak phase
only, i =1,...,n, denotes all charmless PP states and
k=1,...,n,n+1,...,N, denotes all possible states that
can rescatter into the charmless PP states through the
strong interacting S-matrix, S. Strong phases are encoded
in the rescattering matrix. This is known as the Watson
theorem [15]. There are two points needed to be emphas-
ised. First, the above result is exact. Every Bq — PP decay
amplitude should satisfy it. Second, for a typical B 4 decay,
since the B mass is large there is a large number of
kinematically allowed states involved in the above equa-
tion, i.e., N in the above equation is large. Consequently,
the equation is hard to solve.

Although the largeness of the B mass makes it difficult to
solve the above equation, it is interesting that on the
contrary it is precisely the largeness of mjp that makes
the problem somewhat trackable. According to the duality
argument, when the contributions from all hadronic states
at a large enough energy scale are summed over, one should
be able to understand the physics in terms of the quark
and gluon degrees of freedom. Indeed, several quantum
chromodynamics (QCD)-based factorization approaches,
such as pQCD [16], QCD factorization (QCDF) [17,18]
and soft collinear effective theory (SCET) [19] make use of
the large B mass and give predictions on the facrorization
amplitudes, A™. In other words, using the largeness of my
comparing to Agcp, the factorization approaches provide
solutions to Eq. (1), i.e., A = YW S/240,

In the infinite mp limit, the above program may work
perfectly. However, in the physical mp case, power cor-
rections can be important and may not be neglected. In fact,
the effects of power corrections are strongly hinted from
some unexpected enhancements in rates of several color
suppressed modes, such as B® — 7°2° decay [6,7], and
some unexpected signs of direct CP asymmetries, as in the
difference of direct CP asymmetries of B — K=z" and
B~ — K~ 7Y decays [20]. These anomalies lead to the
above mentioned zz and Kz puzzles. It is fair to say that
the factorization approaches can reasonably produce rates
of color allowed modes, but it encounters some difficulties
in rates of color-suppressed states and CP asymmeties. It is
to plausible to assume that factorization approaches do not
give the full solution to Eq. (1), some residual rescattering
or residual final state interaction is still allowed and needed
in Bq — PP decays. Note that the group of charmless PP
states is unique to Bq — PP decays, as P belongs to the
same SU(3) multiplet and PP states are well separated from
all other states, where the duality argument cannot be
applied to these limited number of states [21,22]. Note that
residual rescattering among PP modes only slightly affect

the rates of color allowed modes, but it can easily change
direct CP violation of most modes and the rates of color
suppressed modes at the same time. It can be a one stone
two birds scenario. It can potentially solve two problems at
the same time without affecting the successful results of
factorization approach on color allowed rates. In fact, this
approach is modest than the factorization approach as it left
some rooms for our ignorance on strong dynamics. In the
following text, unless indicated otherwise we use rescatter-
ing among PP states or rescattering for short to denote this
particular type of rescattering, while we assume that FSI
contributions from all other states are contained in the
factorization amplitudes.

The quark diagram or the so-called topological approach
has been extensively used in mesonic modes [9,12,23-27].
It will be useful and interesting to study the FSI effects on
topological amplitudes. For some early works in different
approach, one is referred to ref. [9]. The relation on
topological amplitudes and rescattering will be explored
and it can help to provide a better understanding on the
effects of residual rescattering.

The layout of the present paper is as follows: In Sec. Il
we give the formalism. Results and discussions are pre-
sented in Sec. IV. Section V contains our conclusions.
Some useful formulas and derivations are collected in
Appendices A and B.

II. FORMALISM

In this section we will give the rescattering (res.)
formulas, topological amplitudes (TA) of B, — PP decays,
and the relations between res. and TA.

A. Rescattering formulas

Most of the following formulas are from [11], but some
are new. As noted in the Introduction section, in the
rescattering we have (see Appendix A)

n

A= Z(Srle/sz) ijAﬁ'aC’ (2)

Jj=1

where i,j=1,...,n denote all charmless PP states.
To apply the above formula, we need to specify the
factorization amplitudes. In this work, we use the factori-
zation amplitudes obtained in the QCD factorization
approach [18].

According to the quantum numbers of the final states,
which can be mixed under FSI, Bq — PP decays can be
grouped into 4 groups. Explicit formulas are collected
in Appendix A. Here we give an example for illustration.
The BY — K~z decay can rescatter with three other states,
namely BY — K°z° K°g and Ky, via charge exchange,
singlet exchange and annihilation rescatterings as denoted
in Fig. 1(a)—(c). These states are the group-1 modes. The
relevant rescattering formula is given by

093004-2



REVISITING FINAL STATE INTERACTION IN ...

PHYS. REV. D 97, 093004 (2018)

Afac

() —
Al'_f(d)_’](’ffr Bj~K7z"
Ao o fac
Bg—>K“ﬂ0 . 81/2 Bg—»Koﬂo 3
Azo 0 res, 1 fac ’ ( )
B;—Kng B K%
Apo_ o f:
B’—K' ac
d n ABO—>K0;11
/2 . 1/2
with S, = (1+i7,)"/? and
—r,+r, —r,+r, 27, +7,
Totra = Vo V3
—rytr. ro -+ rytre ra=Te _ 27 HF,
T = V2 0 2 2V/3 3V2 (4)
1= —rg+r. r,—=re Fo 4 fat3re rl,+5r 2r +7,
V6 2V3 0 =
27,47, _27a+?f _2ra+r(, +4I’a+2rf
V3 V6 3v2 o

The rescattering parameters Foaes Toaer Toaer Toaer
and ¥y, denote’ rescattering in T1(8)I1(8) — TI(8)II(8),
T1(8)I1(8) — I1(8)n,, [1(8)n; — I1(8)n, and 1111 — niny,
respectively, with I1(8) the SU(3) octet and 7, the singlet,
and the subscripts 0, a, e, t represent flavor singlet, anni-
hilation, exchange and total-annihilation rescatterings,
respectively (see Fig. 1).

Flavor symmetry requires that (S,.)” with an arbitrary
power of m should also have the same form as S,.,. More
explicitly, from SU(3) symmetry, we should have

(Sres)m = (1 + iT)m =1+ i’]‘(’")’ (5)

where 7" is defined through the above equation and its
form is given by

T = T with (r;,

for j =0,a,e,t.

It is useful to note that we have 8 ® 8,8 ® 1,1 ® 8 and
1 ® 1 SU(3) products for P; P, final states, which has to be
symmetric under the exchange of P, and P, in the B — PP
decay as the meson pair is in s-wave configuration and they
have to satisfy the Bose-Einstein statistics. The allowed
ones are the 27, 8 and the 1 from 8 ® 8, the 8 from the
symmetrized 8 ® 1+1 ® 8, and 1’ from 1 ® 1 (see, e.g.,
[28], for the decomposition). Hence, from SU(3) symmetry
and the Bose-Einstein statistics, we should have

27
(Sres)m = Z |27; a> e2miox <27; a|

a=1
33 Ipulenls Iy
p-q

=1p,g=87%8

(a1,
(7)

*Note that # and ¥ do not appear in 7 |, but they will contribute
to some other PP modes.

-S R — - -
K- q K Ky ;é?iu K
T u u T T d

(a) (b)

_s S —g d d o
K _ _ K T _ / _ K
—~r Y
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(©) (d)
FIG. 1. Pictorial representation of (a) charge exchange

r., (b) singlet exchange ry, (c) annihilation r, and (d) total-
annihilation r, for PP (re)scattering.

where a and b are labels of states within multiplets, and
matrices (™ and V™ are given by

U (e 55, 80) cost  sint e2mids 0
T, 8, Ug = . o
—sint cost 0 e2midy
cost —sint
X ) ,
sint  CoOST
) cosy  sinv )\ [ e2mid 0
V'(v,8,8)) = . 2mid!
—siny cosv 0 e

cosv —sinv
(5 ) 8)
sinv

cosv

respectively. Rescattering parameters r; as the solutions to
Egs. (5) and (6) can be expressed in terms of these angles
and phases:

m m 2 2midy; R
1+i(r(())+r£,)):—e + 3Un

5 9
- - 3 2midy; __ U™
l(l"g)—r(g)): € 11,
5

2mid m m
om) | (myy e — AU + 5V
i(ra’ +r1y ) = 20 >
iF 17y = Sy

7

~(m) ~(m)
Ay ATq 4 2F,
1+l(l’é)+43 )—ME"Q,

t 3 - \/i 12>

(o AR 4 2R 3N
L+i| 7y + 3

5. (9)

with {}; and V7} given in Eq. (8).
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It is interesting to see how the rescattering behaves in a
U(3) symmetric case. It is known that the U, (1) breaking is
responsible for the mass difference between 7 and #' and
U(@3) symmetry is not a good symmetry for low-lying
pseudoscalars. However, U(3) symmetry may still be a
reasonable one for a system that rescatters at energies of
order mp. The mass difference between 7 and 7/, as an
indicator of U(3) symmetry breaking effect, does not lead
to sizable energy difference of these particles in charmless
B decays. Note that in the literature, some authors also
make use of U(3) symmetry in charmless B decays (see,
e.g.,[29]). We note that in the U(3) case, we have

Consequently, by requiring

T =T with (r;,7;,7;,7;) —>(rﬁ.m),rﬁ.m),r(.m),r(.m)),

i Tje Ty it
(11)
as required by Eq. (10), one must have [11]
PR = o, (12)
There are two solutions, either 7™ = 0 or r™ = 0 [see.

Eqgs. (A16) and (A17)]. Note that in both solutions, we have
8y = 85 = 0. (13)

To reduce the number of the rescattering parameters and as
a working assumption, the above relations will be used in
this work, although we are not imposing the full U(3)
symmetry to FSI.

After imposing the above relation and factor out a over
phase factor, say 0,7, we are left with two mixing angles and
two phase differences:

T, v, 0 = 0g — 027, 6 =0) — 0,7, (14)

in the scattering matrices. The rescattering formula Eq. (2)
now becomes

A =8 (t,v;8.6) AR, (15)

with the overall phase removed. In summary, 4 additional
parameters from Res are introduced to the decay amplitudes.

We find that it is useful to incorporate SU(3) breaking
effect in the scattering matrix. The idea is that we try to
remove the SU(3) breaking effect in A™° before recattering
and put the SU(3) breaking effect back after the rescatter-
ing. The underlying reason is as following. In the core of
FSI, the rescattering processes are occurring at the mp
energy scale, the SU(3) breaking effect cannot be very
important at this stage. Hence the amplitudes to be
rescattered are taken in the SU(3) limit, but after the
rescattering, as the hadronization process takes place,
SU(3) breaking cannot be neglected and their effect needs
to be included. In practice we use ratio of decay constants to

model the SU(3) breaking effect. For example, the B~ —
K°K~ factorization amplitude is multiplied by (f,/fx)*
before recattering with other states and is multiplied by
(fx/fz)? after rescattering. For convenience these two

factors are absorbed in Srle/sz. These are new to Ref. [11].
The rescattering matrices needed in this work are
collected in Appendix A. As we will see in the next
section, including these four rescattering parameters will
enhance the agreement of theory and data notably.

B. Rescattering and topological amplitudes
in the SU(3) limit

Topological amplitude approach or flavor flow approach
is based on SU(3) symmetry. The amplitudes can contain
weak and strong phases. FSI will generate additional strong
phases and can potentially mixed up different topological
amplitudes. It is therefore interesting to investigate the
relation of the FSI and topological amplitudes. We will take
a closer look of this issue in the presence of the rescattering
among PP states. We will consider the topological ampli-
tudes in the SU(3) limit, rescattering of topological ampli-
tudes in the SU(3) limit and, finally, topological amplitudes
and rescattering in the U(3) limit. The discussion will be
useful to provide a better understanding of the effect of FSI
in Bq — PP decays. These are all new to Ref. [11].

1. Topological amplitudes in the SU(3) limit

It is well known that the fields annihilating B~, BY | and
creating 7, K, g transform respectively as 3 and 8 under
SU@3) (see, for example [28]),

B=(B B BY)
- 70 1 0
I1 = T —724'7% K . (16)

SR LISV

For the b — unid and b — gqd processes, the tree (O) and
penguin (Op) operators, respectively, have the following
flavor structure,

Or ~ (ab)(du) = H(q;b)(qcq’),

Op ~ (db)(q:9") = H*(qxb)(:q")
Ogpwp ~ Qj(ab)@jqj) = HEWj‘k(ZIib)(Zlkqj)’ (17)
where we define H* = &5, Hi* = 616]8; and (Hgy)* =
55 (0] jéj? (no sum in indices). Note that it is easy to check that
WChaVEHi:k:Hk,H;(k:O, (HEw);(k:O, (HEw);k = Q25§ =
Q,HF. The flavor structures of |AS| = 1 tree and penguin

operators can be obtained by replacing d to s, H* = &%,
Hif = 616}65 and (Hpy)'F = 850,65
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The effective Hamiltonian, in term of the meson degree of freedom, for the B — PP decay should have the same SU(3)
transform property of Hy,. Consequently, we have

Heff — TBmHlk (Hout) (Hout) + CB Hlk (Hout) (Hout)m + EBkHlk(Hout) (Hout)l —|—AB Hlk (Hout) (Hout>
1
—I—PB Hk (Hout) (Hout) + 2PABka (Hout) (Hout)m +PEWB HEWJ (Hout) (Hout) + PEWB HiEij (Hout) (Hout)
+ Phw B Hisy , (T1°"); (T1°")] + Py B; Hityy (1) (T1°") + (Hegt ) singlet- (18)

where the A, P, PA, and Pgyw terms correspond to annihilation, penguin, penguin annihilation, and electroweak penguin
amplitudes, respectively. and (Het)gingle 15 the Hamiltonain involving 7, given by

(Heg)nger = T By HIS(TIO Y] (FI0) - €y B HIK(TIO)) (C10) € B, HIS(T1O)] (1) + CB, (1) (1o )
+ Ey B H (T (T1O)! 4 B, B H (T (1)) + EB,(H”‘(H"‘“) (1) A, By HIk (1) (110
- AoBHIH(TIOY] (10)! 4 By By, A (TTO) (TTO)] 4 By, (IO, + PR, HA (L) (110w
3 PABHM 1), (F™)p -+ Pro B, i (T (1)] + PGyy B, Hily (T (1100
PGy By Hiky (TP (C100)] 4+ PGy B, Hiky (T (T + PEy | Bk (T (110w,
+ Phy 2By Hiy ;(I° uy) (o) + PEWBkHEWJ (T1e); (11!
Py By (T (IO, 4 Py By (1) (F10)] 4 i By () (7o) (19)

with (1) = yguist/ V3. Note that we introduce PLy, and Pfy, namely the electroweak penguin exchange and
electroweak penguin annihilation terms for completeness. The above H.; contains all possible SU(3) invariant
combinations in first order of H, H* and Hgy'. It should be emphasize that the effective Hamiltonian in Eq. (18)

is obtained using flavor SU(3) symmetry argument only. The TA amplitude can contain all possible FSI contributions, while
the expressions of the decay amplitude in term of these TA will remain the same.
With redefinition of the following amplitudes:

2AEA1+A2, 2EEE1+E2, 2PEP1+P2,
2pﬁw = Péw,l + Pi%w.z’ 2P€w = pgw,l + PEW.Z’ (20)

(H it ) gingler an be expressed in a more compact form,

_ . -
(o = (7 2R BH I 3+ @+ 2B B 3+ (2P 1Py ) B () 3
+ (Pew +2Pgy)B; HEWlk(Hom) m"/V/3+ (PSy., +2PEy ) BiHpy ¥ (1) gt/ /3

- PV R Py
+ <C+ E+P+2PA—3P]§W—3PEW> By H n g™ /3. (21)

Using the above approach we can reproduce familiar expressions of decay amplitudes in terms of TA [26,27].* Explicitly,
we have the following amplitudes:

“See also [30] for a recent discussion.
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1
Appgre =T'+ P+ 2Py — Piy).

1
ABS*K%”:EBC/ 3P' 4+ 3Phy + Py + Piiy).

1
AB%K%F%—@@C’ 3P’ +3Ppy + Py + Piw)

1 _ - _ _
AE?,—J_(OWI :—(3C/2 +6P/_P£ECW.1 _PiEC;V,2 _2P§EEW)’

3V3

for group-1 modes,

Ap—gor = A+ P+ (=Pl +2PFy),

3

1
AB‘—)K_;'[O:Wz(3T/+3C,+3A/+3P/+3P W+2 W+2PiEEW)7

Ap— Kk :Vg(ﬁ’ +3C'=3A" =3P + 3Py, +4PS, —2PE,),
1 - -
Ap—ky = 3\/§(3T/+3C/ ) +6A"+6P' + 2Py | — Py, +4Py),

for group-2 modes,

1
Ap-_ 0 \/E(T"'C"’_PEW"'—PEW)

1
Ap-_gog- :A+P+§<_P1€w+2P€w)’

1
Ap—rn :ﬁGTJF 3C+6A+6P+3Pry+ PSy +4PEy ),

1 -
Appy, = (3T +3C, +6A+6P+2P§y, | — PGy, +4PEy),
3V3 ’
for group-3 modes,

ABO—>7Z Jrf_T+E+P+PA+ (ZP +P PEW)»

1 1 1 1
AB?,—»JIOIZO_\/E< C+E+P+PA- PEW_3PEW+3PEW 3PEW>

(3C+3E+3P +9PA +3Ppy — P&y — 3Ppw — Phy),

ABS*ﬂsﬂs 9\/’

ABSﬁngm79[(3C1+3C2+6E+6P+3PEW+6PW_PSW»I

EW 2 2PEW)

1
Aonn =575
1
ABO_>K+K7 _E+PA+3PEW’

(6C+6E+6P+9PA—2PS, —2PEy),

1
Apo_ koo :P+PA—§(P]§W+2P‘§W+P§W),

1
ABS—’JTOi’lg 3\/,(3E 3P—|—P +3P W+PEW)’

1 _ _ _ _ _ _ _
Aspsty =5 g (301 =3Co+ O —6P +3Pry+ 6Py + Py + Py + 2Ph).

for group-4 modes, and the following amplitudes:
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1
Apo_ g+ :T+P+§(2P1€W_P€w)7

1
ﬁ(% 3P +3Ppyw+ P&y + PEy).

