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We calculate the decay rates for B—KI*!~ and B—K*! "1~ as functions of the invariant mass of the
%1~ pair and the center-of-mass angle in the / ¥/~ center-of-mass frame. We obtain the helicity depen-
dence of B—>K™*1*]~ and calculate the contributions from the CP-odd and CP-even channels. In the
calculations we use the heavy-quark and factorization approximations.

PACS number(s): 14.40.Jz, 13.20.Jf

I. INTRODUCTION

Decay rate measurements for B—KI*!~ and
B—K*I"I]™, in addition to other rare B-meson decays,
are expected to provide tests of the standard model. In
addition, there is an interest in exploring CP violations in
B decays. Therefore, it is important to utilize all the ave-
nues of information to explore decay channels of B
mesons. Experimentally it is important to know the an-
gular distribution for a decaying particle to determine
where detectors should be placed in order to get the max-
imum efficiency. This information can also be used to
recognize the decay and to eliminate some of the back-
ground effects. Therefore, in this paper, our purpose is to
obtain the angular dependence of the decays B—KI*1~
and B—K*I*]~ (these decay processes are important
because of their sensitivity to the top-quark mass). We
do this first by looking at the decays in the / "/~ center-
of-mass frame, for which the configuration is shown in
Fig. 1. Then we calculate the decay rates as functions of
the center-of-mass angle ¢ ,, and the invariant mass s of
the I *1~ pair. Then we obtain the ratio of the cos?d,
term to the flat term as a function of s, which we call
a(s). Then we proceed to obtain the ratio of the contri-

Our aim is to provide a reference mark for experiments
and, as a result, to see how well these approximations
work for these decays.

II. KINEMATICS

The three-body differential decay rate for an unstable
particle is given by

| d’p;
dr=
2Mp ,-I=I. (2m)R2E;
3
XQ2m*s |P— 3 p; |IMm]?. (1

i=1

Here P is the four-momentum of the decaying particle
and p; are the four-momenta of the final-state particles;
we choose p, and p, to be the four-momenta of /* and
I7, and p3; =Py to be the four-momentum of the remain-
ing particle. M/ is the matrix element for the decay. By
introducing the invariant mass s =(p, +p,)* of the / 1~
pair via

1= fds 8(s—p2)d*p 8p—p,—p,)

bution from zero-helicity states and the ratio of the con- dp 4
tribution from the CP-odd and CP-even states. = f ds 2E 8% (p—p1—p2), 2)
In doing the calculations mentioned above, we use the P
heavy-quark and factorization approximations [1-3]. we obtain
J
r=f L ds| A DR, |22 2Px o gwip—py—p) |2
= — 7r — — — —
2Mj 27 | (2m)2E, (27)2E, PoPvPl | \QnyeE, 2n2E, x—P
— f ds dcosd V Als,m},m3) V/ A(ME,M},s) |2 3)
2°mMy s M3 ’
or
dll = 1 \/A(s,m%,m%)\/A(Mg,M,\z»';S)l-/nlz ’ (4)

ds dcosd 2’7 sM ]
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2
FIG. 1. Momentum configuration for the B-meson decay in
the I "]~ center-of-mass frame.
where
Ala,b,c)=a’+b*+c?—2ab—2ac —2bc . (5)

In the /"1~ center-of-mass frame p;= —p,,P; =Py (the
configuration is as shown in Fig. 1),

s=(py+py)?=(P—Py)
=(E1+E2)2=(EB"‘Ex)2 )
Smin=('nl%_n12)2 ’

N '__(MB_Mx)z’

max

4s

In the calculations of the following section, we model
the decay processes on the b-quark decay, and we consid-
er the diagrams shown in Fig. 2. In the B-meson decay
diagrams, we have introduced the factors ¥ at each ver-
tex. In general, the #s are functions of the masses and
the decay rates of the mesons as well as the invariant
mass of the / T/~ pair. However, since our purpose is to
obtain the angular distribution up to an overall factor, we
leave them as parts of an overall factor.

