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B°= #+X in the standard model

X.-G. He! C.-P. Kao! J. P. M&® and S. Pakvasa
IDepartment of Physics, National Taiwan University, Taipei, Taiwan
2Institute of Theoretical Physics, Academia Sinica, Beijing
3Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822
(Received 17 June 2002; published 11 November 2002

We investigate the possibility of studying tle— 7 form factor using the semi-inclusive deca§§—> wt
+Xq4. In general,B—PX semi-inclusive decays involve several hadronic parameters. HoweveBfor
— 7T+Xq decays, we find that in the factorization approximation, the only unknown hadronic parameters are the
form factorsF§; ™. Therefore, these form factors can be studiecg?new"xq decays. Using theoretical
model calculations for the form factors, the branching ratiosBoe 7 X4(AS=0) andB%— 7w+ X(AS=
—1), with E,>2.1 GeV, are estimated to be in the ranges of (3.1-41®) °[F5~7(0)/0.33% and
(2.5-4.2)x 10’5[F?””(0)/0.3332, respectively, depending on the value of @®-violating phasey. The
combined branching ratio fd°— ¥ (X4+ X,) is about 7.4 10~ [FE~7(0)/0.33?2 and is insensitive toy.
We also discus€ P asymmetries in these decay modes.
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Recently, a number of exclusive rare charmless hadroni€ P-violating parameters and constrain possible new physics,
B decays have been measured. These decays are sensitivartore accurate determination of the form factors is necessary.
the CP-violating parametery in the standard modglSM) Some theoretical studies for semi-inclusive charmless
and also to new physickl—-6]. While most studies have hadronic decay modeB— P X have been carried out before
concentrated on exclusivB decay modes, there are also [3-5]. In the factorization approximation, the decay ampli-
some studies of semi-inclusive decdys-5]; for example, tude contains several terms:
the modeB— 7' X has been studied in detail experimentally
[7]. At present there are several other multibody rde-
cays that have been measured, sucBasm7K, KKK [8].
It can be expected that mo&— PX decay modes, with® +(PX|j1/0){(0]j,|B)+ (Fierz transformed terms (2)
being a light meson, will be experimentally studied. Theo-

retically, at the quark level, the effective Hamiltonian f#r . . .
decays is well understood in the SM. If quark-hadron duality't may be possible to understand semi-inclusive decays better

were exact, it would allow one to have a good understandin%om a theoretical point of view than exclusive modes. Ex-
of inclusive hadronic decays. For exclusive and semi erimentally semi-inclusive decays may be more difficult to

inclusive decays there are additional uncertainties from ouptudy than exclusive modes for a number of reasons. In order

poor understanding of long-distance strong interaction dyIO make sure that the observed events are from rare charm-

namics less B decays and not from other processes, suchBas

In exclusive charmless two-body decays of the typ@ P (D*)X'—PX’, one needs to make a cut on theen-
PP, the operators which induce them in the SM, to the€'9Y- It has been shown that with a cutig§>2.1 GeV, most

lowest order, are four quark operatd®s. In the factoriza- ©f the unwanted events can be elimina8fl The resulting
tion approximation, the four quark operators are factorizec@Vents will have a small invariant mass-squakédl. With

A(B—PX)=(X|j1|0)(Plj2|B) +(P[j1|0)(X|j-|B)

into biquark Operators the cut Ep>21 GeV, Mi is less than 5.7 Ge&/ Rare
charmless hadroniB semi-inclusive decays can be studied
(P1P1|0;|BY=(P1]j1|0)(Ps|j5|B) +(P4|j110)(Palj4|B) ex.perlmentally and useful mfo.rr.natmr? can bE obta+|ned. In
. _ this paper, we study the semi-inclusive ded®%— Xq
+(1-2,2-1)+(P1P5[j1|0)(0]j,|B) with emphasis on the possibility of using these decays to