AB?%KOHO =

1
Apr-ron, =3 %(3c 3P+3Pgw + Py + PEw),

(3C2+6P PEWI EW2 2PEW)

1
Aoy, = 3.3

(26)
and
1
AB?—>H+ ——E/+PA/—|—3PEW,
1 / / 1 /A
Agg}_moﬂo:ﬁ E' + PA +§PEW s
1
ABO_ins :m(—aﬁ’ +3FE +12P +9PA’
—6Pgw—4Png—3Pg‘w—4P;§w ,
Bomn = \/.(SC’ —6C)+6E' —12P'+ 3Py,
+6Phy +2Pgy | + 2Py, +4PEy).
Apoyn v ﬁ(éé’+6E’+6P'+9PA’—2P;§W—2P;§W),

1
Apo_ g+ k- :T/+E'+P/+PA/+§(PE4W‘|‘2P;~:CW_P€W)’

1
AB?->K°1‘(0:P/‘f'PA/_g(P;sz"‘ngw"‘Pgw)’

1
ARy 20, :%(_C/"‘E/_PEW"'P{?W)v

A :%(@1 L 2F 4 Ply 2P, (27)
for B, — PP decays, where the T, C, A, P, PA, and Pgy
terms correspond to color-allowed tree, color-suppressed
tree, annihilation, penguin, penguin annihilation, and
electroweak penguin amplitudes, respectively. Note that
PE,, and P, namely the electroweak penguin exchange
and electroweak penguin annihilation terms, are introduced
for completeness. See Appendix B for details. Those with
(without) prime are for AS = —1(0) transition.

The one-to-one correspondence of the SU(3) parameters
and the topological amplitudes is not a coincidence. It can
be understood by using a flavor flow analysis. We take the
first term of H.y for illustration. In Hy the decays are
governed by the Or ~ (ab)(du) = H(q;b)(qxq’), b —
q:G’ q;, transition with the corresponded H; ik coupling The
first term of H g in Eq. (18)is TB,,H ’k(H"‘“) (I1°u)™. Note

that we use subscript and superscript according to the
field convention. For example, we assign a subscript
(superscript) to the initial (final) state antiquark g,, (g").

The B,,(IT°")7 part in TB,H¥(IT°");(II")7" can be

i

interpreted as a B,, to (I1°“Y)" transition with the same
spectator antiquark g,, from B,, becoming the final state
spectator anti-quark g™, which ends up in (II°")”. The
quark g; from b — g; transition also ends up in (II°")7,
while the (TI°")/ part is responsible for the creation of the
meson where the W-emitted ¢/g; pair ends up with. The
above picture clearly corresponds to the external W-
emission topology. Similarly, the identification of the other
topological amplitudes can be understood similarly.

One can check that all of the above amplitudes can be
expressed in terms of the following combinations:

TV + O, c") —EV, AU 4+ ),

1 e 4 13 I e
PO _ +§P1(3%v’ PAY — 9c() +5 E0 — 3P}(z/\)wv
70 4240, ¢V 4 2E0),
_ _ 1. _ _ - _
¢+ 2P0 - BUC, B 2P B, + 2L
- - 3 1. 1.
C(’>+E()+P()+2PA() 3 }(E%V_gp]g%v (28)

For example, we can express the decay amplitude of B —
K~ 7" in the following combinations:

_ 1
AB = K zt) = (T' + C') + (P/ —C+ gpg(,v)

1
+ 3 (PEy = PE). (29)

It is interesting to compare the amplitudes expressed in
terms of the topological amplitudes with the those in the
QCDF calculation. We can obtain the following relations
in the SU(3) limit: (using formulas in [18] but taking the
SU(3) limit)

70O — APPﬂ(/)épual i
CO0 = Appal) 8,00,
EU° = Appll) 8,1
AV = Appdi) 8,
PO = App2y) (o + ),
PAYD = 24,1 .

szg = %APM;’)“?EW J
ngo = %Appﬂg)afﬁw’
PO _ %Appzl B -
P%O - %App/lg)ﬁf,EW’ G0)
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where we use /15,/> = Vpr;d(s), p=u, ¢ with V4
the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments and summation over p is implied. One can
find detail definitions of App, a and f in [18]. Note
that App involves a B, — P transition and a P decay
constant:

G
App = _FFgP(m%)me%;-

5 (31)

It should be note that we have removed an overall i in
the definition of App. The superscript 0 on TA is
denoting the fact that rescattering among PP states
has not taken place. In the SU(3) limit, we will use
FBP(m3) = FB7(0) and fp = f, in later discussion.

For B decays to a final state with 7, things are more
complicated. For example, Ap, is in principle different
from A, p. We have in the SU(3) limit: [18]

T0=4, pAY)5,,a,

CEI)O :Anlpﬂg>5puaz,
Y =Apy 258,002,
2EM=E + EJ°
:Amp/lg)%uﬂl +APn1/1§J/)5pu (B1+3Bs1).
2800 =A{" 1+ A)°
= Ay, A S pua Ay, A8 (B +3P52).
2P0 =pV° 4 PO
= Ay, p Ay (@ + L)+ Apy, A4y (o +308 +5 +3553),

~no 3 /
PSVZEAmP’IE’)aII;,EW’

B()CO @)
Pey —EAmP’IP af,Ew’

(1) CO 3 /
PI(E%VQ :EAP'?VIE’)O{ZEW’

»NE0 __ 5(1EO (1 EO
2P = P+ P

3
=1y, 225 B A, 2 (B 355 )
2P = Py + Prs
3

:E[AmPig)ﬁZ’Ew +AP’11/1£7/> (ﬁZEW+3ﬂZSEW)]

(32)

Note that A,p,7I involves a B — P transition, while A,ﬁp
involves a B — 5, transition:

GF B— 2
APm :ﬁFg memB7
G phon o O

Anr =75 N

where in the second equation, we have made use of the
approximation from [18]. In fact we have Ap, ~A, px~
APP(fI]l /fP)

Finally comparing our expressions and those in
Ref. [18], we have

me%;’ (33)

U0 = A, 28,

E00 =4, 208,81 + 3ps1),
P(/)O - Ai’]]’hj’g’/)(af + 3a§ +ﬁ§ + 3ﬁ§3)’
PA(I) - 2A’11'71/1g)(ﬂ4]: + 3ﬁg4)’

=mnco 3 0
PE\)N = EAmm/,{p aﬁl:,EW’

~nEo 3
PI(EQ’V :EAmm’Ig)( g,EW+3ﬂ§3.EW)’ (34)
with
A :&FB—ﬂ’]lf mzz&FB_’P}lf m2
mmn \/z 0 m"*B \/E 0 fP m'"*B
£.\2
=App (i) . (35)
frp

In the later discussion, we take f, = fp = f,.

2. Rescattering of topological amplitudes
in the SU(3) limit
We now turn to the rescattering part. The matrices
T 1,54 can be obtained through a diagrammatic method
by matching the Clebsh-Gordan coefficients of scattering

mesons (see Fig. 1) or by using an operator method.
We have

Oe — Tr(HinHoutHinnout)/z’ Oa — Tr(HinHinHOUtHOUt),
Op = Tr(IT" 1) Tr(IT" 1) /2,

0, = Tr(TT[Tn) Tr(TToUTOM) /4, (36)

corresponding to r,, r,, 1y, and r, contributions, in the
combination of

T = "0y + "0, + 10, + "o, + -, (37)
where the remaining terms will be specified in below.

The above terms exhaust all possible combinations for
I1(8)I1(8) — TI(8)I1(8) scatterings.
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To obtain operators involving 7, we simply replace IT in

the above operators to IT+ #,15,3/+/3 and collect terms
with different number of #; as

\/goe — \gg Oa — Tr(ninnoutnin)ntl)ut + Tr(noutninnout)”iln’

0y = 79= % O, =Tr(IT" I )y},
40,=30,=60,
= Tr(TNIIOY) 4 g Tr(TTMITT),
20, =40,=30,=60, ="y (38)
|

T =r" 0y 41" 0, + 15" 0,41 0, + (" +270) 0, + (7(({”)

m 4v[(1m) 2\/2’”) 3V('”> .
+<7»§])+ fo 12T TN )oo.
6
Note that various ?l(-m), #m50m and ¥ oceur in 70

i i i
only through some very specific combinations. We still

preserve the subscripts (i = 0, ¢, a, e), since these ?Em), ?S'"),

#™ and ¥ for different i correspond to different flavor
flow patterns in rescattering diagrams (see Fig. 1) and they
will, in fact, reduce to r,(.m) in the U(3) limit.

It is straightforward to obtain the rescattering effects on
topological amplitudes. In analogy to Eq. (15):

A =8 AR = (14iT"/?) - Ale, (41)

we have
Hee = (1 +iT'7%) - HYy = Hy +iT"? - Hyy,  (42)
where H. is given in Eq. (18), 7'/ in Eq. (40) but with

m=1/2,H gff is the unscattered effective Hamiltonian with
|

STV = iry TV 4 ir,CU0,
SCY) = irgCY0 4 ir, T,

Note that it is impossible to obtain a term containing three
1y as is prohibited from SU(3) symmetry. We now have

Tm = r((]m) Oy + r(em>0€ + rﬁ,””oa + rﬁ’”)o, + 7’,(;") o,
+ 70, + 70 + 70, + H O, + 1O,
+ 70, + 70, + 7O+ MO,
+ 7" 0, + "0, (39)

Using Eq. (38), the above equation can be simplified
into

47 L opmN AR opimN
+L) Dot (;,g >+L> 0,

(40)

all TA in Hy replaced by TA° and the dot in the above
equation implies all possible pairing of the P°"'P*™ fields in
HY% to the P"P™" fields in 7''/2 (the P°"'P*" in 7'/ remains
unpaired). As noted previously since the effective
Hamiltonian in Eq. (18) is obtained using flavor SU(3)
symmetry argument only, its flavor structure will not be
changed in the presence of rescattering, i.e., Eq. (42) will not
modify the flavor structure of H.g. This feature is indeed
verified in the explicit computation. Therefore the expres-
sions of the decay amplitude in term of the TA will remain the
same, but now these TA contain rescattering contributions.
The effect of rescattering on TA can be obtained using
the above equation. The computation is straightforward, but
tedious. Here we only give the final results, some deriva-
tions using the above equation can be found in Appendix B
for illustration. We obtain, in the presence of the rescatter-
ing, TA will receive corrections in the following ways:

SEV) = iry EV0 + ir, TV — % i(r, +2r,)C0 + % i(=2r, 4 5r,)E"0 + % i(7, +27,)(C)" + 2E00),
SAV) = %i(% —2r), + 5r,)AV0 — % i(r, +2r,)T"° + ir,CV0 + % i(F, +27,) (T"° 4+ 24000),
5PV = iryP"0 4 iy, TVO — % i(rl, +2r,)C"0 + % i(=2r, 4 5r,)P"0°

L. po (nCo

1 1 ~ - 1.
— S IrAPIN g i+ 2 PE 5P+ 27) (cg>° +2P00 — 51)&52) :
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1 1
SPAV) = 3iGro—re + 16, + 12r))PAVO + i T"0 g (2ire +4ir, - 3ir)C"0
2 E00 12 - cnpio _ L. pno 1 ()c
+§(lr + 1lir,, + 12ir)E +§(1re + 11ir, + 12ir,)P —glI”,PEW +—= 77 i(=2r, —4r, + 3r};) Ppy
2 2 _ _ a _ 1 1 2
— i+ 117 + 127) PO — 5 i(F+27) (cﬁ”o +2E00 4 CY° 4 opo — gpg%” - gpg;va; - 51)35“)
1 N A 3 3 1.
+§i(?§ +%) <C<’>° EO9 1 P00 4 2 FA00 — 2 BT Pg’%?o),
5P, = iryPLY + ir, PUS°,
sPUS = iry PO + ir, PUY.
1 1 _ )
5PUE — ip1 pOE iy plo 1 Filre 27, PO 4 (=27, +5/)PEW +—i(P + 27,) (PUSY + 2PREY,
3 3 :
1 1
sPA = Si(3r) =20+ 5r) Py pUo 3i(r;+2r;)P§3’2,8+ir’ J + i(7, + 27,) (PL0 + 2P0, (43)
_ ] 2 5 47 + 27,
S(TV) 4+ 2A0) = i(¥, +27,) <—§T<’)° + 00 4 §A(’)0> + i(?g +%>( T00 4 240)0),
/ =~/
S0 1+ 2E0) = i(F, + 27, )< 700 _ %CO +§E(> ) +,</ %)(C‘EOO‘FzE(')O),
B} I I 2 5 1 2
5<C§’>+2P<’>—§Pg%ﬁ2) = i(7, + 27, )< 00 20 Pl —§P}5’£+§P§5’%§°>
47 _ 1.
+i(7g+7>< + 2P0 —gpg%”)
_ _ 2 5 (. A, 42
5Py +2P00) = i(7, + 27,) (_gpgge P gpgw) ; ( ¥ f) (P + 2P0,
2 5 4F, 427 - _
SR, +2P08) = i+ 27 (Pl -3 PO +5PA ) + (7 T PAD + 2P (4
and
5<C<’> FEO + PO 2 PAY RS - %pgf)
(., AR +2N\ (3 1 1 1 4
= l<r; +T> (5 T — EC<’>0 +4E"0 4 4P"0 4+ 6PAV) EP%W +e (P&w)° — g(Pgw)°>
47 427 + 37\ [ y . 3 1. 1
N i(ﬂ) LMt 6re + rt> (C(/)o L E00 4 p0o +§PA<’)° _§sz50 —ngQ,fO), (45)
[
where the superscript O denote unscattered amplitudes and we 23), (24), (25), (26), and (27), and the

define rﬁzrl(-l/z) ?’—r(1/2>, ?”—r(l/z), 7’25?51/2), Fi=F SUZ)

The full topological amplitudes contain the unscattered
and the contribution from the scattering. For example, for
the tree amplitude the full amplitude is T"), the unscattered
tree amplitude is 7). After scattering we have

TV = 700 4 65T = TUO 4 i TUO 4 jr,CU0. (46)
One can check that the above equations are consistent
with the topological amplitude expressions Egs. (22),

rescattering formulas, Egs. (A5), (A6), (A7), (A8) and
those of B decays. It should be pointed out that this is a
nontrivial check, as one can see that Eqgs. (22), (23),
(24), (25), (26), and (27) are rather complicate and a
single error in them can easily spoil the consis-
tency check.

Note that decay amplitudes can be expressed in terms of
several combinations of topological amplitudes, such as
T + C, C —E and so on, and FSI affects these combina-
tions only through,
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47, + 2F, 47, + 27
L+i(rh+ 7). i =r).  ilr+7r),  iQF+7), 1+i<wo+%>, i(fng+%). (47)

We have

TU 4+ CO = [(14iry+irl) +i(r, — r)](TVO + CU)0) = i (T 4 C10),

1
CY —EV) = (14 ir) +irl,)(C"° — ENO) +§i(r’e — ) [3(TV0 4 c10) —2(C)0 — E0)0)]

1 _ -
~3i(F+27,)(C" + 2E00),

2

AV 4 C = (1 +iry+ir,)(AV0 4 C)0) 4 3 i(rl, =) [(TV0 4+ C0) — (A0 4 C(10)]
1

+3 i(F, 4 27,) (T"0 +2A00),

1 2 1
PO —CO 42 Py = (U irg i) =i = )] <P</)0—c</>°+§Pg2,§°>

1

31 =) [=3(T00 - C00) 4 (P + Pl
1 1

+3i(7 +2ra)< ?+2p00 _gpgggg),

4 13 1

PAV) — 9C(>+ 5 E<)—§PE'W = (1 +1r6+1r;—§1(r;—rg)+41(r;+r;)) <PA (10 9C() +3E<’)0—§Pg%v)
4 7 1. ) 0
+ —§l(r —r) +i(r+ ) [(TY) § gz(r — 7))+ 4i(r, 4+ 7)) | (CVO — EVO)
2 1
+ {gi(r’e—r i(r,+r } < +§Pg\)§0>
Lo . 0 p()CO 2., 0.8, (NCO  (NEO
_§[l<re_ra)+l(ra+rt>](PEW+PEW )+ ﬁl(re_ra)+§l(ra+rt) (PEW _PEW )
1 _ - _ - 1- _ _
= i(F+27,) | 7(CV° +2E00) —6( €0 4200 —— PSS ) +2(Ply | +2P5y"
77 1 2 37 EW2 EW.1 EW
[ A = 5000 L 3 5 1 1
+§l(rH—T> <C(’)°+E(’)0+P(’)°+§PA<) —3P](3\),v —§Pg25°>,

Pl + P = [(1+iry +irh) +i(rh = )] (P <’%8+P§5%§°> = (PR +P).

