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CP violation in quasi-inclusive B—K®*)X decays
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We consider the possibility of observi@P violation in quasi-inclusive decays of the tyge —K™X,
B~ —K* X, B-K~X andB°—K* ~X, whereX does not contain strange quarks. We present estimates of
rates and asymmetries for these decays in the standard model and comment on the experimental feasibility of
observingCP violation in these decays at futul factories. We find the rate asymmetries can be quite
sizeable. Observation of such asymmetries could be used to rule out the superweak n@Beliofation.
[S0556-282198)03411-0

PACS numbds): 13.25.Hw, 11.30.Er

I. INTRODUCTION B—K(K*)X that have the strange quark only in the
K(K*)-meson. These processes include contributions from

The possibility of observing larg€ P violating asymme-  the one loop process—sg* —sqqas well as the tree level
tries in the decay oB mesons motivates the construction of processb—>uUs. The interference between these two pro-
high luminosity B factories at several of the world’'s high cesses is responsible for the dir&® violation.
energy physics laboratories. The theoretical and the experi- | the next section, we describe the experimental signa-
mental signatures of these asymmetries have been extefia and method. We then calculate the rates and asymme-
sively discussed elsewhelrg,2,3,4,3. At asymmetricB fac tries for inclusiveB~— K~ (K* ) and B'—K~(K* ) de-

tories, it is possible to measure the time dependencB of . . A
decays and therefore time dependent rate asymmetries VSR In the last section, the theoretical uncertainties in the

— calculation are discussed.
neutralB decays due t@B-B mixing. The measurement of
time dependent asymmetries in the exclusive modes

B%— yKg and B°— 7" 7~ will allow the determination of Il. EXPERIMENTAL SIGNATURES FOR
the angles in the Cabibbo-Kobayashi-Maska@&M) uni- QUASI-INCLUSIVE B—SG*
tarity triangle. This type ofCP violation has been studied

extensively in the literature. In the Y (4S) center of mass frame, the momentum of the

Another type ofCP violation also exists inB decays: K™~ from quasi-two-bodyB decays such aB—K®™)"x
direct CP violation in theB decay amplitudes. This type of May have momenta above the kinematic limit k)~ me-
CP violation in B decays has also been discussed by seversons fromb—c transitions. This provides an experimental
authors although not as extensively. For charBedecays signature folb—sg*, g* —uu or g* —dd decays wherg*
calculation of the magnitudes of the effects for some excludenotes a gluon. This kinematic separation betweenc
sive modes and inclusive modes have been carried o@nd b—sg* transitions is illustrated by a generator level
[6,7,8,9,10,11,1R In contrast with asymmetries induced by Monte Carlo simulation in Fig. 1 for the case Bf—~K* .

B-B mixing, the magnitudes have large hadronic uncertain{The B—K™ spectrum will be similiaj. This experimental
ties, especially for the exclusive modes. Observation of theséignature can be applied to the asymmetric end&dpcto-
asymmetries can be used to rule out the superweak class @¢s if one boosts backwards along thexis into theY (4S)
models[13]. center of mass frame.

In this paper we describe several quasi-inclusive experi- Since there is a large backgroulittontinuum™) from
mental signatures which could provide useful information onthe non-resonant processe$e”—qq where g=u,d,s,c,
direct CP violation at the high luminosity facilities of the experimental cuts on the event shape are also imposed. To
future. One of the goals is to increase the number of eventgrovide additional continuum suppression, th& ‘tecon-
available at experiments for observingCd& asymmetry. In  struction” technique has been employed. The requirement
particular we examine the inclusive decay of the neutral andhat the kaon and other pions form a system consistent in
the charged to either a chargel{ or a charged&* meson. beam constrained mass and energy wits meson dramati-

By applying the appropriate cut on the ka@r K*) energy  cally reduces the background. After these requirements are
one can isolate a signal with little background frdm-c  imposed, one searches for an excess in the kaon momentum
transitions. Furthermore, these guasi-inclusive modes are espectrum above thke— c region. Only one combination per
pected to have less hadronic uncertainty than the exclusivevent is chosen. No effort is made to unfold the feed-across
modes, would have larger branching ratios and, compared toetween submodes with different valuesnof

the purely inclusive modes they may have lar@d? asym- Methods similar to these have been successfully used by
metries. In this paper we will consider modes of the typethe CLEO Il experiment to isolate a signal in the inclusive
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2000 T T T b—c background, we assume the presence of a high mo-
i 1 mentum particle identification system as will be employed in
i 1 the BABAR, BELLE, and CLEO Il experiments.

We propose to measure the asymmethy(K®*)*
—KGIT)N(K®) T+ K*) ™) whereK *)= originates from a
partially reconstructed8 decay such aB8—K®*)~(nmx)°
| where the additional pions have net charge 0 asd!, one
] neutral pion is allowed and 27p(K®*)7)>2.0 GeV. We
1 assume that the contribution froB—K™ ' X decays has
I been removed by cutting on thg region inX mass, since
1 otherwise the anomalously large rate from this souddf]
could dilute the asymmetry.