B—m

determine the form factd¥

From Eq.(2) we see that in general there are three types
S . ] of terms in the factorization approximation for semi-
wherej; X ] is the Fierz transform of X ,. The last two incjusive decays of the typB— PX. Each of the terms in-
terms known as the annihilation contributions are usually,glyves different hadronic parameters, with the first, the sec-
assumed to be small and are neglected. The amplitudeshg and the third terms being proportional to tBesP
(Pi]i{?]0) and(P;|j$’|B) can be related t® meson decay transition form factor from(P|j,|B), the P decay constant
constants oB— P transition form factors. Several of the from (P|j;|0), and some other parameters fr@fX|j,|0)
decay constants, such &g andfy, have been measured to and(0|j,|B), respectively. If all three terms in ER) are of
good accuracy, but less is known about form factors involvthe same order of magnitude, the accumulated uncertainties
ing B. Present experimental measurements are consistenill be substantial due to uncertainties in all the hadronic
with several model calculations. To better determineparameters involved, especially in the form factors.

+(P1P[j1]0)(0[j2[B), @
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If one or two terms in Eq(2) can be eliminated, one can
have a better estimate of the magnitude involved. Indeed this
can be achieved by an appropriate choice of the initial | meson,

B and the final mesonP. For example, in B
—(K™X), (7~ X), the term proportional to the form factors
does not apped#], and hence a reliable theoretical predic- Ou(s)=(Sibj)y- AE (Q, i v—(H)A

tion is possible. We find that there is only one possible

choice forP where the second term is eliminated. This is the 3 b 2 -,

modeB%— 7" X, with X, equal toX4 or X. HereXy and O79)=5 (Sibv-a pr Cq' (A1) )v+()a:

X, indicate the states havingS=0 and —1, respectively. 3

These decays are directly related to the form facﬁﬁ§ . 08(10)=§(Sibj)v—AE eq (/0 vs (yas (5)
Therefore, B°— 7" Xq can be used to study these form fac- '

tors and to test model calculations. The form factors can alsg ,
where VEA)(VEA)=y*(1% y5) v, (1£ ¥5), q

be studied in semileptoniB—|v,7 decays, probably more =u,d,s,c,b, e, is the electric charge number of thg
accurately than fronBOHwaX However, the final states quark, and andj are color indices.

are different, one in the Ieptonlc environment and the other The Wilson Coeff|c|ent$ have been calculated in differ-

in the hadronic environment. They are complementary t@nt schemef9,10]. In this paper, we will use consistently the

l:(giuj)V—A(Ujbi)V—A’ Ozz(giui)v—A(Ujbj)v—Av

3= (5D)v-a2 (/9] )y—(+)a.
q’

each gther regularization scheme independent results. The valueg of
In B%— 7" Xq, the biquark operators can only be in the at u~m, with the next-to-leading-ordéNLO) QCD correc-
formsj,=qI';u andj,=ul',b and therefore tions are given by10]

c,=—-0.307, ¢,=1.147, c§=0.017, c,=—0.037,
A(B— 7 Xg) =(Xq|j1|0)(7"|j,|B®
(BY— 7" Xq) =(Xql12]0)(7"[2B%) =0.010, cL=—0.045, c\=—0.001%xem,
+i i 11RO
FOm 100l BY. ) =0.052em, Ch=—13%em, Cio=—0.282cn,
The second term, being of the annihilation type, is sublead- . 1
ing and will be neglected. Note that fogr=s, the annihila- Ca5=
tion term is automatically zero.

We would like to point out thaB®— 7+ X, is a multibody whereN.= 3 is the number of colors andly,,=1/137 is the
decay, and is different from two-body decays. There are se\électromagnetic fine-structure constant. The functiBlg
eral ways of factorization for such a decay, such agire given by
(Xalja|O)(X 7" |j2|B®) and (X, *]j1]0)(X5]j5IB®) . with Py=(ay/8m) ¢y ¥ +G(my k)],
Xq=X1+X1=X;,+X;. The two terms in Eq(3) correspond
to the case¢X;|=(0| and(X5|=(0|, respectively. FoB°

Py®, crs=PeC cgig=0, (6)

Pe=(er/9m) (NeC1 +Co)[ 5 +G(my, 1, k)],

— " Xq with a cutE,>2.1 GeV, the final stat&, has a ) 1 m?—x(1-x)k?

small invariant mass. This is a quasi-two-body decay, with G(m, u,k ):4f0 x(l—x)lanx. @)

=t and Xy moving rapidly apart in opposite directions.

