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CP violation in the decay B— X ete~
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The decayb—de"e” has an amplitude containing comparable contributions proportional ju7y,
VpVEy, andVpVi,. These pieces involve different unitarity phases produced dynd uu loops. The
simultaneous presence of different CKM phases and different dynamical phases leads to a calculable asym-
metry in the partial widths ob—de*e™ andb—de"e™. Using the effective Hamiltonian of the standard
model, we calculate this asymmetry as a function oféfie™ invariant mass. The effects of w, andJ/y
resonances are taken into account in the vacuum polarization aiuth@dcc currents. As a typical result, an
asymmetry of—5% (—2%) is predicted in the nonresonant domain 1 G&W+.-<mj;,, assumingy=0.34
and p=0.3 (—0.3). The branching ratio in this domain is %20 (3.3x1077). Results are also obtained in
the region of thel/y resonance, where an asymmetry of 2 is expected, subject to certain theoretical
uncertainties in théd— dJ/ ¢ amplitude.[S0556-282197)04505-0

PACS numbds): 11.30.Er, 13.20.He

I. INTRODUCTION Il. THE EFFECTIVE HAMILTONIAN FOR  b—dI*I~

The effective Hamiltonian for the decdy—d| ™1~ in the
The decayB— X4 "1~ are important probes of the ef- standard model can be written as
fective Hamiltonian governing the flavor-changing neutral

current transitiorb—s(d)| *1~ [1]. The matrix element con- 4Gk * o

tains a term describi(ng) the v[ir'gual effects of the top quark Herr=— V3 V“’V‘d[ ;1 Ci(r)Oip)
proportional tovtbqu, g=s,d, and in addition terms in- "

duced bycc and uu loops, proportional toV,,Vz, and —AufCa(w)[O1() = Or(w)]

vubv:jq. In the case of the decay—sl*I~, the relevant

Cabibbo-Kobayashi-Maskaw@KM) factors have the order +c2(M)[O;(,u)—(92(,u)]}] , (2.1
of magnitudeV,Vis~\3, VpVE~N3, VpVi~\®, where

tribution is very small, and the unitarity relation for the CKM Vo Vi + VgV = — Vo Vi, and N y=V Vi VipViy. For

factors reduces approximately ¥,Vis+Vc,Ves~0. Thus  the purpose of this paper it is convenient to use the Wolfen-
the effective Hamiltonian fob—sl™|~ essentially involves stein representatiop4] of the CKM matrix with four real
only one independent CKM factdr,,V7,, so thatCP vio-  parameterd =sin 6-=0.221,A, p, and 5, wherey is a mea-
lation in this channel is strongly suppressed, within the stansure of CP violation. In terms of these parameters
dard model2,3]. )

The situation is quite different for the transition N _p(l=p)—7y i Y 4. 2.2

4 — . . . . u — N2 2 _ 2 2 ’ .

b—dl™1~. The internal top-quark contribution is propor- (1-p)+7 (1-p)+7n
. " ; et =
tional tov‘b.vtd’ while ﬂle terms reliited toc anduu loops where the ellipsis denotes higher-order terms.irFurther-
are proportional tov/.,Vz4 andV,,Vi 4. All of these CKM more. we will make use of
factors are of ordex*, and,a priori, can have quite different '

phases. In addition, thec and uu loop contributions are ViV ) _ .
accompanied by different unitarity phases corresponding to WZ)\ [(1-p)°+ 7]+ O(N"). 2.3

real intermediate states. We thus have a situation in which

the amplitude contains pieces with different CKM phases aJhe operator basif);} for Hy is given in Refs[5,6] with
well as different dynamicdlunitarity) phases. These are pre- the obvious replacemest—d, and the additional operators
cisely the desiderata for observir@P-violating asymme- O7 , read

tries in partial rates. The purpose of this paper is to derive

quantitative predictions for th€ P-violating partial width O1=(d,7,PLug)(ugy“PLby,),
asymmetry between the channeld—de’e” and u _
b—>de+e7. OZZ(dQYMPLua)(uﬁyMPLbB): (24)