1500

1000

500 ll. EFFECTIVE HAMILTONIAN

1 In the standard modéSM) the amplitudes for hadroniB

| decays of the typéz)—>qﬁc are generated by the following
L effective Hamiltoniar{ 17]:

10

FIG. 1. Generated inclusiiB— K* ~ momentum spectrum. The Ge
P Hgff:E VfbV?q(Clogf“LCzng)_i:Ea (VupViqCi

component below 2.0 Ge¥/is due tob— c decays while the com-
ponent above 2.0 Ge¥/arises from quasi-two bodp—sg* de-
cay. The normalization of thb—c component is reduced by a

factor of approximately 100 so that both components are visible. +VcbV§inC+thV?int)O? +H.c., (1)

single photon energy spectrum and measure the branching

fraction for inclusiveb— sy transitions and to set upper lim- \yhere the superscript,c,t indicates the internal quarkcan
ies that theB reconstruction method provides adequate conyn whether the decay is 85=0 or AS= —1 process. The

tinuum background suppression. operatorsO? are defined as
The decay modes that will be used here are listed below: !

(1) B-—=K™M 70
(2) BO—K®) 7t
(3) BT—K®) g 7"
(4) B =Kt ar® 0%5=a7,Lba y*L(R)q’,

(5) BO—K*) ~ g7 *

(6) B-—K®) gt g 70 _ _

(7) BT=K®) gt g ata 026=0aYulbgapy“L(R)Q,, )
(8) BO=K™) gt =gt 0,

O =0,7,LTsf gy*Lb,, O%4=qy,Lffy“Lb,

In case of multiple entries for a decay mode, we choose q _ § o Py ,
the best entry on the basis of)& formed from the beam O79= 3 AvuLbeya’y"R(L)A",
constrained mass and energy differencdi.e.
x?=(Mg/6Mg)%+ (AE/SAE)?]. In case of multiple decay 3
modes per event, the best decay mode candidate is picked on — = ,
the bas?s of the samg?. ’ P Ogmzi Ga¥ulbpea dpy"R(L)A,,
Cross-feed between differebt-sg decay mode$i.e. the
misclassification of decay modesprovided theK*)~ is _
correctly identified, is not a concern as the goal is to extract'hereR(L) =1+ ys, andq’ is summed oveu, d, s, ¢, and
an inclusive signal. The purpose of ti& reconstruction b. O, andO, are the tree Ie_vel and QCD cprrected operators.
method is to reduce continuum backgrouad example of a Os-s are the strong gluon induced penguin operators, opera-
signal is shown in Fig. 2 As the multiplicity of the decay tors O7_1o are due toy andZ exchange(electroweak pen-
mode increases, however, the probability of misrecontructio@uing, and “box” diagrams are at the loop level. The Wil-
will increase. son coeﬁ‘icients:if are defined at the scaje~m, and have
The signal is isolated as exce§*)~ production in the been evaluated to next-to-leading order in QCD. Thare
high momentum signal region (XM +)<2.7 GeV) above the regularization scheme independent values obtained in
the continuum background. To reduce contamination fronRef.[9]. We give the non-zercif below form;=176 GeV,
high  momentum B— " (p~) production and residual «ag(m;)=0.117, andu=m,=5 GeV:
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FIG. 2. Monte Carlo simulation of the inclusivg@— K* ~X signal with theB reconstruction methoda) the beam constrained mass
distribution, (b) the distribution of energy difference ar(d) the K~ #° invariant mass after selecting on energy difference and beam
constrained mass.

¢,=—0.307, c,=1.147, ¢5=0.017, c},= — 0.037, ronic level for quasi-inclusive decays when the final state
particles are quite energetic as is the case foBtldecays in
c£t=0.010, cj=—0.045, the kinematic range of experimental interf8}. As pointed
out by Geard and HoJ7] and clarified by Wolfensteif8],
ct7= —1.24x 1075, 0523_77>< 1074 when calculating rate asymmetries using the absorptive am-
plitude given above, one must be careful to be consistent
ch=—0.010, c!(,=2.06x 103, with the requirements of th€ P T theorem. Geard and Hou
[7] noted thatCPT is violated if one does not include all
cg:g:_cg;g/NC:png/NC, Cg:g: Pue, cgfo:o ®) diagrams of the same order. The interference term respon-

sible for the rate asymmetry due ¢g' contains two contri-
whereN, is the number of color. The leading contributions butions: an interference between penguin amplitudes of order
to P. , are given byP.=(ay/8m)c,[ L+ G(m;,u,q%)] and a2 and a contribution from the interference of the tree am-

PLF(aenl977)(Nc01+Cz)[%)+G(mi ,1,q2)]. The function plitude with a higher order penguin diagram that contains an

