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Time dependence iBO(t)— 7" 7~ andgo(t)ﬁﬂ-*n-’ is utilized to obtain a maximal set of information on
strong and weak phases. One can thereby check theoretical predictions of a small stron§ paaseen
penguin and tree amplitudes. A discrete ambiguity betwef andé=m may be resolved by comparing the
observed charge-averaged branching ratio predicted for the tree amplitude alone, using measurelnents of
—lv and factorization, or by direct comparison of Cabibbo-Kobayashi-Maskawa matrix parameters with
those determined by other means. It is found that with 150" foom BaBar and Belle, this ambiguity will be
resolvable if no direcCP violation is found. In the presence of direCtP violation, the discrete ambiguity
betweens and w— § becomes less important, vanishing altogethet s /2. The role of measurements
involving the lifetime difference between neutBleigenstates is mentioned briefly.
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[. INTRODUCTION directly from data rather than relying on theoretical calcula-
tions of strong phases. We find that if gins small one can
The observation o€ P violation in decays oB mesonsto resolve a discrete ambiguity betweé=0 and §== by
J/ 4 and neutral kaongl,2] has inaugurated a new era in the comparing the measured branching rati®8t— =+ 7~ (av-

study of matter-antimatter asymmetries. Previously, suckraged oveB® andB®) with that predicted in the absence of
asymmetries had been manifested only in the decays of nethe penguin amplitude. The latter can be obtained using in-
tral kaons and in the baryon asymmetry of the Unive®R.  formation on the semileptonic proce®— |y assuming
violation in B and neutral kaon decays is described satisfacigctorization for color-favored processes, which appears to
torily in terms of phases in the Cabibbo-Kobayashi-Maskawag|d well under general circumstandes.
(CKM) matrix, but the baryon asymmetry of the Universe \ne find that with data foreseen within the next two years
apparently requires sources GIP violation beyond the it should be possible to reduce theoretical and experimental
CKM phases. There is thus great interest in testing the selferrors to the level that a clear-cut choice can be made be-
consistency of the CKM description through a variety ofyween the theoretically-favored prediction of smatnd the
processes. _ ) possibility of 6=, assuming that the paramet€r,,. de-
One key test of the CKM picture involves the decs  scribing directCP violation in B%— 77~ remains consis-
—m'aw”. The time dependence d@°yia— 77" and  tent with zero. IfC.._~siné is found to be nonzero, direct
BOiniiw— 7w~ involves quantitiesS,.,, and C,, which  CP violation will have been demonstrated B decays, a
are, respectively, coefficients of terms involving Aimmtand  significant achievement in itself. The sign Gf,,. will then
cosAmt, and which depend in different ways on strong anddetermine the sign of. While the discrete ambiguity be-
weak phases. The BaBar Collaboration reported the firsiweens and7— & then becomes harder to resolve, its effect
measurement of these quantitif3], recently updated to on CKM parameters becomes less important.

S,»-=—0.05£0.37£0.07 and C,,=-—0.02-0.29+0.07 We recall notation foB°— 7 7~ decays in Sec. Il. The
[4]. The Belle Collaboration reportS,,=—1.21733331%  dependence o§,, andC., on weak and strong phases is
andC,,,=—0.94" 331+ 0.09[2], using BaBar's sign conven- exhibited in Sec. IIl. It is seen that whé@ .| is maximal,
tion for C,,.. The averages ar§,,=—0.66+0.26 and there is little effect of any discrete ambiguity, since the
C,»=—0.49+0.21. strong phase’ is close to* 7/2, while whenC =0 the

Both model-independent consideratidbso] and explicit ~ discrete ambiguity betweefi=0 and 6= results in very
calculations in QCD-improved factorizatigi] indicate that  different inferred weak phases. The use of the flavor-
a crude measurement &, around zero implies a signifi- averaged®— 7" 7~ branching ratio to resolve this ambi-
cant restriction on CKM parameters if the strong phase dif-guity is discussed in Sec. IV, while the CKM parameter re-
ference 6 between two amplitudes contributing tB°  strictions implied by the observes], ; range are compared in
— " is small (§=10° in [7]; see, however{8].) The Sec. V for6=0 ando=.

