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B̄0\p¿X in the standard model
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We investigate the possibility of studying theB→p form factor using the semi-inclusive decaysB̄0→p1

1Xq . In general,B→PX semi-inclusive decays involve several hadronic parameters. However, forB̄0

→p1Xq decays, we find that in the factorization approximation, the only unknown hadronic parameters are the

form factorsF0,1
B→p . Therefore, these form factors can be studied inB̄0→p1Xq decays. Using theoretical

model calculations for the form factors, the branching ratios forB̄0→p1Xd(DS50) andB̄0→p1Xs(DS5

21), with Ep.2.1 GeV, are estimated to be in the ranges of (3.1– 4.9)31025@F1
B→p(0)/0.33#2 and

(2.5–4.2)31025@F1
B→p(0)/0.33#2, respectively, depending on the value of theCP-violating phaseg. The

combined branching ratio forB̄0→p1(Xd1Xs) is about 7.431025@F1
B→p(0)/0.33#2 and is insensitive tog.

We also discussCP asymmetries in these decay modes.
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Recently, a number of exclusive rare charmless hadro
B decays have been measured. These decays are sensi
the CP-violating parameterg in the standard model~SM!
and also to new physics@1–6#. While most studies have
concentrated on exclusiveB decay modes, there are als
some studies of semi-inclusive decays@3–5#; for example,
the modeB→h8X has been studied in detail experimenta
@7#. At present there are several other multibody rareB de-
cays that have been measured, such asB→ppK,KKK @8#.
It can be expected that moreB→PX decay modes, withP
being a light meson, will be experimentally studied. The
retically, at the quark level, the effective Hamiltonian forB
decays is well understood in the SM. If quark-hadron dua
were exact, it would allow one to have a good understand
of inclusive hadronic decays. For exclusive and se
inclusive decays there are additional uncertainties from
poor understanding of long-distance strong interaction
namics.

In exclusive charmless two-bodyB decays of the typeB
→PP, the operators which induce them in the SM, to t
lowest order, are four quark operatorsOi . In the factoriza-
tion approximation, the four quark operators are factoriz
into biquark operators

^P1P1uOi uB&5^P1u j 1u0&^P2u j 2uB&1^P1u j 18u0&^P2u j 28uB&

1~1→2,2→1!1^P1P2u j 1u0&^0u j 2uB&

1^P1P2u j 18u0&^0u j 28uB&, ~1!

where j 183 j 28 is the Fierz transform ofj 13 j 2. The last two
terms known as the annihilation contributions are usua
assumed to be small and are neglected. The amplitu

^Pi u j 1
(8)u0& and ^Pi u j 2

(8)uB& can be related toP meson decay
constants orB→P transition form factors. Several of th
decay constants, such asf p and f K , have been measured t
good accuracy, but less is known about form factors invo
ing B. Present experimental measurements are consis
with several model calculations. To better determ
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CP-violating parameters and constrain possible new phys
more accurate determination of the form factors is necess

Some theoretical studies for semi-inclusive charml
hadronic decay modesB→PX have been carried out befor
@3–5#. In the factorization approximation, the decay amp
tude contains several terms:

A~B→PX!5^Xu j 1u0&^Pu j 2uB&1^Pu j 1u0&^Xu j 2uB&

1^PXu j 1u0&^0u j 2uB&1~Fierz transformed terms!. ~2!

It may be possible to understand semi-inclusive decays be
from a theoretical point of view than exclusive modes. E
perimentally semi-inclusive decays may be more difficult
study than exclusive modes for a number of reasons. In o
to make sure that the observed events are from rare ch
less B decays and not from other processes, such aB
→D(D* )X8→PX9, one needs to make a cut on theP en-
ergy. It has been shown that with a cut ofEP.2.1 GeV, most
of the unwanted events can be eliminated@3#. The resulting
events will have a small invariant mass-squaredMX

2 . With
the cut EP.2.1 GeV, MX

2 is less than 5.7 GeV2. Rare
charmless hadronicB semi-inclusive decays can be studie
experimentally and useful information can be obtained.
this paper, we study the semi-inclusive decayB̄0→p1Xq
with emphasis on the possibility of using these decays
determine the form factorF0,1