with P__gr=(151v5)/2. The evolution of the Wilson coeffi-

cients ¢;(w) in Eqg. (2.2) from the scalew=m,, down to
*Electronic address: krueger@physik.rwth-aachen.de u=my by means of the renormalization group equation has
Electronic address: sehgal@physik.rwth-aachen.de been discussed in several papers, and we refer the reader to
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the review article of Buchallat al.[7]. The resulting QCD- is usually accomplished by introducing a Breit-Wigner dis-

corrected matrix element can be written as tribution for the resonances through the replacemgmt
4G _ _ 371' m\/B(V—>| |_)Ft0ta|
M= ——Vy Vi [ceﬁ(d P b)ly#I (M¢,8)—g(Mm;,8) — > :
V3 tbVid 2| “9 Yu LY glme gime a2 Vsl s mV+|vat0ta|
+Cio(dy, PLb)l v#9% —2cSTdi o, (3.1
where the properties of the vector mesons are listed in Ref.
q” — [12].
yia
Xaf (MpPr+mgP,)bly I]' 29 We prefer to follow a different procedure, discussed in

our previous papdrl3], which uses the renormalized photon
Neglecting terms oD(m3/m§), g=u,d,c, the analytlc ex-  vacuum polarizationlTp, 0(s) related to the measurable
pressions for all Wllson coefficients, excepf”, are the quantity Rp.dS)=0,(e"e” —hadron¥o(e e —uu).
same as in théo—s analog, and can be found in Refs. This allows us to implement the long-distance contributions
[7-10]. Using the parameters given in Appendix A, we ob- using experimental data. The absorptive part of the vacuum
tain, in the leading logarithmic approximation, polarization is given by

cS=—-0.315, cyo=—4.642, (2.6
Im I}, o(s)— Rpad S). 3.2

and, in the next-to-leading approximation,

whereas the dispersive part may be obtained via a once-

f-f ~ ~ ~
Cg = Co+0.1240(S) +9(Me,5)(3c, +Co+ 3cq subtracted dispersion relati¢h4]

+C4+3C5+Cg) + N y[g(Me,5) —g(M,,5)](3¢,+Cy) 2 - ~
hao(S ) ~,
1 A a 1A A Rell] {S)= = ds’, (3.3
— 29(Mg,S)(C3+3c4) — 29(My,S) af. §'(8'=9)
X (4C3+4C,+3Cs+Cq) + 2(3C5+Cy+3Cs+Cp), whereP denotes the principal value.

To derive an expression that relatgsn, ,5) andRy,{S),
(2.7) let us start with the electromagnetic current involvimgd,
andc quarks, which is relevant to the productiongfw, and

with J/ resonances:
c1=-0.249, ¢,=1.108, c3=1.112<107% 2 — 1T . g —
j, =5 uy,u—3dy,d+ 5 cy,ct---. (3.9
C,=—2.569<1072, ¢c5=7.404<10 3, _ o _
Using Eq.(3.4), the vacuum polarization may then be written
Ce=—3.144}X1072, cg=4.227, (2.8 a
and the notatiors=g?/m§, Mm,=my/m,. In the above for- M=% T+ & T1VV+ & mids ... (3.9

mula »(S) represents the one- gluon correction to the matrix
element of the operatd®, (see Appendix B while the func- ~ The vacuum polarizatiohl 9% associated with &g loop is
tion g(mq ,S) arises from the one-loop contributions of the related tOQ(mq ,5) via
four-quark operator®);—Qs, i.e.,

. .  CEH PP )+4+8Inm (3.6
g(mqu):_g In(mq)+%+qu_§ (2+yq) 4 arS a

1+ \/1_—yq Next we define currents corresponding to the quantum num-
|1=yql{ ®(1=yg)| In \/—— —im bers ofp, w, andJ/y:

L =3 G000, de=s aurin, =R,
+0(yq—1)2 arctan—_] (2.9 (3.7
Ya with j Z=ﬂ#q, in terms of which the vacuum polarization,
with qu4ﬁ1§/§- Eq. (3.5, can be rewritten as
Ill. LONG-DISTANCE EFFECTS: Mg I+ T 110 8
p, ®, AND THE J/¢s FAMILY With the assumptiorm,=m; it follows immediately that

A more complete analysis of the above decay has to takel""=11%%, and we arrive at
into account long-distance contributions, which have their T8 iy
origin in realuu, dd, andcc intermediate states, i.ep,, %=z 17, (3.9
andJ/y,y/, etc., in addition to the short-distance interaction _
defined by Eqs(2.5)—(2.8). In the case of thd/y family this MUU=T1199=2 (IT°+11°), (3.10



55 CP VIOLATION IN THE DECAY B—X4e'e™ 2801

so that IV. BRANCHING RATIO AND CP-VIOLATING
ASYMMETRY
Im g(m,S) = Rhad( s), (3.1 The differential branching ratio fds—dI*1~ in the vari-
3 able /S including next-to-leading order QCD corrections is
given by
Im gy, 5) = 1M (g 5) = o [RE(8)+RE(3)]
m 1 = 1 =T . B
alimy g(mgy 15 ha ha dB |thV |2 B—>Xceve)
(312 dV& 27 o’ f(Mox(ig)
For the real part of the one-loop functigm, ,s) one finds K NV(13, ) (5= AR S, @1
H8A4éwﬂ’aﬁ<s>A . .
Reg(M.,8)=— =Inm,— =+ = ' where we have neglected nonperturbative corrections of
9 9 3 Jag S -9 O(1/m?) [18]. The various factors appearing in Hg.1) are
(3-13) defined by
and M(a,b,c)=a?+b?+c?—2(ab+bct+ac), (4.2
Reg(mg,s) ° In :
eg(mg,s)=—=Inmg— = 4
‘ 9 9 E=‘(12 RecScEMF (8, md)+ 1cSM2F 5(5,m )
45 (= S")+ RS
+_PJ?¥ o(s()s_s)c( ) a5 -
e X 1+? +(|c§"2+ |c1d®) Fa(8, Mg, M)

g=u,d. (3.19
~2 eff2__ 2 XA

Note that in many cases the evaluation of the dispersion in- +6mi(jeg’]"~lcud )F“(S’md)]’ 4.3
tegral may be carried out analytical(gee, e.g., Ref.15]).
The cross-section ratios appearing in E§s11)—(3.14 may with
be written as

F1(8,M§) = (1—m§)°—§(1+mg),
Riad(8) = Resn(3) + RILL(S), (3.15

" Fo(5,M3)=2(1+m3)(1—m3)%—8(1+ 14m5+mj)
a ® 2y _ puu+

Rfiad S) + Riad ) =Reont - (S) TREdS) +R(S),  (3.18 (14 i),
where the subscripts “cont” and “res” refer to the contri-
butions from the continuum and the resonances respectively.
The J/y resonances and are well described through a rela-
tivistic Breit-Wigner form; i.e., 2m?

— 2824\ (15,M2) —é' ,

F3(8,m3,m?)=(1—m3)2+5(1+m3)

98 B(VHI | )Ftota had

R(®)= X . B - o
o el e @ (522 MYy Fa(8,M3) =1-5+m5, (4.4
and while the ratio of CKM matrix elements in terms of the
Wolfenstein parameters and » has already been given in
93 B(w—l*17) Mol Eqg. (2.3. In order to remove the uncertainties in E¢.1)
R2(8)= ‘Ota' (3.18  due to an overall factor ofny, we have introduced the in-
a? (5—m?)%+m2 me clusive semileptonic branching ratio via the relation
with a S-independent total width, which is quite adequate for _ % ﬁ e A .
our purposes. The resonance may be introduced through I'(B—Xceve)= 7953 Vel “f(Me) (M), (4.5