quantity C .. provides information ons if the phase and One more observable, which we cdll.,, Obeyssf”T
C... are both near zero, but a discrete ambiguity allows the+ C2_+D?_=1, so its magnitude is fixed 1y,, andC., .,
phase to be neat instead. but its sign provides new information. In principle, it is mea-

In the present paper we reexamine the dec®fs surable in the presence of a detectable width difference be-
— "~ to extract the maximum amount of information tween neutraB meson mass eigenstates, as is shown in Sec.
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VI. However, we find that the sign @ ., is always negative  +V% V4= —ViVyq is used, with the/;, V4 piece of the pen-
for the allowed range of CKM parameters, and does not helguin operator included in the tree amplitudd. Using these
to resolve the discrete ambiguity. A positive value®f,  expressions and substituting=7—8—7y, we then may
would signify new physics. We conclude in Sec. VII. write

Il. NOTATION 1+¢WTm”é7)
: 8

N =l —
i 1+|P/T|e'%e™Y

We use the same notation as in REB)], to which the
reader is referred for details. We defiffeto be a color-
favored tree amplitude iB°— 7" 7~ andP to be a penguin  The consequences of assumifigmall, as predicted in Ref.
amplitude[10]. Using standard definitions of weak phases[7], were explored in Ref§5,6]. In the former, it was shown
(see, e.g.[11]) a=¢,, B=¢1, and y= ¢3, the decay am- that even an earlier crude measureni@jtof S, taken at

plitudes tom* 7~ for B® andB® are

AB =77 )=—(|T|e'’Te'+|P|e'%),
_ o _ @
AB =77 )=—(|T|e"%Te”7+|P|e'%P),

1o, drastically reduced the allowed CKM parameter space.
In the latter, where a slightly different convention for pen-
guin amplitudes was used, it was shown how to 8s¢ and
C .. to determine weak and strong phases.

One needs a value ¢P/T| to apply these expressions to
data. In Refs[5] and[6] |P| was estimated using experimen-

where 67 and 6 are strong phases of the tree and penguing| gata orB* — K%+ (a process dominated by the penguin

amplitudes, and= 6p— 67. Our convention will be to take
—T<O6<r.

The coefficients of sidmyt and cofA\mgt measured in
time-dependenC P asymmetries ofr* 7~ states produced
in asymmetrice* e~ collisions at theY (4S) are[12]

o 1_|}\7T7T|2

_21Im(N ;)
EETRINE

- ) (2)
14\ al?

T T

where

)

In addition we may define the quantity

_ 2Re\,,)

= , 4
TN “

T

for which it is easily seen that
2 _+C2_+D?% =1,
L, (5)
implying S +C:,_ <L1.

The significance oD .., will be discussed in Sec. VI.

When 6=0 or 7 the quantity\ .., becomes a pure phase:

\ o= e2i a'eff’ (6)

aeg=atAa,

. |P/T|siny 520
n b A -
A arcta 1+|P/T|cosy ( ) .
‘T |P/T|siny @
—arcta =1).

n—
1—|P/T|cosy

In such caseS,, .= sin(2ugx), D .= COS(Aes) .

The expressiong1l) employ the phase convention in
which top quarks are integrated out in the short-distance e

fective Hamiltonian and the unitarity relatioV;,Vq

amplitude aside from small annihilation contributipremd
flavor SU3) including SU3) symmetry breaking, whil¢T|
was estimated using factorization and dataBon 7l v. We
shall use the result of Rg], |P/T|=0.276+0.064. Ref[7]
found 0.285-0.076, which included an estimate of annihila-
tion, and Ref[6] obtained 0.26:0.08, based on a different
phase convention for the penguin amplitude, without includ-
ing SU3) breaking effects. The individual amplitudes of
Ref. [5], in a convention in which their square givesBd
branching ratio in units of 10°, are|T|=2.7+0.6 and|P|
=0.74+0.05. We shall make use of them in Sec. IV.