P = Piw = (1+irh+irl) (PR — Py >+ i(r, =) B(PRY + P ) = 2Py = Piw)]
— (L 27, (PSS + 2P,

PU -+ PUS = (1 iy + i) (PO + PUSY) 4 Zi(7 = ) (P + PUS®) = (P + PUCY)]

1
(7% + 27 (P +2Pi"). (48)
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B ~/
(TO +240)) = 1+i<’ +2r> (TV0 4 2A000) 4 i(7, +27,) [—%(T(’>O+C(’)°)+§(A<’)°+C(’)O)},
~0) Lm0y — |10 7 ~/+2 ~(10 (0 (10N _ ¢ (N0 _ ()0
(CYY4+2ED) = [1+i (C" +2EN0) +i(7, +27,) [(TU0 + C10) — 3(C —EV9)],
1 1
C§)+2P<>—3Pg%ﬁ2: 1+z(’ ) v ——Pg%”)ﬂ(r 27 [(T00 4 0

+§<P(’>° co +3 P >—

CY0 2P
0

1
g( EW

3
C0
PO,

- - ., AT 42 o _ 2 5
(P + 2P0 = |17+ T2 ) | P-4 2B 4+ 2700 [ U+ PO+ 5P + P .

- - . A7 +2r o _ 5
(P, +2P0) = |1+ (7 ) | P+ 2P i 4 2 P+ P S

and

Cc0 EO
(PEn’ =P ). (49)

~ ~ - 3~ 1. 1.
(c<’> +EO 4+ PO 4 JPAY — 2 POy - 3 UL
~1 A/
_ i(?; + w> B (TV0 4 ) 4 ? (C10 — E00) 4 4<P<’)0 _cto %szgo>
4 13 I _i)co 1 0 con 4, o EO
vopar e Pl ) E< PUS + P + 5 (P - P
47, 3 . 1. 1.
+ [1+i<?6+ )]( no 4 po +§pA(r)0_§Pg%$o_§Pg%§o>' (50)

With the help of Eq. (9) (with m = 1/2) we will be able to
study the effect of rescattering to the above combinations
and give a clearer picture. Note that the above transformation
formulas of the combined topological amplitudes, in
Egs. (48)—(50), are not as powerful compared to trans-
formation formulas of the individual topological ampli-
tudes, Eqs. (43)—(45). They are, however, the ones that can
have in terms of the combinations of 7; [Eq. (47)] and hence
the rescattering angles and phases, 7, v, ¢, and 6 [see Eqs. (9)
and (14)], without introducing additional assumptions.

3. Topological amplitudes and rescattering
in the U(3) limit

It is interesting to investigate the above relations in the
U(3) limit, where we take Eq. (10) and

T:T:T, Clzézzézc,
E=E=E  A=A=A,
p:P:P’ PEW:PEW:PEW’

C CcC _ pC
PEWI_PEWZ_PEW_PEW’

E _ _ DA _ PpA _ pA
PEW_PEW_PEW’ PEW_PEW_PEW’

PA = PA = PA. (51)

I
Using Eq. (10) and Eqgs. (43)-(45), we find that

8(T +2A) —8(T +24) =3ir,A°,
5(C,+2E)—8(C+2E)=3ir,E°,
1. 1
6(C2+2P—§Pgw‘2) ( P—ngW):3ir’eP0,
8(Pew +2Pfy) —6(Ppw +2Pgy,) = 3ir, Py,
8(PSw 1 +2PEy) —8(PGw +2PEy) = 3ir, PEy,.

(52)
and
5(@ LB

- 3 1. 1
P+ZPA—-_P5, —-PE
3 37EW 3 )

3 NN N
—8( C+E+P+PA-SPhy — 2Pl

1
=3 ir,(6E® + 6P° + 9PA" — 2PEY). (53)

The above relations can be consistent with the relations in
the U(3) limit, Eq. (51), only if we take
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Y, = 0. (54)

It is useful to recall that by requiring U(3) symmetry to the
rescattering matrix 7 [Eq. (10)] one only leads to r,7, =0
[see Eq. (12)], which can either be #, = 0 or 7, = 0. Now
we can select out the r, = 0 solution. The reason of being
more specify here is that we now apply U(3) symmetry to
both rescattering matrix 7 [Eq. (10)] and to the topological
amplitudes [Eq. (51)]. Hence it leads to a more specify
relation.

III. NUMERICAL RESULTS

In this section, we will present our numerical results.
First, we will give an overview of the results of the fits. We
will then discuss the rescattering effects on topological
amplitudes. Finally, numerical results for decay rates and
CP asymmetries will be shown.

A. Overview of the results of the fits

Before present our numerical results, we specify the
inputs used in the following numerical study. Masses of all
particles and total widths of B, ; ; mesons are taken from
the review of the Particle Data Group (PDG) [7] and the
branching ratios of B to charmless meson decays are taken
from the latest averages in [6].

For theoretical inputs, we use f, = 130.2 MeV, fx =
155.6 MeV and fB(S) =187.1 (227.2) MeV for decay con-
stants and m,(2 GeV) = 93.5 MeV for the strange quark
mass, which is taken from the central value of the PDG
averaged value, 93.5 + 2 MeV [7].5 The values of CKM
matrix elements, excepty /¢, are also taken from the central
values of the latest PDG’s results [7]. We use the QCD
factorization calculated amplitudes [ 18] for the factorization
amplitudes in the right-hand side of Eq. (2). We take the
renormalization scale as ¢ = 4.2 GeV and the power cor-
rection parameters X 4 i = In(mp/Ay)(1 + py ye'®+#). For
meson wave functions, we use the following Gegenbauer
moments: af = —ak = 02,05 =af =0.1,07 = 0,5 =
0.2 and a'f’,g, =0 [18]. Several hadronic parameters, in
additional to the CKM phase y/¢3, pay and ¢y, in
factorization amplitudes are fit parameters and are allowed
to vary in the following ranges:

FB7(0)=0.25+0.05, FBK(0)=0.35+0.08,
FBK(0)=03140.08, y/¢y=(73.2+10)°,

Ap=035+025GeV, 15 =0.35+0.25GeV.
(55)

Note that in the previous study [11] m, is taken as a fit
parameter in the range of 100 & 30 MeV, but now as the value
becomes more precisely known it is better to use the present
central value as an input parameter.

TABLE I. Numbers of rates 53, direct CP asymmetries A and
mixing induced CP asymmetries S of Bq — PP decays involved
in this study.

Number Number Number Number Total
of B of A of § of SL number
All 34 34 24 1 93
Fitted 26 16 5 1 48
Predicted 8 18 19 0 45

These estimations agree with those in [18,31-36], while the
ranges of form factors and y/¢; are slightly enlarged. For
example, the above F57(0) can be compared to the following
reported values for the quantity: 0.28 4 0.05 [18], 0.25 [31],
0.29 [32], 0.258 £ 0.031 [33], 0.261 007 [34], 0.2810 5
[35], and 0.26170920 [36].°

It is known that semileptonic B — nlv decays are related
to the B — z form factor and the determination of |V ;| [7].
Using data from BABAR [37,38] and Belle [39,40],
HFLAG obtain the following result in 2014: [6]

FB7(0)|V,,| = (9.23 +0.24) x 1074, (56)

We will use this in our y? analysis.

In summary, 9 hadronic parameters, py g7, ¢4, F5(0),
FEX(0), FB5X(0), A, Ap, and one CKM phase, y/¢s,
involved in the QCDF amplitudes will be fitted from data.
The residue rescattering part add 4 more parameters, z, v, 0,
and o, giving 14 parameters in total. Note that the majority
of the fitted parameters are from the factorization part.

In this analysis there are totally 93 measurable quantities,
including 34 rates, 34 direct CP asymmetries, 24 mixing
induced CP asymmetries and one measurement from
semileptonic B decay [Eq. (56)]. Among them we will
fit to all available data, including 26 rates, 16 direct CP
asymmetries, 5 mixing induced CP asymmetries and 1
semileptonic decay data, giving 48 in total, and will have
prediction on 8 rates, 18 direct CP asymmetries and 19
mixing induced CP asymmetries. The explicit list of these
48 items will be shown later. The total numbers of data in fit
and in predictions are roughly the same. The summary of
these numbers is shown in Table .

We perform a y? analysis with all available data on CP-
averaged rates and CP asymmetries in B, ;, — PP decays.
In the following study we use two different scenarios: Fac
and Res. For the formal we use only factorization ampli-
tudes (i.e., A; = Afac), while for the latter we add residue

®It is preferable to use the form factors as inputs instead of
variables in the fit, but in the present situation no definite values
for these form factors can be found (see for example the collected
F57(0) values from [18,31-36]) and we therefore treat them as
fitting variables to avoid bias in this work. Hopefully the situation
can be improved in future. See also Footnote 5.
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TABLE IL

Confidence level (C.L.), y2. /d.o.f. and various contributions to y2. for the best fitted solutions. The p-value of the

rescattering (Res) case is 5.5%. Numbers of data used are shown in parentheses.

Xmin./d-0.f. X?B(B“—mn).m} X?A(B“—»Kn)..‘.} X%B(B_%Kﬂ)....} X%A(B‘—»K;r)..”}
Fac 213.4/38 (48) 10.1 4) 1.8 3) 24.7 (4) 5.2 4)
Res 48.1/34 (48) 7.2 (4) 1.1 3) 6.3 4) 0.6 (4)
2 2 2 2 2
X{B(B~—xx)....} X{AB~—mn)....} X (BB =nx)....} X{AB = zn)....) X{B(B,).A(B,)}
Fac 10.6 (4) 6.5 4) 553 (9) 15.7 (3) 64.0 (7)
Res 6.4 (4) 7.5 4) 7.8 (9) 4.7 (3) 0.6 (7)
2 2
X {5(8).5(B)} AsL
Fac 129 (5) 8.0 (1)
Res 52 (5) 0.7 (1)
FSI effect as well (i.e., A; = ;.’:l(Srle/sz) Afac) Both are  asymmetries of group-1 modes (B — K~z",...), and

ij
fitted to data. The confidence levels and y2s for the best fitted
cases in both senarios are shown in Table II. Contributions to
x2. from various subsets of data are also given. Modes
that are related through the Res are grouped together
[see Eq. (A5), and see Eqgs. (A6)—(A8) for other groups].
Off course only those with data can contribute
to y*>. Numbers of data used are shown in parentheses.

Explicitly, x%B(BO—»Kn),...} and ;(% AB—Kn)..) 0 the table

denote the y? contribution obtained from 4 CP-average rates
and 3 direct CP asymmetries, respectively, of the group-1
modes: consisting of B® — K=z, K°z°, K%, K decays
B0 _, 0,)). 42

(except A(B” = K™n)); X{55-—~kn)...}
are contributed from
R0~ pr—0 = k- 2

Kz, K 2", K n, K1/ X (BB —rn)...

)(% A(B—nn),.} AT€ contributed from the group-3 modes:

2
and ¥ 45—k}
the group-2 modes: B~ —
decays; } and

B~ — 77 2°, K=K°, 775, n7 1 decays; ;({B Barn). }1s_c0n—
tributed from the group-4 modes: B’ -
ata J'L' 2 'y, KK, K°K®, 2%, 2% decays,

while y? (A only contributed from 3 of the above

B'>zn),...}
modes, B — zt7~,7%° K°K° decays; )({B B 1S
contributed from 5 CP-averaged rates in B(S) - K tr,
ata= .y, K*K=, K°K® decays and from 2 direct CP
asymmetries in B — K*z~, KtK~ decays; X%S(BO)),S(B?))}
is contributed from mixing induced CP asymmetries of
BY = K%2° K%, 7t 7, K4Ks, and BY - K*K~ decays.
The semileptonic data, Eq. (56) is also included in the fit.
The above lists are the 26 rates, 16 direct CP asymmetries, 5
mixing induced asymmetries and 1 semileptonic data
[Eq. (56)], 48 in totally, that go into the fit.

Table II shows the overall performances of the fits. We
discuss the factorization case first. The y* per degree of
freedom of Fac is 213.4/(48 — 10). One can compare the y>
values and the numbers of data used in the corresponding
groups. When the ratio of 2 and the number of data is smaller
than one, the fitin the group is reasonably well. By inspecting
the table, we see that Fac gives a good fit in the direct CP

produces reasonable fits in the direct CP asymmetries of
group-2 modes (B~ = K%, ...) and of group-3 modes
(B~ = 7~ a°,...), butthe fits in rates and mixing induced CP
asymmetries of all modes (including B decay modes) and
direct CP asymmetries of group-4 modes are poor. In
particular, the ratios of y? per number of data used in rates
of the group-2 modes (B~ — K%z, ..)), group-4 modes
(B - nt7,...), in the rates and direct CP asymmetries of
B, modes and in the semileptonic quantity are as large as
24.7/4,55.3/9, 64.0/7, and 8.0/ 1, respectively, indicating
the badness of the fit in these sectors.

The fit is significant improved when the rescattering is
added. In the best fitted case, the y? per degree of freedom
of the fit is 48.1/(48 — 14) giving the p-value of 5.5%. It
should be noted that with 4 additional parameters the
quality of the fit is improved significantly. All 1%, except the
direct CP of group-3 modes (B~ — = 7°,...), Wthh is
slightly enhanced, are reduced. In partlcular, the y> per
number of data of rates of the group-2 modes
(B~ = K%, ...), group-4 modes (B = n*z~,...), the
rates and dlrect CP asymmetries of B; modes and in the
semileptonic quantity are 6.3/4, 7.8/9, 0.6/7 and 0.7/1,
respectively. The performance of the fit in these sector is
improved significantly. Detailed results will be shown later.

The fitted parameters are shown in Table III.
Uncertainties are obtained by scanning the parameter space
with x> < y2.. + 1. The parameters consist of those in
factorization amplitude and of Res. The Fac fit gives
FB7 = (0.239 £0.002, while the Res fit gives F’7=
0.253 40.002. They correspond to FZ#|V ;| = (8.55 005 ) x
107 and FB*|V,,| = (9.03 £ 0.09) x 10~* for |V,,| =
35.76 x 10™* employed in the numerical study, respec-
tively, and they can be compared the HFLAG average,
FE™(0)|V,5| = (9.234£0.24) x 107*. The Res result
agrees better with the data.

Both fits prefer large Ap . Except py and ¢,, most
common parameters in Fac and Res have similar fitted
values. A closer look reveals that Fac prefers y/¢5 close to
its center value [see Eq. (55)], while Res prefers a lower
v/¢3. Comparing the fitted phases to those in the U(3)
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TABLE III.  Fitted hadronic and FSI parameters. Upper table contains fitted parameters in factorization amplitudes (Fac), while the
lower ones are parameters in the rescattering (Res) case.

Pa P ¢a(°) ¢u(®) F§7(0) FEX(0) F5%(0)
Fac 0.97+09) 2.821020 —28.4107 —111.57H 0.239 + 0.002 0.27-309 0.2350%
Res 2.87100% 2.33 +£0.63 165.1 £0.9 —111.7 £20.6 0.253 £ 0.002 0.28 £ 0.01 0.24 +0.01

Ag (GeV) Ap, (GeV) v/ 95 (°) (°) v(°) 5(°) (%)

Fac 0.197005 0.607004 754117 - - - -
Res 0.22 +£0.06 0.45704 68.9 £ 1.8 222422 78.1+2.9 23.3+4.0 120.7 £22.3

exchange-type solution [see Eq. (A17)] t=24.1°, v =
35.3° and 6—6 =0 and in the U(3) annihilation-type
solution [see Eq. (A16)] r=-41.8°, v =-19.5° and
o — 6 # 0, we see that the fitted 7 ~ 22° and v ~ 78° seem
to prefer the exchange-type solution, while the fitted ¢ —
6 ~97.4° supports the annihilation-type solution.

B. Rescattering effects on topological amplitudes

In this part, we will show the rescattering effects on
topological amplitudes in certain combinations and on
|

1+ i(ry+r,) = (097
i(re —ry) = (0.20
i(rg+rp) = (0.05
i(27, +7,) = (0.18
., A7, +2F,
1+ <r6 +T> = (0.99
47, + 27
iy i et e _ (004
47 27 37
1+ -<;6 M) — (0.93
6
From the above equation, we see that most of

these parameters have large phases (with respect to
8,7). Note that ¥} + i(47, +2#,)/3, i(r,—r,) and
i(27, + 7,) are three most sizable combinations and
they are close to A4, —iA and —il (taking the overall
phase 6,7 = 0), respectively, where 1 is the Wolfenstein
parameter.

In Tables IV and V we show the topological
amplitudes of B, —» PP and B, — PP decays before

"The A° are obtained by using the rescattering parameters as
shown in Table III, but with z, v, 6, and ¢ set to zero. Do not
confuse it with the annihilation amplitude, where they may share
the same notation occasionally.

some individual topological amplitudes of interest.
Note that the discussion in the first part is generic,
while we need to impose further assumption in the
second part.

