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The short-distance Hamiltonian describing:s(d)e”e* in the standard model is used to obtain the decay
spectrum ofB—~K 7e e* and B—n w*e e", assuming theKw and 7= systems to be the decay
products ofK* andp respectively. The specific features calculated (@r¢he angular distribution ok~ (or
7)) intheK™o* (or w7 ") center-of-masgc.m) frame, (i) the angular distribution o~ in thee e™ c.m.
frame, andiii ) the correlation between the meson and lepton planes. We also @#tivimlating observables
obtained by combining the above decays with the conjugate proceBse& ™7 e e” and B
—a mte et

PACS numbd(s): 13.20.He, 11.30.Er

. INTRODUCTION the variableg can be an especially useful probe @P vio-
The purpose of this paper is to investigate the angulafation, as has been demonstrated in the analogous case of
distribution of the decaysB—K w'ee® and B K —n"7m e'e [34]
—a 7w e e", when theK7 and 77 systems are the decay
products ofK* andp respectively. The aim is to derive the Il. MATRIX ELEMENT
detailed consequences of the effective short-distance Hamil- . .
tonian describing the four-fermion interactionb  _ We are concerned with the matrix element of the decay

—.s(d)e"e*. This work may be regarded as an extension of8(P) = P(k1) P’ (k) (A1)l (gz), where PP’ =K™ 7" or

. . . — * andl=e, u. Introducing the linear combinatiofs,6
previous studies of the exclusive processeB ™" # g S.6]

—>|§*(p)e‘e+[1.,2] that were limited to the kinematical k=k;,+ky, K=k;—ky, q=01+02, Q=0;— 05,
variabless; (the invariant mass of the lepton paiamd cog), (2.1
(the angular distribution df~ in thel ~I™ c.m. system The

additional information we provide is the distribution in the short-distance Hamiltonian for—fI I~ (f=s or d) is
cosép, wheredp is the angle of the& ™ (7 ) intheK =" [2,7.8

(7~ a*) c.m. frame, and the dependence on the anfjle

between thes‘e_f andK~ 7" or w_‘ar_* planes. This infor- eFEthVﬁ cS(Fy, P b)T I
mation is sensitive to the polarization state of the vector 27 .
mesonK* (p), and thus provides a new probe of the effec- _ _
tive Hamiltonian. +cio(fy, PLb)l ¥#9°l
An important aspect of the calculation is the prediction of ,
CP-violating observables that can be obtained by combining _chffﬂawq_z(mprJr mP)bly“l {, (2.2

information fromB andB decays. These observables probe a
term in the Hamiltonian proportional to InV(,,V;J/V, Vi)

(in the case 0B—K*) and Im (V,, Vi o/ VipViy) (in the case
of B—p). While the numerical estimates of these asymme- cf= —0.315.c.n= — 4.642 (2.3
tries in the standard model turn out to be small, the formal- ! 1o ’
ism we present is also applicable to more general Hamilto- eff_
nians tra?nscending the si);ndard model. Thge dependence off =CoT(3C1FC2){g(Me,8) T AulG(Me, )

wherePr= (1% vys)/2 and

—g(my, s+
*Email address: krueger@gtae3.ist.utl.pt =4.224+0.361(1+A)g(m,s) =N g(Mmy,s) ]+ -,
TEmail address: sehgal@physik.rwth-aachen.de (2.4
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V,,V*
)\UE ub :f, (25)
VibVir
8 8 4 2
g(mi,3|)=_§|n(mi/mb)+ 577" §Yi_§(2+Yi)\/|1_Yi|
1+\1-y;, 1
X ®(1—y-)(ln(—)—iw)+(y-—1)2arctaﬁ—}, (2.6
T\ 1=V1y, | Wi-1

where s;=q° and yi=4mi2/s,. The ellipses in the above represent numerically insignificant terms involving the Wilson

coefficientscs, . . . .Cg (See, e.g., Ref2]). The corresponding matrix element is
Gra * eff / P Y
MSD:Ethth (cg —C10(P(ky) P’ (k)|fy,P b|B(p))

eff
- q_27<P(k1)Pl(k2)|fiO',uqu(mbPR+ m¢PL)b|B(p))

I_’y'uPLI‘*'[Clo*)_Clo]l_’y’uPRI] . (27)

Observe that the coefficiem@ff contains both a weak phasassociated with the imaginary part ®f) and a strong phase
[connected with the imaginary part @fm; ,s;)], thus opening the way t€P-violating asymmetries betwedhandB decays.