It is most convenient to expres, ., C,,, andD . in
terms of @, B, and 8, using y=7— a— B, since whenP
=0 one hasS, ,=sin 2« andD .= cos 2. The value off8
is fairly well known as a result of the recent measurements
by BaBar[1] and Belle[2]: sin28=0.78+0.08, 8=(26
+4)°. Defining

BB —wt 7 )=[B(B°— =t 7 )+ BB = a7 )]/2,

9
B E(BO—> ata7)
- g(BO—>77+ 77_)|tree

=1-2|P/T|cosécod a+ B)+|P/T|?,

T

(10)
explicit expressions fo§, ., C.., andD .. are then

S,..=[sin2a+2|P/T|sin(— a)coss—|P/T|?sin 28]/R,,,

(11)

C..=[2|P/T|sin(a+ B)sins]IR,,.., (12)
E”= [cos 2¢—2|P/T|cog B— a)cosd

+|PIT|?cos 28]/R,,.,. (13)
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FIG. 1. Values ofS,. andC ., for representative values of FIG. 2. Values ofS,,. andC, . for representative values af
lying roughly in the physical region. Closed curves correspondying mostly outside the physical region. Closed curves correspond,
from right to left, to «=60°, 75°, 90°, 105°, and 120°. Plotted from left to right, to «=—30°, —15°, 0°, 15°, and 30°. Other
points on curves correspond #®=90° (+ signg, O (diamond$, notation as in Fig. 1.
and —90° (crosses The dashed circle denotes the bouﬁijﬂ
+C2_<1. The plotted point with large errors corresponds to thepoints =0 andé= =+ 7 corresponding t&C,,=0 and with
average of the measuremefis4] of S, andC .. The central C__(—6)=—C_.(5). A large negative value oS§__, as
values=26°, |P/T|=0.28 have been taken. seems to be indicated by the Belle measurer2htfavors

large values otx. Negative values o€ .. imply a negative
The quantityR .. itself will be used in Sec. IV to resolve a §. The sum of squares &, andC ., is always bounded by
discrete ambiguity, while the usefulness of the sigrDgf, 1, and one can show that for any valuedand a+ S8 one
will be described in Sec. VI. has |C,,|<2|P/T|/(1+|P/T|?). For agiven value of

Note thatC . is odd iné while S, andD . are even in  + 3 the bound is stronger:

6. Within the present CKM framework one has<@+ 8

<, implying sin@+8)>0, so that a measurement of non- 2|PIT|[sin(a+ )|

zeroC .. will specify the sign ofs (predicted in some the- |Crral = \/(1+|P/T|2)2—4|P/T|Zcos’-(a+ﬂ)' (14)
oretical schemefr)).

We shall concentrate for the most part on a range of CKMrhe corresponding plot fofmostly) unphysical values of
parameters allowed by fits to weak decays, disregarding thig shown in Fig. 2. If desired, one may map negative values
possibility of new physics effects. Aside from the constraintsof « into the interval[0,77] by the replacement— a+ i,
associated witls,, ., it was found in Ref[13] (quoting[14] ~ s5—, 5+ 7, which leaves all expressions invariant. The con-
and [15]; see alsd5]) that sin 2x=—0.24=0.72, implying  ventional physical region is bounded bys@r< 7— S3.
a=(97"3)°, which we shall take as the “standard-model”  The closed curves in Fig. 1 have considerable dependence
range. on é for @ around /2. One can show thas,,, becomes

One could regard the three equations Ry, S,,, and  independent o when cos 2=|P/T|?cos 28. Since|P/T|? is
C,. as specifying the three unknowrn®/T|, 8, and @  small, these points are==/4,3m/4. At such critical values
(given the rather good information g8). In what follows  of « the curves degenerate into vertical lines. kor

we shall, rather, use the present constraint§RiT| men- - g, one hasy=0,C,.=0,S,.=sin 2, and the curves col-
tioned above, first concentrating on what can be learned frormapse to a point.
S, andC__ alone and then using the information &} ., The curves in Figs. 1 and 2 were plotted for the central

both as a consistency check and to resolve discrete ambigyvalues 3=26°, |P/T|=0.28. Their dependence ot 1o
ities. The information provided by the sign B, will be  variations of 3 is quite mild for « in the physical region,
treated separately. while they are more sensitive to 1o excursions of P/T],
as shown in Fig. 3.