B→p .
From Eq.~2! we see that in general there are three typ

of terms in the factorization approximation for sem
inclusive decays of the typeB→PX. Each of the terms in-
volves different hadronic parameters, with the first, the s
ond, and the third terms being proportional to theB→P
transition form factor from̂ Pu j 2uB&, the P decay constant
from ^Pu j 1u0&, and some other parameters from^PXu j 1u0&
and^0u j 2uB&, respectively. If all three terms in Eq.~2! are of
the same order of magnitude, the accumulated uncertain
will be substantial due to uncertainties in all the hadro
parameters involved, especially in the form factors.
©2002 The American Physical Society01-1
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If one or two terms in Eq.~2! can be eliminated, one ca
have a better estimate of the magnitude involved. Indeed
can be achieved by an appropriate choice of the initial me
B and the final meson P. For example, in B̄0

→(K2X),(p2X), the term proportional to the form factor
does not appear@4#, and hence a reliable theoretical pred
tion is possible. We find that there is only one possi
choice forP where the second term is eliminated. This is t
modeB̄0→p1Xq with Xq equal toXd or Xs . HereXd and
Xs indicate the states havingDS50 and21, respectively.
These decays are directly related to the form factorsF0,1

B→p .

Therefore,B̄0→p1Xq can be used to study these form fa
tors and to test model calculations. The form factors can a
be studied in semileptonicB→ l n̄ lp decays, probably more
accurately than fromB̄0→p1Xq . However, the final state
are different, one in the leptonic environment and the ot
in the hadronic environment. They are complementary
each other.

In B̄0→p1Xq , the biquark operators can only be in th
forms j 15q̄G1u and j 25ūG2b and therefore

A~B̄0→p1Xq!5^Xqu j 1u0&^p1u j 2uB̄0&

1^Xqp1u j 18u0&^0u j 28uB̄
0&. ~3!

The second term, being of the annihilation type, is suble
ing and will be neglected. Note that forq5s, the annihila-
tion term is automatically zero.

We would like to point out thatB̄0→p1Xq is a multibody
decay, and is different from two-body decays. There are s
eral ways of factorization for such a decay, such

^X1u j 1u0&^X18p
1u j 2uB̄0& and ^X2p1u j 18u0&^X28u j 28uB̄

0& , with
Xq5X11X185X21X28 . The two terms in Eq.~3! correspond

to the caseŝX18u5^0u and ^X28u5^0u, respectively. ForB̄0

→p1Xq with a cut Ep.2.1 GeV, the final stateXq has a
small invariant mass. This is a quasi-two-body decay, w
p1 and Xq moving rapidly apart in opposite direction
The probability of forming the final state^X18p

1u
with ^X18uÞ^0u is less than the probability of forming th
simple final state ^p1u. The contribution of the
configuration ^X2p1u j 18u0&^X28u j 28uB& is dominated by

^Xqp1u j 18u0&^0u j 28uB̄
0& when it is nonvanishing. The case

with uX18& and uX28& not equal tou0& are higher order inas

and therefore suppressed.
We now present the detailed calculations. The effect

Hamiltonian for rare charmless hadronicB decays at the
quark level is given by

Heff5
GF

A2
H VubVuq* ~c1O11c2O2!

2 (
i 5u,c,t

(
n53

10

VibViq* cn
i OnJ . ~4!

HereOn are operators given by
09750
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O15~ s̄iuj !V2A~ ū jbi !V2A , O25~ s̄iui !V2A~ ū jbj !V2A ,

O3(5)5~ s̄ibi !V2A(
q8

~ q̄ j8qj8!V2(1)A ,

O4(6)5~ s̄ibj !V2A(
q8

~ q̄ j8qi8!V2(1)A ,

O7(9)5
3

2
~ s̄ibi !V2A(

q8
eq8~ q̄ j8qj8!V1(2)A ,

O8(10)5
3

2
~ s̄ibj !V2A(

q8
eq8~ q̄ j8qi8!V1(2)A , ~5!

where (V6A)(V6A)5gm(16g5)gm(16g5), q8
5u,d,s,c,b, eq8 is the electric charge number of theq8
quark, andi and j are color indices.