The hadronic part of the matrix element, describing the transBienP P’, can be written in terms d— V form factors
(V=K* or p)

_ _ 1 1
(P(ky)P’ (k) |fy,PLbIB(p))=— Dv(kz)( i €,4,a5K"PKPQ(0%) + EKMf(qZHk# (9-W)a,(g?) - §§f(q2)} +o ] :

(2.9

with the conventiorey;o= +1,

’ A v R/ — 2\ vl B 2 —1 2 2 2
(P(ky)P’(kp)[fio,,q"Pr b|B(p)) =Dy(K)| ~i€,u,apK P kg (4%) ¥5K,[9:+(q9)A+0°g(q)]

+} (2.9

1
+5£[9.4(a*)A+0%g-(9?)]

1
ikﬂ( (a-W)|g.(a*)+ 59%(q?)

where the ellipses denote terms proportionalgip which ~ where we have used a narrow-width approximation, and
may be dropped in the case of massless leptons and

LAV VES!
M3—M32, B= K2 : (212
k2

A=(ME—MJ), WH=KH—¢gkt, é=
(2.10 with the triangle function

Throughout this paper, we neglect the lepton mass, and as- Ma,b,c)=a%+Db?+c?—2(ab+bct+ac). (2.13
sume the above form factors to be real, the absorptive parts

due to realcc and uu states having been included in the We adopt theB—K* andB— p form factorsg, f, h, g.. , a,
distance coefficientS™ [Eq. (2.4]. Furthermore, we will Matrix element2.7) can then be written compactly as

limit ourselves to neutraB mesons, i.eB=B°.

i ing i : Gra
The functionD\(k?) appearing in Eqs2.8) and (2.9) is Men=—F\ V(i€ K "k?aPx, + K
defined via sD 2 wVir{ (i €uvap Q"X T KLY
D=2 51—z (2.1 +kuz)1y*PU+(L=R)}, (2.14
\% = - V) .
BMS where
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ANGULAR DISTRIBUTION AND CP ASYMMETRIES IN . ..

2Ceff
XL, R= Dv(kz)[ (¢ c109(g?) _q_;(mb+ mf)9+(q2)] )

(2.19

1 2 eff — 2 chﬁ
yL,R:_EDV(k )\ (cg +C19)f(q )_?(mb_mf)

><[g+(q2)A+q29(q2)]}, (2.16

7 g=(9-W)z| g— €Y1 . (2.17
with

eff
' 2 eff— 2 c7
7l r=—Dy(k9)j (cg FCrpa(q )+?(mb_mf)

X

(2.18

1
9.(9*)+ quh(qz)H-

PHYSICAL REVIEW D 61 114028

Mgp= Msgp(XL rR— = XL R}YLRYLRS

ZL,R_);L,R;Q_)_Q), (2.193

and

Mep=MspX_r— = XLRIYLR—YLRIZLRZLRIQ—
—-Q,K——K), (2.19b

for the conjugate processeB—K*'w e e* and B

—m~ m e e’ respectively, wher€ and K are as in Eq.
(2.1), andx,y,z are related t,y,z by

bw—— by, 6— 9. (2.20

Here ¢,, and 6 denote the weak and strong phases respec-

tively that appear in the matrix elememgp.

Ill. DIFFERENTIAL DECAY RATE

The matrix element for the corresponding antiparticle chan-

nel can be obtained from E¢R.14) by means ofCPTinvari-
ance. In fact, we have

D N1ty 12— GIZ:aZ
[ Mgp(B—PP'I17)] 5

71_2

Squaring the matrix elemeri2.14 and summing over
spins, we obtain for the dec&—PP’l "1+ [10]

Vi V|42 Re(y z+ Y& zr)[ (k- a)(9- K) — (K- Q) (K- Q) — (k- K)]

+2 Re(xt 2.~ xgzp)[ (k- q) (k- Q)(q-K) +55p(K - Q) — (k- ) 2(K- Q)
—s(k-K)(k-Q)]+2 Re(xgyk — Xyt ) [siK*(k- Q) — (k- Q)(q- K)?