~2

1 3/2
Rfes(s): 4 (1_ 3

. (3)2 (3.19 where f(m;) and x(m;) represent the phase space and the

one-loop QCD correction§19] to the semileptonic decay
respectively, and are given in Appendix B. Integrating the
F.(3) being the pion form factor, which is represented by adistribution in Eq.(4.1) for | =e, u, androver S, we obtain
modified Gounaris-Sakurai formulgl6]. The continuum the branching ratidd(B— X4l *1 ), depending on the spe-
contributions can be parametrized using the experimentatific choice ofp and ». The results are shown in Table I, for
data from Ref[17], and are given in Appendix A. typical values of(p,7) in the experimentally allowed domain
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TABLE I. Branching ratioB(B— X4l ¥17), wherel =g, u or 7,
for different values of(p,7) excluding the region(=20 MeV)
around thel/« and ¢ resonances.

(p,m) B(B—Xq4e'e") B(B—Xqu'u~) B(B—Xy7'7)
(0.3,0.33 2.7x1077 1.8x1077 0.7x10°8
(-0.07,0.34  5.5x10°7 3.8x1077 1.6x1078
(-0.3,0.33 7.9x1077 5.4x1077 2.3x1078

[1].} Note that the branching ratio is quite sensitive to the
Wolfenstein parametep. For instance, the branching ratio

for B—X4eTe  varies from 2.7 to 7.910 ', whenp is
varied from+0.3 to —0.3.

Let us now turn to theCP-violating rate asymmetry,
which is defined as

dr'/d5—dr/ds

Acp(V3)= - 4.6
cel(8) dr/dys+dr/dys 49
where
dr _dl(b—dI*I1") d_F_= dl'(b—dl*17)
dv3 dvs N dv3
4.7

The physical origin of &CP-violating asymmetry in the re-

action can be understood by considering the term propom—dete™ and b—dete™.
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A=Im(& &) T, (8)+Im(cEe,)f1(3),
cSf=¢1+ \ubo,

2r‘n|2)
1+ -,
S

f1(3)=6F4(8,M3)

f,(8)=Fa(5,mj M7 +6MF45M5), (412
where the phase-space functidghsandF; 4, are given in Eq.
(4.4). Notice thatAcp vanishes asn,—m,, since in that
limit £—0 [see Eq(2.7)].

Our numerical results for the asymmetry together with the
differential branching ratio, Ed4.1), are shown in Figs. 1-3
for different values ofp and 7.2 It is interesting to note that
the p resonance is barely visible in the invariant mass spec-
trum, but has a strong influence on the asymmetry in the
region up to 1 GeV. We have evaluated the branching ratio
and average asymmetAcp) for different regions ofy/s
using 3Eq.(4.6), and our results are displayed in Tables
l=IV.

V. CONCLUSIONS

The principal results of our analysis are as follows.

(1) In the region excluding thé/¢ resonances, we find a
sizeable CP-vialating asymmetry between the decays
This asymmetry amounts to

tional to c§" in the matrix element, which can be written —5.3% (—1.9% for the invariant mass region 1 GeV

symbolically as

M~A+\,B. (4.9
The corresponding matrix element for-dl*1~ is
M~A+\}B, (4.9
giving an asymmetry
—21Im A, Im(A*B)
Acp= (4.10

|A|?+|\,B|°+2 Re\, RA*B)’

which provides a measure f@P violation. The asymmetry
results from the presence GfP violation in the CKM matrix

(Im \,#0) and unequal unitarity phases in the amplitudes

andB [Im(A*B) #0].

<\Sg+e-<My;,—20 MeV, assumingn=0.34 andp=0.3
(—0.3. The corresponding branching ratio is %20’
(3.3x10° 7). The asymmetry scales approximately as
M(1-p)®+ 7711, while the branching ratio scales as
(1—p)*+ 7% For a nominal asymmetry of 5% and a branch-
ing ratio of 10/, a measurement ab3evel requires & 10'°

B mesons. In view of the clear dilepton signal, such a mea-
surement might be feasible at future hadron colliders. It
should be noted, however, that identification of the reaction
b—dee” in the presence of the much stronger reaction
b—se"e” would require a study of the decay vertex, in
order to select final states such@$, =" 7= =+, etc.(accom-
panied by any numbers of neutralin the inclusive analysis

of e"e” pairs, only those with invariant mass in the range
(Mg—M)< \/§<(MB—M,,) can be unambiguously as-
cribed tob—de*e™.