The Wilson coefficientscn
i have been calculated in differ

ent schemes@9,10#. In this paper, we will use consistently th
regularization scheme independent results. The values ocn
at m'mb with the next-to-leading-order~NLO! QCD correc-
tions are given by@10#

c1520.307, c251.147, c3
t 50.017, c4

t 520.037,

c5
t 50.010, c6

t 520.045, c7
t 520.0017aem,

c8
t 50.052aem, c9

t 521.37aem, c10
t 520.282aem,

c3,5
u,c52

1

Nc
, c4,6

u,c5
1

Nc
Ps

u,c , c7,9
u,c5Pe

u,c , c8,10
u,c 50, ~6!

whereNc53 is the number of colors andaem51/137 is the
electromagnetic fine-structure constant. The functionsPs,e

i

are given by

Ps
i 5~as/8p! c2@ 10

8 1G~mI ,m,k2!#,

Pe
i 5~aem/9p! ~Ncc11c2!@ 10

9 1G~mi ,m,k2!#,

G~m,m,k2!54E
0

1

x~12x!ln
m22x~12x!k2

m2 dx. ~7!

We obtain the decay amplitudes in the factorization a
proximation as

A~B̄0→p1Xq!

5@aqq̄gm~12g5!u1bqq̄gm~11g5!u#

3FF1~q2!~pB
m1pp

m!1@F0~q2!2F1~q2!#
mB

22mp
2

q2 qm

1gqq̄~11g5!u
mB

22mp
2

mb2mu
F0~q2!G , ~8!

whereq5pB2pp , and

aq5
GF

A2
FVubVuq* S 1

Nc
c11c21

1

Nc
c3

tu1c4
tu1

1

Nc
c9

tu1c10
tu D

1VcbVcq* S 1

Nc
c3

tc1c4
tc1

1

Nc
c9

tc1c10
tc D G ,
1-2
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bq5
GF

A2
@VubVuq* ~c6

tu1c8
tu!1VcbVcq* ~c6

tc1c8
tc!#,

gq5
GF

A2
@VubVuq* ~c5

tu1c7
tu!1VcbVcq* ~c5

tc1c7
tc!#S 2

2

Nc
D ,

~9!

whereci j 5ci2cj . The above coefficients depend on the m
mentum exchangek2. In the heavy b quark limit, k2

5mB
2(122Eq /mB).

From the decay amplitudes obtained in the previous s
tion, we obtain the differential branching ratio,

dG

dx dy
5

mB
5

16p3@~ uaqu21ubqu2!F1
2~12x!~x1y21!

1 1
4 ugqu2F0

2~12x!#, ~10!

wherey52Eq /mB and x52Ep /mB . The physical integra-
tion intervals are 0,x,1 and 12x,y,1. The branching
ratios with the appropriate cut on thep1 energyEp.Ecut
are given by

G~Ep.Ecut!5E
2Ecut /mB

1

dxE
12x

1

dy
dG

dx dy
. ~11!

There are several estimates of the form factors with v
ues in the range of 0.3–0.4@11,12#. We will use F0,1

B→p(0)
50.33 for illustration. ForEp.2.1 GeV, the dependence o
q2 is small, and we will use a single pole form as an appro
mation. For the KM matrix elements we will use the follow
ing independent variables:Vus5l, Vub5uVubuexp(2ig), and
Vcb5Al2, with l50.2196, A50.835, and uVubu
50.08uVcbu. The CP-violating phaseg is treated as a free
parameter. The results for the branching ratios are show
Fig. 1. We see that the branching ratios forB̄0→p1Xd and
B̄0→p1Xs are in the ranges of (3.1–4.9)31025 and
(2.5–4.2)31025, respectively. These can be reached aB
factories.

We point out an interesting prediction regarding rate d
ferences. Due to the unitarity property of the KM matr
elements, Im(VubVud* VcdVcb* )52Im(VubVus* VcsVcb* ), the

rate differenceDd5G(B̄0→p1Xd)2Ḡ(B0→p1X̄d) and the
corresponding rate differenceDs have the same magnitud
@in the SU(3) limit# but opposite sign. When the final stat
Xd andXs are not distinguished, one would get a vanishi
value for the asymmetry,A,

A5
G@B̄0→p1~Xd1Xs!#2Ḡ@B0→p2~X̄d1X̄s!#

G@B̄0→p1~Xd1Xs!#1Ḡ@B0→p2~X̄d1X̄s!#
.

~12!

