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A large number of new experimental data on B decay into two light pesudoscalar (P) mesons have been
collected by the LHCb collaboration. Besides confirming information on B, , — PP decays obtained
earlier by B-factories at KEK and SLAC, new information on B; — PP and also more decay modes with P
being 5 or 1/ have been obtained. Using these new data, we perform a global fit for B — PP to determine
decay amplitudes in the framework of SU(3)/U(3) flavor symmetry. We find that SU(3) flavor symmetry
can explain data well. The annihilation amplitudes are found to be small as expected. Several CP violating
relations predicted by SU(3) flavor symmetry are in good agreement with data. Current available data can
give constraints on the amplitudes which induce P =#,%' decays in the framework of U(3) flavor
symmetry, and can also determine the # — 7’ mixing angle 6 with @ = (—18.4 £ 1.2)°. Several B — PP
decay modes which have not been measured are predicted with branching ratios accessible at the LHCb.
These decays can provide further tests for the framework of SU(3)/U(3) flavor symmetry for B decays.

DOI: 10.1103/PhysRevD.93.114002

I. INTRODUCTION

A large number of experimental data on B decay into two
pesudoscalar (P) mesons have been collected by the LHCb
collaboration. Besides confirming information on B, ; —
PP obtained earlier by B-factories at KEK and SLAC, new
information on B decays have been obtained which also
enhanced knowledge about B, — PP decays already
known from CDF and Belle [1,2]. The new information
can provide more insight about interactions responsible for
B decays. B — PP are rare decays in the standard model
(SM). These decay modes being rare ones are expected to
be sensitive to new physics beyond the SM. Before
claiming the existence of any new physics beyond it is
necessary to have the SM interactions be well understood.
B — PP decays have been studied extensively in different
ways. The main methods are QCD based perturbative
calculations [3-5] and SU(3) flavor symmetry [6-14].

The SU(3) flavor symmetry approach has the advantage
of being detailed dynamics independent. The decays are
described by several SU(3) invariant amplitudes which can
lead to relations between different decay modes, but this
approach by itself cannot determine the size of the ampli-
tudes. The QCD based perturbative approach being dynamic
models, for example, the QCD factorization (QCDF) [3],
perturbative QCD (pQCD) [4], and soft-collinear effective
theory (SCET) [5], can calculate the very precisely measured
CP violation asymmetry Acp (B’ -zt K~)=(-8.2+0.6)%
[1,2] for B — 2" K~ decay. If the theory is universally valid
they should be able to make accurate predictions for CP
violation in other B — PP decays. These methods, however,
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all predict A¢p(B® —» 77 K~) ~ Acp(B~ — 2°K~), which
is in contradiction with experimental observation. Therefore
Acp(B® - 7t K~) # Acp(B~ = 7°K~) challenges these
theories [15-17]. On the other hand, the analysis based
on the SU(3) flavor symmetry can be advantageous, where
the different decay modes can be related and the relevant
decay amplitudes be extracted from the data, despite their
unclear sources. A consistent solution for these CP violating
asymmetries can be found. When sufficient data become
available, the SU(3) invariant amplitudes can be fixed and
predictions be made, and the theory be tested. SU(3)
analysis may play a role to bridge dynamic theory and
experimental data to provide some understanding of SM
predictions for B decays.

The SU(3) flavor symmetry has been wildly used for the
studies in the SM for two-body and three-body mesonic B
decays [18,19], the extraction of the weak phase [20,21],
and the constraint on new physics [22]. In its extended
version, the two-body antitriplet b-baryon decays of 3, —
B,M and B, — P.M decays can be studied [23-25], where
B, and P, stand for the baryon and pentaquark state,
respectively, with M the recoiled meson. To make sure
SU(3) flavor symmetry framework is valid for B decays, an
experimental test should be performed. Due to the fact that
the Belle and BABAR detectors at B-factories can only
study B, and By, but not B, decays, the SU(3) flavor
symmetry have not been well tested. With the running of
LHC, the LHCD has been able to obtain valuable data not
only on B, 4, but also B; decays, one can therefore test
more thoroughly the SU(3) flavor symmetry for B — PP
decays [26]. When more b-baryon decays are measured,
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SU(3) can also be tested for the b-baryon sector.
Experimentally, the data collections for the B — PP decays
are in fact still not satisfactory. For example, B — K%z°
and BY — K°K° and B? — ny, ni' have not been observed
yet. Some decays with small branching ratios expected
from theoretical considerations, such as those decays,
B - K*K~, B - nt7n~, and BY — 7°2° dominated by
the annihilation contributions [11,27] need further con-
firmation from data. Taking this positively, one can then use
SU(3) flavor symmetry framework to predict their branch-
ing ratios as further tests.