The probability of forming the final state(Xj7"| We obtain the decay amplitudes in the factorization ap-

with (X7]#(0| is less than the probability of forming the proximation as
simple final state (w*|. The contribution of the =0 ¥
configuration (X,7*|j1|0)(X3|j5|B) is dominated by ABT=mXq)

(Xqm*1j1]10)(0]j5|B% when it is nonvanishing. The cases  =[ayqy,(1— ys)u+Byay.(1+ ys)u]
with |X1) and|X3) not equal to]0) are higher order inxg 2 2
and therefore suppressed. X{F 2) (0% 4 D ) +[Ea(a2) — F+(a2 B 7 .
We now present the detailed calculations. The effective U@ (PtPz) +Folah) —Fa(a)] @ d
Hamiltonian for rare charmless hadroni decays at the T2 m2
. . — B~ 'z
quark level is given by +y40(1+ ys)u e Fo(qz)}, ®)
u
Ge _
Heﬁzﬁ VupVig(€101+¢,05) whereq=pg—p,, and
1 1 1
10 ' aq=\/—g Vube]q(N—Cﬁ Cot N—ct3“+czu+ N—cg“+ctl%
- 2 2 VipVigenOn/ - @ ° ° °
i=u,c,t n=3

1 1
. +VcbV§q(—c§°+ cif+ —cf+ ctfo) :
Here O, are operators given by N N¢
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Gr [(B°— 7t Xy —[(B%— 7 Xg)
=—=[VypViiq(CE +C') + VepVig(cE+ i), Acp=—= T .
IBq 2[ ubVug\™~6 8 cbVeql™6 8 ] CcP —>7T+Xq)+F(BO—>7T_Xq)

V2 r'(B°

(13

G 5 The results forAcp are shown in Fig. 2. SincA = —Ag,
qu—F[VubV’Jq(CE,”ﬂL ct7”)+VCbV§q(C},°+ C;C)]( - _> when Br8°—w*Xy) is smaller than Bm°— 7" Xy),
V2 Ne Acp(mtXy) is larger thanAcp(7X,). This behavior is
(9 clearly shown in Fig. 2. We also see that the asymmetry in
B%— 7" X4(Xs) can be as large as 5%%).

=l — @l ici - . . . . . .
wherec' =c'—c’. The above coefficients depend on the mo- -, giscussions in the previous sections, it can be seen

h 2. In the h k limit, k2 . .
mentum. exchangek”. In the heavyb quark limit, that the measurements of the branching ratios BSr

— 2 _

=mg(1-2E4/mg). . . . . —atX, can yield information about the form factors
From the decay amplitudes obtained in the previous SeCzp.x Tf the form factor is known. the branching rati n

tion, we obtain the differential branching ratio, 10 - € form factor 1S known, the branching ratios ca

be predicted. The numerical values are obtained using
F1(0)=F,(0)=0.33. In general, sincE(q%) andF,(q?)

dr ma .
— = 1 (la.?+ 8. FA1—x)(x+y—1 have different dependences of, one would expect that
dxdy 16773[(' q| |'8q| il Joxry=1) several hadronic parameters are needed. However, since
+1] 7q|2FS(1—X)], (10 F1(0)=F,(0) by current conservation, for smajf (which

is the case withE,>2.1 GeV), F*~"(q?)~F§ "(q?)
~FB~7(0), thebranching ratios are proportional E&£(0).
The branching ratios obtained can be normalized a§ Br(
=Br[F,(0)=0.33)][F,(0)/0.33]2. We have checked nu-
merically using another set of realistic form factors having a
differentq? dependence from Reff12]. Indeed we find that
1 1 dr in the kinematic region of_ interest, the resu_lts change little.
[(E,>E)= dxf dy——. (12) We have argued previously that experimental measure-
2Equimg  J1-x X dy ments forB°— 7+ X4, although difficult, can be carried out
. _ with an appropriate cut on the energy of the pBp. Com-
There are several estimates of the fo_rm factors with valpining the measurements witky, = X4 and X,= X, can fur-
ues in the range of 0.3-0[41,12. We will useF3;"(0)  ther enhance the statistical significance. We find that the
=0.33 for illustration. Foie ;>2.1 GeV, the dependence on compined branching ratio foB%— 7+ (Xy+Xo) is ~7.4
g? is small, and we will use a single pole form as an approxi-s 10~ 5[F2~7(0)/0.332, which is insensitive to the phase