This can provide a test for the standard model.
We also studiedCP asymmetries, with the energy cu

Ep.2.1 GeV, defined by
09750
-
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ACP5
G~B̄0→p1Xq!2Ḡ~B0→p2X̄q!

G~B̄0→p1Xq!1Ḡ~B0→p2X̄q!
. ~13!

The results forACP are shown in Fig. 2. SinceDd52Ds ,
when Br(B̄0→p1Xd) is smaller than Br(B̄0→p1Xs),
ACP(p1Xd) is larger thanACP(p1Xs). This behavior is
clearly shown in Fig. 2. We also see that the asymmetry
B̄0→p1Xd(Xs) can be as large as 5%~6%!.

From discussions in the previous sections, it can be s
that the measurements of the branching ratios forB̄0

→p1Xq can yield information about the form factor
F1,0

B→p . If the form factor is known, the branching ratios ca
be predicted. The numerical values are obtained us
F1(0)5F0(0)50.33. In general, sinceF1(q2) and F0(q2)
have different dependences onq2, one would expect tha
several hadronic parameters are needed. However, s
F1(0)5F0(0) by current conservation, for smallq2 ~which
is the case withEp.2.1 GeV), F1

B→p(q2)'F0
B→p(q2)

'F1
B→p(0), thebranching ratios are proportional toF1

2(0).
The branching ratios obtained can be normalized as Br(F1)
5Br@F1(0)50.33)]@F1(0)/0.33#2. We have checked nu
merically using another set of realistic form factors having
different q2 dependence from Ref.@12#. Indeed we find that
in the kinematic region of interest, the results change litt

We have argued previously that experimental measu
ments forB̄0→p1Xd , although difficult, can be carried ou
with an appropriate cut on the energy of the pionEp . Com-
bining the measurements withXq5Xd andXq5Xs can fur-
ther enhance the statistical significance. We find that
combined branching ratio forB̄0→p1(Xd1Xs) is ;7.4
31025@F1

B→p(0)/0.33#2, which is insensitive to the phas
angleg. This implies that even without a good determinati
of g, one can have useful information about the form facto
The combined branching ratio also makes the task easie
that one does not need to know the strangeness of the
state. To ensure that thep1 is from B̄0→p1Xd , and not
from B0→p1X̄u , tagging of theB̄0 or B0 is necessary, and
this can be carried out atB factories. Measurements ofB̄0

→p1Xq are therefore possible.

FIG. 1. The branching ratios as a function ofg.
1-3
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There are several uncertainties involved. The largest
certainty is from the KM matrix elements, especially t
phaseg. At present the best-fit value forg is around 60°@2#.
If one uses the modesB̄0→p1Xd andB̄0→p1Xs individu-
ally, one needs a good knowledge ofg to obtain precise
information about the form factors. This can be eliminat
by using the combined branching ratio. We have studied
sensitivity of the branching ratios to the magnitudes of
KM matrix elements. The largest one comes from the m
nitude ofVub . The branching ratio ofB̄0→p1Xd is almost
proportional to uVubu2, which can be easily rescaled. Th

FIG. 2. TheCP asymmetries as a function ofg.
.

,

s.
s.

. D
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branching ratio ofB̄0→p1Xs is less sensitive touVubu. For
an accurate determination of the form factors, a good kno
edge of the magnitude of the KM matrix elements, especia
uVubu, is important.

In this paper, we have studied a class of semi-inclus

charmless hadronicB decaysB̄0→p11Xq . We find that for
these decays, in the factorization approximation, the o
unknown hadronic parameters are the form factorsF0,1

B→p .
Accurate measurement of these decays can provide im
tant information about form factors. Using theoretical mod
calculations for the form factors, the branching ratios
B̄0→p1Xd(DS50) and B̄0→p1Xs(DS521), with the
cut Ep.2.1 GeV, are estimated to be in the ranges
(3.1–4.9)31025@F1

B→p(0)/0.33#2 and (2.5–4.2)
31025@F1

B→p(0)/0.33#2, respectively. The combined
branching ratio is 7.431025@F1

B→p(0)/0.33#2 and is almost
independent ofg, and is within the reach ofB factories.
B̄0→p1Xq can provide interesting information about th
form factors.CP-violating asymmetries in these decays c
be studied, and with the current knowledge of the KM pha
g, we expect the asymmetries to be around 5%.
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