III. B—>KI*I~

We can write the matrix element for the decay in Fig. 2
in'the form

M =Mu+ME +ME,+ M+ M5, (8)

B—KITI™

and where, for i =u,c,t,
]
4 v
M= | -8 ty FpFx f d*k T80,
O 2va | TP aMpMy Y (2m)t (K2—mE) k2 —m ) (k3 — M2 )k —M3,)

TH =Trlys(Px + Mg )yH(1 =y ) (K +m; )y (1—y5)(Pp+Mp)ys]

=2MgPg+MgPKPTr[y oy y gy (1—y )],

=gy 1=y U +m)y*(1—vs)g, =28,y Ky*(1—vs)q, , 9)
_|_8 ’ —g* |t FpFx d*k [(ks“kz)xquﬂf(kz_kx),lng+(k1’k3)‘8;w]TX‘1’7;
M= 5 ViVip f 4 22y 12 2312 2 2 )
2v2 4 MMy ¥ (2m) (k2—m2) (k3 =M} ) k3 —M%) (s —M2)
TR =Tr[ys(Pg + Mg )y*(1—y )k +m)y"(1—y5)(Pg+Mp)ys]
=2MpPE+MyPOKPTrly oy v gy (1—75)],
th=g,7"a+bys)q, , (10)
2 2
FpF 4 Tt
Mpr= v £ ViV — f ¢ k4 2 2 (12 Az2 AMz 2 ’
2V2 | | 4cosfy AMpM, ¥ (2m)* (k2—M}) (kI —m2) k3 —m?) (s —M3)
Tip, =Trlys(Pg + Mg )y (1 =y s) Ky +m)yH(c +dys) Ky +m; )y (1—75)(Pp+Mp)ys] . (11
[
Here m; is the mass of the internal quark and m is the  and to obtain the y contribution, we use
mass of the internal lepton. To obtain the Z contribu- o —d=
tion, we substitute a=c=1, b=d=0,
a=~1+4sin29W, b:1 , MZ_’O’ COS@W—>1 , (13)
c=1—1tsin%0y,, d=1, (12)  tosether with
%gz—ﬂ?2 (14)

=8 i
d—c=2%sin"6y, ,
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in M, and

8
4 cosOy,

—>92Qi

in M p,, where Q; is the charge of the internal quark line.
the ¥ contribution since

term is
—My )’ <<M}, M2

The dominant
=(Mpy

max

There is also a contribution when the internal quark
The calculations for this case

lines form a resonance.
have already been done elsewhere [4-6].
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In the limit where the external momenta are negligible
with respect to the internal momenta, k;—k up to an
overall sign, and these integrals, up to an overall sign,
reduce to

(15)

b

f 2‘n')4 l—I(k2 2

d*k

Within these matrix elements, we have momentum in-

tegrals of the form

i=[

H(k2~a

d*k kf
j’-": ,
f (277')4 H(k,—z—aiz)

d'k__ KkPk}

J

m)* [I(kf—a?)

JHV=

kM

JH= =0, 17

f<277)“ [1(k*—=a?) 4

d*k k*k”

JHv=

f (277')4 H(kz—aiz)

:l l“’f d4k k2
4 4 H(k2~ai2)

(16)

After some algebra, we obtain the following expressions
for the matrix elements:

FIG. 2. Decay diagrams for B—~K*!*]1~ and B—KI*I".

4
Mo= 2_5§ ViV AMoMy s—M2 Qv 1—75)q1p,,
PR 2 —g? | . FpFx —24t7A1t#KJ
AT {5 5 si Vi >
U l2av2 4 YAMpMy s —M2 #
(18)
2 2
Mr= |8 g
A2 19V | | 4cosby,
FpgF 87
XV;V BYK A2 t'uKJp.’

©AMgMy s — M2
pr=(MgPy +My P,
In getting these expressions, we have used
(77 g (1= 7)) r*YPr (v —ays)]
=[vu,(1=7s)]{10[y*(v—ays)]
—6[yHa—vys)l},

YVYBYF:gVBYy+g#BYV_gV,LYB_i6VB#a?/5ya ] (19)

—6iysy =eP Y ypy, .
We have also defined
=f d*k k?
BT 2m® (kP—ME)kP—mE(ki—m?)
d*k k?
In= , (20)
Al f(zﬂ)“ (k*—M3 ) k*—m})

p _f d*k (c—d)k?—=2(c+d)m}
8270 oyt (K2—M3 ) k2—m})