The complete result contains an additional term due to the (2) In the neighborhood of thé/y resonancem;,,—20
interference ofcS™ with c&, and the asymmetry takes the MeV<\s<my,+20 MeV), the branching ratio is substan-

final form
- —2Im),A A
Acr\®)= 5o 3~ 2Imh g
_( 27 A 411
(1-p)2+ 7% 3 '

with 3, defined in Eq.(4.3), and

The branching ratio for different regions §B will be discussed
below.

tial (B=3.7x10"°, but the asymmetry is very small
(AgL)=0.6x1073). This smallness in asymmetry is the in-
evitable result of a very largec amplitude near thel/i,

2We have also calculated the asymmetry in the s transition,
which is roughly one order of magnitude smaller thatind. Our
results for the asymmetry differ somewhat from those given in Ref.
[3], which uses an incorrect sign for the absorptive part of the
one-loop functior\g(rhq ,S). The correct sign is given in Reffs]
and[10].

3A variation of m, in the interval 176:10 GeV changes these
numbers by<10%.
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FIG. 1. Branching rati®(B— X4e*e™) (a) and CP-violating
asymmetryAcp (b) including next-to-leading order QCD correc-
tions as well as long-distance contributiofs®lid line), i.e., p, o,
and thel/y family, as a function oS, $=qg?/m{. The dashed line
in (a) corresponds to the nonresonant invariant mass spectrum. The

FIG. 2. Branching rati®(B—Xqe*e™) (a) and CP-violating
asymmetryAcp (b) for (p,77)=(—0.07, 0.34. The dashed line ifa)
represents the nonresonant spectrum.

Wolfenstein parameters are chosen to(aey)=(0.3, 0.34. (i) Our prescription for incorporating resonances into the
effective Hamiltonian via the vacuum polarization function
interfering with a small nonresonant background. I17,{S) implicitly assumes that the transitido—dJ/ ¢ is

(3) It is pertinent to ask if some refinement of the effec- adequately described by the leading term
tive Hamiltonian underlying our calculation might lead to a (3¢, +c,+3c3+c,+3C5+Cg) appearing in the Wilson co-
higher asymmetry in thé/y region. In this connection, the efficient c§", Eq. (2.7). With the values of; (i=1, ...,
following comments are in order. given in Eg.(2.8), the theoretical branching ratio for the
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FIG. 3. Branching rati®(B— X4e*e™) (a) and CP-violating
asymmetryAcp (b) for (p,7)=(—0.3, 0.34. The dashed line ia)
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represents the nonresonant spectrum.

0.9

TABLE II. Branching ratioB(B—X4e*e™) and average asym-
metry (Acp) for different regions ofy/s, below thel/y resonance
(e=20 MeV).

(p,m) 2me<s<1 GeV 1 GeWKs<(my,—¢)

B (0.3,0.34 1.1x1077 1.2x1077
(-0.07,0.33 2.4x1077 2.3x1077
(-0.3,0.33 3.4x1077 3.3x1077

(Acp) (0.3,0.34 —8.4x10°3 ~5.3x10 2
(-0.07,0.34  —4.0x10°° —2.7x1072
(-0.3,0.32 -2.9x10°3 —1.9x10 2

ky. The asymmetry forys< my,, is likewise unaffected,
while that betweenl/s and ¢ is reduced by~«,. In the
region /s> m,, the asymmetry is quite sensitive &g and

can even be enhanced by an order of magnitude. This corner
of phase space accounts, however, for only about 6% of the
decay rate.

(i) The asymmetry may be slightly enhanced if one_takes
into account mixing of thecc current with theuu and dd
currents. Such a mixing can give rise to an Okubo-Zweig-
lizuka- (OZI-) rule-violating transitionuu— J/, mediated
by a one-photorfor three-gluoh intermediate statg21,22.