1. Rescattering effects on the combinations
of topological amplitudes

It is useful to show the fitted results on residual
rescattering parameters r; (or rgl/ 2)):

920508) expli(11.981189)° + i67].
810:028) expli(—78.36 + 2.02)° + idy;),
9 +0.009) exp[i(—=92.06725)° + i6,7],

97008 exp[i(=78.36 & 2.02)° + i6y7],

070 00) expli(3.27531)° + i),

+11.13

8t8.'866;)eXP[ (=29.661,13)° + idy],

+0.031
—0.041

+22.24
-21.73

6 )expli(118.43 )° + i67]. (57)

rescattering (A°) and after rescattering (Apg;) in the unit
of 107® GeV.” These amplitudes are expressed in
certain combinations as noted in Eq. (28). Note that
without lost of generality the overall phase (5,7) is set to
0 from now on for simplicity. The ratios Apg/A° are
also shown. These results are obtained using the best
fitted solution and Egs. (30), (33), (34), (48)—(50).
Both AS=0 and AS = -1 amplitudes are shown.
Note that we do not use them directly in the fitting.
In fact, they can be obtained only after the best fit result
is available. Nevertheless they will provide useful
information.

From Table IV, we see that before rescattering, we have
the following order for B, — PP amplitudes:
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TABLE IV. Combinations of topological amplitudes of AS = 0, Bq — PP, and B, — PP decays before rescattering (A%) and after
rescattering (Agg;) in the unit of 1078 GeV. These results are obtained using the best fitted solution and Egs. (30), (33), (34), (48)—(50).
Without loss of generality the overall phase (J,7) for Agg; is set to 0 for simplicity.

A%(B) Apsi(B) Apsi/A°(B) A%(B) Apsi(B) Apsi/A°(B)
T+C 323708 3237708 1 3.23¢57Y 3.23¢7Y I
C-E 11371195 1.58¢11188" 1 4007 1.18¢/18% 1.58¢/1%0° 1.40¢07
A+C 1.07e=1224"  1.52¢=1207° 1 42117 1.07¢15% 1.52¢/70" 1.42¢7
P-C+1iPGy, 1.77¢B341 2.23¢M441° 1.26¢10° 0.80¢=1021°  0.94¢=11283° ] 1771267
PA-3C+BE-1PL, 0.56¢74 0.45¢/97 0.81e~>7 0.64¢711606"  0.80¢~ 14157 1.25¢/191°
Pew + Py 0.10¢"1" 0.10¢!1" 1 0.10¢7321  0.10¢321 1
Pty — Ply, 0.04¢7367 0.05¢7319"  1.4057 0.04¢=795"  0.05¢™ 1374
PRy + Phy 0.03¢7#+2"  0.05¢7385"  1.53¢57 0.03¢%%  0.05¢76 155661
T+24 266039 2437562 092677 2.66¢ 7% 24381 0.92¢77
C, +2E 0.90¢=1349" 129711293 ] 445 0.96¢%%° 1.29¢84 1.44¢558
C, +2P-1Py, 1977366 222,741 1137125 29971297 3.34¢71271 1.12¢2¢
Prw +2P4y 0.09¢284 0.08e374 0.92¢89° 0.09¢=15% 0.08¢~07° 0.92¢9%
PGy, +2PEy 0.04¢~588° 0.05¢~1469" 1.34¢119° 0.03¢=7721° 0.04¢71088° 1.53¢B33
C+HE+P+3PA-L1PG, —L1PE, 134790 156712 116724 1.89¢732%  1.92¢791 1.02¢1¥

TABLE V. Same as Table IV, but for AS = —1 transition decay amplitudes.

A%(B) Apsi(B) Ags1/A°(B) A%(B) Apsi(B) Ags1/A°(B)
T+ 0.75¢=78  0.75¢77% 1 0.75¢57" 0.75¢57 1
C-F 0.26¢71195 0361188 1.40¢107 0.26¢18% 0.36¢1%0" 1.40¢07
A+ C 0.25¢711224° 035071207 1.42¢117 0.25¢/15% 0.35¢17" 1.42¢7
P —C + %P;EC\‘V 4.366“64‘20 4.006“74'00 0.926i9A8° 4.646“70'30 4.486_”78‘60 0.97(3i11'1°
PA —3C + G E - Py 0.42¢3% 0.99¢73% 2377 0.29¢781 07481 2.58¢/113:°
P;EW + P{EC;V 0.468“68‘90 0.466“68‘90 1 0.466“71‘00 0_46ei171.0° 1
Py — Py 0.18¢/1208 026148 1.40¢5 0.18¢1229° 0261268 1.40¢
Piy + Py 0.14¢1136" 0221187 1,535 0.14¢M156 022612107 1,535
T +24 0.61¢739"  0.56e7°6%  0.92¢77 0.61¢73% 0.56¢81->° 0.92¢77
C| +2F 0.21¢71349"  0.30e~1293"  1.44¢56° 0.21¢% 0.30e4 1.44¢5:¢
Cy+ 2P -3 Py, 10626926 11.13¢™99 1.05¢727 10381924 10.85¢1488 1,053
Phy + 2Py 0.42¢=1748" 03871659 (.92 0.42¢=1726"  0.38¢1938" (.92
Py + 2Py 0.08701:%" 0.12¢73% 1483307 0.08¢/3" 0.12¢30 1.48¢33°

C/ 4 E/ + P/ 4 %P”‘A/ _ %Pg{’\/ _ %P;:FW 6.04@“40‘00 5.016_“41‘50 0.836”8‘50 5.896“38‘10 4.886’_“46‘10 0_8361‘75.8"

T 1ol ds0 . w0 3 350 laq 1.
|T°+C°|>|T°+2A°\>)C8+2PO—§P]§%,’2’>‘PO—C0+—P]§8\, >‘C0—|—E0+PO+§PAO—§P]€9V—§PEQV >0 — E9|

3
> A0 & 0| > |0 42O 04C0 130 1,00
> A0+ 0] 2 |09+ 2F \>‘PA 5+ E P |

while the rest are rather small. After rescattering, we have:

. 1 R I Y P
T+ Cl > [T +24] >|P = Ct 3 Phy|2|Co+ 2P~ Ply,| >|C+ E+ P+ D PA= 3 Py — - Phy| 2 [C~ E|
o 4 0131 .
2 1A+ Cl > [C +2E| >|PA = C+ 5 E— 2 Phy.
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where |C — E|, |A + C| and |C, + 2E| are enhanced by 40 ~ 44%, |P — C + 1 P&y| by 26% and |C + E + P +3137x -
1 PGy — % PEy| by 16%. Note that the orders of |C, + 2P — 1 P{y, ,| and |P — C + 1 P§,,| are switched after turning on Res.
Subleading tree amplitudes and penguin amplitudes are enhanced. We will return to this shortly. Note that except in
C+E+P+ %f’z - %Pgw - %PEW Res does not introduce sizable phases to these topological amplitude combinations.

Similarly, from Table IV, we see that before rescattering, we have the following order for the conjugated B, — PP decay

amplitudes:

_ - 1- - -
|70 + 0| > C3+2P0—§Pg{,’v’2 > |70 +2A% >
. _ 1 4
Z|C?+2EO|>P°—CO+§PE&, >‘PA0—§C°

while the rest are rather small. Note that the above order is
different form the one in B ¢ — PP decays. After rescatter-
ing, only the first two terms switch order, where |C, + 2P —
1PEy,| is enhanced by 12%, |P— C+{Pgy| by 17%
and |C — E|, |A + C| and |C; + 2E| by 40 ~ 44%. Note that
Res introduces sizable phases to some of these topo-
logical amplitude combinations and |C,+2P—1Pfy, ,

IC+E+P+3PA-L1PG, —1PE,|, and |PA-:C+
BE-1Pty| are quite different to those in B, — PP
decays.

Some comments will be useful. (i) A large number of
combinations of topological amplitudes are sizable.
(i1) After rescattering one sees that the phases introduced
to B — PP and B — PP amplitudes are quite different.
(iii) The above facts imply that the effect of Res on direct
CP violations can be complicate and rich. (iv) The
enhancement of rescattering on some of the AS =0
topological amplitudes can be up to 55%, such as on
Py + Pty but their sizes are still small even after the
enhancement. Nevertheless this may have impact on some
suppressed modes.

It is useful to see the above enhancements in details. It is
clear from Eq. (48) that the effects of Res on 7 + C and
Py + PSy are just adding the common phase &,; to them.
The effects on other combinations of topological amplitudes
are more interesting. In B q — PP decays, considering only
the dominant contributions in Eq. (48), we have

C—Ex (1+irl +ir,)(CO — E%) + i(r, — i) (T° + C°).
At Co (14 irh +ir) (A0 4 C0) 4207, = rl) (10 + C°)

1 _ ,
+§i(7; +27,)(T° + 2AY). (58)

We can estimation the above values by taking the central
values of (1 + iry + ir),), i(r, —r,) and i(F, + 27,) from

Eq. (57) and the central values of C° — E0, A® + C°, T0 4
CY and T° + 2A° from Table IV, obtaining

20 70 50 . 350 lace s
C°+EO+PO+§PA0——PC0 — P&,

> |C% - E°| 2 |A° + 7

37 EW 3

13 1
CR

9’

A+C

C-E o
~ 14de 7, m

~ | dp—i%
0~ ~1.4e™,

(59)

which are close the values of 1.40¢™7" and 1.42¢""”° shown
in Table IV. Even using a crude estimation by taking
(1+iry+ir,)~1 and i(r, —r,) ~i(F, +27,) ~—il,
one still get 1.5¢="'%" and 1.5¢="1%", which are not too far
off. It is clear that the effect of Res in C — E mainly comes
from the exchange and annihilation rescatterings fed from
the 79 + C amplitude, while those in A + C comes from the
exchange and annihilation rescatterings fed from both 7° 4
C% and T° + 2A° amplitudes.
Similarly from Eq. (50), we have

4;;+2?;+3;;)]
ot

o w0 w0 30 laco 1
x <C°+E°+PO+§PA°—§P1§8V—§P§8V>

47,427\ [3 14
+i(?§+7r“;r re) [E(T(H—CO)—#—?(CO—EO)

1 4 o 13 1
+4 <P0—C0+3Pgsv> +6 <PA0—9C0 +5E0 —3P§3V>} :

(60)

and we find that the 70+ C° and C°— E° terms give
(sizable) destructive contributions, while P° — C° + 1 PSY,
and PA® —5C° + 2 E" — L P}, terms give (sizable) con-
structive contributions via the same Res parameter
i, 4 i(47, 4+ 2#,)/3. The final result of the 16% enhance-
ment in |C + E + P +3 PA - 1P§,, —1PEy | is the com-
plicate interplay of these contributions.

We now turn to the Res effect on the penguin amplitudes.
From [see Eq. (48)]
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3

W

1 2
P—C+ Py~ {(1 +iry+ir,) ——i(r’e—r’a)]

1

PO_cO
x< "

PR ) -ilri=r)(10+C)
1 e =/ CO pO 1 pCO
+§l(re+2ra) > +2P _§PEW,2 ;
(61)
we obtain for B — PP decay:

P-C+3Phw . o
PO—C°+%P]§3\,_]’36 , (62)
which is close to the value 1.26¢1%% shown in Table IV.
where the main contribution is from the 7, — r/, rescattering
term fed from 70 + CO.

We now turn to AS = —1 processes. The results are
shown in Table V. We see from the table that before
rescattering, we have the following order for Bq — PP
amplitudes:

_ _ 1._
CY-+2P"— P,

=0 20 50 3500 laco Lz
> C’°+E’°+P’0+§PA’°—§P{§V‘3,—§P;§v‘3,

1
>|P"° —CO+§P,%0W > [T+ C"

|04 20> [Py + P

4 13 1
> PA/O__c/O _E/O__P/CO
N' CR 3 EW

2 [Py -+ 2P| > €0~ 9] 2 |4 4 €0

s

while the rest are rather small. Note that as expected
penguin amplitudes dominate over trees. In fact, even the
electroweak penguin amplitudes, which were neglected in
the AS = 0 case, cannot be neglected now. After rescatter-
ing, the above orders are rearranged into:

N N I U O
C’2+2P'—§P;§w2 > C’+E’+P’+§PA’—§P;§W—§P;§W
1
>P’—C’+§P§§W
4 .13 1
>|PA'——C'+—FE —=P§
o« T F T3 Ew

>|T'+C'| > |T'+24'|
> |Pew + Piwl > |Pew +2Piy

2 |C—E|Z|A'+C).

We see that the combinations with sub-leading tree ampli-
tudes, C' — E' and A’ + C’, are enhanced, while the one
with the penguin term, P’ —C' + P{5y/3, is slightly
reduced. Note that [PA’ —3C' + 2 E' — 1 P[§;| is enhanced
by a factor of 2, but |C'+E + P +3PA — 1P, -
%P%Ew| is reduced by about 20%. Similar pattern occurs
in the conjugated B, — PP decays.

The effect of rescattering on A’ 4+ C’ is similar to the one
in A + C. It is enhanced from the exchange and annihila-
tion rescatterings fed from both 77° 4+ C'° and 77 + 2A"
amplitudes. We also note that the effect of rescattering on
PSy — P&y is similar to the one in C' — E/, but with tree
amplitudes replaced by electroweak penguins. Hence
Py — P&, is affected most from PRy, + PiSy and the
effect is an enhancement in size.

It is useful to see the enhancement and reduction in
|PA'—4C'+RE ~1P& | and |C'+E'+P' +3PA' - 1P, -
%i’{wa respectively, in more detail. In Bq — PP decays,
keeping only the (PA” —3C° +$EC -1PY,) and the
(P —C"+1P{y) terms in the corresponding formula
shown in Eq. (48), we obtain

4 C 13 1 C
PA/ -9 ! + 9 E/ -3 P/E‘V
4 C 13 1
PA/U ) 10 + 9 E/() 3 P/EC‘OV

~2.6e5%,  (63)

which is close to the value 2.37¢%°7 shown in Table V.
Similarly using the corresponding formula in Eq. (48) and

keep only the (C°+E°+ PP —&—%f’;\(/)o —%PECV?, —%ng)
and the (P — C" +1P[5)) terms we obtain

&+ B+ P+ 3PN P APty

;10 | F10 | P04 3pAl0 1 HrCo ~/Eozo'gemo’ (64)
C"+E"+ P +5PA" —3Pgy —3PEw

1
3

which is close to the value 0.83¢7%% shown in Table V. In
both cases the most important contributions are from the
(PO —C"+ %P{EC\{),) term.

2. Rescattering effects on some
individual topological amplitudes

The results in Tables IV and V are all we can have, if no
further assumption is made. It is, however, desirable to
reveal the effect of Res on some individual topological
amplitudes instead of their combinations. To explore the
effect one needs the information of various 7/ instead of
their combinations shown in Eq. (57). For example, the Res
effect on exchange amplitude is given by [see Eq. (43)]
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TABLE VI. Some topological amplitudes of AS =0,—1, Bq — PP and B, — PP decays before rescattering (A% and after
rescattering (Agg;) in the unit of 10~ GeV. These results are obtained using the best fitted solution and Eqs. (30), (33), (34) and (43). We
use an additional assumption, r, = 0 as suggested from U(3) symmetry on TA [see Eq. (54)]. Without lost of generality the overall phase

(8,7) for Agg; is set to 0. Results in combinations of A and A can be found in Tables IV and V.

A°(B) Apsi(B) Arsi/A°(B) A%(B) Apsi(B) Ags1/A°(B)
T 25.84¢7163-5° 25.84¢71035 1 25.84¢74% 25.84¢74% 1
C 10.45¢=123° 10.45¢~1123%° 1 10.45¢/13%° 10.45¢/13% 1
E 1.19¢/1026° 5.46¢71 4,611 1191197 5.46¢~1151% 4.61¢7531°
A 0.38¢~7774 4.78e~113 12.67¢7364° 0.38¢760-¥ 4.78¢3 12.67¢7364°
P 8.89¢:° 122643 1.38¢™7 9.94¢~31€" 6.43¢7H47¢ 0.65¢7716"
PA 0.766_“66‘40 7.956_“16‘20 10.5065020 0.766“49‘30 5.19€_i1‘60 6866—1’1509"
Prw 0.86¢™2%0" 0.86¢/2%" 1 0.86¢~715-% 0.86¢~15% 1
Piy 0.29¢~1608 0.29¢~ 68 1 0.29¢~81° 0.29¢~81° I
PLy 0.11¢170% 0.27¢166" 24274 0.11¢126% 0.26¢121% 231730
Py 0.02¢13:¢° 0.18¢247 11217383 0.02¢30-7 0.18¢168° 11.08¢~38.1°
T 5.98¢7103° 5.98¢71035° 1 5.98¢/74% 5.98¢/74% 1
C’ 2.41€_i]23‘9° 2.416_“23'90 1 2.41€i1348° 2.416“3‘80 1
E’ 0.27¢i102.6° 1.26¢71.0° 4.61e"1315° 0.27-i119.7° 1.26¢-1151.2° 4.61e¢71315°
A’ 0.09¢=774 110113 12.67¢1364 0.09¢703° 1.10¢™3" 12.67¢364°
P 44.12¢"676° 40.99¢177° 0.93¢" 43.90¢"196° 4229711787 0.96¢1-7
PA’ 3.54¢7106 7436785 2.10¢87 3.54¢717 9.56¢/084° 2.70¢7>%
P%W 4.016_”74‘20 4.016_“74‘20 1 4.016_“72‘10 4.01€_i172'1° 1
P;EC;’V 1.388”11'00 1.386”“'00 1 1.386”13‘00 1.386“13'00 1
Py 0.53¢=327 1.27¢7140% 2.40e717¢ 0.53¢7306" 1.27¢738% 24177
P;?w 0_0761'170.4o 0.836“32'20 11.148_i38‘2° 0.076“72‘50 0.836”34'30 11.15€_i38‘20

A E 2B ()

It is clear that we need the information of r{, r{, r}, and so
on to obtain SE"). From the fit we only have information on
some combinations of these rescattering parameters, such
as 1 +i(ry +ry), i(r, — r,) and so on [see Eq. (57)], but
not on individual ones. To study the effect of Res on
individual topological amplitudes, we make an additional
assumption:

r, =0, (66)

which is suggested by the U(3) symmetry on TA [see
Eq. (54)]. Note that we only assume 7, = 0 and do not
impose any condition on 7,, #, and ¥,. Hence we are not
using the full U(3) symmetry, but rather consider the case of
a suppressed r,. Using the above assumption and the results
in Eq. (57) one can now extract the effect of Res on some
individual TAs of interest. The results are shown in
Table VI. One should keep in mind of the assumption
made. Note that the above assumption will affect our
interpretation of the effect of Res on individual topological

amplitudes, but not on the interpretation of the effect of
Res on the combinations of topological amplitudes as
discussed previously. In other words, the above assumption
will affect the results stated in Table VI, but not on those in
Tables IV and V.