The matrix element for B—KI 1~ can be written as

M=[V(G,7"q,) + A (G v*vsq) e, - 2D

Consequently,
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2= {|VIPTr[(f, — m )PPy +m)y* 1+ A PTr[(f, —m )y y By +mv v s p e
(VA Tr{(f) —m W By +m )y y s 1+ ANV Te[(f) —m )y y s(By +m)y 1} 9,0,
=4{(|VI2+[AM)[2(p, 0Py 9)—(p1-p) - 9) ] +m2 (VP = AP p-p)} . (22)
In the / *1™ center-of-mass frame, we have
Pp=(E,0,0,Pg), Px=(Eg,0,0,P¢),
p,=(E,p), p=(E,—p), (23)
Pg-p=Pgpcosd, ,, .
As a result
P19 =My (EgE —Pgp cosd,, ) +Mp(EgE—Pgpcosd, ., ),
P19 =My (EgE+Pgp cosd, , )+ Mg(ExE +Pgp cosd, ., ) ,
(P 0)py ) =EXMyEy +MyEg)*— (Mg +My )?Pipicos’d, . ,
(p-p)=(MpEgx+MyEp)*—(Mpy+My )P}, (24)
(Px'P2)=%S‘m2 ,
pi=is—m?,
E2=%s .
Substituting these equations in (22) gives
[M2=a |(|V[*+|A >N Mg+ M )?PE —;——mz } 1— Z:—:’;z cos’d, .
+4m2{|A[2AMGEx +MygEg)* — (Mg + My *PL1+|VIA Mg+ M, *PL} . (25)
|
For 4m? <5 <(Mp—My )%, |V|?>>>|A | thus, els)= GEallsy+s,e®|?
LI~ 2| VI2[(Mp + Mg ?PEs |[1+a(s)cos?d, . ] , 27 (Mp + My
e [1_ m? ] (26) X[12myc4(my h(s)+cg(my)f 1 ()2
s |’ +leg(my)f 4 (5)]%) (30)
and and c,, cg, Cg, f 4+, and h are as defined in Ref. [7]. We
dT 1 see that as m —0, dT /ds dcos® x 1+acos’d, ,, with

= vip.pLlia2 )
ds dcost 29"3M§(2 s Pg) ZICV‘ (Mg+Myg)

X[1+a(s)cos’d, , ] . 27
In the limit m —0, the expression reduces to

dr ___1

1
- 2 2 322
s PrM} [A(MG, Mg, )P S| VIAMp +M ) .

(28)

At this point, we use the calculations of Ref. [7] to obtain
the expressions for #s. Hence, our final expression is
given by

ar _ __ 8(s) . ,
= M2, 4
dsdcosd  2°m°M} [A(M3,Mi,s)]""“(Mp+Mg)

X[1+a(s)cos®, 1 ] , (29)

where

a=—1. But as s—>4m?, a(s)—0. This is an important
conclusion. For example, at the Collider Detector at Fer-
milab (CDF), the efficiency for a=+1 is about 75% of
the efficiency for a= —1.!

IV. B>K*I*1~

In a similar manner, we can calculate the differential
partial decay rate for B—K*! "1 ~. In this case we need
to make the substitutions

M K —-M K*>

172
|1 2 ng2
PK——DPK.—— TIS‘A(MB,MKQK,S)] ’

7K_’57K* , (31)

YS(PK +MK)_>£K*(PK*+MKQ) .

13. Mueller (private communication).
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These substitutions give Now we write the matrix element in the form

THO=Tré o (Pex+ M)y (1—y (K +my)

Xy (1—ys)(Pp+Mp)ys, M=(V][q,7,9:1+A[q7,.759: Dw*+a¥), (34)
TR ETrtK*(PK*%-MK*)‘y"(l—y5)(k+m,)

Xy¥(1—y5)(Py+Mp)ys, where we have defined
T’:AZETI%K*(PK*_’_MK*) (32)

at=ite®Pe ., P *BP
X‘}/v(1“75)(k2+m,)}/“(c+d'y5) k*L & Bv >
X(kl+m1)7v(1_75)(PB+MB)y5 . (35)

After some algebra, we obtain vH=[E(egu Pp)Ps —(Pp-Prxt+MpMys)efs],

k?.
TNt = [327.(1—75)4,]
00 2 e > and introduced? ¢ and £. In the /1]~ frame, the states

X32[(egxPp)Pyx —(Pp-Pyst+MpMyu)eps corresponding to helicity A of K* are given by
+l‘€aﬁ'uV€K*aPK*BPBV] )
T‘:"Al[(k3"kz)Aguv+(kz_k1)p,gkv+(k1—k3)18A#]

