PHYSICAL REVIEW D 69, 074002 (2004

B— n(n')K(ar) in the standard model with flavor symmetry

Han-Kuei Fu
Department of Physics, National Taiwan University, Taipei

Xiao-Gang He
Department of Physics, National Taiwan University, Taipei
and Department of Physics, Nankai University, Tianjin

Yu-Kuo Hsiao
Department of Physics, National Taiwan University, Taipei
(Received 23 June 2003; published 5 April 2p04

The observed branching ratios f8—K#' decays are much larger than factorization predictions in the
standard moddISM). Many proposals have been made to reconcile the data and theoretical predictions. In this
paper we study these decays within the SM using flavof3g8ymmetry. Treating the singlej,; and octet
(wi’o,Ki,KO,Ko,ng) pseudoscalar mesons as a nonet multiplet, we find that if small annihilation amplitudes
are neglected only 11 hadronic parameters are needed to deBeriBP decays wher® can be one of ther,

K, » and ' mesons. We find that existing data are consistent with the SM. We also predict several measurable
branching ratios an@P asymmetries foB—K () n(%'), n(n')n(7n') decays. Experiments in the near
future can provide important tests for the standard model with flavor symmetry.

DOI: 10.1103/PhysRevD.69.074002 PACS nunifer13.25.Hw, 11.30.Hv

Experimental data from CLEO, BaBar and BeJle-4]  symmetry breaking effects to exist. There are also some stud-
have measured branching ratios Bf+~K#»' around 6 ies of similar flavor symmetry foB decays withn' included
X 10~° which are substantially larger than theoretical calcu-{11,12. Present data, however, are not able to make a clear
lations based on the naive factorization approximation in thétatement about whether this symmetry is badly broken. In
standard modelSM) [5]. Although there are some improve- this paper we will take the flavor 38) symmetry with
ments in calculating the branching ratios in the last few year$7rf'°,Kt,K°,K°,778,1) as a nonet as a working hypothesis
by using the QCD improved factorization methf#&], there and study whether experimental data can be explained by
are still large uncertainties in calculating the branching ratiogarrying out a systematic analysis. We find that the SM with
for B—K#' because of issues related #g-7g mixing and  such a flavor symmetry can explain all existing data, in par-
the QCD anomaly associated with. There are also many ticular large branching ratios f&—K ' decays can be ob-
speculations about possible new physics beyond the SM ifained. We also predlct some unmeasured branching ratios
these decayk7]. Before any claim can be made about newand CP asymmetries which can be used to further test the
physics, one must study the SM contributions in all possibldn€0rY- _ o _
ways to see if it is really inconsistent with experimental data, _1he duark level effective Hamiltonian can be written as

In this paper we carry out a systematic study Bf [13]
— K%' and, more generally, of processes®f PP decays,
with P being one of ther, K, %, 7' in the final states, by G
using flavor symmetry in the SM. This way one can relate Hgff:_F VubV:q(ClOl+ c,0,)
different decays to predict unmeasured branching ratios and V2
CP asymmetries. Drastic deviations between the predicted 11
relations and experimental data can provide information _ * UC * Aty A,
about the SM and models beyond. Similar considerations .23 (VuoVigG ™+ VipVigCi ) O |- @

based orSU(3) have been applied 8— PP decays, with
P being one of thewr or K in the pseudoscalar octet

0 = 0 10
“ K=, K5 KY, 8], and have been shown to be con- ; . . .
g;tent with dat@97]7§2/\/[h23n considering— P P, with at least cl* are the Wilson coefficients which have been evaluated by

one of theP being anz or an’, one can introduce a singlet S€veral group$13] with |c14>[cl|. O; are operators con-
», as an independent multiplet into the theory to form addi-SiSt of quarks and gluons. ,
tional amplitudes to describe these decfy6]. One may The B— PP decay amplitudes can be parametrized as
also consider combining the singlgt and the octet to form
a nonet such thag, is automatically included in the theory. G

Flavor SU(3) symmetry with a nonet multiplet has been  A(g_.pp)=(PP|HY,|B)= ZE[V T+VyVEP],
studied in kaon decays. There there are non-negligible sym- ¢ V2 ud q
metry breaking effects. FdB decays one may also expect (2