In this work, we will perform an updated global analysis
for B — PP using the latest experimental data based on
flavor symmetry. Without including # and #’ in the final
states, SU(3) flavor symmetry is sufficient for the analysis.
In order to include them also in the analysis, one needs to
modify the analysis method. To this end we will enlarge the
symmetry to U(3) flavor symmetry, and also to take into
account 7 — 7/ mixing effect to study final states with P
being n or 1. We find that SU(3) flavor symmetry can

|

4G
Hgff = V2

with the superscript g = 0 d(s ) for AS = 0(—
K

ViVig(c101 + ¢,0,) — Z(vubvuq i+ Vu

PHYSICAL REVIEW D 93, 114002 (2016)

explain data well without P being # or 7. The annihilation
amplitudes are found to be small consistent with expect-
ations. Several CP violating relations predicted by SU(3)
flavor symmetry are found in good agreement with data.
Current available data can give constraints on the ampli-
tudes which induce P = 5,7’ decays in the framework of
U(3) flavor symmetry, and the  — 5/ mixing angle 0 can
also be determined with 6 = (—18.4 £ 1.2)° which is
consistent with the value given by Particle Data Group
from other fittings [1]. Several B — PP decay modes
which have not been measured are predicted with branch-
ing ratios accessible at the LHCb. These decays can provide
further tests for the framework of SU(3)/U(3) flavor
symmetry for B decays. In the following sections, we
provide more details of our analysis.

II. SU(3) DECAY AMPLITUDES FOR B - PP

The quark level effective Hamiltonian responsible for
charmless B — PP decays can be written as [28]

11

V)0 (1)

i=3

1) decay modes and V;; the Kobayashi-Maskawa (KM) matrix elements. The

coefficients  C12 and ¢!" = ¢} — c¥ are the Wilson Coefficients Wthh have been evaluated by several groups [28] with
le1a] > |l | The operators O that consist of quarks and gluons can be written as

Oy = (qiu;)y_a(Bib;)y_s» 05 = (qu)y_y(@th)y_,,

O35 = (C_]b)V—AZ(‘_I'q/)Vq:A’

q/

i ) 3 _ 3 _
O46 = (Qibj>V—AZ(Q;’QZ')V:FA’ 079 = B (qb)V—AZeq’(qlq/)Vﬂ:A’ 0310 = ) (Qibj>V—AZ€q’(Q}CI§>ViA’
q ¢ v
gs _ v Qbe - v
On = {g@on G (L +rs)b. O =540, P (1 +75)b. @

Under SU(3) flavor symmetry, while the Lorentz-Dirac structure and color index are both omitted, O 5, O3_¢ 11, and O7_j
transform as 3 + 3’ + 6 + 15, 3, and 3 4 3/ + 6 + 15, respectively [6-11]. As a result, H%; can be decomposed as the
matrices of H(3), H(6), and H(15) with their nonzero entries to be [11]

HBP =1, HOP =H(6)3 =
H(15)1> = H(15)3' =3, H(15)3?
for AS =0, and
HEP =1.  HO)P=HOP=1.
H(15)P =H(I5)]' =3, H(I5)} =

for AS = —1. Accordingly, the B mesons are presented as B; = (B,, By, By) =

octet of SU(3) representation M’ is given by

H(6)}
2 HBP -

= H(6)} = -1,
H(I5)3 = -1, (3)

H(6)}! = H(6)F = -
-2, H(3)P = H(IHF = -1, 4)

(B=, BY, BY), and for the final state P as the
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TABLE I. Decay amplitudes for B — PP without g and 7.
AS=0 AS = -1
B, B,
T”(d):% CL, TOK,(s):Lf(cf—cg+3A%+7c%),
K K“(d) cr- CT +3AL - L, Tlteo(s) = C§ — CF + 34T - CL,
- (d) =2A7 + CT + C§ + AL +3CL, TK;K,()=2A§T+C§+C§+A%+3CIT_5,