30=—1 (P 1,0,0,E,) ,

k2
=—24"[(egx-Pp)Plx—(Py-Pyst MpM +)ei KD Mo K 36
HieMe g PeogPal (33) VU IR
T A, =2[(c—d)k*—2(c+d)m}] gge =15 0 FL=E0).
X[(EK*'PB)P;;*_ﬂ(PB'PK*_FMBMK*)E‘;(*
+ie®Prve k*aF it HPBV] . When we perform the calculations we obtain
|
MP2=4|V2{[2(p,v)(pyv)—(py Py +m>)w-v)]+[2(py-a)py-a)—(py-py+mP)a-a)]]
+4]A 2{[2(p, v )N pyv)—(p;p,—mD(w-v)]+[2(p,-a)py-a)—(p;py—m*Na-a)l} , (37
where
U'U=f§25P,2<* —3[(Mp +MK*)2—S]2}5A0"%[(MB +MK*)2’”S]25A¢’ a'a‘_‘—gzsp,z(*sxi )
(p1-a)(py-a)=—E*PLpsin®38; . = —§*sPLp(1—cos’®)8;+ ; (38)
1 2P2*E2
(p10)py0)= |EE,+Vs ——[(Mp+M)?—s] | ———8
2 *
K
2
— 1 2 2
= |6V5 PR = S [(Mp+Mya P —51E, I;—OZS*QSAO—%[(MB+MK*)2—S]2p2sin266ki.
K
As a result, with the definitions
;Lz (Qz}h:@ul5[2(1’1‘U)(Pz'v)—(Pl’P2+m2)(v-v)] )
=0,+
AE (Qﬁz‘:@uzf[z(m‘v)(pz'v)—(Pl'pz—mz)(v-v)] ,
=0,+
@21=@a15[2(p1-a)(pz-a)-—(pl~p2+m2)(a.a)] , (39)
A=0,%
N @;\2=(Qa25[2(pi.a )(p2'a)_(P1'P2_m2)(a'a)] ’
=0,+

2Here we actually have
a“=ie"‘9"VEK,,aPK*EPE,, »
0P=[(e e Pp)Ply —(Py-Peat MM u)eln],

but for the sake of generality, we keep ¢ and £ in the following calculations.
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we obtain
A=0 N — 1 2 PIZ(*
Q5 =7 §EK*\/S—E[(MB+MK.)—S] — |E%PLs — [(MB+MK,,)2~s]2
K*
2
s 4m ~ 1 1
—= |1l——— | |[EVsP e ——[(Mz+M _,)—s]E cos?d ,
2 s [ K* B Tk K M2,
Qi 1+4L [(Mp+M 2 —sP |14 |23 ooy |
16 s+4m
2 P2* 4
Qs o=_ EE, « (Mg +M, e —s]| — —% 1—LJ E5PL, ——[(Mp+M, ) ]2]
K*
— s 1At esp, - Ly M2 E 2 29 40
2 . EVsPZ, 2[ B o) S1E « Mé*cos , (40)
2
Qi % 1—i':—][(MB+MK P—sA(1+cos’d) , Q=@ °=0,
4 2 2 —4 4 2
2 m m? +_ , 52 m )
1— I+ | — 9, — 1+cos™d) .
§16K . } Smcos Q)5 §P . (1+cos™3)
Thus, the differential decay rate for the helicity A of K * is given by
2 pg2 172
dr [A(MB7MK*’S)]
ldsdcosﬂ = PrM} 4|VIPL(@Q) + @)+ X @k, + Q)]
$uls) 2 1721 ( A A 20 A
29 3M3 8[A MB’MK*’S)] [(@01+(Qal)+n ((QaZ+CQv2)] ] (41)
[
and
where " o .= (1+7°)(s—4m?)
*
2= ]CVIZ . (42) K 2[( (Qvl+(Qal +n2(@a2+(902 ]cosﬂ 0
Equivalently, after summing over the helicities, % , [(Mp+M, ) —s] +g2pa s—4m?
dr __ | dr 2 8 K58
ds dcosd |dsdcosﬁ [1+ags(sicosd],  (43) \ _ 2
where — gVSPIi*_[(MBJ'-MK*)Z_S]EK*
dT _ dTr " 2MK* AM
ds dcosd ds cost | 24— (45)
0..
02t
04}
FIG. 3. Plot of a «(s)asa function of s.
-046{
08 }
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Ri=o(s)
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FIG. 4. Plot of R, —(s) as a function of s.
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S
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We plot a «(s) in Fig. 3 for £2=¢?=1 and =0 [since
for 4m?<s <(My—My )*,7* <<1]. In Fig. 4, we plot the
ratio of the contribution from the zero-helicity state:

(dT /ds )y =g
(dT /ds);—o+(dT /ds)y = +(dT /ds )=

(46)

Ry—o=

As can be seen both in Figs. 3 and 4, the dominant con-
tribution comes from the A =0 state. It should be kept in

ACSPRa A (M + M P —s P s+ s —4m?)]