From Table VI we see that, before Res, for Bq — PP and
B, — PP decays, we have

T > [C%) > |P%| > |E°| > |PRy| > | PA°| > |A°]
2 [PE| > [Py > PRy |
|[PPO]>> [T > | PRy | > |PA”|

2[C01 > [PE] > |PER| > [E°] > |A°] 2 [P,

(67)

while after Res, we have

IT| > |P| > |C| > |PA| > |E| > |A|
> |Pew| > [PEw| > [PEwl > [Piwl.
|P'] > |PA'| > |T'| > |Pgy| > |C'| > |Py| > [Py

X E|> |A] > |Phyl. (68)

for B, — PP decays, and
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7| > |C| > |[P| > |E| > |PA| > |A]|
> |Pew| > |PSw| > |PEw| > |Paw
[P'] > [PA"] > |T'| > |Pgy| > |C'| > IP wl > [Py
Z|E| > A > |Pyl. (69)

for B, — PP decays. Note that the positions of |P| and
|PA| in the above orders are different in B, - PP and
B, — PP decays. We will come to that later.

|PEE| and |PiGE| are enhanced 51gn1ﬁcantly w1th factors
ranging from 2 ~ 11, while |P| is enhanced by 35% in
Bq — PP decay, but is suppressed by 35% in B, — PP
decay and |P'| are suppressed by 6% and 3% in B, — PP
and B, — PP decays, respectively. Note that in particular
|A| and |A’| are enhanced by a factor of 11.5. It is useful to
look into the enhancement. From Eq. (43), we have

2 5 1
AV = (1 +iry — gi”/e + 3ir;>A(’>0 - gi(”/e +27,)T"0

L0 4 él(r+2ﬂ)< 042400 (70)

Now make use of 7, = 0 and Eq. (57), we obtain

AV
A0

= 0.99¢1200° 1 9 48—i644° | 5§ 750i552° 4 4 45-i648°
= 12.67¢7364, (71)

where the terms in the right-hand side of the first equality are
from A0, 70 C0 T()0 + 240 contributions, respec-
tively. We see that the 7()0, C")0, T()0 4 24000 terms give
sizable contributions to A"), via r,, r,, and 7, + 27,
rescatterings, respectively, and enhance its size significantly.
Similarly we have

EU
EN0

= (0.99¢200° 1 4 53,=i044° | 1 206i552° 4 (.481442°
= 4.61€_i31'5, (72)

where the terms in the right-hand side of the first equality are
from AV0, 700 )0, C,g/)o + 2E"0 contributions, respec-
tively. The dominate contribution is from 7)° via annihi-
lation rescattering 7/,.

As noted previously P} and PA") receive different Res
contributions in Bq — PP and B, — PP decays. It is
interesting to investigate the effects of Res on these penguin
amplitudes in details. First, we decompose P) into the so-
called u-penguin (P")*) and c-penguin (PV)¢) as P!) =
PO 4 P according to the different CKM factors. Now
from Eq. (43), we have

1
PO — {1+ir6+3 (=27, + 57, )} Nuo iyt )0

NuCO

1
5 i(r+27)CO —Zir, Py —|-*l(r/ +2r,) P

3
1 ~ - 1
+3i(FL+27,) (cg’>° +2p00 ng&(;O)
1
PO = |:1+ll”0 3 i(=2r,+5r, )} PO

ir, Py +—z<rf +27, ) Py

3
|y =/ =/ p(1)co 15 (1)eCO
+§z(re+2ra) 2P _§PEW2 (73)

Using these formulas and the best fit parameters, we obtain

pu

PO 0.99¢120.0° | 153017102 | () 4]¢i494°

+0.0175617 4 0,107 = 1.99¢72 (74)
where the terms in the right-hand side of the first

equality are from PO 700 C()0 P</)“0'(/)“CO, and

CY° 4 2p0uo _ 1 Pg 2{;30’ respectively, and
ple » - - N
p(co = 0.99¢1200° 1 (,017740:8° 1 (0.1571946° — (0.94¢i!1:2 ,

(75)

where the terms in the right-hand side of the first equality
are from P")<0, PE(\Q,O’C(')CO, and 2P)<0 — P(\);c;o’ respec-
tively. It is clear that 7)° and C")° only contribute to P
(via the annihilation rescattering 7,) and |P")*| is enhanced
by about a factor of 2. On the other hand P")¢ is only
slightly affected by rescattering and is still close to the
original P The results are shown in Table VII.

It is useful to note that the ratio of u-penguin and c-
penguin in AS = 0 process before rescattering is expected
to proportional to the CKM factors giving

Pl | VipVig
PC - Vcbed

~0.38. (76)

The estimation is close to the ratio |P“/P|=
3.51/10.09~0.35 using P“ and P shown in
Table VII. The CKM ratio implies that u-penguin and
the c-penguin are not as hierarchical as in the AS = —1
case. Furthermore, when rescattering is turned on, the u-
penguin and c-penguin receive different contributions as
only P* can receive contribution fed from 79, see Eq. (74),
and, consequently, the above ratio is enhanced to
6.98/9.49 ~0.74 (see Table VII). These will affect the
CP asymmetries of AS = 0 modes to be discussed later.

We now turn to PA"). Similarly we decompose PA")
into PA")" 4 PAU) and from Eq. (43) we have
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TABLE VII. Same as Table VI, but for u-penguins and c-penguins.
A%(B) . Agsi(B) ) AFSI/A(?(BQ A%(B) ) Apsi(B) ) AFSI/A?(BQ
P 3.51¢/108:3 6.98¢747 1.99¢77236 3.51¢71139 6.98¢ 711376 1.99¢1236
pe 10.09¢~114 9.49¢~10% 0.94¢'! % 10.09¢~114 9.49¢~10% 0.94¢!!1%
PA" 0.31e~774 5.98¢~1120-1" 19.55¢= 427 0.31¢/03" 5.98¢176 19.55¢7427
PAC¢ 0.8lei171A4° 2.026_“04‘60 2.496184‘00 0_816i171.4° 2_026—i104A6° 2.49€i84‘0°
p 0.816”08'30 1.618i84'7° 1'998—i2346° 0.816_“13'90 1.61€_i137'6° 1.99€_i23'60
P 43.71¢168:6° 41.10179% 0.94¢M1-% 43.71¢168:6° 41,1078 0.94¢1%
PAY 0.07¢=774 1.38¢~120.1° 19.55¢=H427 0.07¢/03° 1.38¢/176° 19.55¢7H427
PAY 3.51¢7 8 8.75¢/74 2.49¢840° 3.51e7 8¢ 8.75¢754 2,494
1
PAM = 5(3 + 3iry — irl, + 16irl, + 12ir})PAV + ir,T() (2ir, + 4irl, = 3ir,)CV)
2 2
—|—§(zr + 11ir, + 12ir,)EV)0 —|—§(zr + 11ir, + 12ir,) PO
1. 1 2
+ < g PI(EQN +— 77 i(=2r, —4r, + 3r;)P](E%CO - El(r + 117, + 127})P ()”Eo>
2 _ - = | QA )
~5ilF+27) (cﬁ”“ +2EN0 4 EV°0 4 2p0n0 gpgz,vgo - gpgzv({" - gpgiv )
i (4 ) (000 4 g0 4 pvo 4 ZFAO - Lp - TP,
(Ne 1 ) ) ) (1)c0 % ) ) 2\ p(1)c0
PA 3 (3 4 3iry — ir, + 16ir, + 12ir,) PAV)? + 5 (irl, + 11ir, + 12ir,)P
Linp 4+ LiCon —ar, 1 3myplc0 - 2 117, + 127, Pi™°
+ =3 Pew +27( r, —4r, + 3r;) Py 271(r+ r, +12r)) Pg
2. i} . L Zheco 1 gmpeco 2 ()cko
) (r'e+2r’a)<2P<'> _gpl(a&z —gpfz&l —gPé%é
1 47, + 27 ~ 3~ 1. 1
+5i <%; a2l ;r re) (P(’)CO +>PA - gpgz,;co : Pgi;Eo) , (77)

Using these formulas and the best fit parameters, we obtain

PA(/)Lt s ) . . . . N
= 0.94¢% £22.30¢074 4 6177 10,781

+2.311968 40,0977 - 1.91285" 41,5277
=19.55¢727", (78)

where the terms in the right-hand side of the first equality
are from PA_ 7000 g0 p(yuo  pluducO.()uk0,

VP +2E00 4 CY° 4+ 2P0 L PEicd Péiﬁclo 2P
and CU)0

+ E00 4 plu0 4 EPA() -1 PQ”CO L pire
contributions, respectively. Note that |PA )| is enhanced
by a factor of 18, and the main contributions are from 7' g )0,
C"0 and P")*0 terms via the total annihilation rescattering
r}, the annihilation 7/, and total annihilation r} rescatterings,
respectively. In particular, the enhancement from 7)° via r/
is the most prominent one.

s

093004-

|
Similarly we have

— = 0.94¢2% 42,5182 4 0,09747

+ 1.26_i97'3° + 1.416“17'70 — 2'496i84.0°’ (79)

where the terms in the right-hand side of the first equality

are from PA()0, p()c0, P(/>00-(/)0C0,(/)6E0 9 p(1)co _ 1p](3f%5020
lp](.z/zxcfcio P](E%\CIEO, and P CO+3PA( )c0 1P( )eCO 1P( )cEO

contributions, respectively. Note that |PA | is enhanced
by a factor of 2.5, while the main contribution is from the
P term via the annihilation 7/, and total annihilation 7/
rescatterings. The effect of rescattering in PA") is not as
prominent as in the PA() case.

We see that in the presence of rescattering, the resulting
|PA"|is even greater than |PA°|, while PA")* can no longer
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TABLE VIII.  Branching ratios of various B, ; — PP modes in units of 107°. Fac and Res denote factorization and rescattering results,
respectively. Experimental results are taken from [6,7]. Contributions to y2. from the best fitted solutions are also shown. The values in
parenthesis are the results from the rescattering solution, but with all rescattering phases turn off.

Mode Exp Fac Res 2(Fac) 2(Res)
min min

B" » K-nt 19.57193 19.3193 20.7493 (23.1) 0.2 4.7 (44.7)
BY — K%z 9.93 +0.49 8.5+0.1 9.6102 (10.7) 8.2 0.4 (2.4)
BY — K% 1231937 1.3£0.1 1.6 £0.1 (1.6) 0.0 1.6 (1.8)
BY = K% 66.1 +3.1 70.0 £ 1.2 68.3120 (64.6) 1.6 0.5 (0.2)
B~ — K%z~ 23.79 £0.75 21.1+£03 22.5+0.3 (25.4) 11.8 3.1 4.5)
B~ — K 2° 12,9403 12.1+0.1 123+£0.2 (13.8) 2.7 1.7 (2.7)
B~ — K7y 2.361057 1.7£0.1 21595 (2.1) 8.2 1.5 (1.1)
B~ - K7y 71.1+2.6 7474+ 1.3 714132 (66.5) 1.9 0.0 (3.1)
B~ = a7’ 548708 47+£0.1 491707 (4.9) 5.7 29 (2.9)
B~ — KK~ 1.32£0.14 1.43 £0.03 1.31 £0.03 (1.5) 0.6 0.0 (1.8)
B > 4.02 £0.27 3.4+0.1 4240.1 4.3) 4.1 0.3 (0.8)
B~ - 27403 2.9£0.1 3.5+£0.1 (3.3) 0.1 3.3 (L.5)
B — nta 5.10 +£0.19 6.2+0.1 5340.1 (6.0) 36.1 0.7 (23.7)
B - 7920 1.59 +0.26" 0.98+0:% 1.0975:9% (0.82) 5.6 3.7.09.7)
BY =y 0.76 £ 0.29 0.28 £0.01 0.4110% (0.11) 2.8 1.5 (5.1)
BY — i 0.5 +04(<1.2) 0.32592 030799 (0.26) 0.2 0.2 (0.4)
B =o'y 0.6 £0.6(<1.7) 0.24 £ 0.01 0.401013 (0.08) 0.4 0.1 (0.7)
B’ —» KtK~- 0.084 + 0.024 0.065 =+ 0.002 0.10072912 (0.03) 0.6 0.5 (4.3)
B® - K°K? 1.21£0.16 1.67 £0.03 1.19 £0.03 (1.21) 8.4 0.0 (0.0)
B = 7% 0.41+0.17 0.37 £ 0.01 0.36092 (0.41) 0.1 0.1 (0.0)
B — 2% 1.2+ 0.6" 0.52 £0.02 0.60 & 0.02 (0.47) 1.3 1.0 (1.5)

*An S factor of 1.4 is included in the uncertainty.

"Taken from PDG with an § factor of 1.7 included in the uncertainty.

be neglected (see Table VII). The above observations can
shed light on the results in the following discussions.

C. Numerical results for decay rates and
CP asymmetries

In this part we will present the numerical results on rates
in B® and B~ decays, direct CP violations in B® and B~
Decays, rates and direct CP asymmetries in B? decays, and
time-dependent CP violations in B® and B? decays.

1. Rates in B® and B~ decays

In Table VIII, we show the CP-average rates of
B, B~ — PP decays. In the table, Fac and Res denote
the factorization (without rescattering) and the rescattering
results, respectively. To see the effect of rescattering, we
also show the results from the rescattering solution, but
with all rescattering phases turn off, i.e., with rescattering
turn off, in the parentheses. In the table the contributions
from various modes to 2. in the best fitted solutions are
also shown.

From the table, we see that, except for rates in B —
K~ nt, K%, and B~ — 77 #/ decays, the ¥ in Res for the
other modes are lower than the Fac ones. In particular, the y?
in the B® = K°2°, ntz~, K°K°, and B~ - K°z~, K™n,

n~7°, 77 n rates are improved significantly, as Fac encoun-

ters difficulties to fit some of these rates well. In fact, in Fac
the y?in B® — #* 7~ is as large as 36.1, while it is reduced to
0.7 in Res. We see that in each group the y? is improved in the
presence of Res. The total y? from these 21 (=4 +4 +4+9)
modes reduced from 100.7(=10.1+24.7+10.6455.3) to
277(=72+63+64+7.8) (the breakdown can be
found in Table II as well). Overall speaking rescattering
significantly improves the fit in this sector, especially in the
last group, and can reproduce all the measured B, ; — PP
rates reasonably well.

Note that both Fac and Res can successfully reproduce
the newly measured B® — 7% and K™K~ rates [1,4]. On
the other hand, both Fac and Res results on the B® — z%7°
rate have tension with the data, while Res is somewhat
better as its y%(= 3.7) is smaller than the one (5.6) in Fac.
It should be note that the uncertainty in the present data is
still large and it will be interesting to see the updated
measurement. Both Fac and Res fits on the B~ — 7~ 7°
rates are smaller than the experimental result. The y? from
Fac on this mode is 5.7, while the Res fit improves it to
2.9 with a slightly large rate, but both results are in tension
with data.

We will investigate how rescattering improves the fit
in BY - 2777, 2°2% K*K~ and B~ — K=z° rates. For
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simplicity we will concentrate on the dominant contri-
butions to the decay amplitudes in the following
discussion. By neglecting the -electroweak penguin
contributions, the B’ — ztz~ amplitude in Eq. (25)
can be expressed as

|

Apygr =T+ P+ E+PA. (80)

a

Using the results in Sec. III B, we see that before rescatter-
ing and after rescattering, we have (in unit of 1078 GeV)

(Apopi s )0 2 2.58¢ 735 10,8908 4 0.19¢/1026" 4 0,08¢771604
~2.98e 70" 1 0,.14¢/1354 ~ 2 84¢HT1°,
(Aporin)’ = 2.58¢74% 4+ 0.99¢7316" 1 0.12¢=1197° + 0.08¢!149

~2.50eP18 4 0.14¢71926" 2 2.38¢1537,
(ABS—m*zr)FSI ~2.58¢71035" 1 123¢343° 4 0.55¢71:0° 4 (0.79~1116.2°

~2.71e~ 11368 1 (.26 11314 ~ 2 70424,
(Agoosr s Jrst = 2.58€™42 4 0.64¢71476" 4 0.55¢711522" 4+ 0.52¢ 71"

~ 23106 1 0286817 ~ 2,105,

respectively, where expressions with four terms are given in
the order of T, P, E, and PA and those in two terms are with
the first two terms (7 + P) and the last two terms (E + PA)
summed separately. Before we proceed we may compare
the above estimation to our full numerical results,
where we have (ABS—m*rF)O’ (ABg—m'*ﬂ’ )0’ (ABS—>7[+7‘[7)FSI’
and (Apo_ ., )ps given by 2.86e~ 71", 236728,

2.71e7498 and 2.16¢72 (in unit of 1078 GeV), respec-
tively, which are close to the above estimation.