+ (k- @) (- K) (K- Q) —si(k- K) (K- Q)]+ (xt +xR)[ —2(k-a) (k- Q)(q-K)(K- Q)
—55p(K- Q)%+ (k- 0)2(K- Q)2 = 5K?(k- Q)+ (k- Q)%(q- K)?

+25)(k-K) (k- Q) (K- Q)]+ (y{ + YR —siK?+(g-K)*= (K- Q)?]

+ (22 + ZR)[ —si8p+ (K- )2 (K- Q)21+ 2€,,,, sk K q*QPL (K- Q)IM (X Y} +XgYR)

+1Im (yrzr—Yi z0) — (k- Q)Im (X z_ + Xz zR) 1},

with sp=Kk2. Introducing the shorthand notation

1
X:[(k'Q)Z_Slsp]m:z)\l/z('\/'z ,S1,Sp), (3.2
we find that (n;=0)
k-K=M2—M32,=¢sp, (3.33
1.2
k-q=3(M3—s1—sp), (3.3b
k-Q=X cosé,, (3.30

(3.
|
q-K=BX costp+£(k-q), (3.30
q- W= BX cosfp, (3.39
K-Q=¢&(k-Q)+ Bl (k-q)cosé, costp
—(s5p) Y2 sin @, sinBp cosep], (3.3

€,vapK"K q*QP = —(515p) 28X sin g sinbp sing,
(3.39

K?=2(M3+Mg,)—sp=(&"=B%)sp, Q*=—s;.
(3.3h
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To write the differential decay rate in compact form, we 3-momentum vectors of the corresponding particles inBhe

define the auxiliary functions

FiLr=B[X?Z g+ (k-q)yL g, (3.9
FaLr=B(sisp) "3 r, (3.5
FaLr=BX(si5p) Y, (3.6
so that
2 2
o —
216, 8\13
X |thV:}|ZBX|(S| Sp s 0| !0P !¢)
X ds dsp dcosé, dcosop do, (3.7
with

I=1,+1, cos24,+ 15 sirf, cos 2p+1, sin 26, cos¢
+15 sinf, cosg+1g cosh,+1; siné, sing
+1g SiN 26, sing+ 4 SNt 6, sin 2¢. (3.9

The functionsl 4, ... ,Ig have the following form(see Ap-

pendix B for details

'3 | .
1= §(|F3L|2+|F2L|2)S|n29P+|F1L|ZCO§9P +(L—R),

(3.93
= %(|F3L|2+|F2L|2)Sir\20P_|F1L|2C0520P +(L—R),

) ) (3.9p
l3=(|FaLl?—[F2|?)siOp+(L—R), (3.99
I,=Re(F F3 )sin 26p+(L—R), (3.99
ls=2 Re(Fy F% )sin26p—(L—R), (3.99
le=4 Re(F, F%)sirfdp—(L—R), (3.9
;=2 Im(Fy F3)sin26p— (L—R), (3.99
lg=Im (F; F%)sin 20p+(L—R), (3.9n
lg=—2 Im(F, F% )sirf0p+(L—R). (3.9)

The physical region of phase space is defined through

O$S|$(MB_\/S—|3)2, (Mp+Mp/)2$Sp$Mé, (3103
O0=¢=<2m, —1=<cosfp=<1, —1=<cosh=<1. (3.10b

Note thaté, is the angle of thé™ in thel "I " c.m. frame;6p
is the angle ofr~ (orK™) inthew 7" (orK~«™") system;
¢ is the angle betweep,- X p,+ andp,-Xp;+ (in the case
of the #~«r* final stat¢ and betweerpy-Xp,+ and p,-
Xp;+ (in the case of th&K ™ 7™ final state, p; denoting the

rest frame. Thez-axis is chosen along the total momentum

vector of theP P’ system in theB rest frame. This definition
will also be retained in the case of the antiparticle reactions
B—7m wte e’ andB—K"7 e e (with px+ replacing
Pk- In the latter case