175

8(GeV)

mind that R,_, is a helicity rate; therefore, it would be
affected by the QCD corrections since only the total an-
gular momentum would be conserved in general. Similar-
ly, we can extract the contributions of CP-odd and CP-
even states. We define the ratio of the contribution from
the odd CP states to the overall contribution by

(dT/ds)cp=oaa
(dT/ds)cp=oaat(dT /ds)cpcyen

R 4q4(s)= (47)

Then we obtain

Rgq(8)=

fdcosﬂ[(Qvl(s,cosﬂ)+(Qal(s,cosﬁ)]

(48)

We plot this ratio in Fig. 5. From Fig. 5 we conclude that CP-odd states contribute less than 1.2% of the total
differential decay rate for a given s. Thus the CP-odd contribution is considerably less than the CP-even contribution.
Since QCD conserves CP, R 44 would not be affected by the QCD corrections.

For completeness, we quote our results for B—K *J /1,J /{—1717. (The detailed calculations for this case are
done in Refs. [4-6], including QCD corrections.) This process takes place via the decay b—cecq. The decay rate for

B —KJ /¢ is given by

Road(s)
°
=

0.008 |
0.006 r
0.004

0.002

FIG. 5. Plot of R 44(s) as a function of s.

0 25 5 7.5 10 125 1.5

1
s(GeV)
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2
ViV FsFxFisy
K*—M}3, 8MpM My

P3

A 16
FBw—J/n[:K = 78‘;

3

ig
2v72

(Mg +My )2]6%0 ) (49)

The requirement that A,=0 follows from the conservation of angular momentum. The B meson, as well as the K
meson, is a spin-0 particle; therefore, after the decay the orbital angular momentum of the K-J /¢ system would be per-
pendicular to the decay plane, which would require J /¢ to have its spin perpendicular to its direction of motion, i.e.,

A,=0. The ratios of the contributions from the different helicity states of K* for B—J /¢K* is given by

rl00]  [(EyEx+Pea NEgs+M )—MpPpi |’

1

LA M2 MY(E o +M,otp 'P o)

(1+0.55p7 1%’

(50)

where p measures the relative strength of the vector and the axial-vector contributions. Similarly, for the ratio of the

CP-odd to CP-all contributions, we have

M3 Mo P

1

R g4 =

And the total decay rate is given by

[(EyE e+ PLa)Epa+M)—MpP2y P+ M2 M2 [p 2P2, +(E2 +M2,)]  2+13p>

(51)

+
r _ PK * 16 ig V(jc Vcb 78 7"'?’( *
. — —_ —
B=K2IA gaME. | 2 |2V2 | k*—Mj, 8MpM M, .
X{[(E¢EK*+P12<*)(EK*+MK*)_MBP12<*]2+M12(*Mi[p*2p12<* +(E12(* +M12(*)]} . (52)

According to these results, the AK,.=0 contribution

would account for at most 80% of the decay rate, which
corresponds to p * 10, and the CP-odd channel would ac-
count for at most 50% of the decay rate, which corre-
sponds to p=0. The preliminary results from the
ARGUS Collaboration support the dominance of the
Ag+=0 channel while the CLEO results do not [5,6].

V. CONCLUSION

In this paper, we have calculated the decay rates for
B—KI*l™ and B—K*I"1~, modeling these processes
by the quark decay b—s/ "/~ in the I "/~ center-of-mass
frame as functions of the center-of-mass angle ¥, and
the invariant mass s of the / 7/~ pair. Then we obtained
the ratio of the cos’d, ,, term to the flat term as a func-
tion of s, which we call a(s) for K and a(s) for K*. We
have concluded that both a(s) and a,(s) are negative in
the allowed region of s, which implies that the contribu-
tion from the zero-helicity states dominate these decay
channels. It is important to have explicit expressions for
a(s) and a,(s) since they help in identifying the decay

channels as well as in getting the best efficiency (as men-
tioned in the text, in the case of the CDF the efficiency
for a=+1 is about 75% of the efficiency for a=—1).
We found that the weight factor a, «(s) of the cos?d term
takes its largest values for small s values. We have also
calculated the contributions from the different helicity
states of K* and observed that the A, « =0 channel dom-
inates the decay. Our calculations have also shown that
CP-odd part of the decay accounts for only a very small
part of the decay rate (<1.2%). We do not expect the
QCD corrections to effect R 44 since QCD conserves CP,
but we do expect them to effect R, _, since only the total
angular momentum is conserved in QCD in general.

In our calculations above, we used the heavy-quark
and factorization approximations. The results are in-
dependent of the model used for form factors. These re-
sults should serve as a reference mark for experiments.
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