T K+(d) =2(A] +AD),
i0(d) = 55 (24T + CT +C§ + AL - 5¢),

% ,(s) =
B
TK’OI—(O(S) = 2A3—T + C3—T -

V2(A] + AL,
T _ AT _ T
Ch —3AL - L,

B By
Tkgko(d) = 2A3T +C§ -l -3aL - CL, T2, (s) = 2(AT + AL),
By __1 T T T T B T T T T
Tyio(d) = = 5(C5 + Cg — Az = 5C), T () = f(c +C§ - AL = 5CT),
B, B — T T _ AT T
Ty p (d) = C§ + Cf — AT + 3CT, T ig-(s) = C3 + Cg — Az +3C5:.
\7;_05 + ’1_86 at K+ with C6 and A6 rearranged to be Cq = C6 - A6 [6-11].
' . Expanding the T expressions in Eq. (6), we obtain the tree
(M) = T - \'}—i + \'}—% Ko . amplitudes 7 in terms of the symmetry invariant amplitudes
K- &0 o without 77g and #; in the final states in Table I, while those
V6 with 77g or/and 77 in the final states are given in Table II. Note

along with #; as the singlet of SU(3) to be (M ) = &ln,.
Note that M = M + M, /+/3 form a nonet of U(3) Con-
sequently, without appeahng to the dynamics of perturbative
QCD, the B —» PP decay amplitudes are given by

A(B - PP) = (PP|H%|B) = —E [V, Vi, T + V,,Vi,P],

(5)

where the tree amplitude 7 for B — PP can be parametrized
by SU(3) invariant amplitudes. If one wants to include 7,
and #g into consideration, one may want to enlarge the
analysis with U(3) flavor symmetry. The SU(3)/U(3)
invariant amplitudes are given below,'

uq

Gr
V2

7= ALBH(3) (M) + CTBMMH(3)
+A¢B;H(6)] M'M¥ + C{ B,M:H(6)] M,
+ AlT_SBiH(l_S)UI\_/ﬂMk + CLB,MH(15)]" M
+ BIB;H(3) MM + BY BH(6)}/ M5 ]
+ BLB;H(T5); M"Ml + DIB,MIH(3) M, (6)

'By treating #; as a SU(3) singlet, we can form another T
amplitude with T =T, + T, . Note that T, can be given by

using T in Eq. (6) where M = M+M,71/\/§ is replaced by
M = M, while T, can be written as [18]

T, = a”BiH (3)'mmn + bTBiMl (3)/ny + c"B;H(6)i* M n,
+d"B;H(15)*M'n,.

The a/, b', ¢, d' and D', B' amplitudes are related.

that the penguin amplitude P can be given by the replace-
ment of the notation of 7 by P in the T amplitude such
that the hadronic parameters can be CP AP — —

» 15 3 6,15
and D53

The dynamics of the interactions are all lumped
into the invariant amplitudes, one cannot calculated the
values for A;, B; C;, and D; just from symmetry consid-
erations, and therefore in our later analysis we will
reply on experimental data to determine them. Note that
ATP . BI'F are referred to as annihilation amplitudes
because the B mesons are first annihilated by the interaction
Hamiltonian and two light mesons are then created and are
expected to be smaller than C; and D; amplitudes.

Further simplification can be made because the
operators for the tree and penguin contributions
for the representations of 6 and 15, have the same
structure, the differences for related amplitudes are
caused by differences of the Wilson coefficients
(WC) in the Hamiltonian. Using WC obtained in
Ref. [28], we use the numerical relations obtained in
Refs. [18,29], C¢ (Bf )~ —0.013C¢ (B ), and CL (AL BX )~

+0.015C% (A%, BYy), respectively. We comment that in
finite order perturbative calculations the above relations
are renormalization scheme and scale dependent.
One should use a renormalization scheme consistently.
We have checked with different renormalization schemes
and find that numerically the changes are less than 15%
for different schemes. In our later analysis, we will use the
above relation. Moreover, since an overall phase can
be removed without loss of generality, by setting Cg’ to
be real, there can be totally 25 real independent parameters
for B — PP in the SM with SU(3)/U(3) flavor symmetry,
given by
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TABLE II. Decay amplitudes for B — PP with at least one of the P being a 5y or 7.