G(m, u,q?) is given by absorptive part from a vacuum p_olar_ization bubble in the
gluon propagator. These two contributions cancel each other.
) 1 m?—x(1—x)g? Therefore, in practical calculatiory must be treated as real.
G(m,p.q ):4fo X(1=x)In P dx. (4 The general rule is that the phase of the penguin Wilson

coefficient must be dropped if there is a tree amplitude with
All the above coefficients are obtained up to one loop ordeth® same CKM factor and the final states for the tree and
in electroweak interactions. The momentgris the momen-  Pe€nguin amplitudes are the same. In a more general analysis
tum carried by the virtual gluon in the penguin diagram.©f this problem fromCPT and unitarity consideratiof8],
Wheng?>4m?, G(m, x,q2) becomes imaginary. In our cal- Wolfenstein showed_ that diagonal strong pha(:me phases
culation, we usem,=5 MeV, my=7 MeV, m,=200 Mev, due to the rescattering of the state which is the same as the
m.=1.35 GeV[18,19. final state e.guu—uu) do not contribute to partial rate

We assume that the final state phases calculated at tisymmetry. The phase @ is a diagonal phase in this sense.

guark level will be a good approximation to the sizes and theNVe will follow this prescription of Ref[7] to remove the
signs of the Final state interactidiSl) phases at the had- redundant strong phases.
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IV. MATRIX ELEMENTS FOR B~ —K~X AND B°—K~X A;

N¢

C1
FL,=V, N—+C2 +
c

+A,+ & +Aq,
We proceed to calculate the matrix elements of the form N¢
(KX|H¢¢1|B) which represents the proce®s—KX and
whereHg;; has been described above. The effective Hamil-
tonian consists of operators with a currgeurrent structure.
Pairs of such operators can be expressed in terms of color

1 1
Ru:A5+ N_CA6+ A7+ N_CAS

singlet and color octet structures which lead to color singlet 1 1 1

i izati ' Re=Ast 5T As— 5 | A7t T As
and color octet matrix elements. In the factorization approxi- N, 2 N,
mation, one separates out the currents in the operators by
inserting the vacuum state and neglecting any QCD interac- 1 1 1
tions between the two currents. The basis for this approxi- Rs=As+ N_CAG_ 5 | Art N_cA8

mation is that, if the quark pair created by one of the currents
carries large energy, then it will not have significant QCD 1 1
interactions. In this approximation the color octet matrix el- FR,= —Z(N—A5+A6+ N—A7+A8
ement does not contribute because it cannot be expressed in ¢ €
a factorizable color singlet form. The color octet operatorsye have defined
could contribute if, for instance, the quark pair emits or ab-
sorbs a gluoh20]. It has been showj21] that in the leading q
order, where the energy of the light quark p&it-m, with A=- 2 Ci'Vq 8)
m,—, the octet matrix element vanishes when the final ’
state is two 0 mesons. In our case, since the energy of thewith
guark pairs that either creates tKeor the X state is rather
large, factorization is likely to be a good first approximation. Vq=VgsVab- 9)
To accommodate some deviation from this approximation . .
we treatN., the number of colors that enter in the calcula- USing the definition
tion of the matrix elements, as a free parameter. In our cal- = .
culation we will see how our results vary with different (K™[sy*(1=y*)ul0)=if kpf,
choices ofN.. The value ofN.~2 is suggested by experi-
mental data on low multiplicity hadronie decayq 3].

In the factorization approximation, the matrix element of

B~ — K™ X decay can be expressed as meﬁ

. (7)

(10

where f¢ is the kaon decay constant, and the free quark
equation of motion one has

1, 5 —
(K7|s(1+ y°)u|0) |mu+ms. (11
M:M1+M2 (5)
Using these two results we can simplify, and write it in
where the form
v O (K [5(1 Pb18) Mo=ifc[a(X|u(1+*)b|B")+B(X|u(1=¥*)bB")]
[ — S —
1= Y 4 12
with
. _ A5 5
X 2 (Xlaydle(1-7%)+Ry(1+9%)}cl0) a=mFL,
G B FL FRum
— — =-m
Mz= —[FLy(X|uy*(1— y*)b|B)(K[sy*(1— y*)u0) T ometm,
V2 (13
+FR(X[u(1—9®)b|BYK™|s(1+ y®)ul0)] (6)  To calculateM; we express
where (K™|sy*(1=¥*)b|B)=f . (pg+pPx)*+f (P~ PK)*
(14
L,=V,lci+ L2 + A+ iA4+ Ao+ iAlO wheref, ,f_ are Lorentz invariant form factors which are
N¢ N¢ N¢ functions of Pg— px)>.
For the deca’— K ~X decay,M ;=0 and onlyM, con-
1 1 tributes.
Lg=As+ N_CA4_ > Ag+ N_CAlO
V. MATRIX ELEMENTS FOR B~—K*~X AND B°—K*~X
L=As+ iA4— 1 Ag+ iAl()) For B~ —K* X decay, we also write the matrix element
Nc 2 Nc as
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M=M1+M, 19 (KM[sy(1—y°)u|0)=my«gysel, (17)

