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Exploring CP violation through correlations in B—xK, By—#" 7, B.—~K*TK™ observable space
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We investigate the allowed regions in the observable spacB-efrK, By— "7, and Bgq—K K~
decays, characterizing these modes in the standard model. After a discussion of a new kind of contour plot for
the B— wK system, we focus on the mixing-induced and dir€® asymmetries of the deca@y— 7+ 7~
andB,— K"K ~. Using experimental information on ti@P-averagedB,— 7 K= andBy— 7+ 7~ branching
ratios, the relevant hadronic penguin parameters can be constrained, implying certain allowed regions in
observable space. In the caseBgf— 7+ 7, an interesting situation arises now in view of the redffactory
measurements @ P violation in this channel, allowing us to obtain new constraints on the CKM apgle
a function of theBS-BS mixing phasepq=2p3, which is fixed through4 T%(By— J/¢Ks) up to a twofold
ambiguity. If we assume thad @E,‘(Bdaffw‘) is positive, as indicated by recent Belle data, and thats
in agreement with the “indirect” fits of the unitarity triangle, also the corresponding valueg @ound 60°
can be accommodated. On the other hand, for the second solutify, efe obtain a gap aroung~60°. The
allowed region in the space of 7%(B,—K *K~) and A% (B,—~K*K ™) is very constrained in the standard
model, thereby providing a narrow target range for run Il of the Fermilab Tevatron and the experiments of the

CERN LHC era.
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[. INTRODUCTION tities lying significantly outside of these regions, we would

One of the most exciting aspects of present particle physr_1ave an immediate indication for the presence of new phys-

ics is the exploration o€ P violation throughB-meson de- ics. On the other hand, a measurement of observables lying

. . . inside these regions would allow us to extract values for the
cays, allowing us to overconstrain both the sides and the 9

.. angley, which may then show discrepancies with other de-
three anglesy, B and vy of the usual nonsquashed unitarity S L . .
. : ) : terminations, thereby also indicating new physics. Since pen-
triangle of the Cabibbo-Kobayashi-Maskaw@KM) matrix . i
o " » guin processes play a key role+ 7K, By— 7" 7, and
[1]. In addition to the “gold-plated” moddy—J/yKs [2], B.— K"K~ decays, these transitions actually represent sen
which has recently led to the observation@P violation in S yS, y rep

the B system[3,4], there are many different avenues we maysmve prqbgs for physics beyond the standar_d m@ﬁé].
. . In addition to an update and extended discussion of the
follow to achieve this goal.

In this paper. we first consideB— 7K modes[5—14), allowed regions in observable space of appropriate combina-

and then focus on thBy— 7" 7, B.—K K~ system(15], tions of B— wK decays, following Ref{16], the main point

providing promising strategies to determimeln a previous of tTe present paper is a detailed analysis of B

_ s . . -
paper[16], we pointed out that these nonleptodcdecays 7T N 7|T d’ tBSHTI; K systteBan in the (Ij'ght of r.e<t:enf'.[ Z(:p: &
can be characterized efficiently within the standard modef€Mal data. These neutrarmeson decays Info fin £ th
through allowed regions in the space of their observables. [fi9€nstates provide a time-depend€® asymmetry of the

future measurements should result in values for these quaf@!lowing form:

ZF[Bg(t)Hf]—F[B_g(t)Hf]_ AZL(By— f)cog AM t) + ATE(B,— F)sin( AM gt)
_F[Bg(t)_)f]”[g_g(t)_,f]_ cosHAT (t/2) — Axr(By— f)sinh(AT 4t/2) ’
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where we have separated, as usual, the “direct” from theCP-averaged3y— =" 7~ andBy— 7K™ branching ratios,
“mixing-induced” CP-violating contributions. The time- which can be expressed in terms-ypfand hadronic penguin
dependent rates refer to initially, i.e., at tine0, presensg parameters. As pointed out in R¢R6], constraints on the
or Bg mesonsAM >0 denotes the mass difference of the latter quantities can be obtained from this observable, allow-
B, mass eigenstates, and’, is their decay width differ- ing an interesting comparison with theoretical predictions.
ence, which is negligibly small in thBy system, but may be In our analysis, we shall follow these lines to explore also
as large a©)(10%) in theBy system[18]. The three observ- allowed regions in the space of tizP asymmetries of the
ables in(1) are not independent from one another, but satisﬁBd_”"”Ti Bs—K"K™ system, and constraints on To
the following relation: this end, we first use Ed3) to fix the B3-BY mixing phase
, , ¢4, yielding the twofold solution5). For a given value of
[AZR(Bg— )12+ [AZE(Bq— )2+ [Asr(Bg—)]?=1. the mixing-inducedC P asymmetry A IX(By— 7" ), the
(2 ratio of the CP-averagedBy— =" and By—m K*