AS=0 AS = -1

Ty, (d) = 2 (CF = CF + 3AT + 3CT), Tyix-(s) = J (=C5 + CF = 3AT, 4 9CT),

T (d) = 25 (=CY + C + 5AT, + CL), T)o(s) = = (C§ + Cf — AT, = 5CT),

Ty (d) = 25 (A7 +1CF = CF - AT + CTy), 175, (s) = Z5(C§ + 24T, - 2CT),

Tio, (d) = =7 (C} + C§ — AT, = 5CT), Thon(s) = V2(AT +2CT — AL —2CT),

T, (d) = 75 (2CY + € + 6A[; + 3Cf, +3Bg + 9B{; +3D5), Tgl, (s) = %=(2CF + CL + 6AT, + 3CT, + 3B] + 9BT, + 3DY),
T (d) = SE(2CT + CF — 10A%, — 5CT, + 3Bf — 15B%, +3DY), T34 (s) = 55 (2CT - C§ — 247, - CTy - 3B{ - 3BT, +3DY),
Ty, (d) = 3v5 (2C = 3C¢ + 6AT; + 3C = 9B¢ + 9B[; +3DY), Tfam () = 2 (CE —4AT; - 2CT, + 3Bf — 6B,

o (d) =2 (37 + CT + 9BY +3DT), T (s) = =2 (2CT - 6AL, - 3CT, — 9B, +3D1),
T3, (d) =15 (2CT = T = 24T, - €T, - 3B] - 3B, +3D1), Toon (s) = %2 (34T + €T + 9B7 + 3DT).

) . ) is,r
P T iy (T ,idg (T ,id= AT,'°AL 4p 10l 7 A
C3,C3e ,Cge ,Cﬁe 15,A3e 3,A3€ 3,Aﬁe 5,

T ibyp 0 g

i5 i T
T, pp T D!
Bge S,Bge 3,Bée 3,

T i&BT 1
6 BT_e 15 Dze
> 715 *T3

To obtain the amplitudes for B decays with at least one #(#’)
in the final states, one also needs to consider#; — ng mixing,

(n)_(cos@ —sin9>(;78>
7]  \sin® cosd m)’

where 6 can be determined by fitting B — PP data.

(7)

III. NUMERICAL ANALYSIS AND DISCUSSIONS

In this section we carry out a global fit for B — PP using
available experimental data to determine the SU(3)/U(3)
invariant amplitudes. In the numerical analysis we use
Cabbibo-Kobayashi-Maskawa (CKM) parameters deter-
mined from other global analysis. We summarize the
Wolfenstein parameters which determine CKM matrix
elements in the following [1]:

A =0.22543 £ 0.00094,
p =0.154 £0.0124,

A =0.802 £ 0.029,
n = 0.363 £ 0.0078.

For experimental inputs of the branching ratios and CP
violating asymmetries, we use the data in Refs. [1,2], while
for B(B, — n°7) and B(B; — n'n') we use the newly
observed ones from Refs. [30,31], respectively.

To understand the significance of each type of
amplitudes in explaining the data, we consider several
different ways to carry out our numerical analysis. To see if
indeed the annihilation contributions are smaller than
nonannihilation amplitudes, we analyze the data in two

different ways: with or without annihilation contributions.
The analysis with or without # and/or " in the final states
may also be significantly different because the mixing
effect of 7 — n’ may complicate the situation. We therefore
also carry out analysis according to whether or not to
include 5 and/or 7' in the final states. In the case with 7 and/
or 7' in the final states, by fitting data, one may also obtain
some information about the mixing angle €. This may
provide another way to determine the mixing angle. Our
results are presented for four different cases:

(1) Analysis without annihilation contributions and

without # and/or #' in the final states.
(2) Analysis with annihilation contributions and without
n and/or #' in the final states.

(3) Analysis without annihilation contributions and with
n and/or #' in the final states.
(4) Analysis with annihilation contributions and with #
and/or #' in the final states.

The values of the minimal y> per degrees of freedom
(DOF) for different cases from our fit are given by

Case (1), 1.65;
Case (3), 1.71;

Case (2), 1.27,

Case (4), 1.66. (8)

Note that for each case, the minimal y? is different because
the available decay modes for data fitting for each case are
different. The above minimal y? per DOF indicate that all
four fits are reasonable ones.