whereM, has a similar structure as in (). M has the with gk« , the decay constant, ar&q* being the polarization

form
vector of tﬂe vector meson.
M,= FLU<X|u_y”(1— 75)b|§>mK*gK*82 (16) For theBY— K* ~X decay onlyM, contributes. To calcu-
late M 1, following the notation of Bauer, Stech, and Wirbel
where (BSW) [22] we write
|
(K*~[sy*(1=y°)b|B")=b1e ,ap,e” PEPL (18)
+i{boe”" —bg(ppt Pyx) ue* -kt bye* -kk,} (19)
|
with IMy|?=H, W+ (26)
2V(k?
- mBjL(mi* (20 where
H,,= (K. (K*)]3,[B7)(BTJIKT(K* 7)) (27)
by=(Mg+ M)Ay (K?) (21) and
_ AYKP)
O (22) W= 2 (2m)*6%(Pa—px— Px)(013,/X)X]J]0)
(28)
. 2myx[Ao(k?) —Ag(k?)]
4= K2 with
(23
— . _ A5 5
wherek=pg— pg+ . In our calculation we will use the form ‘]/‘_U%S 47ulba(1=7°) +Ry(1+ 7). (29

factors of Ref[26] for the primary result. To check the de-
pendence of the results on form factors we will also use thén the parton model approximation we can interpret the
modified BSW mode[24] which has a dipole behavior for above process as the decay
the form factors. The form factors in R¢R3] are first evalu- o
ated atk?=0 and then extrapolated to a finié assuming a B(pg)—K(px)+q(p1)+q(p2) (30
monopole behavior for all the form factors. _

We considered the possible contribution from annihilationWith px=p;+p..
graphs to both decay rates and asymmetries. In agreement We can also express
with previous estimates, the annihilation contribution to rates
is found to be small25]. The contribution taCP asymme- W =21Im if d*xe 90| T[J,,(x)3%(0)]|0)  (31)
tries is potentially interesting since the dependence on CKM - K’ g
parameters is quite different. In this case if we limit our-

selves to the processés—suu, b—sdd that have only a
strange quark in th&®*)~ meson, then the contribution to

with gq=pg—pk=Ppx. The parton model approximation is
the leading term in the expansion for theproduct in the
above equation and so this form f@r,, is useful to calcu-

: Yate higher order corrections to the parton model approxima-
small to be of interest.

The decay distribution is given by
VI. DECAY DISTRIBUTION AND CP ASYMMETRIES

. . . . dr 1 1
In this section we describe the formalism to calculate the

= 3
decay distribution, asymmetries and the decay rates. dE¢c  (2m)° 16m
The general form of the matrix element is

> f IM,|?dm?, (32
B

wherem?Z,= (p;+ px)? and|M,|? has the structure
M=M,+M, (24)

2_ 2 2\l 2_ 2\ A2
and so [M1]2=24 2, {[(ILgl+ IRy AL+ (ILgl* =Ry AL
IM|2=|M |2+ |M,|2+MIM,+ M M] . (25) XH“—2még,, H*" Re(LqR})} (33

Now |M,|? has the structure with
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A;Lu/: pl,u,p2v+plvp2,u,_g,uvpl'p2 (34)
A= €uagP® P, (35)

(See the Appendix for the full form dM4|2.)
For decays involvind< ~,|M,|? has the form

[Mal?= 3 [(X|u{a(1+°)+ B(1=7")}b|B)[?
X (2m)*8*(pg—Pr— Px) (36)
=; (2m)*8*(pPs— Pk — Px)(BlI|X)(X|37|B)
(37)
with
I'=u{a(1+ %)+ B(1-°)}b. (38)
In the parton model approximation we replace

d3
EX: |X><X|—>§ f ﬁwwu,s)xu(pu,sﬂ
(39

where|u(p,,s)) is a free quark state with momentysp and

spins. As in the previous case it is also possible to express

IM,|* as

|M2|2=2Im(B|if d*xePT[I(x)JT(0)]|B)  (40)

where the parton model approximation is again the leading
term in the expansion of the product in the above equation

and can be interpreted as the two body prodess<u.
In the parton model approximation we can write, for
decay,

IM|2=4f%[(|al?+]B|%) Py Pu+ 2 RE @ f* )mpmy]
(4D)

and, forK* ~ decay,

2Pp° Pk* P+ - Py

2 2
IM|?=4|F | ,|2My . Oie| Po Pyt 2
K*

(42)

For the interference terms, we have, for e decay,
MiM3=—if (K~ [sy*(1~")b|B)
x 2 (Blb{a* (1= °)+B* (1+°)}u[X)
X
X(X|uy,{Lu(1= ¥ +Ry(1+¥*)}ul0)

X(2m)*8*(Pg— Pk~ Px)- (43

In the parton model approximation this is written [asing
Eq. (39)]
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MiMJ=—if (K~ |sy*(1—y°)b|B)