mation. For the KM matrix elements we will use the follow- 516, This implies that even without a good determination
ing independent variable¥,s= X, Vup= [VuplexpCiv), and o) “gne can have useful information about the form factors.
Vep=AN%,  with \=0.2196, A=0.835 and [Vy The combined branching ratio also makes the task easier in

=0.08Vy|. The CP-violating phasey is treated as a free 4t one does not need to know the strangeness of the final
parameter. The results for the branching ratios are shown in

_ _ T N state. To ensure that the* is from B%— 7" X4, and not
Fig. 1. We see that the branching ratios Bft— 7" X, and 0 o . =0 0
= N , . from B"— 7" X, tagging of theB® or B” is necessary, and
B°— 7" X are in the ranges of (3.1-49Y10° and —

(2.5-4.2)x10°5, respectively. These can be reachedBat this can be carried out 4 factories. Measurements &
factories. —m" X, are therefore possible.

We point out an interesting prediction regarding rate dif-
ferences. Due to the unitarity property of the KM matrix
elements, 1M{,pVigVedVa) = — IM(VypViVesVap), the
rate differenced y=T"(B°— 7" Xy) —I'(B°— 7" X4) and the
corresponding rate differenc®s have the same magnitude
[in the SU(3) limit] but opposite sign. When the final states
Xq4 and X, are not distinguished, one would get a vanishing s
value for the asymmetnA, oy

wherey=2E,/mg andx=2E/mg. The physical integra-
tion intervals are &cx<1 and 1-x<y<1. The branching
ratios with the appropriate cut on the* energyE ,>E;
are given by

5

45k

4-

A I'[B%— 7" (Xq+Xg)]-T[B— 7~ (Xg+Xg)] o ]
T[B%— 7" (Xg+Xo) ]+ T[B— 7~ (Xg+Xo) ] e o R
) g s Bomx, ]
Co v oo e by v v bvv v v b v o v v b v 00
This can provide a test for the standard model. %0 60 120 180 240 300 360
. . . Ydegree)
We also studiedCP asymmetries, with the energy cut
E.>2.1 GeV, defined by FIG. 1. The branching ratios as a function 1af
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FIG. 2. TheCP asymmetries as a function of

There are several uncertainties involved. The largest u
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branching ratio oB°— 7" Xy is less sensitive t¢V,,|. For

an accurate determination of the form factors, a good knowl-
edge of the magnitude of the KM matrix elements, especially
|Vypl, is important.

In this paper, we have studied a class of semi-inclusive
charmless hadroniB decaysB’— 7+ + Xgq. We find that for
these decays, in the factorization approximation, the only
unknown hadronic parameters are the form facﬁ)gg .
Accurate measurement of these decays can provide impor-
tant information about form factors. Using theoretical model
calculations for the form factors, the branching ratios for
B— 7" X4(AS=0) and B— 7" X{(AS=—-1), with the
cut E.>2.1 GeV, are estimated to be in the ranges of
(3.1-4.9x 10 [F}77(0)/0.33?2 and (2.5-4.2)
><10*5[F§H”(0)/O.33_|2, respectively. The combined
branching ratio is 7.4 10 °[F$~7(0)/0.332 and is almost
independent ofy, and is within the reach oB factories.

n-—

certainty is from the KM matrix elements, especially the B"— 7" Xq can provide interesting information about the

phasey. At present the best-fit value foris around 6092].
If one uses the modeB°— 7 X4 andB°— 7" X, individu-
ally, one needs a good knowledge efto obtain precise

form factors.C P-violating asymmetries in these decays can
be studied, and with the current knowledge of the KM phase
v, we expect the asymmetries to be around 5%.
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