Note that 7+ P are dominant contributions, while
E + PA are subleading contributions, and these two groups
interfere destructively. In the presence of rescattering, the
sizes of the dominant parts, T + P, are reduced, while the
sizes of the destructive and subleading parts, E 4+ PA, are
|

(81)

|
enhanced, resulting more effective destructive interfer-
ences. From the estimation we see that the BY — n'z~
rate is reduced by about 15% bringing B(B? — nt7~) ~
6 x 107% down to ~5 x 107°, which agrees well with the
data [(5.1 £ 0.19) x 107%] shown in Table VIII and, con-
sequently, the quality of the fit is improved significantly.
Similarly for B® — 7°2° decays, we have

V2Ag0_ 00 = —C+ P+ E + PA, (82)

which is close to the above B” — z*z~ amplitudes, but
with T replaced by —C. Before rescattering and after
rescattering, we have (in unit of 107% GeV)

V2(Ago0) 2 10567501 4 0.89¢6" 4 0.19¢71026" 0,08 /10604
=~ 1.82¢379" + 0.08e 71664 o~ 1.75¢7389,
V2(Ag o) 2 1,051 +0.99¢7316 4012671197 4 0,08¢/149%
~0.90¢ 71045 4 0.08¢/1493" ~ (.88 711092,
\/E(Aigg_,,,oﬂo)FSI ~ 105605617 4 103343 1 (0.550710° 4 (.79¢~1162°
~2.73eM95° 4(0.79¢711162° ~ 19714387,
V2(Apo_ g0 )psr = 1.05¢71902" 4 0.64¢71476" 4 0.55¢ 711522 4 0.52¢ 116"

~ 145071370 10,5276 o~ 1. 1471183,

respectively, where terms are given in the order of —C, P, E,
and PA and the expressions with the first three terms
(=C + P + E) combined are also shown. The above esti-
mation is close to the values in the full numerical results

(83)

[
with \/E(AB((}—)HOJZ(])O’ \/E(ABS—VZUHO)O’ \/E(ABS—V[OJIU )FSI and
ﬂ(AB(;_)ﬂono)FSl givenby 1.67¢3%6°,0.89¢~1148" 1.96¢/45:0°
and 1.08¢71%60" in the unit of 1078 GeV, respectively.
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In the above estimation the first three terms and the last
term interfere destructively. With Res P and E are enhanced
giving a larger —C + P + E, while the enhanced PA cannot
be neglected anymore, producing a slightly larger decay
amplitude and resulting a 35% enhancement in rate, which
brings the rate up from B(B? — 7°2°) ~0.8 x 107% to
~1.1 x 107 as shown in Table VIII. As noted previously
the rate is still smaller than the central value of the data,
which however accompanies with large uncertainty.

|

For the newly observed BY — K™K~ mode, we note that
as shown in Table VIII rescattering enhances the rate by
0.100/0.03 = 3.33 times. It will be useful to see the
enhancement in details. From Tables IV and VII and
Eq. (25),

1
AB(}_>K+K—:E+PAM+PAC+§PSW7 (84)

we have (in unit of 1078 GeV)

(AB?I—>K'K‘)O ~0.1 1961'102.6" + 0_03le—i77.4° + 0.0816“7140 + 0_00161'13.6" ~0. 13961'135.2"’
(ABEQKAK_)O ~0.119¢7 197 1.0.031¢99% 4 0.081¢1714" + 0.001¢~3%7" ~ 0.139¢11524°,
(Apo—k+ & )pst = 0.546€710" 4 0.598¢ 71201 4 0.202¢ 146" + 0.006¢ =47 = 0.261 710"
(Apo—k k- )pst = 0.546¢711312" 10.552¢71° 4 0.202¢711054° 4 0.006 188" ~ 0.286¢ 814, (85)

for the decay amplitudes before and after rescattering, where
terms are given in the order of E, PA“, PA¢, and P4y, /3.
Compare the above estimation to the values in our full
numerical result, which have 0.200¢35%°, 0.200¢~152¢,
0332¢7"%, and 035077 for  (Ago_gig-)’,
(ABS—J(*K‘)Ov (ABg—>K+K‘)FSI’ and (ABg—»K+K->FSI in_unit
of 1078 GeV, respectively. The discrepancy is mainly from
SU(3) breaking effects, which are not included in the above
equation. In fact, by scaling the numbers in Eq. (85) by
(fK/fﬂ)z, the sizes become 0.199, 0.199, 0.373 and 0.409,
which agree better to the above values now.

From the above equation, we see that E, PA"*, PA¢ and
P, are all enhanced. Note that E interferes destructively
with PA* and PA‘ in A Bk K> while PA" interferes
destructively with £ and PA“ in A BK K~ The result is an

enhancement of 3.8 in the averaged rate, which is close to
our numerical result (0.100/0.03 =3.33) as shown in
Table VIII. We will return to this mode again in the
discussion of direct CP asymmetry.

Finally we turn to the B~ — K%z~ decay. From Eq. (23)
we have

Ap o = A"+ P4 P4 (-PS, 1 2PE,). (80
which gives before and after rescattering (in unitof 1073 GeV)
(Ap—gor)? = 0.01e7774 4 0.08¢1%8 4 4.37¢71686°
+ 0.08¢71333" o 43511684
(Ag+ oz )0 = 0.01€0% 40,0873 4 4.3771686°
+0.08e7512" ~ 43311702,
(Ap—kog-Jpst = 0.11e7138 10,1647 4 4.11£170¥
+0.13¢7503" > 40611707,
(Ag ko Jpst = 01139 40,1673 4 4.11¢/1708
1 0.13¢7482° ~ 4,05¢-11780°, (87)

|

respectively, where terms are given in the order of A’, P, P’°,
and (—PSy + 2P%)/3. Note that in our numerical result,
we have 5.17¢167%,5.29¢171-7° 4.86¢176" and 4.98¢1>7,
for (Ap_gor)’  (Aprogor)’s  (Ap_gor)pss  and
(At _xoz+ )pgr in unit of 1078 GeV, respectively. By scaling
the values in the Eq. (87) by fx/f, the sizes become 5.20,
5.17, 4.85 and 4.83, respectively, which are close to the
numerical results. In the full numerical result either in the
presence of rescattering or without it, the sizes of A g+_, g0+ 1S
slightly greater than A z-_, g0, but itis the other way around in
the estimation. In fact, in the numerical result, we have P™* =
0.10€"'%7% and P'* = 5.19¢"197" in (Ap-_go,-)° and P =
0.10e~1114# and P'¢ = 5.33¢1%" in (Ag- _ go,+ )°. The latter
|P’| in (Ag+_go,+)? is greater than the one in (Ag-_ go,-)°.
The difference can be traced to the nonvanishing
first Gegenbauer moment of the kaon wave function
(af = —af = 0.2), which will change sign in changing from
K to K. This will affect the direct CP asymmetry and such a
feature is absent in the above estimation.

From Eq. (87) we see that A’ +1(—Py +2Pky)
interferes destructively to the dominating P’° term. Since
the sizes of A’ and 5 (—Pf§y + 2Pi&y) are enhanced, while
the size of P’° is slightly reduced, the size of the total
amplitude is reduced under the rescattering resulting a
reduction of 13% in the averaged rate, which brings the rate
from B(B~ — K%z") ~25 x 107 to ~22 x 107%, which is
closer to the data [(23.79 +0.75) x 107%] as shown in
Table VIIIL

2. Direct CP violations in B® and B~ decays

Results for direct CP asymmetries (A) in Bu’d — PP
decays are summarized in Table IX. The Fac and Res fits
give similar results in the first group of data, namely the
direct CP asymmetries in B® — K=z*, K°2° and K%/
decays. Both can explain the so-call Kz CP puzzle by
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TABLE IX. Same as Table VIII, except for the direct CP asymmetries A (in units of percent) in various B, ; — PP modes.

Mode Exp Fac Res rzn(iiac) 2m<ii€S)
B > K x* -82+0.6 —-8.0+0.1 -8.2+0.3 (-9.5) 0.1 0.0 (4.8)
B - K%z° -1+13° -15240.6 —143 £ 1.0 (-8.5) 1.2 1.0 (0.3)
B® - K% - -29.31]3 -27.79)3 (-17.5) - -

B - K% 5+4 7.8+0.2 61703 (6.3) 0.5 0.1 (0.1)
B~ — Kon~ —17+16 35401 —2.4709 (-2.3) 1.2 02 (0.1)
B~ - K2 40+2.1 40+04 4947 (-1.9) 0.0 0.2 (7.8)
B~ =Ky —-37+38 —42.0123 -33.9£2.6 (-10.8) 0.4 0.1 (10.7)
B~ — K7 1.3+£1.7 451902 1.850% 2.7 3.6 0.1 (0.7)
B - 2.6+39 —0.11 £0.00 —0.09 £ 0.01 (=0.09) 0.5 0.5 (0.5)
B~ — K°K~ -8.7+10.0 -5.7+0.1 —4.873% (-8.8) 0.1 0.2 (0.0)
B™ =7y 145 -11.9704 -10.3%17 (0.8) 0.2 0.5 (8.7)
B™ —»nn 6+ 15 37.810% 43.6720 (34.6) 45 6.3 (3.6)
B >zt 31+5 140+04 22,5790 (19.1) 115 2.9 (5.7)
B - 7%2° 34422 79.1712 53.7137 (55.9) 4.2 0.8 (1.0)
B — - —64.5713 —31.17]2 (=735) - -

B — - =356+ 1.1 -29.8750 (=52.1) - -

B = oy - —-20.0+£04 ~7.67157 (—12.9) - -

B’ —» KtK~- - 0 —5.2132 (0) - -

B - K°K° —6 + 36" -84 +0.1 —41.8726 (-10.0) 0.0 1.0 (0.0)
B® — 2% - —45.611% —40.915¢ (-36.3) - -

BO = 2% _ —30.4102 —8.8+ 1.4 (-8.8) - -

*An S factor of 1.4 is included in the uncertainty.
An S factor of 1.4 is included in the uncertainty.

producing  positive

A(B~ - K= 7°)

and negative

A(B® - K~z"), but the Res give a slightly larger
A(B~ - K=7°). Fac fits better than Res in the B~ —
7' and B® — K°K° modes, while Res fits better than Fac
inthe B~ = K°z~, K~f/, B® = ztz~, and z°2° modes. In
particular, the y? in A of B® - 777 is reduced signifi-
cantly from 11.5 (Fac) to 2.9 (Res). Overall speaking the fit
in Res in this sector (see also Table II) is better than Fac, as
the corresponding y? are 13.9(= 1.1 +0.6 +7.5 +4.7)
and 29.2(= 1.8 + 5.2 + 6.5 4 15.7), respectively.

It is interesting to see how rescattering solve the so-
called KzCP puzzle, where experimental data gives
AA = A(K 7t) — A(K~2°) = (12.2 £ 2.2)%, in details.
The B* - K~z and B~ — K~ z° decay amplitudes can be
expressed as

1
AR Kzt :T/+P,+§(2P§W_Pi§w>7

2 2
V2 =T+ C'+ A+ P+ Py + 5 Py + 5 Pl

(88)

It is useful to note that these two amplitudes are related by
the following relation:

V24 g0 = Aprg-p + C + A + Phy + Py (89)

Using the values in Table V and the above equation, we
have (in unit of 10~ GeV and in the corresponding order
of the above equation) before and after Res

\/E(AB‘—J(‘;rO)O ~ 4.126“7300 + 0.246_“23'90 + 0.016_177'40 + O.40€_i174'20 + 0.05€_i32'70 ~ 4.586“77'20,

\/E(ABJr_)KJrﬂO)O ~ 4.456”60'80 + 0.246“3'80 + 0.01616030 + 0.406_“72'10 + 0.05€—i30.6° ~ 4.556“61'50,
\/E(AB‘—J(V[O)FSI ~ 3_906—1'176.4" + 0.24€_i123'9° +0.1 le—i113.8° + O.40€_i174'2° + 0.13€_i40'3° ~ 4.43€_i171‘3°,
\/E(AB+—>K+;10)FSI ~ 4.186”71'90 + O.24€i13'8° +0.1 lei23‘9° + 0.406_“72'10 + 0.13€_i38'20 ~ 4.146“72'20, (90)
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respectively. In our full numerical results, for B® — K~z*
decay, we have 4.91¢/1720°) 5401018 4.68¢~176% and
5.08¢1749" for (ABgaK’zﬁ )0’ (AB?,—>K+71’)O’ (ABSAK’JZ*)FSI
and (Apo_ g+~ )pgy in unit of 10~% GeV, respectively, which

are close to the scaled (by f/f,) estimations, 4.93¢177-%",

5.32¢1015° ) 4.66e~1171% and 4.99¢!'2% from Eq. (90).
For B~ — K~ 7° decays, we have 5.40¢"1704°| 5501627,
526e~1719° and 50174 for  V2(Ap_g-m)°
\/E(AB-—«-HO)O’ \/E(AB‘—J(‘HO)FSI’ and \/z(AB‘—»K‘JrU)FSI
in unit of 107 GeV, respectively, which are close to the
scaled (by fx/f.) estimations, 5.48e77% 5441015
5.29¢711713 "and 4.94¢!'7>% from Eq. (90).

From Eq. (90) we see that the asymmetries are
ABY - K~ nt)~-77%, A(B~ - K 2°)~0.6% and
AA~83% before Res, which are not too far from
the values —9.5%, —1.9% and 7.6% shown in Table IX,
and AB) - K n")~-68%, A(B~—> K 1°)~68%
and AA ~ 13.6% after Res, which are close to the values
4.9 ,—8.2%%, and 13.0% shown in Table IX. As noted in
the discussion of the B~ — K%z~ rate in the last sub-
section, the first Gegenbauer moment of the kaon wave
function is the main source of the discrepancies between
the estimations and the full numerical results.

As shown in Eq. (90), it is interesting that before
rescattering the C' and Ppy, terms are the sources of
deviation of A(B~ — K~2°) from A(BY — K=z"), while
with the presence of Res, the sizes of A’ and P&, are
enhanced and hence further enlarges the deviation of
A(BY —» K=z*) and A(B~ — K~ 2°) producing a larger
AA. Note that comparing to the discussion in B® — zt 7~
and 7°7° decay rates [see discussion after Eq. (81)], we see
that the correlation of the effects of Res on these two sectors
is not prominent. Indeed, in the 7°z° mode the most
|

affected TAs under rescattering are P, E, and PA, while
at here A’ and P}k, are the most affected and relevant ones.

We now turn to A(B°— z* z~). From previous discussion
[see Eq. (81)], we find that before Res A(B’ — zt77) ~
2.84e7 71" x 1078 GeV and A(B° — 777)~2.38¢32"x
1078 GeV, giving A~18%, while in the presence of Res,
the sizes of the dominant parts, 7+ P, are reduced, but the
sizes of the destructive but the subleading parts, E + PA, are
enhanced, resulting richer interferences, giving A(B’ —
) =2.70e7 4 x 1078 GeV  and A(B° - 7717~
2.10e3" x 1078 GeV, and, consequently, producing an
enhanced A ~ 24.7%, which is closer to the data, (31 £ 5)%.

Note that the results of Fac and Res in A(B° — K°K?)
are different, while with large uncertainty the present data,
A(B® —» K°K®) = (-6 4-36)%, allows both. Note that
the uncertainty in the data is enlarged by an S factor of
1.4, as Belle and BABAR give very different results in
A(B® - K,K,), namely, Belle gives A(B"—>KK,)=
—0.38+0.384+0.5 [41], while BABAR gives 0.40+
0.4140.06 [42]. The result of Res, A(B°— K°K?)=
—0.4181“8:8%96 , prefers the Belle result. One should be
reminded that Res can reproduce the B° — K°K° CP-
averaged rate much better than Fac (see Table VIII). We
need more data to clarify the situation and to verify these
predictions.

It will be useful to see the effect of Res on the B) —
K°K® direct CP asymmetry. From Eq. (25), we can
approximate the BY — K°K° amplitude as

Api_gogo = P+ PA = P* + PA" + P + PAc. (91)

From Table VII, before Res and after FSI, we have (in unit
of 1078 GeV)

Apgo_xogo)? = 0.35¢/1%3 1 0.03¢774 + 1.01e714 4 0.08¢1 714" ~ 0.81/ 1",
( BY)—KK
(ABZ—J(UI_(O)O ~ 0.35€_i113‘90 4 0.036’6030 4 1.016_“1‘40 4 0.086“71'40 ~ 0.92€_i31‘60,
(Al_ig—ﬂ(of(o)FSI ~ 0.70€i84'70 + 0.606_“20'10 + 0.956_i0'2° + O.20€_i104'60 ~ O.66€_i1'90,
(Apo—kogo)pst = 0.70e7376" 4 0.60™ 7" 4 0.95¢70%" + 0.20e 046" = 1.07e 727 %, (92)

respectively, where the values of P, PA", P¢, and PA¢ are
shown in the corresponding order. In our full numerical
result, we have 1.12¢39 1.24¢733%  0.90¢%, and
1.40e~7% for (ABgeKOKO)O’ (ABgeKOKO)O’ (Ao kok0)Esi-
and (A _ gogo )psy inunits of 10~* GeV, respectively, which
are close to the scaled [by (fx/f,)?] estimations, 1.16e1",

1.31e7316" 0957119 and 1.53¢=27%", from Eq. (92).
In Eq. (92), we see that both P* and the PA" terms are
enhanced under Res (mainly through rescattering from 7°)

I
and produce richer inference pattern contributing to the
direct CP asymmetry. The BY — K°K® amplitude is
reduced, while the amplitude of the conjugated decay
mode, BY — K°K°, is enhanced under Res, producing
an enlarged direct CP asymmetry, which is changed from
—12% to —45% and hence close to the Belle result.