X f <B|aa’*(1_ ')’5)+:8*(1+ 75)}(pu+ mu)
Xy, {Lu(1=9°)+Ry(1+ ¥°)}u|0)

dpy,

X Zmy32E, (2™ (Po =Pk —Pu). (44)

Kinematically this term looks like the two body decay
b—Ku.
Using the definition

(B~ [by*(1—y%)u|0)=ifgph (45)

and the quark equation of motion, we have
mg

., 5 _
(B7[b(1+y)ul0)= —ifp

(46)

and finally we can writédropping theu quark phase space
factor and the delta function

MiMI+MIM,=2 fsf [Re C{g:pg- Pu+9-Pk- Py}

+ReD{g,m3+g_pg-px}] (47)

g, =f +f_ (48
g-=f,—f_ (49
2mg .
- o (@ L AR
(50)
D=[B*Ly—a*Ry)]2m,.
(51

For decay toK* = one can write a similar expression
M MJ+MIM,=4 REFLYL,)Mg«gysfg

m,mg

>y (52

x}i‘, X, +4 RgFL* Ru)mK*gK*me i
where the expressions faf,y; are given in the Appendix.

There will be higher order perturbative corrections, such
as additional gluons in the final states, to the processes de-
scribed above. These effects are expected to be small. We
will, however, include the bound state effects of thquark
inside theB meson on the decay distributions.

Inside theB meson, thé quark is not on-shell. This will
cause the energy to have a distribution even in the case of
“two body” decay. To obtain the decay distribution we con-
sider a model for th&-meson wave functiofi26] which has
been used for the calculation of the photon spectrum of in-
clusiveb— sy decays in Ref[27].

In the rest frame of th& meson, thd quark and the light

antiquarkq inside theB meson with energie&, and Eq
satisfy
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Ep+ Eq=\/p2+m§+ \/p2+m§ (53) Having obtained the decay distributions we define the
asymmetry for &B decay:
mg (549 dr i
- = - —~ —(B—>K+(*)X) —(B—K ™)X
wherepy= — pg.|Pp| = P=Pq- dEy dEy
To satisfy Eq.(53) for all p the b-quark mass is consid- a= ar s . (59
ered a function op, — (B=KT®)X)+ —(B—K~*)X)
dE, dE,
m2=ma+ mz—— 2mgE,,. (55)
Integrated decay rates and integrated partial rate asymmetries
The B-meson wave function is taken as can also be obtained in the usual manner.
Following Ref.[7] we can write the amplitudes, bot¥;
2, 2 andM,, as
¢<p)———3 G (56) , A A
V7 pE M=V, AL+ VAL VAl
with the normalization “V AL FVAL (60
f p2¢p(p)dp=1. (577  wherei=1,2 and
0
AL=AL- Al

For our numerical results we will usa, =150 MeV and
the Fermi momentunp=0.3 GeV. AL=AL—Al (61)
The decay distribution is now obtained from
and the unitarity relation of CKMY,+V.+ V=0, has been
:f pzdp¢(p)(£ (58) used. Note thazls'u also contains the tree level amplitude.
dEx partonic The decay distributions are such that the contribution
from M, andM, are separated ik in the approximation of
where the partonic distributiord{’/dEx) partonic Can be ob-  neglecting the interference term. The decay distribution is a
tained by boosting the decay distribution in the rest frame okym of two independent decay distributions governed/qy
the b quark to the rest frame of tHg meson. andM,. From the structure d¥1; andM, it can be seen that
To Complete the numerical calculations we have to fix thqhe Wilson coefficients that occur Ml and M2 contribute
value of the gluon momentum? in the G function of Eq in pairs of the typec;+c;.;/N; andc;,,+¢;/N,, respec-

(‘9 For the “three body” decays governed bM1l?,  tively. The values of the Wilson's coefficients are such that
q°= p, while for the “two body decay” governed bM,|*>  generally the first combination is suppressed relative to the
and the interference terms one can use simple two body ksecond and hendd, is enhanced relative thl;. Thus the
nematicg 28] to obtaing?~mZ/2. In our calculation 0M2 decay distribution associated wi, is larger than the de-

we compare results with?>=mg/3 to those witg?=mZ/2in  cay distribution associated with ; .
order to assess the dependence of the final result on this Using the form ofM; andM, given above one can write
uncertainty. the partial rate asymmetries as

i  2ImVEVoIm(A,AL) - ©
SilVulPlA AL+ VP [AAL [ +2 REVE Vo) Re(A AL )]

wherei,j=1,2. The net asymmetry, is given by the sum VIl. RESULTS AND DISCUSSION OF THEORETICAL
UNCERTAINTIES
a=a'+a*+a+a%l (63