HereV;; are KM matrix elements. The coefficients , and
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whereB= (B, ,Byq .Bs)=(Bf,§°,§2), which form a funda- €racy is naively lifted in processes witfj in the final states.
mental representation &U(3). TheamplitudesT andP are It seems that there is the need to have kiighand"AG de-
related to the hadronic matrix elemer{8 P|O;|B) which  scribe the decays, thus increasing the total number of had-
are very difficult to calculate. For our purpose, however, weronic parameters by one. However, this is not true since the

only need to know that unde8U(3) O15, O3 611, @and AT and C] terms in decay modes with, in the final state
0710 transform as 3-3'+6+15, 3, and 3+3'+6+15,  can pe written a€l=Cl{—Al, and the additionah} can be
respectively{8], and parameterize the amplitudes according L bsorbed by redefining the amplltuBé BT+AT In Table

to the flavor symmetry to be described below.
As mentioned earlier, there are two approaches to thd we therefore have listed the decay amplltudes in terms of

problem from the flavor symmetry point of view. We first the independent amphtude@g 615 A§15' B§615 and Df
work with the approach of taking »; and We now describe the other approach that mcluaj@sn

(ﬂ_t,O,Kt'EO,KO, 7s) as a nonet. The nonet eIemeM$ are B—PPdecays. Here one treatg as an indep'endent singlet
of SU(3) and parametrizes the decay amplitudes according

iven as . .
g to SU3) symmetry. In this case there are also an additional
0 four new terms,
78 + K~
ARG m _ . _
Thew=a'BiH(3)' 717, +bTBMj(8)H(3) 7,
0 , —
mh=| = -2 ke +CTBiH(6){“M(8) 7, +dBiH(15)*M}(8) 7, .
2 Ve
4
K - % Here M (8) is the octet part of in the non#.
In the nonet limit, we have
! 0 0
el T 1.1 5 7 2 T
V3 a’=A;+3B3+ £ Cy+Dy, szﬁcgJr J3D7,
1
+ 0 — 17 0
v T— 2R, J3BI+ Lar
. 1 J3 ¢ 67 376
\/5771
One can write th@ amplitude forB— PP in terms of the d'= \/§A15+ 3B+ \/5015 )
flavor symmetry invariant amplitudes as
T=A;43iH(§)i(M|kM L)+CIBiMLM |]_<H(§)j We aIs<~) see from the above that one can @§eand B} to
absorbA] by writing, cT= 3B+ (1/y/3)C{ . It is interest-
+ATB H(6) |v| M| +CTB M H(6)lk|\/|' ing to note that both approaches discussed above introduce
the same number of new parameters, four of them, into the
+AL B; H(15) M M +ch B, M! H(15) theory. In our analysis we will work with the nonet approach
5 15 / .
. _ - described in the above.
+B3B{H(3)'MIM{+BIBH(6)M M| To obtain the amplitudes foB decays with at least one
n(n") in the final states, one also needs to consigen’
+BIBH(15)! MM +D—B M{H(3)'M|,  (3)  mixing,
where H(?,E,l_5) are the operators that correspond to the 7\ [cosd —sing| | 7g 6
irreducible 36,15 representations in the effective Hamil- n'] \sing coso [\ ) ®
tonian.

In Table | we list all decay amplitudes involving, g. The  The averaged value of the mixing angles — 15.5°+1.3°
amplitudes containing onli{ and 7 in the final states can be [14]. We will use = —15.5° in our fit.
found in Ref.[9]. There are a few new features for the am-  There are similar invariant amplitudes for the penguin
plitudes in Eq.(3) compared with the amplitudes fds contr|but|ons We indicate them @3_615, 315, 35615 and
— PP whereP can only be one of the octet mesd®3. The

last four terms are new. In the octet case, because of the3 The amplitudeg\; andB; are referred to as annihilation
traceless condition oM' (7, is removed fromM), these amplitudes because tlieemesons are first annihilated by the
1

) oo ~ interaction Hamiltonian and two light mesons are then cre-
terms are automatically zero. The amplitudesandCe al-  ated. In total there are 18 complex hadronic parame@8s

ways appear in the combination 5%—70\6 [8]. This degen- real parameters with one of them being an overall unphysical

074002-2



B— 5(7")K () IN THE STANDARD MODEL WITH . . .