The hadronic parameters determined for the four cases
mentioned above are listed in Table III. After the hadronic
parameters are determined, one can predict some of the not-
yet-observed branching ratios and CP violating asymme-
tries. The results are given in Tables I[IV-VI, and VIL. In the
following we comment on some features of our analysis.
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TABLE 1L

parameters A;, B;, C;,and D; are in units of GeV?.

PHYSICAL REVIEW D 93, 114002 (2016)

The best fit values and their 68% C.L. ranges for the hadronic parameters in the four cases. The

Without # and #’

With 5 and #/

Case (1) Case (2) Case (3) Case (4)
CI; 0.142 +0.001 0.141 +£0.001 0.145 4+ 0.002 0.142 +0.001
CgT —0.188 £0.017 —0.198 4+ 0.026 —0.197 £0.018 —0.211 +£0.027
cr 0.259 4+ 0.021 0.257 +0.025 0.245 +0.016 0.255 +0.021
ClT—5 —0.143 £+ 0.004 —0.141 £+ 0.004 —0.144 £+ 0.004 —0.142 4+ 0.004
03 (=121 £5)° (—135 £6)° (—124 £5)° (—140 £ 6)°
O (50 £ 4)° (54 £ 6)° (51 +£4)° (56 + 6)°
o1z (169 + 4)° (171 £ 4)° (165 £ 3)° (172 £3)°
AgT —0.034 £ 0.015 —0.039 £ 0.014
Ag —0.013 £ 0.002 —0.013 £ 0.002
AIT-5 —0.025 £ 0.012 —0.020 £ 0.012
6A§r e (=23 +29)° (=16 +25)°
5A§ (=120 £ 16)° (—123 +16)°
Oar. (=30 +26)° (=14 £27)°
Dg’ —0.077 £ 0.007 —0.073 4+ 0.008
DgT 0.272 +0.036 0.275 +0.053
50; (=55+9)° (=55 +10)°
5D§- (=90 +9)° (=92 £9)°
Bg 0.099 £ 0.094
B% —0.038 +0.016
Opr (75 £55)°
Opr. (78 £ 48)°
0 (-18.4+1.2) (—18.8 = 1.2)°
% /DOF 1.65 1.27 1.71 1.66

As mentioned before, the annihilation contributions A; are
expected to be small compared with those of nonannihilation
contributions C;. Our fitting supports this expectation. The
conclusions are drawn from comparing case (1) with case
(2), and case (3) with case (4). Case (1) is an SU(3) analysis
neglecting annihilation contributions. A complete SU(3)
analysis would involve 7g. However, due to  — 1 mixing,
one cannot obtain complete information when #; is not
included. But if one restricts the analysis to only include
pions and kaons in the final state, the analysis should give a
reasonable fit if the annihilation contributions are indeed
small. This is indeed supported by the smallness of the
branching ratios for those decays that only receive annihi-
lation contributions, such as B,—»K K", B,—»n"n",
and B, — 7°2°. These modes only have branching ratios

of order 1077. Analysis of case (2) then helps to
quantify the statement and obtain values for the relevant
annihilation amplitudes. One can see that the annihi-
lation amplitudes A; are several times smaller than the
nonannihilation amplitudes C;. The comparison of case
(3) with case (4) also supports this conclusion. From
Table III, one can see that the current data still leave the
amplitudes D; and B; with large errors. We hope that when
more data become available, the D; and B; amplitudes
will have better accuracy and the expectation that annihi-
lation contributions are smaller than nonannihilation con-
tributions will be tested further in the sector involving 7 and
7' in B — PP decays.

In case (3), there are 35 data points available with
minimal y?/DOF of 1.71. The LHCb has measured many

114002-5



HSIAO, CHANG, and HE PHYSICAL REVIEW D 93, 114002 (2016)

TABLE IV. The central values and 68% C.L. allowed ranges for branching ratios (in units of 10~°), where the
superscript a denotes that the decay without C; is not involved in the fitting.