In this section we discuss the results of our calculations
From the values of the Wilson coefficients andc, it can  which are shown graphically in Figs. 3—15. We find that
be shown that the contribution to the asymmetry due to théhere can be significant asymmetriesBr- K(K*)X decays
interference of the tree and penguin amplitudes is suppressegpecially in the regio,>2 GeV which is also the region
in al. This coupled with the fact that the gluon momentumwhere an experimental signal for such decays can be iso-
g2 is varying forM ; while it is more or less fixed foM, can  lated. The branching ratios are of ord®¢10 %) which are
lead to a larger value foa?? compared toal! anda!? It  within reach for futureB factories.
should be pointed out that the interference term betwéen The contribution of the amplitude with the top quark in
and M, can be important when calculating the partial ratethe loop accounts for 60—75 % of the inclusive branching
asymmetries. fraction. However, since the top quark amplitude is large and
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FIG. 5. Sensitivity of the asymmetry foB"—K™X to the
Wolfenstein parametey for two fixed values op. The three curves

FIG. 3. Predicted rate fdB~ —K™X as a function of the kaon igjcate the sensitivity of the asymmetry as a function of kaon
energy. Three curves in each figure are shownNg=2,3 and  gpergy.

provide an estimate of the theoretical uncertainty from the factor-
ization hypothesis. Ita) and (b) different sets of form factors are has no absorptive part in contrast to thejuark amplitude,
then compared in order to determine the sensitivity of the predicteghe top quark contribution reduces the 1@P asymmetry
rate to the choice of a form factor model. The vertical scale in théfrom 30—50 % to about 10%. This calculation includes the
plots is multiplied by G /v2)*x10"°, contribution from electroweak penguins. We find that the
electroweak penguin contributions increase the decay rates
by 10—-20 % but reduce the overall asymmetry by 20—-30 %.
Let us now identify the main sources of uncertainties in
our calculation. These are the use of the factorization ap-
proximation, the choice of a form factor model, the choice of
g? for the gluon momentum in th& function in Eq.(4) for

p=-0.15 p=0.15
10.0 e oz 10.0 the “internal” two body diagrams, and the choice of a model
oo — 2:333 0l o rom for the B meson. We now discuss thg sensitivity of the re-
’ ’ B sults for decay rates and asymmetries to these theoretical
60 sol TTTTMO® uncertainties.
We have used the factorization approximation. The fac-
70k 1 70l _ torization approximation is expected to be valid in our cal-
culations as we have argued at the beginning of Sec. Il. To
60 | 1 6ot 1 take into account corrections to this approximation we al-

lowed the number of colors to be a free parameter. In our
calculation we consider the casbkg=2,3 although the
analysis of exclusive two bod decays suggests that
N.~2. In Fig. 3 we show the decay distribution for
B~ — K™ X whereX does not contain any strange patrticles.
In the region of interest to experimefite. Ex>2.0 GeV)
| the decay distribution has only a modest dependendg.on
The second source of uncertainty is the choice of form
1 factors used to describe tiile—K(K*) transitions. As men-
tioned earlier we use the form factors given in R&f3]. In
Ref. [23] a monopolek? dependence for the form factors is
chosen and the form factor ket=0 for theD decays is fixed
from semileptonidD —K decays. The form factors are then
FIG. 4. Sensitivity of the predicted rate f& — K~ X to p,». scaled to the case &— K decay using heavy quark effec-
The three curves indicate the sensitivity of the rate to the value ofive theory(HQET). The primary effect of choosing a differ-
the Wolfenstein parametey for fixed values ofp. ent set of form factors in our calculations is to change the

50

dI/dE,
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FIG. 6. Predicted asymmetries fB —K~X andB™ —K* ~X as a function of the kaon energy. The valueNaf=2 is fixed. The two
sets of curves indicate the sensitivity of the asymmetry to the valug$ fifr the gluon in the internal two body diagram.

decay distribution of the “three body distribution” which is Fig. 5. For fixedp, the asymmetry increases monotonically
governed by the matrix elemeht, . Figures 8a), 3(b) show as % increases. The results suggest that measurement of
the effect of choosing two sets of form factors from Refs.asymmetries in inclusive decays will give useful information
[23,24) with a differentk? behavior of the form factors. For on 7 once the size of the theoretical uncertainties is reduced.
the energy regiorEx>2 GeV the form factor effects are  There are several other sources of uncertainty. These are
negligible for the decay distributions as well as the asymme¢1) the choice ofg? for the gluon momentum in th& func-
tries. For the remainder of the discussion and in the rest ofion in Eq.(4) for the “internal” two body diagrams an¢®)
the figUreS we will Only show the results with form factors the choice of a model for the wave function of tRemeson.
from Deandrezt al. [23]. N The g2 variation causes a small change in the decay distri-
The asymmetries are sensitive to the values of theytion but a fairly significant change in the asymmetries.
Wolfenstein parametesand . The existing constraints on This uncertainty is illustrated by comparison of the two
the values ofp and 7 come from measurements of ¢yrves in Figs. 6, 15.
IVupl/[Vepl, €k in the K system andAMsg . (See Ref[29] The choice of the value of the charm quark massis
for a recent review. In our calculation we will use also a source of uncertainty for the asymmetry. We have
fg=170 MeV and choosé€p=—0.15, =0.33. To deter- taken m.=1.35 GeV for this calculation. Increasing the
mine the dependence of our results prwe will also con-  charm quark mass ton.=1.6 GeV does not significantly
sider three sets of representative valudg=—0.15, modify the decay rates but reduces the asymmetry by about
7=0.23, (p=—0.15, »=0.33 and (p=—0.15, =0.43. 30%. Since the Wilson coefficients are calculated to next to
We will also consider the set of values withp=0.15. The leading order, they have little sensitivity to the renormaliza-
dependence of the rates pry is shown in Fig. 4, while the tion scale. However, th& function which enters into the
sensitivity of the asymmetry to these parameters is shown igalculation has a stronger dependence on renormalization-
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FIG. 7. Predicted asymmetries fBr —K~X andB~—K* ~X as a function of the kaon energy. The three sets of curves indicate the
sensitivity of the asymmetry to the value Nf . The valuesN.=2,3 are considered.
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FIG. 8. Predicted rate fdB~— K* ~ X as a function of the kaon E, (GeV) E, (GeV)
energy. The three curves indicate the sensitivity of the rate to the
value ofN;. The valuesN.= 2,3 are considered. FIG. 10. Predicted asymmetry f& —K* ~X as a function of