The amplitudesF; r (i=1,2,3) defined in Eqs(3.4—
(3.6) are closely related to the transversity amplitudes
Ao,A|,A, sometimes used in connection with the angular
distribution of the four-body final state arising from decays
of the formB—V,V, [11]. The differential decay rate in this
alternative notation is again given by E@8.7)—(3.9), with
the functionsF;_ g written in terms ofA,A|,A, as follows:

AOL,R
FiLr= N (3.113

AlLr
F, r=——, (3.11b

2L,R N\/E

ALLR
Fs = = 3.11
3L,R N\/E ( O

where the normalization factor
N ! —Géaz |Vip Vi 28X " (3.12
=3 tb Vtf ) .
3 211777M:é

has been chosen in such a way that|Aq|*+ A
+|A, |2

IV. ANGULAR DISTRIBUTIONS

We derive from the differential decay rate, £8§.7), one-
dimensional angular distributions of interest, namely
dI'/d cosép, dI'/d cos6, anddI'/d¢. These distributions,
as well as the observables calculated in Sec. V, depend on
different combinations of the short-distance coefficienjfs
¢, ¢y and the form factorg, f, h, g.. , a. .

A. Decay rate as a function of co#p
Integratingd®I” over the variables;, sp, cosé, and ¢,
we obtain
2n15 2
dr _ GEMga
dcoYp

1
2(31— §J2), 4.1

with (i=1,2)

TABLE I. Values of the functions){® [Eq. (4.2)], using p
=0.19 and»=0.35[12].

NH I 3 3
B—m me et 76.2 76.8 25.4 —-76.8
BoK #te et 261.4 278.8 87.2 —278.8

114028-4
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TABLE Il. Estimate of the function¥; according to Eq(4.5).

Bom mteet 1528 —173 —141 0 0 —61.8 0 0 -0.05
BoK mte-et 5344 —696 —646 0 0 -1790 © 0 —04

1
Ji=J; sirf0p+J° cobp, J?'C:WJ I7°BXds dsp,
B
(4.2

wherel ¢ stand for the coefficients of Sif and coé6p in

the expressions fok; , given in Egs.(B1) and (B2) of the

Appendix. The absence of a term odd in @pss connected
with the fact that thd® P’ system is in a purk =1 state. As
a consequence, the forward-backwéF@) asymmetry in the
PP’ system, defined as

1 dr 0

o0 d cosép
AFB: 1 dF

o0 d cosbp

d cosép— f

_,d cosbp d cosép

0
d cosfp+ J’ d costp
-1

d cosbp
4.3

vanishes. The predictions fdf" are contained in Table I.

B. Decay rate as a function of co#

Integration ofd®I" overs,, Sp, cosép, and ¢ yields

dr G,%Mgaz ‘i
dcosg, 5,7 [Vip Vi ?(K1+ K, cos 26, + K cosé)),
(4.4
where
1
Ki:W 1;8Xds dspd coSbp . (4.5
B

Our results for the parametelk§ are tabulated in Table II.
Observe thak,, K5, K, andKg vanish in our model. The
FB asymmetry of ~ in thel "I* c.m. system is

Kel2 —0.19 form ™,
(4.6

Ars= Ki—K,/3 | —0.16 fork z+.

C. Decay rate as a function of¢

Finally, the distribution in the anglé between the lepton
and meson planes, after integration over other variables,
takes the simple form

ZFVBY x |2 1 2
d¢  215.8 VioViil*| | Ki— 3Kz |+ 3(Kg cos 2p

+Kg sin2¢) |, 4.7

with the K;’s shown in Table II.

V. CP-VIOLATING OBSERVABLES

We now focus onCP-violating observables that can be

constructed by combining information @ and B decays:
namely,
B—K n e e andB—K* 7 e e,

(5.1a

or
B nte et andB—w wte e’. (5.1b

With the definition of co%)p, cos, ,3nd¢ given after Eq.
(3.10, the differential decay rate fd@ andB decays is

d5F|§:N I(S| vsP10| 16P1¢)IBXdP81 (523
d5T|g=N 1(s,Sp,0,,0p,6)BXdPS, (5.2
where N is a normalization factor
G,Z:az
N: m'thvmz, (53)
anddPS represents the phase-space element
dPS=ds dspdcosd, dcosfp de. (5.9

This result reproduces the FB asymmetry of the Ieptcm cal- o
culated in previous analyses of the exclusive chaniels The functionl is given in Eq.(3.8), whereas the functiohis

—K*(p)e e [1,2].

