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We use the perturbative QCD methods of Lepage and Brodsky to calculate the rate for 8~y, Ks. We
find agreement with recent ARGUS data. We compare our results with those of Kaplan, Kuhn, Nussi-
nov, and Ruckl —there is no disagreement between our work and that of these authors.

PACS number(s): 13.25.+m, 12.38.Bx, 14.40.Jz

I. INTRODUCTION II B~gcECs

The possibility of probing CP violation in the proposed
SLAC-LBL-LNL Asymmetric 8 Factory [1] requires a
very aggressive luminosity for the device: allowing for
the use of the 8 ~g/JK+, one needs = 10 /cm sec as a
minimal luminosity parameter X, as we and others have
explained in detail elsewhere [1]. Hence, it is imperative
to continue to look for other B decay modes to soften fur-
ther this requirement on X.

Recently, an extremely interesting possibility for such
a mode has been suggested by results from ARGUS [2],
who have found the preliminary results 8(B~y,X)
=(1.05+0.35+0.25)% and 8 (8+—+g E+)
=(0.19+0.13+0.06)%. These results should be com-
pared to the gold-plated mode [3) 8~ ill /JKs.
8 (8~ ill/JKs ) = (4.0+1.4) X 10; it is this mode which
sets the value 3 X 10 for X. There is the clear sugges-
tion that B~g,E~, g,E+ decays may provide another
set of useful modes for CP-violation studies at the
SLAC-LBL-LNL Asymmetric B Factory. In this paper,
we will analyze this g,E& possibility from a theoretical
standpoint to get an assessment of its ultimate utility in
reducing the required value of X for the CP violation ob-
jectives of the respective colliding beam device. The
y,K+ mode will be analyzed elsewhere [4].

Our work is organized as follows. In Sec. II, we ana-
lyze B~g, E& using the methods of Lepage and Brodsky
[5], and we also compare our results with the work of Ka-
plan, Kuhn, Nussinov, and Ruckl (KKNR) [6]. Section
III contains our summary remarks. The Appendix con-
tains relevant details of our work discussed in Sec. II.

In this section, we use the method of Lepage and Brod-
sky [5] to analyze the decay 8~y, Es. We begin by set-
ting the notation.

Specifically, our kinematics is illustrated in Fig. 1,
where we show the basic process of interest to us at the
level of QCD Feynman diagrams. We note that y, in

Fig. 1 actually corresponds to the states g,'„g,o, y, &, and

y, 2 of spins J=1, 0, 1, and 2 respectively. In our work,
we will use the average rest mass 3.50 GeV for the y, 's,
since the attendant approximation is within the accuracy
of approximations in our amplitudes. We further note
that the parity of our y, 's is positive and that the charge
conjugation eigenvalue C is +1 for g, , j =0, 1,2, and is
—1 for y,', . Thus, the net contribution of y„ECz to the
CP violating asymmetry in B~g,Ez is of the opposite
sign to that of g,'&Ks, y,ops and y, zEs, for example.

In Fig. 1, the external wave functions are all Lepage-
Brodsky distribution amplitudes as we have illustrated in
[7], for example, in our analysis of 8 —+g/JK+. Here,
we will always compute the rates for the B—+g,E& pro-
cesses in units of the gold-plated mode B~y, Ez. This
will facilitate our assessment of the utility of the y, Ez
modes in CP-violation studies. Correspondingly, the
somewhat uncertain normalization of the B meson distri-
bution amplitude drops out of our discussion. The pro-
cess 8~$/JKs is shown in Fig. 2 for definiteness. With
these preliminary remarks, we now proceed with our
analysis.

More speci6cally, entirely standard manipulations al-
low us to write the amplitudes of interest to us as

Al, (B~P/JEs ) I J o

gtGFa21 b l mQ/J fq/Jv 3f~att g. CFgv( 1/+2)
(&2)'(2Eg/J)' '(2' )' '(2mtl )' '(2')

y l (pm Jl /m y/J )
X dy

X2(mtl+mx- —m Q/J )

2m g/J 2mtlmb ™xm& +y, (mtl™ll/J 2mJlmx2 2

X —2 2
ms —ms +2X lx2mtl —y&(mal +mx —m f/I/J )+ l E2 2 2 2

) X2mg/J+x, mx'+m, mtl —2m''mJlx, 2mxm, —2 2

+
mt, —m, +X 2m Q/J x l (mtl —mx )+i E

(la)
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FIG. 1. Feynman diagrams for B~y, Ez in
the Lepage-Brodsky theory. Here, P„ is the
four-momentum of A and G is a QCD gluon.
Note that —Pz-—2x& y~P~.P~ =0.56y& GeV;S
thus, since the Lepage-Brodsky distribution
amplitudes contain all G with momentum
transfer squared —P& (1/rH-—(0.2 GeV), we
see that y& should be kept above 0.079 here,
where rH is the typical hadron radius. This
shows that the Lepage-Brodsky theory applies
here at the —10% level insofar as the size of
—Pz is concerned.