the kaon energy. The three curves indicate the sensitivity of the

scale. Varyingu? from m§/2 to 2m§ changes both the asym- asymmetry to the values of the Wolfenstein paramegers

metry and the decay rates hy10%. A lower renormaliza-

tion scale corresponds to a larger asymmetry. The model Gfnal state while in Figs. 14, 13 we show the variation of the
the B meson wave function, used to take into account thejecay distribution and asymmetry with different setsppf
Fermi motion of the quarks, is yet another source of uncerfor N.=2. In Fig. 11 we show the asymmetry for several
tainty. We have used the model of Adt al. [27]which has 5| es of N, using the form factors from Ref23] and

been previously used for thg— Xy case. Different models 4225 9. A similar variation of the asymmetry witi? as
give somewhat different results for the decay distributions

) . . o X ?alculated for theK in the final state is also observed in this
while the asymmetries are insensitive to the choice of mode

. case as shown in Fig. 10.
for the B meson wave function. Turning to B® decays, only theM, part of the matrix
In Fig. 8 we show the decay distribution f&* in the 9 ys, only 2 P

element contributes. In Fig. 11 we show the decay distribu-

160 tion for variousN, values using the form factors from Ref.

16.0

: Ezg‘gg T [23] andg?=m2/2.0. In Fig. 12 we show the decay distribu-
140 | e S 23;; | tions of B K~ for representative values @p,7). In Figs.
- =043 14, 15 we show the asymmetries as we véryy) and g>.
120 | Lol The variation of the asymmetries wibk, is negligible in this
case.
In Table | we give the branching fractions and the inte-
10.0 - 1 100 | . . . .
grated asymmetries for the inclusive decays for diffetént
ol o g?=m?/2, fg=170 MeV, p=—0.15, =0.33 and the form

dI/dE,

factors from Ref[23]. For the charged decays we also
show the decay rates and asymmetriesHpr-2(2.1) GeV
as that is the region of the signal.

The above figures show that there can be significant
asymmetries irB—K®*)X decays, especially in the region
Ex>2 GeV which is the region of experimental sensitivity
for such decays. As already mentioned, our calculation is not
free of theoretical uncertainties. Two strong assumptions

00 T 00 used in our calculation are the use of quark level strong
E, (GeV) E, (GeV) phases for the FSI phases at the hadronic level and the choice
of the value of the gluon momentuny in the two body

FIG. 9. Predicted rate fd~ — K* ~X as a function of the kaon decays. Other uncertainties from the use of different heavy to
energy. The three curves indicate the sensitivity of the rate to théght form factors, the use of factorization, the model of the
values of the Wolfenstein parametersy. Only the signal regionis B meson wave function, the value of the charm quark mass
shown in the figures. and the choice of the renormalization scaléhave smaller
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FIG. 11. Predicted rate f@°—K~X andB°—K* ~X as a function of the kaon energy. The three sets of curves indicate the sensitivity
of the rate to the value dfl;. The valuedN.= 2,3 are considered.

effects on the asymmetries. in Eq. (1)] was considered and the limit.— was taken.
The use of quark level strong phases at the hadronic levalith these conditions we obtain an asymmetry-o1.7%
neglects the possibility of soft FSIS. This neglect may be awhich then agrees with their result. We obtain large asym-
better approximation in our inclusive case as opposed to exnetries only in the kinematic regime dominated by the two-
clusive modes. body proces®— Ku. These asymmetries agree qualitatively
with the asymmetry for exclusive modes such as
B~ — K~ =7 found in several recent calculations in both sign
and magnitude. In the kinematic region Bf —K ™~ 7% we
Inclusive directCP violating asymmetries were calcu- find an asymmetry of-(8—14)% to be compared with and
lated by Geard and Hou[7]. They obtained asymmetries —(2-8)% found by Kramer, Palmer, and Simiri22] and
much smaller than the results given here. The differences (3—9)% found by Kamal and Lupl1] for the exclusive
between these calculations and our results can be understootbdeB ™ — K~ 7°.
as follows. In the Geard-Hou calculation only the three We have also verified that the asymmetry in the process

body quark level process correspondingote-sqq[i.e. M b—>sc§has the opposite sign to the asymmetry in the sum of
b—suu b—sdd b—sss (as does the asymmetry in