If we employ theU-spin flavor symmetry of strong inter- branching ratcligs allows us then to determine the di@Et

v .
actions, relating down and strange quarks to each other, tHfSYMMetryAcp(Bg— 7" 7) as a function ofy. Conse-
CP-violating observables provided t§,— =* 7~ and B, quently, measuring these observables, we may extract this

- o 0 m0 angle. Moreover, the corresponding hadronic penguin param-
—KK allow a dete_rm|r_1at|qn both of a‘.‘d of theBy-Bq eters can be determined as well. On the other hand, if we
mixing phase¢y, which is given by B in the standard

mix +.=Y\ [ ithi ; ;

model[15]. Moreover, interesting hadronic penguin param-assume thamCP(Bd‘-’_W ™) “?S within a certain given

- : range, bounds o &5(By— 7" 7r~) andy can be obtained
eters can be extracted as well, consisting GfRxconserving d ,d' h CPh d | icul '
strong phase, and a ratio of strong amplitudes, measuring-3¢Pending on the choice afy. In particular, we may as-
roughly speaking—the ratio of penguin- to tree-diagram-likeSU™M¢ that the mixing-induce€P asymmetry Acp(Bq
contributions toBy— 7 7. The use ofU-spin arguments —7 7 ) is positive or negative, leading to very different
in this approach can be minimized, if we ugg as an input.  Situations. , _ o
As is well known, this phase can be determined from Since experimental data for the direct and mixing-induced

mixing-inducedC P violation in By—J/yKg CP asymmetries oBy— 7" 7~ are already available from
_ ’ the B factories, we may now start to fill these strategies with
OR(Byg— Il K g) = —sin gy, (3 life:t

~0.02+0.29+0.07 (BaBar [27]),
—0.94'030.09  (Belle [28]),
(6)
0.01+0.37+0.07 (BaBar [27]),
121795018 (Belle [28)),

up to a twofold ambiguity. Using the present world average .
Acp(Bd—>7T o ):
sin¢y4=0.78+0.08, (4)
which takes into account the most recent results by BaBar

[19] and Belle[20], as well as previous results by the Col- _
lider Detector at FermilaCDF) [21] and ALEPH[22], we ~ AZR(By— 7 7 )=

obtain
()
_ +8yo i+ 7\ o
$a=(517)°\/(1297¢)°. ) yielding the naive averages
On the other hand, tHB(S)-B_S mixing phaseps, which enters A(éirp(BdH 7 77 )=-0.48+0.21,
AL (Bs—K T K™), is negligibly small in the standard
model. It should be noted that we have assumed in(8q. AQ‘F’,‘(BdH 7t )=0.61+0.26. (8