Let us imagine a measurement 8f,. and C .. which
reduces present errors by a factor ¢8. Given that the

We display in Fig. 1 the values &, andC_,. for « present measurements are based on around a total of
roughly in the physical region, with- 7<d<. For any 100 fb !, one could envision such an improvement when
fixed «, the locus of such points is a closed curve with theboth BaBar and Belle report values based on 150 fithen

Ill. DEPENDENCE OF S, AND C_ . ON a AND ¢
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FIG. 3. Values ofS., andC ., as functions otx and §; same as C T~
Fig. 1 except|P/T|=0.34 (solid curve$ and |P/T|=0.21 (dot- 80 — a (6=0) ]
dashed curves C ]
: 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 :

the size of the error ellipse associated with. andC .. will 691.0 —0.8 —0.6 —0.4 —0.2 0.0

be small in comparison with that of the closed curvesdor S

in the vicinity of 90°, and measurement of these quantities i

could provide useful information were it not for the fact that 15 4 values ofa R.. and(b) « as functions ofS,_ for the
every point in theS;,,C. plane corresponds to several cases5=0 and 6= leading toC,,,=0 (solid lines, and for| |
pairs «, 6. The most important of these pairs occurs when— /2 (dashed lines The plotted points correspond to experimental
both values ofa are in the physical region but one corre- vajues ofs,, and(a) R, or (b) a. Other parameters as in Fig. 1.
sponds to a certain value éfand the othefroughly) to 7 For these sets of parametdds,,<0; whenC, =0 one ha

— 6. This discrete ambiguity is most sevei@rresponding =—(1-52 )2

to the most widely separated values @f whenC_ =0,

corresponding ta5=0 or 7. For example, in Fig. 1S, ing ratios equal toB(B°— 7+ 7~ )= (4.6+0.8)x 10~°, we
=Crr=0 corresponds to both=76° (when=0) and 0 payeR =0.63+0.30, which lies suggestively but not con-
a=105° (when §=m). These values ok are separated by o,,sjely below 1. A value oR,.<1 would imply coss
nearly 30°. We shall see _ﬂthoe ”e)it section how a measurez yithin the CKM framework, since all currently allowed
ment of the branching ratiB(B”— a7 ) can help resolve yalues ofy correspond to cog>0. Furthermore, a value of

this ambig'uity. . _ R, below 1 permits one to set a bound an 8 or on y,
Measuring a nonzero value f@, determines the sign which is independent o8,

of &, but leaves an ambiguity betweehand 7=— . The

corresponding ambiguity in determining becomes smaller R, =1+ (|P/T|+ cosé cosy)?—cog s cody=sirty,
when § moves away from 0 ana. For maximal direcCP (15
violation, corresponding tdé|=/2, one has sid==1,

cos5=0, and no discrete ambiguity. These cases correspor@milar to the Fleischer-Mannel bound Bi— K [18]. At
to the envelope of the curves in Figs. 1-3, joining the pointghe 1o level, this already impliey<71° in the CKM frame-
labeled with+ (6= m/2) or X (6= —/2). work. In a more general frameworky=109° is also al-
lowed.

We show in Fig. 4 the dependenceRf, anda onS,
for the extreme case$=0 and 5= . For reference we also
The quantityR ., defined in Eq(10), can help resolve exhibit the curves forl §|=mw/2. As mentioned, onl\C .,
the discrete ambiguity betwee=0 and 8= in the case depends on the sign of. Also shown are experimental

C,.=0, where such an ambiguity is most serious. It hagpoints corresponding to present range®gf., «, andS,, .
been frequently noted 6] that the central value of this quan- If errors onS, . andC, are reduced by about a factor of
tity is less than 1, suggesting the possibility of destructivey3, and onR_, by a factor of about three, as would be
interference between tree and penguin amplitudes. With thpossible with a sample of 150 T for each experiment, one
estimate|T|=2.7+0.6 mentioned above, and with the ex- can see a constraint emerging which would favor one or the
perimental averaggl7] of CLEO, Belle, and BaBar branch- other choices fob. We discussed reduction of errors 8p,.