Branching ratios Data Case 1 Case 2 Case 3 Case 4

B, - a7’ 5.48 +0.35 5.57101% 542101 5691013 5.541013
B, - KK° 1.32+£0.14 134500 1347008 1205004 118507
By ntn 5.10£0.19 5205014 5127022 5.2270.14 513702
B, — n°x° 1.17+£0.13 105300 115098 10605 L1750
B, — K°K° 121 +£0.16 1235504 1315507 1105055 1.315008
B, — n"K° 23.79 £0.75 231803 22721013 23.051013 22,7301
B, — n°K~ 12.94 +£0.52 13.03708 12.7870¢8 13.00708 12.837048
B, - ntK~ 19.57 +£0.53 20.647013 20.60°01% 20.847 012 20.721 013
B, — n°K° 9.93 +0.49 9.207 098 9.1575:%¢ 9.287 06 9.207 5%
B, — K*K~ 0.13 £0.05 -.a 0.1470% -.a 0.1470:9
B, — Ktz 55405 50501 5571018 5011013 561102
B, — K°z° 2.027508 1.5975:08 2.045097 1647008
B, - K*K~ 24.8+1.7 19.8+0! 24510 20,070} 24,5506

B, — K°K° <66 20.5°91 22,9793 204191 224103

B, — ntn 0.76 = 0.19 -.a 0.727998 -.a 0.71109¢
B, — n°2° <210 -.a 0.187901 -.a 0.187391

more decay modes compared with what could be achieved
by using data from Belle and BABAR detectors at B-
factories only. In this case analysis with 7 and 7 in the final
states can be meaningfully carried out. One can even obtain

information about the n —#' mixing angle. The n—#
mixing angle determined from case (3) analysis gives
0 = (—18.4 £ 1.2)°. This is consistent with the value of
(—18 £ 2)° given by Particle Data Group [1].

TABLE V. The central values and 68% C.L. allowed ranges for CP asymmetries (in units of 1072).

CP asymmetries Data Case 1 Case 2 Case 3 Case 4
B, — na° 2.64+3.9 0+0 0+0 0+0 0+0
B, — K K° -8.7410.0 -2.8739 -3.8714 55738 -7.78%
B, — ntn” 31+5 3114 302737 3114 29.7439
B, — n°x° 43.0 +24.0 57.21)2 64.0"% 56.1%12 63377
B, — K°K° —60.0 £ 70.0 2874 -17.8797 -5.55%9 —18.0797
B, - K" -1.7+16 0.17593¢ 0.2379¢% 0.307933 0.427939
B, —» 1K~ 4.0+2.1 5.8193 42107 5.8104 4.70¢
B, — ntK~ -82406 -7.8593 —8.1504 -7.9103 -8.0704
B, — n°K° 0+13 -13.3%93 —-11.3152 —-13.2104 -11.6102
B, — K*K~ .. 82.8144 83.61¢5
B, > K'n~ 26.0 £4.0 3114, 28.11% 31257 28.0111
B, — K°z2° 57.27)3 61.45)% 559112 60.61]8
B, - K*K~ 14+ 11 -8.0107 -5.6102 -8.0103 —-5.6104¢
B, — K°K° 0.17193% 12173 027793 10473
B, - ntn~ - -16.117 Sa -16.2131
B, — n°2° <210 -.a —16.11]3 -.a -16.2730
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TABLE VI. The central values and their 68% C.L. allowed
ranges for branching ratios (in units of 107%) with at least one of
the final mesons to be a 7 or 7.

PHYSICAL REVIEW D 93, 114002 (2016)

TABLE VII. The central values and their 68% C.L. allowed
ranges for CP asymmetries (in units of 1072) with at least one of
the final mesons to be a  or 7.