that new-physics contributions to th&—J/¢K decay am-
plitudes are negligible. This assumption can be checketUnfortunately, the BaBar results, which are an update of the
through the observable set introduced in Ra8]. values given in Ref[29], and those of the first Belle mea-
WhereasB,— 7+ 7~ is already accessible attkée™ B surement are not fully consistent with one another. In con-
factories operating at th¥ (4S) resonance, BaBar, Belle, trast with BaBar, Belle signals large direct and mixing-
and CLEO, theB,— K"K~ mode can be studied nicely at inducedCP violation in Bq— 7" 7, and points towards a
hadron machines, i.e., at run Il of the Tevatron and at theositive value ofA{3(By— 7" 7~). As we shall point out
experiments of the CERN Large Hadron CollideHC) era,  in this paper, the following picture arises now: for a positive
where the strategy sketched above may lead to experimentabservabled {5(By— =" 7~), as indicated by Belle, the so-
accuracies fory of O(10°) [24] and O(1°) [25], respec- lution of ¢4 being in agreement with the “indirect” fits of
tively. Unfortunately, experimental data &y—K K™ are the unitarity triangle[30], yielding ¢4~45°, allows us to
not yet available. However, sind®,—K*K™ is related to accommodate also the corresponding values yfaaround
By— 7 K™ through an interchange of spectator quarks,
SU(3) flavor-symmetry arguments and plausible dynamical—————
assumptions allow us to replaB— K"K~ approximately ~ !The connection between our notation and those employed in
by B4— 7 *K™*, which can already be explored at thdac-  Refs. [27,28 is as follows: A% (By— 77 ~)=+CBB¥
tories. A key element of our analysis is the ratio of the=—A%" and ATK(By— 7" 7~ )= —S>aBa= _ gielle,
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60°, whereas a gap aroung~60° arises for the second pact of possibleCP-violating new-physics contributions to
solution of ¢4. On the other hand, varyingdACR(By  B§-B mixing, which may yield the unconventional value of
— " ar~) within its whole negative range; remains rather ¢4=129°. These features will become obvious when we
unconstrained in the physically most interesting region. Usturn to the details of our approach.
ing the experimental averages given in E§), we obtain Another important aspect of our study is an analysis of the
28°=y=74° (¢p4=51°) and 106% y=<152° (¢py=129°). decayB,—K K™, which is particularly promising for had-
Interestingly, there are some indications thatay actually ~ ronic B experiments. Using the experimental results for the
be larger than 90°, which may then point towards the uncontatio of the CP-averagedBy— 7"~ and By— 7 K~
ventional solution of ¢4=129°. The negative sign of branching ratios, we obtain a very constrained allowed re-
A9 (B, 7) implies that a certainCP-conserving gion in the AZE(B—K " K™)-AZH(Bs—~KK") plane
strong phase has to lie within the range 629<180°. In  Within the standard model. If future measurements should
the future, improved experimental data will allow us to ex-actually fall into this very restricted target range in observ-
tracty and the relevant hadronic parameters in a much mor@ble space, the combination dBs—K"K™ with By
stringent way[15,26]. — o "~ through theU-spin flavor symmetry of strong in-
Following a different avenue, implications of the mea- teractions allows a determination of, as we have noted
surements of th€ P asymmetries oBy— 7" 7~ were also above. On the other hand, if the experimental results should
investigated by Gronau and Rosner in R&1]. The main  Show a significant deviation from the standard-model range
differences to our analysis are as follows: in R&1], the in observable space, a very exciting situation would arise
By— "7 observables are expressed in termsraindg, ~ immediately, pointing towards new physics. _
the “tree” amplitude T, is estimated using factorization ~ The outline of this paper is as follows. In Sec. I, we first
and data orB— | v, and the “penguin” amplitudeP._ is  turn to the allowed regions in observable spacd3et 7K
fixed through theCP-averagedB~— w*K branching ratio decays, and give a new kind of contour plots, allowing us to
with the help ofSU(3) flavor-symmetry and plausible dy- réad off directly the preferred ranges fprand strong phases
namical assumptions. In contrast, we express the observablf§M the experimental data. In Sec. Ill, we the+” discuss the
in terms ofy and the generdJ-B mixing phasepy, which gene+rali formalism to deal with theBy7 a7, By
is equal to 2 in the standard model, and use the ratio of the_>K K system, and show how cor_lstralnts on the relevant
CP-averaged,— 7" 7~ andBy— m*K=* branching ratios P€"3YN parameters can be obtained from data Bon
as an additional observable to deal with the penguin contri-_ ™ K=. The implications for the +a||t3wed reg|0ns+|n_ob—
butions, requiring als®U(3) flavor-symmetry and plausible SETvable space for the decajg—z 7 andB,—~K"K

dynamical assumptions. We prefer to follow these Iines,wi” be explored in Secs. IV and V, respectively. In our analy-

since we then do not have to make a separation between tr is, we shall also discuss the impact of theoretical uncertain-
and penguin amplitudes, which is complicated by long-1€S: and comment on certain simplifications, which could be

distance contributions, and do not have to use factorizatio .adﬁ by using a rgther moderlatg input f(;"".‘ factgr!z?tlors.
to estimate the overall magnitude of the tree-diagram- inafly, We summarize our conciusions and give a briet out-

dominated amplitudd ., ; factorization is only used in our look in Sec. V1.