A, (B~y,oKs) =
G~ —1 — 1 5' ~a4,— C, V,& V,*,g, CFasiz fir,— fr mr, — mz + ,'msmz—C CS S +c0 ~Q +cO + ~ 3

x (m —m +m ) t/N(2E )' (2E )' ~2m (2rr)
(lb)

with entirely analogous results for the y, &, y,', , and y, z
states (these are given in the Appendix for completeness),
where VUD is the Cabibbo-Kabayashi-Maskawa (CKM)
matrix, g, is the QCD coupling constant, as =fan/&12
where f„ is the constant of meson A,

1/[1 —Q~/(5. 43 GeV) ], where the pole 1 mass is taken
from Ref. [10] and Q =m &&&. The results (1), and their
analogues for the other y, states as given in the Appen-
dix, are the basic results of our analysis.

From (1) and the results (A7), (A13), and (A14), we get
the total B~y, Ks rate in ratio to that for B~f/JKs as

fq
=&3/4' P'(0),

~c,ee g I'(B y, K )/I (B P/JK )=1.10
+C

(2)

where m, ,s is the Cornell-type [8] constituent value of
m, and is taken from Ref. [8] as 1.84 GeV, where P'(0) is
the derivative of the y, wave function at the origin [we
take P'(0) from the Cornell-type [8] potential model so
that it [9] is 0.363 GeV ~ ], i+ is the analogue of the in-

tegral over y& of the denominator of the first term in cur-
ly brackets in Eq. (la) and is given in (A15), CF =

T4 is the
eigenvalue of the quadratic Casimir invariant of the
quark color representation and p =(Ex —mx)'~ is the
magnitude of the Kz three-momentum in the 8 rest
frame. The QCD correction parameters az and C, are
given [10] by a z

———0.24 and C, = l. 1. Here,
m& ——(1—xz)ms, m&=4. 5 GeV, and m, =l.3 GeV. The
vector coupling g~(Q ) is given by the simple pole form

and the CP odd fraction of the B~y, Kz rate as

r(B
rgb= =0.365 .

r(B y, Ks)
+C

Here we use the notation

(3)

+C j=0, 1,2

(4)

We see that indeed B~y,I(:z is a significant mode for
possible CP-violation exploration. Our results are in

QI (B yK )=I (B y'K )+ g I (B y K) .

P
Ks

K, +
jew )

K, + FIG. 2. Reference process B~g/JKq Pq.
is the 4-momentum of A and G is a QCD
gluon.
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agreement with the preliminary findings of ARGUS.
Furthermore, we also are consistent with the work of
Refs. [6]. The latter authors worked in the limit of the
factorization assumption, by which (a) and (b) in Fig. 1

are the only allowed graphs. In this limit, our formulas
(1) and the analogues for X,'„y„,and y, 2 reproduce their
result that only y, j is produced in B~g,Kz and, further,
we are also consistent with their result that
1 (B~X,X)/I (B~g/ JX)=0.27, when one allows for
the 20% errors on our methods. Hence, we find no
theoretical contradiction between our work and that of
Refs. [6].

III. CONCLUSION

In this paper, we have used perturbative QCD to ana-
lyze the decay B~y, Kz, following the methods of
Lepage and Brodsky [5]. We find that the respective de-
cay rate is consistent with recent preliminary observa-
tions by ARGUS. As a consequence, this decay mode
provides another avenue to CP-violation experimentation
in the proposed SLAC-LBL-LNL Asymmetric B-Factory
device. This will reduce the required luminosity of the
device by a significant amount [11]. We should also note
that, in the course of our analysis, we have found results
which are consistent with those of KKNR in Refs. [6]
and with the recent work on factorization in Refs. [12].
We continue to encourage the respective proponents of
the SLAC-LBL-LNL Asymmetric B Factory to pursue
its construction vigorously.