PHYSICAL REVIEW D69, 074002 (2004

TABLE |. Decay amplitudes foB— PP with at least one of th® being a»g or 7;.

AS=0 AS=-1
2 B, _ 1 T, ~T T T
T (= ch- CL+3AL+3CT), ek (9= 5 (7 Ca™ Com3Ax+9C),
B, 1ot L oaT AT T (8= — = (CL+ CI- Al 5C)
Twons(d)zﬁ(—c§+ce+5Aﬁ+cﬁ), KO 76 CatCom A ]
B 1 T 1AT AT AT AT T (s)zi(CT-i-ZAT——ZCT—S)
T”f;ns(d)=ﬁ(2A§+ 3C;—Ci—AL+Cp), N D
Bg _ T, 2~T T T
Bs 1 T T T T T”s”s(s)_ \/E(A§+ 303_A1_5_2CE)'
TK%B(d)=f%(C5+067AE75C1—5), .
B T
. T, (9= ﬁ(ZC?F Ci+6AL+3CT:
B T T T T
T Y (d)=-=(2C;+Ci+6AT+3Cxe
w7 (2CT Cot OAGT 30 +3B¢+9B1:+3D1,
+3Bg+9BT:+3D5, . 1
) Tio, (9= (205 Co-2A5Crg
B B T T T T
T4 (d)=—(2C;+Cf—10A;:—5C;
770711( ) \/g( 3 6 15 15 —3Bg—3B%+3D%,

+3Bg— 1581+ 3D, 5 -2
_ T T T
T, (9= %(Cs*‘ml—s* 2Cgs

1
Ba (d)= ;(2C§— 3CI+6AL+3CL

e NG +3B}—6BL,
T T T -
—9B§+9B+3Ds3; T8s (S):_\/E(QCI—GAT——SCT—
\/— 7178 3 3 15 15
2
B _ T T T T
T2, (d)= - (3A+C1+9B]+3D3), —9Bf:+3Dy,
1 B _\/E T T T T
B, B T T T s = — -+ Co+ + =)
TKOnl(d)_ﬁ(ch_Cg—ZAl—s_Cl—s T (8)= 3 (3A3+ Co+ 9B5+3Dy),

T T T
—3B{—3Bf;+3Dg,

phase¢. However, simplification can be made because of thalifferent schemes. In obtaining the above relations, we also
following relations in the SM: neglected small contributions froos g which cause less than
1% deviations.

Using the above relations the number of independent had-
ronic parameters are reduced, which we chose to be
c2¥(AXD), Cf, CI(ALY, B2, By, Bi;, D" An over-
all phase can be removed without loss of generality; we will
setcg to be real. There are in fact only 25 real independent
parameters foB— PP in the SM with pseudoscalar nonet,

3 cle_ gte
CP(BD)=-= 5 10 clBl)
2 c;—cy—3(cg—cid)/2

~—0.013C{(B}),

tc tc
Cg +Cyp

P T.is3 Taid T hioe ATAioaT  APAioA”
P AP RPy_ _ T AT T C;, CLe'%3, Cge'%, Come'’15, Ace'’A;, Ase'A,
Cl_5(A1_5’ BE) = Cl_5(A1_5’ BE) 3 3 6 15 3 3 3 3

2 _ uc uc

Cy+Cr—3(Ccg +Cip)/2 A%ei ST Bgei‘sl%, Bgei 582, B%ei %7 BI_Sei 5T
~+0.01%1(Af, B1o). 7) C e
Dge' 5D§, Dge' 5D§.

Here we have used the Wilson coefficients obtained irFurther, the amplitudes; andB; correspond to annihilation
Ref. [13]. contributions and are expected to be small, which is also
We comment that in finite order perturbative calculationssupported by datg]. If the annihilation amplitudes are ne-
the above relations are renormalization scheme and scale dgtected, there are only 11 independent hadronic parameters

pendent. One should use a renormalization scheme consis- o T _ . T
tently. We checked with different renormalization schemes Cz, C5e'%, Cle'%, Cr'B Dye'%;, Dze'’o;.
and found that numerically the changes are less than 15% for (8)
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TABLE II. The central values and 68% C.L. allowed ranges for branching rétiosnits of 10 %) and CP asymmetries for processes

with no » or %' in the final states.