As shown in Table IX, we see that before Res the direct CP
asymmetry of B — KK~ is vanishing. Indeed, as one can
infer from Eq. (85) that the rates of B - KTK~ and B’ —
K" K~ are the same before Res. This can be understood in the

093004-26



REVISITING FINAL STATE INTERACTION IN ...

PHYS. REV. D 97, 093004 (2018)

TABLE X. Same as Table VIII, except for the branching ratios (upper table) in the unit of 10° and direct CP asymmetries (lower

table) in the unit of percent for various B, — PP modes.

Mode Exp Fac Res 2(Fac) 2(Res)
BB — K*n") 55+05 55+0.1 55104 (6.3) 0.0 0.0 (2.6)
B(B? - K°2°%) - 0.59 £ 0.01 1.0243%4 (0.68) - -
B(B} = K'n) - 0.18403! 048787 (0.22) - -
B(B? — K%') - 1.76 +£0.03 2.027578 (1.75) - -
B(B® - nt*n) 0.671 + 0.083 0.30 + 0.01 0.67042 (0.14) 202 0.0 (41.1)
B(B? —» n°2%) - 0.15£0.00 0.33:025 (0.07) - -
B(BY — nn) - 24.7493 19.670% (20.4) - -
B(BY — nr) - 67.2407 7514674 (68.7) - -
B(BY = n'n') 33.147.1 605108 34.97169 (46.6) 16.0 0.0 (3.6)
B(B) - K*K") 248+ 17 327402 24,6127 (24.5) 21.3 0.0 (0.0)
B(BY - K°K") 19.6£9.5 343707 246197 (25.6) 24 03 (0.4)
B(BY — n°n) - 0.07 +0.00 0.0779% (0.06) - -
B(BY — ') - 0.09709 0.117019 (0.10) - -
A(BY » K*z7) 26+4 17.470¢ 2481721 (282) 46 0.1 (0.3)
A(B] > K°n°) - 66.8713 74948 (53.7) - -
A(BY - K') - 88.1109 81.2185 (78.2) - -
A(BY - K°1) - —38.7102 —38.67130 (-34.4) - -
A(B — ntn”) - 0 1.7:92 (0) - -
A(BY - n'2°) - 0 1.7492 (0) - -
A(BY - m) - —24£0.1 —3.7108 (-2.8) - -
A(BY = ') - —0.01£0.01 0.95193% (~0.01) - -
A(BY = ') - 20£0.0 ~1.219 (1.9 - -
A(B) - K*K™) ~14£11 —58+0.0 ~10.5 11 (-9.9) 0.6 0.1 (0.1)
A(BY - K°K?) - -0.9+0.0 0.9122 (-0.6) - -
A(BY - 7°n) - 46.0113 92,929, (69.9) - -
A(BY — z°) - 64.35 ¢ 777485 (54.0) - -

following. In QCDF, E, PA and P, can be expressed in
terms of the so-called A} and A}, terms, and these A} and A},
terms are identical when the asymptotic distribution ampli-
tudes are used (as in the present case) [18]. Since we have
Apo_g+x- = E + PA + Pfy,/3 and these three topological
amplitudes all have a common strong phase resulting a
vanishing direct CP asymmetry. Note that in the presence
of Res, E, and PA“ are enhanced mostly from T° [see
Egs. (72) and (78)], while PA¢ from P¢ [see Eq. (79)],
consequently, the strong phases of these terms are no longer
degenerate. In fact, from Eq. (85) one can infer that the direct
CP asymmetry is estimated to be —18%, which can be
compared to the value of (—7.7789)% obtained in the full
numerical result as shown in Table IX.

For prediction, we see that except B — KK, the sizes
of the predicted direct CP asymmetries from Res are
smaller than those in Fac.

3. Rates and direct CP asymmetries in B? Decays

We show the CP-averaged rates and direct CP violations
of BY — PP decays in Table X. There are five measured B,
decay rates, namely K*z~, z#7z~, '/, KTK~ and K°K?

decay rates. Among them B, — 77z~ and 55y decays are
newly observed by LHCb [3,4]. From the table we see that
both Fac and Res can fit the B, — K+ 7z~ rate well, but Fac
is having difficulties in fitting all other four modes: in
particular the y* of #7727, 'y’ and KTK~ are as large as
20.2, 16.0 and 21.3, respectively, while Res can fit all By
decay modes very well and brings down these y? effi-
ciently, giving 0.0, 0.0, and 0.0, respectively. Note that the
rates of the two newly measured modes (z* 7~ and '5’) can
be easily reproduced in the Res fit, but not in the Fac fit. For
other modes, we see from the table that Res predicts larger
rates in BY — K%2°, K%, 792 decays, but gives similar
predictions on K%', nn, nn', 2%y, and 7% rates.

The BY — #* z™~ rate in the factorization calculation is too
small compared to data. As shown in Table X, through Res
the rate can be enhanced significantly. It is useful to see the
enhancement of the z 7~ rate more closely. From Eq. (27),

Apo

1
- =FE +PA" + PA“ + ng‘W, (93)

—rtr

and the values in Tables V and VII, before and after Res, we
have (in unit of 10~ GeV)
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)0 =0.271026 1 0.07e7774 4+ 351786 4 0.02¢/1704 = 3.42754
)0 2027712017 40,0710 43,5178 4 0.02¢1725 ~ 3427117,

(Apo_ g Jpst = 1.26€710° 4 1.38¢7120.1° 4 8750734 4 0.28¢132% ~ 8.88¢/787",

Bl—ntn

(Apo g Jpst = 1.26€711517 4 1.38¢1176” 4 8750734 4 0.28¢/13+ ~ 8,76/, (94)

respectively, where terms are given in the order of E’, PA™",
PA”, and P{y/3. In our full numerical result, we
have 4.17¢753, 4.17¢7117, 9.19¢/67" and 9.04¢/4%
for (AB9 —atn )O’ (Al_?? (AB(,?—ﬂr* I )FSI’ and
(Apo_rziz-)ps in unit of 107 GeV, respectively, which
are close to the scaled (by fp /fp =~ fx/f,) estimations,
4.15¢754, 4157118 10.74¢7 and 10.64¢>%, from
Eq. (94).

From Eq. (94), we see that the sizes of the amplitudes of
the BY and the conjugated BY decays are enhanced by
factors of 2.58 and 2.56, respectively, where the enhance-
ments are mainly from the enhancement in PA’C.
Consequently, the CP-averaged rate is enhanced by a
factor of 6.6, while A is changed from 0 to 0.9% as E’
and PA" are also enhanced. Note that the above estimation
of rate enhancement is somewhat larger than the one in our
full numerical result (0.67/0.14 = 4.79) in Table X, but the
direct CP asymmetry is close the value (1.9%) shown in the
table. The reason of the vanishing .4 before Res is similar to
those in the B® — KTK~ decay as discussed previously.
Hence, in the presence of Res, E' and PA’ are enhanced
mostly from 77 [see Egs. (72) and (78)], while PA’ from
P'¢ [see Eq. (79)], which help to enhance the B — ztz~
rate and bring in nonvanishing direct CP asymmetry.

We now compare our results to the data in direct CP
asymmetries. There are two reported measurements in
direct CP asymmetries of B, modes: A(BY — K*zn")
and A(B; - KTK~). A better measurement is reported
in the K™z~ mode with a much reduced uncertainty. From
the table we see that Res gives a better fit to this data than
Fac with y2(F&) = 4.6 and y*R®5) = (.1. On the other hand
both Fac and Res can fit A(B; - KTK~) well, as the
uncertainty in data is still large to accommodate both
results, but Res has a smaller y2.

For predictions on direct CP asymmetries, we note that
the signs of A(B; — 1'5’) and A(B; — K°K?) are opposite
in Fac and Res; Res predicts nonvanishing A(B, —
nta,7°2°%) and larger A(B; — n%), while predictions
of Fac and Res on other modes are similar. These
predictions can be checked in near future.

—>7£+7z')0’

4. Time-dependent CP violations in B® and B? decays

Results on time-dependent CP-asymmetries S are given
in Table XI. We fit to data on mixing induced CP
asymmetries. There are reported experimental results of
mixing induced CP asymmetries in the following 5 modes:

|

B - K°2% B° - K%, B - ntz~, B’ - K4Ky and
BY - K*K~. Since the measurements are subtle, the
experimental progress in this sector is slower than those
in rates and direct CP asymmetries. Currently, the B® —
K°7° mode was updated up to 2010; the B — K% mode
was updated up to 2014; the B — 7z 2~ mode was updated
up to 2013, the B — KKy mode was updated up to 2007
and the B, - K*K~ mode was included in these meas-
urement in 2013 [41-44]. New data are eagerly awaited.
Note that for the B® — K°K° mode, the mixing induced CP
asymmetry obtained by Belle (—0.381”8_'7679 4+ 0.09 [41]) and
BABAR (—1.28103919' [42]) are different. As the central
value of the latter exceeds the physical range, we only
include the former one in our fit.

From Table XI we see that fit in Res for the B® — 7277~
mode is much better than the one in Fac, where the y° are 1.1
and 9.3 for the former and the latter, respectively. On the
contrary, the fit in Fac is better than Res in the B, - Kt K~
mode, where the )(2 are 0.6 and 1.4 for the former and the
latter, respectively. Note that the uncertainty in the data of the
B, = KTK~ mode is much larger than the one in the B® —
#t 7~ mode. It will be interesting to see the updated data on
the B; — KK~ mode. Overall speaking the quality of fit to
mixing induced CP asymmetries is improved (y* reduced
from 12.9 to 5.2, see also Table II) in the presence of Res.

It is useful to look into the mixing induced asymmetry in
the By —» K°K° mode. Recall in Eq. (92) that, before and
after Res, we have (in unit of 10~® GeV, without SU(3)
breaking correction)

(ABSQKOI_(O)O zO.SleiS']o, (ABOI_)KOKO)O ﬁ0.92e_i3l‘6°,

(ABS_)KOI_(U)FSI >~ 0.66e_i1'90, <AB?1_’K0[_<0)FSI ~ 1'07€—i27.2°’
(95)
respectively. Using the well known formula:
2Imi,
S=1-1.p 9
1+ |24 (96)
with
Ag 7 As _
I i o S Cr)
pABg—J(OI?O ABS—’KOI_(O

we obtain S~ —0.08 and —0.29 without and with Res,
respectively, which are close to the values reported in
Table XI. As explained previously, although BY — K°K? is
a pure penguin mode, its S is not necessary close to
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TABLE XI. Results on the time-dependent CP asymmetry sin 2f. (for the first three modes) and S of various B, — PP modes.
Mode Exp Fac Res 2(Fac) 2(Res)
min min

BY - K020 0.57 +£0.17 0.798 = 0.002 0.806 0005 (0.793) 1.8 1.9 (1.7)
B® - K% - 0.67210:992 0.7281 093 (0.757)

B° - K% 0.63 £ 0.06 0.6890:90] 0.68370:00¢ (0.693) 1.0 0.8 (1.1)
B> nta” —0.66 + 0.06 —0.47790% —0.598 £ 0.040 (—0.578) 9.3 1.1 (1.9)
B0 = 2070 - 0.602 £ 0.023 0.675700% (0.778)

B — - —0.7411031% —0.6631003; (—0.669)

B =y - —0.84710013 —0.9537003% (—0.795)

B — o'y - —0.92210 503 —0.753259% (—0.962)

B’ - KtK~- - —0.83510018 -0.9920 007 (—0.895)

B® - KK —0.38+0%2 +0.09 -0.016 £ 0.002 —0.23175:01% (-0.037) 0.2 0.0 (0.2)

~1.2810010

B — %% - 0.2155500% —0.47375043 (—0.494)

B - 2% - —0.0027 9019 —0.41410052 (—0.440)

BY > ntn~ - 0.152 £ 0.001 0.07110 50 (0.149)

BY — 220 - 0.152 £ 0.001 0.07153058 (0.149)

BY =y - —0.005 £ 0.000 -0.035100% (—0.027)

B — - —0.004 £ 0.000 0.00573007 (0.006)

B =y - 0.021 = 0.000 0.046 0005 (0.025)

BY —» KK~ 0.30 £0.13 0.200 4 0.002 0.149j8;8265 (0.176) 0.6 1.4 (1.0)
BY — K°K° - -0.02225%0 —0.019759% (~0.027)

BY > % - —0.059000% 0.10099% (0.308)

BY — 2% - 0.23270008 -0.016095 (0.053)

BY - K¢ - -0.738500 —0.3117533 (—0.784)

BY - K¢ - -0.2961004 0.274105 (—0.273)

BY - K¢y - —0.395 0004 —0.0491937 (-0.276)

—sin2p, as the u-penguin contribution is not negligible
(| PP/ P%| ~ (.35, see Table VII). When Res is turned on,
the u-penguin and c-penguin receive different contribu-
tions, where it is clear that trees can only contribute to the
former giving |P"/P¢| ~0.74 (see Table VII), and, con-
sequently, the value of S can be changed drastically.

We now compare the predictions of Fac and Res on
mixing induced CP asymmetries. We note that they have
different predictions on the mixing induced CP asymme-
tries of B — nn, iy, 2°n, 2%, By — 2, 2%, K;2°, K 1,
and K g1’ modes. In particular, the signs of central values of
the asymmetries of B® — 7%, z%', B, — n%, n%/, and
K n are opposite.

IV. CONCLUSION

Various new measurements in charmless B, ;; — PP
modes are reported by Belle and LHCb. These include the
rates of B — 7%2%, 2% B, — '/, B - KK~ and B —
#tn~ decays. Some of these modes are highly suppressed
and are among the rarest B decays. Direct CP asymmetries
on various modes are constantly updated. It is well known

that direct CP asymmetries and rates of suppressed modes
are sensitive to final state interaction. As new measurements
are reported and more data will be collected, it is interesting
and timely to studied the rescattering on B, ,, — PP
decays. We perform a y” analysis with all available data
on CP-averaged rates and CP asymmetries in B, ;, — PP
decays. Our numerical results are compared to data and
those from factorization approach. The quality of the fit is
improved significantly in the presence of Res, especially in
the decay rates in the B AS = 0 sector and in rates and
direct CP asymmetries in the BY decay modes. Indeed, the
z* in the B = K°2° zt2~, K°K°, B~ - K%2~, Kp,
a 7% 775, and BY — nt2~, 'y, and KT K~ rates, and in
B -zt~ and B? - Kz~ direct CP asymmetries are
improved significantly. Res also fit better to the semi-
leptonic data on |V,,;,|F27(0) [see Eq. (56)].

The relations on topological amplitudes and rescattering
are explored and they help to provide a better under-
standing of the effects of rescattering. As suggested by
U(3) symmetry on topological amplitudes and FSI, a vani-
shing exchange rescattering scenario is considered. The
exchange, annihilation, u-penguin, u-penguin annihilation,
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and some electroweak penguin amplitudes are enhanced
significantly via annihilation and total annihilation rescat-
terings. In particular, the u-penguin annihilation amplitude
is sizably enhanced by the tree amplitude via total anni-
hilation rescattering. These enhancements affect rates and
CP asymmetries. For example, the enhanced PA" changes
the BY — K°K® direct CP asymmetry significantly; the
enhanced P, E, and PA produce (through complicated
interference) a slightly larger B® — 7°2z° decay amplitude
and resulting a 35% enhancement in rate; A’ and Pi&, are
enhanced and enlarges the deviation of A(B) — K= z™")
and A(B~ — K~2°) producing a larger AA; the B? —
#tr~ rate is sizably enhanced through the enhancement
in PA’“; the |P"/P¢| ratio is enhanced from 0.35 to 0.74
and can change mixing induced CP asymmetries
drastically.