B, — 71 4024027 3774012 3731539

B, -1y 27405 3337018 323555

By — 2% 0414£022 09108 0.77:58%

B, — 2% 12404 1.06200° 123542

B, — K1 2364022 216107 219705

B, — K1f 71.1£2.6 75.0133 7L

B, — K% 123 4027 1.631012 1.54703%

B, — K% 66.1 4 3.1 65.02] 64.5157

By — m <1.0 0.33°0% 0.55%57
B, — <12 LOLIGI0 3335008
By — ' <17 0.41708% 0.28755

b K o0ttt L2ty

B, — Knf 3520008 4295y
B, > 2% <1000 0.04820002  0.0371047

B, — % -~ 0.08510003 0251124

B, = my <1500 281501 329700

B, — 2370109 21.99%3%

B, — 'y 3314104 21305040 20424138

Currently, the branching ratios and CP asymmetries
for many decay modes with 7 and #' in the final states have
not been observed, such as B(B, — nn,nn',n'n') and
B(B; — nn,ni’). Therefore, the theoretical predictions
can be useful. For case (3), the new parameters needed
are D;. The values for them are given in Table III. With the
fitted D;, we obtain B(B, — K~') and B(B; = K°') to
be (75.0133 ,65.0f22"; ) x 107 which are consistent with
data. We note that B(B, — nn') around 24 x 107° can be as
large as the observed B(B; — n'n’) = (33 £ 11) x 1079,
while B(B,; = nn,n'n’) of order 1077 agrees with the
experimental upper bounds. When more data become
available, this can be settled with high confidence.

In case (4), the parameters B; with their phases, in
principle, should be introduced implying eight new param-

o i6
eters. We find that the determinations of B} ¢ and
i . .
BY e require at least four data points from B, —
m,nm', 'y decay modes, but only B(B; — 1'yf’) is avail-
. . i6 1
able. Present available data cannot determine B3Tel % and
BY ¢ . Since they are annihilation amplitudes which are
expected to be small, we hence neglect their contributions
for the practical fitting. Therefore, in this case we will have

22 parameters to fit 37 available data points. We obtain
minimal y?/DOF to be 1.66 representing a reasonable fit.

CP asymmetries Data Case 3 Case 4
B,—>nn -14+£5 -14.612% -12.31383
B, 6+15 8.9727 561558
By — % ~26.8133 ~0.41307
By — 7% -48.51]¢ 83.312%
B,— KT -37+38 -30.9°%3 -31.15%°
B, —» K1 13+1.7 0.5193 0.87%%
B, — K% 3208 8.7H1%8
B, — K% 4.3f8§ 34.81“;‘3
By — -86.61 79 42,133
By =y —-68.8734 -27.91319
By—n'y -62.7798  —87.9730%
B, — Ky 5534 -11.5758%
B, — Kif -79.77%1 —-93.07§%6
B, — 7% 98.1707 83.37%%,
B, — % 98.1704 64.7°190
B, = nn —13.5f8"i 6.0f32f21
B, =y -3.1707 -1.3473
B, > 'y - 45504 4.8137

Again in this case, we can determine the 5 — % mixing
angle 0 with 0 = (—18.8 + 1.2)° represented to be stable
compared to that in case (3). The fitted B; have larger
uncertainties, such as Bg = 0.099 4 0.094. This is because
the data are not sufficient for the decays with #;, while A;,
B;, C;, and D; are fitted together. When more data become
available, the predictions made for this case can be tests; in

. . . 6
particular, data will tell whether the omission of B3Tel 5

and BY ¢ for the fit is reasonable.

We now comment on a class of CP violating relations in
the framework of SU(3) flavor symmetry. This class of
relations concerns the rate difference among some B decays
defined by [11,12]

A(B— PP)=T(B—- PP)-T(B—PP), (9)

which connects the branching ratio and the CP violating
asymmetry with A(B; -» PP) = Acp(B; —» PP)B(B; —
PP) /5, with 75 the B; lifetime.

The unique feature of the SM in the CKM matrix
elements that Im(V,, V! Vi V) =-Im(V,,ViViV)

can be used to relate the AS =0 and AS = —1 decay
modes with the same tree amplitude 7 and penguin
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amplitude P which can be read off from Table I. For
instance, for B; > K™z~ and B; — 7" K~, we obtain
Acp(Bg = nK7)

ACP(BS - K+ﬂ'_)

B(Bs - K+ﬂ_)/TBS -0 (10)

* R( /AK+ -) B(B; — ntK™)/tp

with R( /AK+ =1
If annihilation amplitudes are neglected, there are addi-
tional relations, for example

Acp(B; = n7K")
Acp(Bg = ntn7)

B(Bd - 7T+7T_)

HRO /A B = K

~0, (11)

with R/(AZ¢,_/AY ) =1.

Deviation of R away from 1 is a measure of SU(3) flavor
symmetry breaking. In Table VIII we list R; and R, for some
relations predicted with annihilation amplitudes and with
annihilation amplitudes neglected, respectively. QCD based
perturbation theory also predict similar values [26,32,33].