Branching ratios

CP asymmetries

Experiment Fit value Experiment Fit value
B,— 7 m° 5.3+0.8 51038 (5.1799 —-0.07£0.15 0.00°399 (0.00"33
B,—K K° 0.1+0.6 0.9°5% (0.9°59 -0.66'553 (—0.69"333
By—m ™ 4.6+0.4 4652 (4.6°3d 0.51+0.19 0.34° 519 (0.34' 37
By— 70m° 1.9+0.5 21732 (21739 0.51°01% (0.51°31)
B,— K°K® 0.8+0.8 0.8"5% (0.8"5% —0.66" 55 (—0.69" 539
B,— KO 19.7£1.5 20.1°19 (20.1°}9 —0.02+0.07 0.03°9% (0.03"33
B,— 7K~ 12.8+1.1 11.2°92 (11.2°39 0.00+0.07 0.08"304 (0.08" 339
By— 7 K™ 18.2+0.7 19.0°5% (19.0°59 —0.09+0.04 -0.09'5%3 (—0.08"39
By— mK° 11.2+1.4 8.6°04 (8.6°59 0.03+0.37 -0.12°553 (—0.12°58
Bs—K* 7~ 4392 (4.39) 0.34°919 (0.34"31
B— Km0 1.9°92 (1.95) 0.51" 514 (0.5131%
B K K~ 17.9°%7 (17.9°57 -0.09'5%3 (—0.08"39
B,—KK° 17.7:53 (17.7:59 0.03'563 (0.0359

The phases in the above can be defined in such a way that gfesent because of too many parameters. Therefore, in the
cP andD/ " are real positive numbers. following we neglect the annihilation amplitudes, which are
At present manyB— PP decay modes have been mea- anticipated to be small, to see if all data can be reasonably
sured aB factories[2—4]. It is tempting to use experimental explained, in particular to see if largg— K%' branching
data to fix all the hadronic parameters described earlier. Itatios can be obtained, with only 11 parameters given in Eq.
has been shown that if processes involvingn') are not  (8). This is a nontrivial task. Remarkably we find that all data
included, it is indeed possible to determine all the invariantcan, indeed, be well explained.
amplitudes, A; and C; [8,9]. When processes involving We use the averaged CLEO, BaBar and Belle {at4]
n(7n') are also included, a meaningful determination of allshown in Tables Il and Il to fix the unknown 11 hadronic
hadronic paramete(@5 of them is, however, not possible at parameters by carrying out a globgl analysis. The results

TABLE III. The central values and their 68% C.L. allowed ranges for branching rétiasnits of 10 %) and CP asymmetries with at
least one of the final mesons to be aror 7'.

Branching ratios CP asymmetries

Experiment Fit value Experiment Fit value

B,—m 7 4.4+0.9 3.6°0% (3.6°99 —0.510+0.200 -0.247918 (—0.24"31%
B,—m 7 2.8+1.3 3.6'13 (3.6°13 —-0.28"33% (—0.27°32
By— 707 (<2.9) 0.7"%% (0.7°59 -0.85'5% (—0.86'53
By— 707’ (<5.7) 1.7°39 (1.7°%9 -0.99° 3% (-0.99°93
B,—K 7 3.2+0.8 3.2°57 (3.2°51 —0.320+0.220 -0.32°3% (—0.32°9%%
B,—K 7’ 77.5+4.6 73538 (73639 0.022+0.037 0.03°9% (0.03"99
B,—KC7 2.6+0.9 23708 (2.2°59 -0.10°59 (—0.12"58
B,—K%7’ 60.3+5.7 67.0°32 (66.9°33 —0.042£0.132 0.07°3:%8 (0.07°33
Ba— 77 1704 (L7509 —0.56"p7¢ (—0.5401
By— 77’ 21559 (2.1585 —0.57°0%3 (-0.5555
By— 7' 7’ 1.059¢ (10599 —0.67 9% (—0.66 03
B—K7 1.3°92 (1.3°5) 0.16'012 (0.19°31
B—Kz' 5.1°18 (5.1°1) -0.89"5% (—0.8851
Bs— 707y 0.107 (0.1°99 0.930% (0.9399
Bs— %7’ 0.1°93 (0.173) 0.89°3%7 (0.88"37
B 77 6.0°3% (6.3°19 —-0.1479% (—0.13"39
B— 77’ 24.0°%9 (24.419) 0.01'00s (0.01°589
Bs— 7' 7’ 68.5°47 (67.9°39 0.05°30; (0.05°9¢
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TABLE IV. The best fit values and their 68% C.L. ranges for the best fit values for the known branching ratios are in good
hadronic parameters. The values without and with parentheses agyreements with data. We note that la@e-K»' can be
for the fits with A, p and » fixed to their central values and varied gptained.