IV. INFORMATION FROM DECAY RATE
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FIG. 5. Plot in the p,n) plane of regions allowed by the ob-
served br ranges—0.92<S_.<—0.40 and 0.2%|P/T|<0.34 for
6=0 (small dashesand §= = (large dashes compared with the
region allowed by other constraingsolid lineg. Bottom solid line:
lower bound on3. Upper left solid line: upper bound arx . Upper
right solid line: upper bound ofV|. Right-hand solid line: lower
bound onAmy.

and C_ . already. The corresponding reduction Rr., re-
quires reduction of errors ofT|? and B(B°— 7" 7~) from

their present values of 44% and 17%, respectively, each to

about 10%, which was shown in R¢€] to be possible with
100 fo i,

V. COMPARISON WITH CKM PARAMETERS
DETERMINED BY OTHER MEANS

In Ref. [5] we compared the region of CKM parameters
allowed by data on various weak transitions with that im-

plied by the first observed range 8f . [3] and|P/T| for the

cased=0. In Fig. 5 we reproduce that plot, corresponding to

present Ir limits on S, and |P/T| values in the range
0.21=<|P/T|=<0.34, along with the casé= .

The caseS=m is seen to exclude a large region of the

otherwise-allowed parameter space, while 0 is compat-

PHYCAL REVIEW D 65 093012

lowed (p,7) region (as well as with the present data on
R7T7T)'

VI. INFORMATION FROM WIDTH DIFFERENCE

The quantityD .. appears with equal contributions in the

time-dependent decay ratesBY or B°to aCP eigenstate,
when the width differencAl'y=1"| —I'y between neutraB
mass eigenstates is nonz¢i®]:

I'(BOt)— 7 7 )xe 'd[cosHAT 4t/2)
—D,,,Sinh(AT 4t/2)
+C,,Co08Amyt) — S, . Sin(Amgyt)].
(16)

Width difference effects in th8,—Bg system were investi-
gated some time ago in time-depend&jgtdecays[19,20.
The feasibility of measuring correspondind’ effects in
BC decays, expected to be much smaller but having a well-
defined sign AT ;>0) in the CKM framework, was studied
very recently [21]. While a measurement ob .. in B
— "~ is unfeasible in near-future experiments because of
the very small value oA’y (AT'4/T"4<1%), wewill dis-
cuss the theoretical consequence of such a measurement.
This brief study and its conclusion seem to be generic to a
broad class of processes, including the U-spin related decay
Bs(t) =KK™ [22], in which width difference effects are
much larger23].
In the absence oP, one just hasS,.=sin(2), D,
=co0s(2Zv), so the two quantities are out of phase with respect
to one another byr/4 in «. This reduces part of the ambi-
guity in determininge from the mixing-induced asymmetry.
The same is true whed=0 or 7, since thenx is replaced
by aq as noted in the previous section.

The dependences &, andD .. on § for fixed « also
are out of phase with respect to one another, in the following
sense. Whets,, is most sensitive t&, D .. is least sensi-
tive, and vice versa. One can show, for example, Dhat is
completely independent of when

sin 2a=—|P/T|?sin 28, (17)

ible with nearly the whole otherwise-allowed range. Ofwhich corresponds, sin¢®/T|? is small, to values of near
course this does not permit a distinction at present betwee®, 7/2, andsr. Recall that the corresponding values &y,
the two solutions, but it illustrates the potential of improvedwere nearr/4 and 3r/4. Conversely, where&S, .. is maxi-
data. Turning things around, the examples in Fig. 5 corremally sensitive tod neara= /2, D .. is maximally sensi-

sponding tos=0 and = illustrate the importance of ex-
cluding one of these two values by means of the rijg .
Values 0<|8|<m with C,,#0 correspond to constraints
intermediate between those fé6r=0 and 5= .