The QED effect can be incorporated into our calculation of
the asymmetry near th# resonance by the replacement

Mg(Me,8)—Ay(1+i 5 a)g(me,S) (5.1

in the coefﬁcientcgﬁ. The resulting asymmetry increases
from 0.6x10 3 to 2.9x10 2 (see Table IV.

(iii) Finally, it is possible to contemplate gluonic correc-
tions to the effective Hamiltonian, that allow the transition
b—dJ/¢ to take place not only through a color-singlet],
intermediate statfi.e., b—d(cc);—dJ/¢] but also through
a color-octet intermediate configuration b->d(cc)g
—dJ/¢]. An illustrative calculation by Soard&2] yields an
asymmetry of about 1% from such a mechanism.

Our general conclusion is that a measurement of the branch-
ing ratio and partial width asymmetry in the channel
b—de*e” in the nonresonant continuum, would provide a
theoretically clean and fundamental test of the idea @t
violation originates in the CKM matrix. The predicted asym-
metry in the region 1 Ge¥ mg+o-<my, is approximately

TABLE Ill. Branching ratio B(B—X4e*e™) and average
asymmetry(Acp) for the largey/s region, excluding thé/y and /
resonance$e=20 MeV).

(My,+e)<ys (my +¢)
2 <Jg<

related reactiob—sJ/ ¢ is known to be~5 times smaller
than measurefil,13,20. It could be argued that for the pur- B
poses of calculating thb—dJ/« amplitude the coefficient
(3cy+cCy+-+-) should accordingly be corrected to

ky(3ci+cyt+--+), with xy~+/5. While such a procedure (Acp)

enhanceghe branching ratio ob—dJ/¢ by a factorx?, it
reducesthe asymmetry by a factat, . Outside thel/i and

(p,m) <(m¢’_8) \/gmax
(0.3,0.32 0.3x10°7 1.6x1078
(—0.07,0.32 0.5x10°7 3.4x10°8
(-0.3,0.34 0.8x10°/ 4.9x10°8
(0.3,0.33 —5.1x10 72 5.2x10°3
(—0.07,0.32 —2.5x10°2 2.1x10°3
(—0.3,0.3 —1.8x1072 1.5x10°8

/' regions, the branching ratio is essentially independent of
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TABLE IV. Branching ratio B(B—Xq4e"e”) and average m,=0.106 GeV, m,=1.777 GeV,
asymmetry{ Acp) near thel/y and ¢’ resonancege=20 MeV). K’

w=my, B(B—X.re)=10.4%, \=0.2205,
(Myy—e)<s<(my,+e) (my —e)<\s<(m, +e)

Aocp=225 MeV, «=1/129, sif 6,,=0.23,

B 3.7x10°° 1.8x10°7
(Acp) 0.6x1072 4.4x1073 My=80.2 GeV. (A1)
Acp)? 2.9x10°°3 6.7x10°° R
{Ace) Giida~, |0 for 0=8<4.8x107?
4ncluding OZI correction, induced by one-photon exchange as Reont (8)= 1.67 for 4.8<10%<s<1. (A2)
specified in Eq(5.1). .
- 0 for 0=s=<0.60,
7 \[1.2x1077 REC(3)={ —6.80+11.3% for 0.60<5<0.69,
—5.3% ~—| | —a— | (5.2) 1.02 for 0.69<8<1
0.34 B : roubssssL
(A3)
where B denotes the branching ratio in the above interval.
Measurements near théys resonance are predicted to show APPENDIX B: USEFUL FUNCTIONS

a very small asymmetry~3x10~°) that depends somewhat  As noted by Misiak[10], the functionw(S) can be in-
on the manner in which QCD modulates the effective interferred from[23] and is defined by
action forb—dJ/ .

2 4 2
- > Coa - ~
w(S)=— =z m— 5 Lix(S)— 5 InsiIn(1-s
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