within the allowed regions, respectivelghe same for all other The relevant values for the two scenarios regarding the

tables. handling of theKM matrix elements are listed in Table IV.
Central value Error range These results indicate that varying k& parameters in the
allowed ranges do not affect the final results very much. In
03B 0.137 (0.137 0.002 (0.008 our fit the »-»" mixing paramete® is fixed at the averaged
cg 0.178 (0.177) 0.069 (0.075 value determined from other d&td4]. We checked the sen-
Ce 0.278 (0.287 0.059 (0.066 sitivity of the final results or® within the allowed region and
CI—s 0.142 (0.145 0.010 (0.017 find the changes are small. 'V\'/e also find that if one reduces
55 42.4° (43.3°) 20.1° (21.4°) the nonet to an octet, just fitting data & 7, 7K ,KK,
56 75 1° (75.4°) 13.0° (12.8°) the values obtained fo€; are not very much different than
P ~10.0° (~10.2°) 10.1° (10.1°) what we obtained here. This indicates that the param&ters
Deg 0110 (0112 0012 (0.012 ?irr)(lae?table when replacing the octet multiplet by a nonet mul-
% 0.395 (0.398 0.113 (0.123 Since we neglected annihilation contributions, the mode
502 —81.3° (—82.8°) 8.8° (7.0°) By— K~ K™ has a vanishing branching ratio which is consis-
ool —106.9° (-107.6°) 20.3° (20.4°)  tent with data. When neglecting annihilation terrds,(B,
2 Eg:?:g 282822 —K~K% andBr(By—K°K? have the same S8) struc-

tures. These two decays should have the same decay width.
7 (0.337 (0.029 These can be used as a test for the assumption of small
annihilation contributions. The consistence of our fit with
experimental data also can be taken to support the assump-
are shown in Table IV. In our analysis, due to the lack oftion. When annihilation contributions are included, even
knowledge of the error correlations from experiments in obsmall contributions can affect the results, but the general
taining the averaged error bars, we have, for simplicity, takefeatures will not be changed too much. This has been shown
them to be uncorrelated and assumed they obey a Gaussigbe true in the case that does not include includingnd
distribution, taking the larger one between ando_ to be 7’ in the final state§9]. At present a complete analysis with
on the conservative side. Experimental dataegn B—B  annihilation contributions included cannot be carried out be-
mixing, |Vepl, |Vun/Vesl, and sing provide very stringent cause there are not enough data points. One needs to wait
constraints on th&M matrix elements involved in our analy- until more data become available to check the consistence in
sis [9,15,16. The known parameters with the valuas full.
=0.2196, A=0.854+0.046, p=0.178+0.046 and 7 Theoretical calculation for the hadronic parameter€pf
=0.341+0.028 were determined from the most recent datds a very difficult task although there is some progress in
[16]. We consider two scenarios in order to include paramusing QCD improved factorizatiof6]. We have calculated
eters of theKM matrix in our fit. One is to fix them to their the hadronic parametefs; using QCD improved factoriza-
central values, and another is to vary them in the allowedion developed in Ref[6] with C§= 0.09, C£=O.35, Cg
ranges. _ _ =0.20, C1z=0.15, 53=3°, 5,=8°, &rz=—3°. The magni-
Using the above determlned_ hadrqmc parameters, Wg,qeg forC; are similar to the fitting results in Table IV.
study other un_measured branching _ratlos &l violating However, the strong phases are very different. In our analysis
rate asymmetrieAcp for B— PP, defined by the large branching ratios f@— 5K are due to the param-
etersD3. It is well known that factorization calculations
- — have difficulties obtaining the observed branching ratios for
_ r'(Bi—PP)—TI'(B;—PP) ) B— 7'K. Therefore the parametelds; obtained from factor-
I'(Bi—PP)+ F(EHW) ' ization calculations are expected to be unreliable. The central
values of theoretical estimates f0g are typically a factor of
2 smaller(or even smallérthan what we obtained in Table