VIIl. COMPARISON WITH PREVIOUS CALCULATIONS
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FIG. 12. Predicted rate f@°—K ~X as a function of the kaon FIG. 13. Predicted rate f@°—K* ~X as a function of the kaon
energy. The three curves indicate the sensitivity of the rate to thenergy. The three curves indicate the sensitivity of the rate to the
values of the Wolfenstein parametersz. values of the Wolfenstein parametersz.
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FIG. 14. Predicted asymmetries BP— K ~X andB°—K* ~X as a function of the kaon energy. The three curves in each figure indicate
the sensitivity of the rate to the values of the Wolfenstein paramgtess
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94ER40833. X.-G.H. thanks the University of lowa and the
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We find significant directCP violation in the inclusive  Of this work.

decayB— K™ X and B—K* ~X for 2.7>Ekx)>2.0 GeV.

The branching fractions are in the 1Drange and theCP APPENDIX

asymmetries may be sizable. These asymmetries should be

observable at futurB factories and could be used to rule out ~ For B™—K™X decay,

the superweak class of models.

IX. CONCLUSION

Al H#*"=19.|’D(pg,ps)+|9-|?D(px .PK)

We thank K. Berkelman, W-S. Hou, A. Kagan, L.
Wolfenstein, and H. Yamamoto for useful discussions and AZWH“”=O (A2)
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FIG. 15. Predicted asymmetries fBP—K X andB°—K* X as a function of the kaon energy. The two sets of curves indicate the
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TABLE I. Integrated decay rates and asymmetriesBes K*)X decay.

Process Branching ratio (1.88.0" %) Integrated asymmetry
B —K™X 1.02, 0.79, 1.20 —0.10, —0.11, —0.050
B™—=K ™ X(Ex>2.1 GeV) 0.81, 0.74, 0.77 -0.12,-0.12, - 0.07
§°—>K_X(EK>2.1 GeV) 0.6, 0.7, 0.8 -0.12,-0.12,-0.13
B™—K*™X 1.37, 1.24, 2.30 —-0.11,-0.14,-0.11
B™—K* " X(Ex+>2.1 GeV) 1.05, 1.16, 1.67 —0.14,-0.15,-0.14
BO - K* “X(Eg«>2.1 GeV) 1.05, 1.16, 1.39 -0.15, -0.15, —0.16
2
where Sl=—2b§[mK* mé—(pB~pK*)2]
g.=f +f_ SZ:_3b%
g =f,—f_ (A3) S;=Fb3p?
and we have defined S,=b3g?
=2b,b P — XPyx *
D(A.B)=A-piB-p,+B-piA-p,—py-PA-B (Ad) Ss=2b2bal a4 P~ XPicr - P]
Se=2b,b,[ —g*+xp-q]

9,,H*" =g, |?m3+|g_|?mZ+2 Reg.g* )ps- Pk -
(A5) S7=—2Fbsbsp-q

For B~ —K* ~X decays(with p=pg+px+ , 4=Pg— Px+), where

HA AL, =2 T, (A6) {_q% (pK*g)T

lebf{—2pl-p2[m§mi*—(p3-pK*)Z] x= pK*'g
M+ '

+2pg- PrxD(Pg,Pkx) — M+ 2D(Pg ,Pg)

2
Ma0 (Pce P )} P1=Ps, P2=Pk+ andg=p,—p,,

6841

(A10)

(A11)

Finally for K* decay the interference term is, with

1
T,=bj| 2p; po+ —=D(p ,Pxs) X1= 20, M3py- P2— P1- PuP2" P1l
K*
D(p2.p2)
Ts=b3FD(p,q) Xp= = byl 2p;-pyt —p7—|b
L 2
T4=biFD(p,q) [ P20
X3=—Db3| D(p1+p2,q)— M2 D(p1t+p2,p2)
2
Ts=2b,b3[D(q,p) —XD(pk+,p)] ]
[ P20
Te=2b,b,[—D(q,q) +xD(q,pxx)] X4=—by —D(q,q9)+ ,\z,lz D(q,pz)}
L 2
T;=—2Fbzb,D(p,q) (A7) y1=—3b,
while P2-q
, y2=Dbs (p1+pz)-q—(p1+pz)-pzw
H#YA%,,,=4C1Co[ P1- PeP2° Pk* — P2 PeP1- P+ ] 2
(A8)
P2-q
_ 2_ .
and ys—b4[q q-p2 Mg}
g/.LVHMV:E Si (Ag) D(AvB):Appru+ApuBpB_puplAB

(A12)
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