ACKNO%'LED GMENTS

The author is grateful to Professor J. Dorfan and Pro-
fessor D. Hitlin for giving him the opportunity to partici-
pate in the SLAC B-Factory Workshop. The author has
benefited from discussions with Dr. A. Synder and Dr. S.
Wagner. This work was supported by the U.S. DOE un-
der Grant No. DE-FG05-91ER40627 and under Con-
tract No. DE-AC03-76SF00515.

APPENDIX

In this appendix we derive the expressions (1) and their
analogues for the amplitudes for B~y,'„y,&K+, and

y,2K+. We use the methods of Lepage and Brodsky in
Ref. [5].

Specifically, considering first the process B~p/JKB,
we follow the prescription in Ref. [5] to obtain the follow-
ing from Fig. 2. (Here, we presume the factorization an-
satz of Bauer et al. in Ref. [10]; it means that the QCD
correction coefficients C, 2 in the notation of Ref. [10]are
mapped into the parameters a

& 2 which multiply effective
hadron operators in the full weak Hamiltonian; the latter
operators represent physical hadron states via the current
field identity, for example. The relevant weak interaction
is the usual

GF
r„(1—r )

' 'r"(1—r )
2

+C iver„(1 rs—)s'cr"(1 rs—)c I,
where as usual d', s', and b' are the CKM rotations of d,
s, and b, respectively. After the Bauer-Stech-Wirbel
(BSW) [10] map, we get in X;„, the replacement C;~a,
and the subscript 8 appended to each operator therein to
denote its effective hadron interpretation as prescribed in
[10]. We use one such operator (cr„(1—rs)c )H to inter-
polate the P/J state and we use perturbative QCD via the
methods of Lepage and Brodsky to compute the B to Kz
transition via the operator (sr"(I —rs)b)H at momen-
tum transfer Q =m&lJ, which is well into the perturba-
tive QCD regime. The deviation of a, 2 from their naive
QCD expectations then already takes into account the
nonfactorizable effects represented by Figs. 1(c) and l(d).
If we use factorization and the empirical values of a, 2,
we have already included the entire set of graphs in Fig. 1

in the framework used by Bauer et al. [10]. This is also
consistent with recent arguments by Dugan and Grin-
stein and by Blok and Shifman [12].)

Jilt(B ~g/JKs ) =
GF

i —a2 V,b V,*,—m~lJ f~lJ fK( —I/&2)aB g, CBN,v'2

"(/'2E&lJ(2n. )
l +2EK2mBN, (&2)

I dyi yi y2x
p2

Y rs(PK ™K)~g/J(gv gA Ys)(x 1~B ~G ™b)r rs(~B ™B)
tr

(mb mb+PG —2xiP—B PG+l'E)

+ r rs ~K+ K Y xl~B ~rplJ+m ~r/rlJ(gv gArs r5(~B B)
—2 2 . 2 7

m&+mf/J 2x)pg Pg)J —m, +iE

w here gv „are the respective vector and axial-vector couplings [10]. On effecting the traces in (Al), we arrive at the re-
sult in (1) for the B~p/JKB amplitude. Here, we record the required integrals over y, = 1 —

yz as
1 2dyi [yi'yi ]0

1;2 p
P ) +LE

=I [ imy, +1+y, In—)(1—y, )/y, ~];[ i~y, + —,'+y,—+y, In~(1 —y, )/y, ~]I, (A2)



47 THEORETICAL ANALYSES OF B~gcKs 2835

where we define

(mii+mx —m p/J }(yi —y i ) =mb —mb —2xiP& PG
2 2 2 0 —2 2

=mb m—
b +2x,x 2m' —y2(ms+ mx —m y/J )

——2 2 2 2 2 2

so that

y i =1—(mb —mb+2xixzms )/(mii+mx —m g/J ) =0.591 .

This means that our final result for JK(B~it/I JKs ) may be represented by

4i (—G~IV2)a2V b V,",mp/J fQ/I 3frras g, C~gr( —1/&2)pm' Imp/J

xz[2E~/J2E+2mz(2n) I (ma+mx —mg/J)

ii(mg/j 2msmb+mxmb)Idi+iz(ms m—
&/z 2m—iimx)/di

( x2mp/J+x, mx+m, ms 2m—x™zx,—2m&m, )
+ —2 2

m$ —m, +x2my/J —xi(ms mx )+&&2 2 2

where we have defined

d] mg +m+ m f/J
2 2 2

(A3)

(A4)

(A5)

(A6)