CP

The results are shown in Tables Il and Ill. IV. More reliable methods to evaluate hadronic parameters
We now discuss some implications of the results obtainedre needed.
and draw conclusions. The minimgf in our fit are 1.25y2 Using the hadronic parameters determined from existing

per degree of freedom and 1.26 per degree of freedom for théata, we have predicted several unmeasured branching ratios.
two scenarios we are considering. We have checked in detallhese predictions can be used to test the theory. Several of
that there are no other local minima withy@ per degree of them involve at least ong (or a»’) in the final states foB
freedom near the one we found. The values for fReper ~ decays. The ranges predicted By— 7°7,7°»’ are consis-
degree of freedom indicate that the fits are reasonable onetent with the existing bounds. There are also seBgdecay
These facts are also reflected in the best fit values for thenodes with at least ong or #’ in the final states. Several of
branching ratios. As can be seen from Tables Il and Ill thehe branching ratios are predicted to be large, in particular
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the predicted branching ratio foBs— #’' %’ is about 7 at present. With more data becoming available, this can be
% 10~ ° which can be measured at future hadron colliders anéchieved. One can also take the leading BWreaking ef-
can provide another crucial test for theory. fects into account by identifying that the breaking effects
We have also obtained interesting predictions @P  come from the fact that the strange quark mass is signifi-
asymmetries irB— P P decay modes. Many of the predicted cantly larger than the andd quark masses. One can param-
central values for the€P asymmetries are larger than 10% etrize the effects in a similar way as we did for the (SJU
which can be measured in the near future. These modes camplitudes, by inserting the quark mass mati e aking
provide important information abouEP violation in the  =diag(m,,mq,m) at all possible places in E¢3). How-
standard model. ever, this will introduce several new parameters into the de-
A SU(3) analysis forB— PP with at least one of th®  cay amplitudes. Again it is impossible to carry out a compre-
being any or an »’ has been carried out recently in Ref. hensive analysis with all S@) breaking effects taken into
[12]. In our analysis we tried to fix the invariant amplitudes account. What we can conclude from our analysis regarding
by a global fit of the available data d&— PP, while the this is that the fit was carried out assuming (SJJ(nonej}
authors in Ref[12] determined some of the amplitudes or symmetry was consistent with data with a reasonaler
combinations by some decays, and determined or boundetegree of freedom. The present data do not indicate large
the remaining ones by some theoretical considerations. DuBU(3) (none} breaking effects. The predicted branching ra-
to this difference, the predictions for some of the branchingios andCP asymmetries can serve as further tests.
ratios are different, but they are still in consistent ranges. In conclusion, we have carried out a systematic analysis
In our analysis we have assumed nonet symmetry. Therfor B— PP decays in the SM withP being one of the nonet
may be effects from violation of this assumption, breaking ofmesons. We find that all existing data can be explained; in
the nonet symmetry and also breaking of (SUsymmetry.  particular, large branching ratios f@&—K 5’ are possible.
These breaking effects will cause deviations from what wag here is no conflict between the standard model and present
obtained here. These effects can in principle be included iexperimental data. We have also predicted several unmea-

the analysis. To include the nonet breaking effects into thesured branching ratios ar@P asymmetries within the reach

analysis, one needs to use the parameters inf4qvithout
assuming the relations in E¢5). This will introduce more

of near futureB factories. Future experimental data will pro-
vide crucial information on flavor symmetries and also on

parameters in the analysis and cannot be meaningfully dorthe standard model.
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