Note that experimentally, Rdm( o/ A i) = L12+

0.22 and R;ata( k- /A _) = 1.02 j: 0.19. The SU(3)
predictions are in good agreement with data. Since the
relation with annihilation contributions neglected is also in
good agreement with data, this also provides an evidence
that annihilation contributions are indeed small. If SU(3) is
exact the fitted central value for R; should be equal to 1. The
deviation in Table VIII is due to the fact that in calculating
the values, we have used physics kaon and pion masses,
branching ratios from fit and also experimental values for the
lifetimes which slightly breaks SU(3) flavor symmetry.
Theoretically there are also several other pairs obeying the
relations discussed (listed in Table VIII), at this moment
there are large error bars to draw any conclusion. But once
relevant quantities are measured, they will further test the
theory.

In Table VII, we notice that several CP asymmetries are
determined to be large. This is because accidental cancel-
lations in the amplitudes for relevant decays (large final
state interaction phase) need to be tested. This may also
reflect the fact that data are not sufficient to constrain the
amplitudes with high precision and the “best” fits are some
very shallow local minimums. More data are required to
draw meaningful conclusions.

Finally, we make a comment on the recent theoretical
study in Ref. [34] based on the diagrammatic SU(3) flavor
symmetry. Our fittings include the newly observed B(B,; —
7%) and B(B, — /). Despite the measured B(B, —
nm') < 1.2 x 107, we predict B(B; — n1’) to be 2 x 107°
similar to that in Ref. [34]. There is some tension between

PHYSICAL REVIEW D 93, 114002 (2016)

TABLE VIIL Rp to test the SU(3) flavor symmetry. The fitted
numbers in the parentheses are for cases (1) and (2), respectively.
Modes Raaa Rg:)

R( ;m( /AK+ ) 1.124+ 022 (1.03 +£0.06, 1.06 + 0.08)
R( 1<‘1< /A ) 220+ 1.77  (0.98 4+ 0.06,0.89 + 0.12)
R( - Ko K K”) -3.52+525 (1.05+2.07,1.02 +3.48)
R(A% K(, A% L) (1.06 £ 0.06, 1.06 == 0.08)
R( I(K*) (...,1.00£0.27)
R(A 0O/A «) (...,1.00 £ 0.02)
R’( ,m( B“ ) 1.024+0.19  (0.99 +0.06,1.07 £0.11)
R/( °K° ) 0.00 £1.28  (1.02 £0.06,0.70 £ 0.05)
R’( K+1< /AK+ ) 242+£196 (1.01 £0.06,0.88 +0.10)
R/( ko] ig ,) —0.56+£0.83 (1.14 £2.28,0.22 £ 0.64)

the fitted B(B; — 7)) = (0.91 £0.03) x 10™° and the
value of (0.41 £ 0.22) x 107 from the data in comparison
with B(B; — 7%%) = (0.12 £ 0.07) x 1076 [34]. Note that
the predictions for B(B; — #n) in the approaches of QCD
factorization, pQCD, and SCET [32,35,36] are of order
1078, Future experiments can provide information to test
these predictions.

IV. CONCLUSIONS

In this work we have performed an updated global
analysis for B — PP using the latest experimental data
based on flavor symmetry. Without including 7 and #’ in the
final states, SU(3) flavor symmetry is sufficient for the
analysis. In order to include P being 7 or 7' in the analysis,
we enlarged the symmetry to U(3) flavor symmetry. In this
case we also took into account 7 — ' mixing effect. We
found that SU(3) flavor symmetry can explain data well
without P being 5 or 7.

We have considered four different scenarios for data
fitting to see how annihilation and also how inclusion of 7
and 7 affect the results. The annihilation amplitudes were
found to be small consistent with expectations. Current
available data could give constraints on the amplitudes
which induce P = #,# decays in the framework of U(3)
flavor symmetry. The # — 7 mixing angle & could also be
determined with @ = (—18.4 £ 1.2)° which is consistent
with the value given by Particle Data Group from other
fittings [1]. Several CP violating relations predicted by
SU(3) flavor symmetry were found in good agreement with
data. Although current data could not fix two annihilation

amplitudes B?’P 61585'[’, as they were expected to be small,
we were able to predict several B — PP decay modes
which have not been measured. These predicted branching
ratios are accessible at the LHCb. We look forward to more
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data to come to test the framework of SU(3)/U(3) flavor
symmetry for B decays.
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