Similarly, we use again the methods in Ref. [5] to evaluate 8 ~y, Ks via the diagrams in Fig. 1. Here, an important
difference emerges in the attempt to use the simple factorization procedure in Ref. [10]. Specifically, if one uses the fac-
torization procedure in Ref. [11],one finds [6] that only the 8~y, its amplitude would be nonzero. For this latter am-
plitude, we may proceed in coxnplete analogy with our analysis of 8 —+g/JKs in (Al) —(A6), for example. In this way,
we get

JM(8 ~y„,Ks )
~ J o

=Jkt (8~g/JKs )
~ f,.j p p (A7)

where the axial-vector decay constant f is given by our Cornell-type [8] potential model used in Ref. [9] and is readi-
~c 1

ly identified as

f = v'3 /4m/'(0 }/m =0.259 GeV,
mc, ea

(AS)

where [8] m, ,&=1.84 GeV and P (0) is the respective wave function at the origin and is computed in Ref. [9] using
standard finite di6'erence methods.

Whenever a quantum amplitude vanishes as a result of an approximation, it is systematic to check the validity of the
approximation in that case by computing the first corrections thereto, at a minimum. Accordingly, for y,'&, y,0, and

g, z, we explore the validity of the factorization approach by computing the graphs (c) and (d) in Fig. l. Always using
the standard manipulations, we get

A(B~y, Ks)=2C, (N, /2)CF g, ( iGFI&—2)V b V,*,&3'( —1/&2)
1

a~ dy) y) y2
X

+2 +2Ex QN, "(/2ms "t/I2E (2'}

gx(&)
X f d k try y, (Px+m&)y"(1 y5)y5(+~ mii)— —

(2ir ) 2+m

XtrI [1+II(2m, )]dr'( j'++mr )[1+@I(2m,)]y ( —,'Ex+ k'+PG+m, )

Xy„(1 y5)/[(P~/2+k+—PG) m, +is]—
+( —Px/2+@ —gG+m, )y [1+@/(2m, )]E'x(gx+mx)

X [1+1/(2m, )]y„(1—y&)l[(P&/2 k+PG)2 —m, +ie—]j, (A9)

where tP&(k) is the bound-state wave function of the y, in the relative moxnentum k space and we have only retained the
terms up to first order in k in the bound-state spinor part of the y wave function, where e~z is the appropriate polariza-
tion vector when the cc spin state is that of spin 1 in the y, . When the cc spin state is that of spin 0, one simply intro-
duces the substitution
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(A10)

in (A9). Evidently, 1(x carries the orbital polarization of the cc motion so that there is an implied Clebsch-Gordan sum
in the product grE'x which we do not exhibit explicitly, but which is obvious for y, =y,I, j=0, 1,2.

For definiteness, let us note the elementary connection

i e„*(1) 3/4m. P'(0), L, = 1,
3q~ fr(k)k„= ie„*(0)&3/4~/'(0), L, =0,

)3/2 X

i e„"(—1)&3/4n.P'(0), L, = —1,
(A 1 1)

where e„(L,) is the respective polarization vector for spin 1 with z component of angular momentum equal to L„and
L, is the z component of the cc orbital angular momentum in the y.

Using (A10) and working to leading nontrivial order in k in (A9), we get, then, from entirely standard methods, the
result given in (1) in the text for 8 +y, oK—„namely,

,As) =

as well as

4C) g, C~G~V, b V,",aqir fx fr mr
1/3m&(p mz Im

&
+ 3 mz mz )

x@&2(mz —mr+mx )QN, "t/2E+2E&2m&(2m)
(A12)

A, (B-+y,',Ks ) =
—p, (m~ —mx)

+c

m —pr mg Imr +v 3micmr
2 2

xg'[ 3 c0 +cO ~cP

l

. [f, If» ][m, Imr ] . At(B~y, oKs),
+cO

(A13)

m i
JR(8 —+g,2Ks) = [&2pr m~ /[mr (m~ pr /mr + ', mlc )]]—[fr /fr ] JR(8 g,oKs),

~c0 +cO

where

(A14)

1'x= J dye
Pl

4
—x2(m~+m —mx )+y2

I (mg mx mx. )

2
—x2(m~ +mic —mr ) m, +i e—'

= —1/T+(1/T+ A /T )1n~ 1+TIA~, (A15)

where

T =(m~ —mr —mx )/2 —x2(m~+mlc —mr ),
A =mr/4 x2(m~+mq ——mx. )/2 —m, .

Here, we have set m& =I, —=m&=3. 50 GeV and
&c 1

fr =f, =f» so that fr is gi—ven by (Ag), for example.
cj +c 1

This completes our Appendix.
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