For the comparison of the predictions of Fac and Res, we
observed the following points. (i) Belle and BABAR give
very different results in A(B° - K K,) mode, namely
Belle gives A(B’ — K K,) = —0.38 £0.38 0.5 [41],
while BABAR gives 0.40 £ 0.41 £ 0.06 [42]. The result
of Res prefers the Belle result, while Fac prefers a negative
but less sizable direct CP asymmetry. (ii)) Except
BY — KTK~, the sizes of the predicted direct CP asym-
metries of B~, B® — PP modes from Res are smaller than
those in Fac. (iii) For B, decay rates, Res predicts larger
rates in BY — K°2%, K, z%2° decays, but gives similar
predictions on K%', nn, niy’, 2%y, and z° rates. (iv) For
predictions on direct CP asymmetries, we note that the
signs of A(B; — n'nf') and A(B; — K°K") are opposite in
Fac and Res; Res predicts nonvanishing A(B, —
atn=,72%%) and larger A(B; — 7°y), while predictions
of Fac and Res on other modes are similar. (v) Finally, Fac
and Res have different predictions on the mixing induced
CP asymmetries of B® — ny, nif', 7%, 2%, B, — ¢,

%%, K,7°, K5, and K g’ modes. In particular, the 51gns of
central values of the asymmetries of B — 7%, 7%,
B, = 7%, %', and K,y modes are opposite. These
predictions can be checked in the future.
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APPENDIX A: FSI FORMULAS

The weak Hamiltonian for charmless B decays can be
written as Hy = (Gf/f)zr,vqbvrqcloy, where ¢} are
Wilson coefficients, Oj are Wilson operators and V , .., are
the relevant CKM matrix elements, see for example [45].
From the time invariant of the Wilson operator O, we
obtain ((i;out|®|B))* = ({i;out|)*ULU(O7)*UsUy|B)*,
where Uy is the time-reversal transformation operator.

Using the time-reversal invariant of the operators, O] =
Ur(O7)*U TT and the appropriate phase convention of states,

Urlout(in))* = [in(out)), we have

((i:0ut|0f|B))* = (i:in|}|B)

Z i; n|j; out) (j; out|0;| B),

J

where we have inserted a complete set in the last step.
Therefore using the time-reversal invariant property of the
operator O] in a B — PP decay, one obtains

(j; out|O7|B),

((iz out|O]|B))* Z (A1)

where S;; = (i; out|j;in) is the strong interaction S-matrix
element, j denotes all possible states. Equation (A1) is the
master formula of FSL

One can easily verify that the solution of the above
equation is given by

N
AO]) =" SA%0)),

k=1

(A2)

where we have A;(O7) = (i; out|O}|B) and A°(Oy) are real
amplitudes. Putting back the coefficients, we obtain the
master formula Eq. (1), and we can now state clearly A;
(i 0utl Hy|B) = (G, /V2) Y, Vs VigciA(O]) and A
(Gf/\/')Zr querquAO(Or)

Without loss of generality, we can reexpress the S-matrix
in Eq. (1) as

n

Su =Y _(81)i(S2)

J=1

(A3)

where S, is a nonsingular n X n matrix with n the total
number of charmless PP states and S, is defined through
the above equation, i.e., S, = Sy'S. As mentioned pre-
viously (in the introduction) the factorization amplitudes
contain a large portion of rescattering effects as encoded in
S, while some residual rescattering among a small group
of states is still allowed and needs to be explored:

N
S = Sres’Aﬁ'aC = Z(S;/z)jkAo’

k=1

(A4)

with N the total number of states entering Eq. (1), Aﬁa" the
factorization amplitude and S, the rescattering matrix to
govern rescattering among PP states.

We collect the rescattering formulas used in this work.
We have
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ac
ABS—»K*;:* B)—K n*
fac
AR ROz 12 AR kom0
B B = res, 1 f;
ABS—»K%B Agoc_)i(ons
d
AE’O—>KOm fac
4 Bg—ﬂ(or/]
for group-1 modes,
fac
AB’—)I_(OJL" AB_—J_(O”_
fac
AB’—)K’JTO o 81/2 AB’—)K’JI”
Ape o res,2 Afac
B™—=K7ng B~ =K1
Ap- - fac
B™—K"n AB“—>K“7/]
for group-2 modes,
fac
AB*—m*nO B —n 7’
fac
Ap-_ Kok~ _ S\ AB‘—>K°K‘
Ap - res,3 Afac
B™—z7ng B~ —n"ng
AB‘—»ﬂ_m A%E_)”,m
for group-3 modes and
fac
ABS—)IE+H_
Aég_)lﬁﬂ f*aoC 0,0
BY—n’n
_ d
ABg—moﬂo fac
5 BY—ngns
AB(‘}_”']S"IS a
fac
ABS—mgm 32—"73'71
_ _ ol/2 fac
AB?,"’I]'?I Sres,4 32—”11'11
- fe
Ap-kik AR e
d
ABg—>K°K° Afac
A BY—KK°
Bj—nng fac
BO_, 0
ABO—monl Bd—>7[ ng
d fac
Bgenom

for group-4 modes, where we define S 12— (1+iT)'?=1+ iT,(-l/ 2), before incorporating SU(3) breaking effect, with

res,i
—r,+r, —r,+r, 2F,+T ra—T —r,+r, 2F,+F,
r r a e a e a e r r a e a e a e
0t =3 3 Ve 0l 75 N3 Vi
—r,+r, Fo-+ ratre ra—re _2?a+?e ra—re Fo ratr. —r,+r, 27,47,
- vio ot ] EWG) | v T ENG)
! cratre  rere  LoyrdSe_2adn |02 retre  orbre oS _2atn |
V6 2V3 0 6 3V2 V6 2V3 0 6 3v2
27, 4T, _ 27T, _2F,t7, 7 +47’a+27‘e 27,47, 27,47, _2F, 7, 7 +47a+27{,
V3 V6 vz 0 3 V3 V6 VR 3
ro + Ty, 0 0 0
2 27, +T
0 ro+ry, \/;(ra—re) T o)
Ts= A9
3 9
0 \Aramr) rotEsn LR 47
27, +7, V2 (9% 1 = = 47427,
0 —i/gc T(Zra—f—re) r0+ a3 <

and
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T4 = diag(rg, ro, ro» Fos Fos Tos T0» F0» 7o)

2r,—r,+r, 2r4r,43r,  V2(2F,+F,) 4P, 427,437

2r,+r, 7 W3 3 35 ro+ 1, r,+7, 0 0
2r,—r.+r; 2r,+r.+r, 2r,+r.+3r, 27+ T, 47, +27, 437, ratr, ra+r, 0 0
V2 2 6 3 6 V2 V2
2r,+r.43r, 2r,+r.+3r, 2r tr.+r 27, +F, 47, +27, 437, S5r,—2r,+3r,  5r,—2r,+3r, 0 0
3v2 6 2 3 6 3V2 3V2
V2(27,+7,) 27,47, 27,47, 47,+2F, 0 27T, 2747, 0 0
3 3 3 3 3v2 3V2
+ 47,427,437, 47,420,437, 47,427,437 0 AF 27, 43F, AP 427,438, 4R, 427,437 0 0
3v2 6 6 6 3V2 3V2
ro+r, S5r,—2r,+3r, 27T, 47,427,437, o=t 27, 4T,
r,+ 1, 5 33 W 35 2r, + 1, r,+ 1, el e
r,+r, S5r,—2r,+3r, _ 27T, 47, +27, 437, —r,+r, _ 27+,
rg+r, “5 33 W) W) re+r, 2r o+ 1, = v
O 0 O 0 0 Fa—Te —r,,+rg 2Va+rf \/§<27},+;e)
73 V3 3 3
27, +F, 2P, V2(QFAF,) 4T, 427,
0 0 0 0 0 — — - :

(A10)

Note that for identical particle final states, such as 7°7°,

factors of 1/4/2 are included in the amplitudes and the
corresponding S, matrix elements. The rescattering for-
mulas for BY — PP decays are similar to the B} — PP
ones, since strong interaction respect charge conjugation.
For example, the rescattering formula for BY — K* 7~ is
similar to those of BY — K~z with trivial replacement on
amplitudes.

(@]
—

Tk
~_
[y}

(@)

(e]

1/2
Sre/s,3 = f’lq (1
0 0 7 0
f’ls
0 0 0 7

To include the SU(3) breaking effect, we proceed as
outlined in the main text. First we remove the SU(3)
breaking effect in A™ before recattering and put it back
after the rescattering. For the reasoning one is referred to the
main text. For convenient we absorb these two action into the
rescattering matrices. We use ratios of decay constants to
model the SU(3) breaking effect. For example, in the group-
3 modes, in the 7~ 7°-K°K~—n"n,—n "1, basis, we have

1 0 0 0

X 2
0 (L= 0 0
—(1)2) Ik
+iT5"?) (A11)
0 0 jf— 0
0 0 0 ,{—

In the numerical study we follow [46] to use fm, /fz=107and f, /f, = 1.34. Itis clear that when FSI is turned off the

above S'/2

res.3 18 just an identity matrix. The SU(3) breaking effects are incorporated in other S 12 in a similar fashion. Note

1es, 1

that 7; in Egs. (A9) and (A 10) are given in the 73—, basis and to incorporate the SU(3) effect, one needs to transform 7'; to

the 7,7, basis (see below).
The physical 7,7 mesons are defined through

cosd —sind
()= (Gs e ) 12
7 sin9 cosd m
with the mixing angle 9 ~ —15.4° [46]. For the #)5") states, we have
nm cos?d —v/2cosIsind sinZ9 N3N
m | = V2cosdsin9  cos?9 —sin?9 —/2cosdsin 9 nsny | s (A13)
n'n sin%9 V2 cos9sin 9 cos29 mmn
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where the identical particle factor of 1/v2 is
properly included in the mixing matrix. Note that the
above formulas can be easily used to transform the 7,7,
basis into the ng—#; basis by replacing the above
by tan~' /2.

Rescattering parameters enter S, only through 7 inde-
pendent combinations: 1+i(ro+r,), i(r, — ry), i(r, + r;),
i(27, +7,), 1 + i[Fg + (47, + 27,)/3], i(4F, + 27, + 37,)
and 1+ i[Fy + (47, + 27, + 3F,)/6]. The solutions to
Egs. (5) and (6) are given in Eq. (9).

If the full U(3) symmetry is a good symmetry, it
requires:

ri:7i27i:?i:;i, <A14)
for each i = 0, a, e, t. We are constrained to have
P = o. (A15)

Consequently, there are two different solutions: (a) the

annihilation type (") # 0, ™ = 0) with
527:625:5,13 58’51’
1. . 4/5 1. 42
T:—Esin_l%_, y:—Esin‘lT\/_, (A16)

and (b) the exchange type (rﬁ’”) £0, " = r£m> =0)

with
527:6/8:5/1’ 68261,
1 5 1 2v2
rzisin‘l%, v zisin‘l%_ (A17)

TOB Hlk(Hout) (Hout) |:l;6 (Hin)z(nout) (Hm) (Hout) :|

It is interesting to note that in both solutions of the U(3)
case, a common constraint

8y = & =6, (A18)

has to be satisfied.

APPENDIX B: DERIVATION OF THE
RESCATTERING EFFECTS ON
TOPOLOGICAL AMPLITUDES

It is straightforward to obtain the rescattering effects on
topological amplitudes. In analogy to Eq. (15): A = Srle/g
Al = (1 4 iT'/?) . Af we have Hy = (1 +iT'/?)
HY% = H% +iT'?-HY%, where H. is given in
Eq (18) T2 in Eq. (40), HY; is the unscattered effective
Hamiltonian with all TA in H . replaced by TA® and the dot
in the above equation implies all possible pairing of the
Poutpout fields in HY to the P PI™ fields in 77/2. Itis useful
touse H* = H* Hi¥ = 0, (Hgw){f =0, (Hgw)* = -1 H,
(IT")2 = (T1°")¢ = ( and the fact that the paring of creation
and annihilation fields gives the following flavor struc-
ture: ((IT")] (IT")g) — &8¢ — 15]6%.

Below we work out the contnbution from 79 via

the rescattering among PP states for illustration.
We shall concentrate on the flavor structures after the

pamngs in (i7" - HY;) and compare them to the operators
in H, off

1. Pairing T°B,,H} (evty, (T°*)™ and
(zro/z)Tr(nmnout)Tr(nlnnout)

Pairing the 7° term in HY; and the ir), term from 7'/2
gives:

= 2070, (TP 1)) (T (T + (P 1)) (T (TP T

irh . . 1
= 70 TOBmH}k {(5{,52 — §5‘,7(62> (52”5?

l20 TOB Hlk[(HOllt) (Hout) + (Hout) (Hout) ]

erTOB sz (Hout) (Hout)

; 1 1
L) (- ) (s v g

(B1)

We note that the last term has the same form of the T operator in H and we denote it as §7(7°) B, H'' (T1°U)7 (T1°)7". From

the above equation we obtain,

$There are integrations of momentum and so on, which will not shown explicitly in the following derivation and are absorbed in the

definition of ;. See Ref. [47] for the treatment on this issue.
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ST(T°) = ir)T. (B2)

2. Palrlng TOB H’k HOUIY Hout and ir’ Tr(nmnoutnmnout)/z

Pairing the 7° term in HY%; and the ir, term from 7'/2 gives:

' /

TOB sz(nout) (Hout)m, 2 (Hm) (Hout)b(nm) (Hout)

— i 5 T By YT ()2 (IT7)5) 4+ (o) () (T (0 ) o) e

1 1 . o
”, ETB sz[(nout) (Hout) 5671 (Hout)JC(Hout)i + (Hout)zz(nout){ 3 5:11 (Hout) (Houl) }
1 - :
= ir TOBmsz (Hout) (Hout) g ir/e TOBiH;»k (Hout); (Hout)lk
= 5C(1°)B,, Hi} ([P 4 SA(TO)BHH(II) (11, (B3)
which leads to

1
8C(T%) = ir,T°, SA(T) = —gir’eTO. (B4)

3. Pairing 7B, H}* (Ut Y, (1) and irl, Tr(TE" I TIPUH IO )

Pairing the 7° term in HY; and the ir), term from 7/2 gives:

ir;TOBmH}'_k(Hout){{(Hout) [(Hm)b(nm) (Hout) (Hout) ]
= i OB, HF[((TI () (T (1)) -4 (T )2 () () 11 1

2 - .
— ”, TOB Hk(nout)m(nout) + ir TOBksz(Hout) (Hout)g _ gir;TOBiHlk(Hom)?(Hom)i
— 5P(T0)B Hk(l-[out) (Hout) +§E(T0) sz(nout) (Hout) +(SA(T0) Hlk(Hout) (Houl) (BS)
which leads to

2
SP(T0) = iryT0.  BE(I®) =ir,T%.  8A(T) = ~3ir,T" (B6)

4. Pairing 7B, H}* (MUY, (M) and ir/Tr(TIPTE™ ) Tr(MI°UTIOM) /4

Pairing the 7° term in HY; and the ir, term from 7/ : gives:

zrtiTOBmH'kat) (1 (T ) 1) 1)
i 1B, (1 (1)) (T ()2 (1 (1)) (10 (1) e 1
= % ir,TOB HF (T, (T1°")
= SOPA(TO)BLHE(TI), (1) (B7)
which Ieads to

SPA(T®) = irT". (B8)
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5. Pairing T°B,, H’k l'["“t)’ (Ievty” and i(7, + 27,) Tr(IIM TP vt/ V3

Pairing the 7° term in HY; and the t(re +27,) term from 7'/? gives:
7L+ 20, 1B, HA T T 00 1)
(7, 27 OB, HEK((TI) (T3 (T (1)) + <<H°m>f;<ni“>f><<H°m>;"<nm>z>1<H°m>z;nf;“t/\/§
= (7, + 27 B T34 B (T 3 = S50 T V5 = S0 1 V)
= i(F, + 27,)TOB,, H* (T1°") """ //3 + i(¥), + 27,) T°B H¥ (T1°)! °“t/\/§——l(r + 27,) TOB, HIK (T g™/ /3
= 6(62 +Py+ Py - %PEW 2> (T0)B,, HH (1) V3 + 8(Cy + Ey + Ex)(T°) B HF (I /3
+8(T + Ay + Ay)(T0) B HIE (T /v/3, (B9)
which is similar to the pairing of 7% ir/, and leads to
(€t Prot Pa= PR, ) (1) = (7 + 2717
5(Cy + E, + Ep)(T°) = i(F, +27,)T°
S(T + A, + Ay)(T) = —%i(?’e 42T, (B10)

6. Pairing T°B,,H}* (T°uty, (T°vt)™ and i(7) + ¥ +2" 4o +370) ([T IOt )ggingout

Pairing the 70 term in HY; and the z(rO + 4r"“’”) term from 7° 1/ 2 gives vanishing result.

7. Pairing T°B,, H’k l'["“‘)’ eet)™ and i(7, + 4 +2'”)11"“‘11"‘“Tr(l'["‘l'[“‘)/4

4r,,+2r )

Pairing the 70 term in HY; and the z(ro term from 7 '/2 gives:

VO A ‘
l<r;+ 3 >4TOB sz(noul) (Hout) [(Hm)a(nm) noutrlout]

N 4?‘11 + 2?2’ 1 0 p ik out in\a out in out in out in\a out,,out

=i\ P+ ) g B HF[(T); (T ) (T (TE™) ) < (T2 (TR ) (T (TT°) )
43 2% B

l<?; + ra _3|— re> TOBkanoutr]OUt

. 3~ 1. 1. _
= 5<c +E+P+SPA—Phy - §P§W> (TO) B H Mt /3, (B11)

| =

which is similar to the pairing of 7 ir; and leads to

5w w3~ 1. 1 3.(., 47, +2F,
5(C—|—E+P+§PA—§P§ —gPEw)(TO) :§z<r;+f>T°. (B12)
(] u u 4;51) 2’2) u u
8. Pairing T°B,, H (II°"!)),(II°")7" and i(/y" + 7+ ) Lapinggutapinagut

) ) 35
Pairing the 7° term in HY; and the z(r(() " 4 %) term from 7 /2 gives vanishing result.

The results of rescattering effects from 79 are collected in Egs. (43), (44) and (43). Rescattering effects from other TA are
obtained and collected similarly.
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