1, dXLRIYLRIZLR) 1,

[78dXLRIYLRIZLR) = —l78dXLRIYLRIZLRI= 1780,

dXLRIYLRIZLRI= 6

obtained froml by the substitution

(5.59

(5.5b

114028-5
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wherex, vy, z are defined via Eq(2.20.
We now define the sum and the difference of the differential specirég andd®T'|g as follows:

dlgr=N[(13— 1)+ (1,— 1) cos20,+ (13— 13) sir?6, cos2p+(1,~1,) sin26, cosg+ (15— 15) sinf cosed
+(lg—1g) oSO+ (1,+15) sing, sing+(Ig+1g) sin26, sing+(l1g+1g) Sin?6, sin 2¢]BXdPS, (5.6
Al = N (114 19) + (154 1,) cos 20+ (13+13) SinP6, cos 2+ (14+1,) sin26, cos¢+ (15+15) siné, cose

+(lg+1g) cOsO,+(1,—17) sing, sing+(1g—1lg) sin26, sing+ (19—l g) SiNPG sin 2¢]BXdPS. (5.7)

Recalling Eq.(4.5 and defining 1 o —p
(Ag)=(Kg—Kp), (5.99
1 0 1 0
KP=—8J BXds dspJ —f }Iidcosﬁp, (5.9
Mg -1 Jo 1 .
. o (Ag)= 1 (Kog=Ka), (5.9h
we can then construct the followinGP-violating observ- 0

ables: ) ) o )
in which the quantityl; is defined as

1 — 1 _
<ACP>:E[(Kl_Kl)_§(K2_K2)}a (5.99

_ 1 _
|o=(K1+K1)_§(K2+K2)- (5.10
1 _
(Aa)= E(K3_K3)’ (595 \ote that the asymmetrigAcp), (A, @ involving the
differences (—1;), i=1,...,6, can be obtained from a
(A= IE(KE_RE), (5.99 measurement of the differendd 4 . On the other hand, the

asymmetrieSA; g o) require only a measurement di’g,,
and, in principle, can be determined even for an untagged
(Ag)= i(KE—RE), (5.99 equal mixture ofB andB. o .
lo The asymmetr{Acp) is simply the asymmetry in the
1 partial decay rates of B-K 7'e’e’ and B
(Ag)=—(Kg—Kg), (599 —K'm ee" (orB—om we e’ andB—n nw'ee’).
lo The other asymmetries represé&@m-violating effects in the
angular distribution of these processes. All of these effects

(A;)= i(K?—@), (5.9 have. their origin in theCP-violating imaginary part of the
lo coefficient
|
V V* l_ _ 2 |
Nem 0oy forfes, DERTT 1M gy (5.11
ViV (1-p)%+ 7 (1-p)*+7

In the case =d, this imaginary part is of ordes, butin the  the electron is essentially the same ®and B decay[Eq.
casef=s it is reduced by an extra factoar®. In both cases, (4.6)]. (This corrects a statement in R¢L3] that suggested
the weak phase present in the coefficiegﬁ [Eqg. (2.9] is  that these asymmetries are opposite in $ign.
further suppressed by a factor of orderc(3c,)/cq
=0.085. All of these factors explain the very small magni-
tude of the asymmetries listed in Table Ill. The result for the
partial width asymmetryfAcp) reproduces that obtained in ~ Our results fordI'/dcosé, and dI'/d¢ are new conse-
previous literaturg?2]. guences of the short-distance Hamiltonian fdo
The small value of Ag) implies that the coefficient&s  —s(d)e”e*, which test the polarization state of the vector

andﬂ-, are almost equal, and therefore the FB asymmetry ofneson iNB—K* (p)e~e*. The asymmetriegA,) are CP-

VI. CONCLUSIONS

114028-6
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TABLE Ill. Estimates of the averag€P-violating asymmetriegA,) in units of 10°# (10~ 2) for the B
—K* (B—p) transition.