The present 4, ) constraints differ from those in Refs.
[5,6] based on the earlier BaBar ddf2], which were con-
sistent(as are the present BaBar dg4d) with vanishingS_...
andC_ .. In that case5=0 led to a significant restriction in
the (p,7) plane, permitting only low values gf, while &

tive to § neara= w/4 and 3r/4.

In the absence of the penguin amplitude . would just
be cos 2. Sincea is not too far from/2 in its currently
allowed rangeD ., remains negative in this entire range
also in the presence of the penguin amplitude. Positive val-
ues ofD . are obtained for values af which are excluded
in the CKM framework. For the values=0 and 6=,
whenC,.=0, one had,,=—(1—S2_)"2 For these val-
ues of §, S.,. is seen in Fig. 1 to lie in the range 1.0

=g would have been consistent with nearly the whole al-<S,,<1.0, implying—1.0<D . ,<0. Since in the standard
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model one expectd .. to be negative, positiveD ., —Sfm—Cfm V2 is measurable in principle in time-dependent
obtained for unphysical values af, would signify new B°—#*#~ decays if effects of the difference between
physics. widths of mass eigenstates can be discerned. The sign of
D .. is enough to resolve a discrete ambiguity between val-
VIl. CONCLUSIONS ues ofa expected in the standard modebrresponding to

D .. negative and unphysicala (corresponding toD ...

We have investigated the information about the weakpositive.
phasex and the strong phas&between penguitP) and tree As has been noted previoudly6], there are hints of de-
(T) amplitudes which can be obtained from the quantitiesstructive tree-penguin interference B°— 7' 7, which
S,. and C_.. measured in the time-dependent dec&’s may be difficult to reconcile with the favored range of CKM
—atm and B°— #"#~. One has a number of discrete parameters without invoking large values &flf this inter-
ambiguities associated with the mappingS,({,C,..) esting situation persists, one may for the first time encounter
—(a,8). These appear to be most severe wiep =0, an inconsistency in the CKM description GfP violation,
since very different values of can be associated with ~ Which often assumes small strong phases. Improved time-
=0 and 6=m. We have shown that under such circum- dependent measurements Bf— 7" 7~ will be of great
stances these ambiguities are resolved by sufficiently accdpelp in resolving this question. Given that standard model
rate measurements of the rafy,, of the flavor-averaged fits [13—19 prefer cosy>0, a value ofR ., significantly less
B%— "« branching ratio to its predicted value due to thethan 1 in the absence of any other evidence for lafggso
tree amplitude alone. At present this ratio appears to be leg9uld call into question the applicability of factorization to
than 1, but with large errors. Reduction of present errors os°— 77~ [5]. More accurate measurements of the spec-
S, andC. by a factor of\3 and onR,, by a factor of trum in B— mlv [6] and more accurate tests of factorization
three will have significant impact on these phase determindl other color-favored processgs] will help to check this
tions. If a nonzero value o ., is found, the discrete ambi- POSSibility.
guity becomes less important, vanishing altogether when
| 8] = /2.

A small value ofR, ., around its present central value,  J.L.R. wishes to thank the Physics Department of the
would favor 6= over =0, as shown in Fig. @). Alarge  Technion for its warm hospitality. We thank the CERN
negative value o5, as indicated by the Belle measure- Theory Group and the organizers of the CERN Workshop on
ment[2], favors large values af, in particular if5=. This  the CKM Unitarity Triangle for hospitality during part of this
is demonstrated in Fig. 3 and Figb. Correspondingly, Fig. work. The research of J.L.R. was supported in part by the
5 shows that low values gf are excluded in the latter case. United States Department of Energy through Grant No. DE
This figure, drawn also for the cage=0, illustrates the im- FGO02 90ER40560. This work was partially supported by the
portant role of the measurement f,. and the knowledge Israel Science Foundation founded by the Israel Academy of
of & in determining the CKM parametegsand 7. Sciences and Humanities and by the US-Israel Binational

Another parameter, called ., here, equal to*(1 Science Foundation through Grant No. 98-00237.
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