(Acp)  (Ag) (Az) (As) (Ae) (A7) (Ag) (Ag)
BoK - nte et 2.7 -06 -20 5.2 —-46 0 06  —0.04

VS

BoKtm e et
Bom mte-et 17 0.1 04  —14 1.2 0 ~0.1  0.006
VS

Bonm wte et

violating observables that can be obtained from a comparieffects are difficult to calculate, it is conceivable that they
son of the angular distribution iB and B decays in the lead to largerCP-violating asymmetries in the continuum
conjugate channels. Numerical estimates have been obtaineggion ofB—Kree andB— wwee.

within the framework of the standard model, but the formal-
ism presented can be applied to other Hamiltonians. As seen

from Table lll, the asymmetries predicted f&r—K* are The work of F.K. has been supported by the TMR Net-

exceedingly small, and any significant effect would signal a,qrk of the EC under contract ERBEMRX-CT96-0090.
non-standard source @P violation. In the case oB—p,

asymmetries of 1-2% are predicted fgkcp), (As), and
(Ag). It should be noted that our predictions applytd (p) , ) ) .
production on the mass shell. This implies that B’ sys- In this Appendix we ist thé8—K* andB— p form fac-
tem is in a purg-wave state, and explains why the distribu- {©0rS of Melikhov and Nikitin[9] using their “Set 2" of the
tion in cosée given in Eq.(4.1) is forward-backward sym- Isgur-Scora-Grinstein-Wise parametgtd]. (See Table V).
metric. In the continuum region & = or 77 masses, there
will be additional partial waves, as well as long-range effects
associated with bremsstrahlung frdsa-K7 and B— 7, The functionsl 4, ... |9 appearing in the expression for
followed by internal conversion of the photon. While suchi(s,,sp,8,,0p,¢), Eq.(3.8), are given by

ACKNOWLEDGMENTS

APPENDIX A: FORM FACTORS

APPENDIX B: THE FUNCTIONS [,... g

TABLE IV. The B—K* andB— p form factors of Melikhov and Nikitir{9].

Form factors B—K* B —p~
2 —26 -2.
a(g?) ) 9 1 . 92 75
0.048 GeV | 1— 0.036 GeV 1| 1—
6.67 6.5%
bt (et
1.61GeV\ 1— + 1.10GeV 1— +
5.86 7.66' 559 7.10
a. (o) . g | 2% ) g |30
—0.036 GeV'| 1— —0.026 GeV'!| 1—
7.3% 7.29%
h(g?) % -3.28 % -3.42
0.0037 Gev2< 1- ) 0.003 Ge\f2< 1- )
6.57 6.43
9+(9?) L 2}{1_ q? )2-62 _02((1_ o )2.76
' 6.67 ' 6.57
g-(9%)

q2 —2.58
0.24 1—
4( 6.59?>

q2 —2.73
0.18 1—
e( 6.502>
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3 .
|1:32[§5|3P[X2(|XL|2+ IXg?) + (lyL|?+|yrl?) 1sin?6p

(k- )2y 2+ yrl®) + X2 |2+ |zR|%) +2X3(k- q) Re(y’CZHyEZ&)]co@Hp], (B1)

1 .
|2:,32{§3|SP[X2(|XL|2+ IXl®) +(lyL|?+|yrl®)] siPop

—[(k- ) ?(|y >+ [yal®) + X2 [*+|zrl) +2X2(k-q) Re(y’EZHy’QZ&)]coszep], (B2)
I3=B%s5p{X?(|X|?+ Xl ?) = (|yL|?+yrI?)} sir’6p, (B3)
1= B%(si5p) YA X? Re(y( z/ +y&zr) + (k- Q) (lyL|*+|yg|*)} sin 265, (B4)
I5=28°X(s5p) " X* Re(x} z{ —x§zg) + (k- d) Re(X{yL—X&Yr)} Sin 26p, (BS)
le=4B°XsSp Re(X{ YL~ XgYR) SiN0p, (B6)
I,=2B°X?(s;5p) 2 Im (Y} 2/ — Y& ZR) SN 265, (B7)
lg=B7X(s5p) YAX? I (X} z{ + X5 2Zg) + (k- ) Im (X} yL+XRkYR)} SiN 265, (B8)
lo=—2B°XsSp IM (X{y| +XgYR) SIFOp, (B9)

wherek-q=(M3—s,—sp)/2.
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