approach to take into accoutJ(3)-breaking effects. As far

as the weak phases are concerned, we prefer toyused IIl. ALLOWED REGIONS IN B—wK OBSERVABLE SPACE
¢4, since the results for the former quantity can then be
compared directly with constraints from other processes,
whereas the latter can anyway be determined straighfor- The starting point of analyses of tBe— 7K system is the
wardly from mixing-inducedC P violation inBy—J/yKgup  isospin flavor symmetry of strong interactions, which implies
to a twofold ambiguity, also if there should i@&P-violating  the following amplitude relations:

new-physics contributions t8°-B% mixing. This way, we " ou + n +L0

obtain an interesting link betv(\jleedn the two solutions dgr \/EA(B —mK)TAB —TKY

A. Amplitude parametrizations and observables

and the allowed ranges for, as we have noted above. = \/EA(Bg—> W0K0)+A(Bg_>7f|<+)
It should be emphasized that the parametrization of the _ ) )
CP-violating By— 7" 7~ observables in terms of and ¢4 =—[|T+Cle'’rrce'”+ Pgy]=[€'7+qew]. (9

is actually more direct than the one in termsaofaind 8, as

the appearance af is due to the elimination of with the = HereT andC denote the strong amplitudes describing color-
help of the unitarity relationy=180°—a— 8. If there were allowed and color-suppressed tree-diagram-like topologies,
negligible penguin contributions t®4— 77, mixing-  respectively, Pgy is due to color-allowed and color-
inducedCP violation in this channel would allow us to de- suppressed EW penguingr, ¢ is a CP-conserving strong
termine the combinatioby+ 2y, which is equal to-2« in phase, andjg, denotes the ratio of EW to tree-diagram-like
the standard model. On the other hand, in the presence #dpologies. A relation with an analogous phase structure
significant penguin contributions, as indicated by experimenholds also for the “mixed”’B"— 7K, Bi— 7K' sys-

tal data, it is actually more advantageous to keégmndy in ~ tem. Because of these relations, the following combinations
the parametrization of th8,— 7+ 7~ observables. More- of B— 7K decays were considered in the literature to probe
over, we may then also investigate straightforwardly the im-y:
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TABLE I. CP-conservingB— 7K observables as defined in respond to given values gf and 3,y , thereby allowing us
Egs. (10—(12). For the evaluation oR, we have useds+ /750 to read off directly the preferred ranges for these parameters
=1.060+0.029. from the experimental data. The “indirect” fits of the unitar-
ity triangle favor the range

Observable CLE(®32] BaBar[33] Belle[34] Average

50°< y=<70°, (13
R 1.00£0.30 0.97#0.23 1.50:0.66 1.16-0.25
Re 1.27+0.47 1.18:0.35 238112 1.61042  which corresponds to the standard-model expectation for this
Rn 0.59+0.27 1.02-0.40 0.60-0.29 0.7420.19  angle[30]. Since theC P-violating parametes ., describing

indirect CP violation in the neutral kaon system, implies a
. . N positive value of the Wolfenstein parametgf37],2 we shall
The “mixed” B-— 7~K, Bq— 7" K~ system[7-10!. restricty to 0°< y=<180°
“ np+ + + O = =7 .
The “charged”B —m K B =K system[11-13. To simplify our analysis, we assume that certain rescatter-
The “neutral” By— 7 K, By— 7"K™~ system[13,14. ing effects[39] play a minor role. Employing the formalism
_ Interestingly, alread{ P-averaged— 7K branching ra-  giscussed in Ref13] (for an alternative description, see Ref.
tios may lead to nontrivial constraints or{8,11]. Inorderto 1)) 't would be possible to take into account also these
go beyond these bounds and to determjneCP-violating  effects if they should turn out to be important. However, both

rate differences also have to be measured. To this end, it ifie presently available experimental upper boundsBon
convenient to introduce the following sets of observables .,k k pranching ratios and the recent theoretical progress

[13]: due to the development of the QCD factorization approach
0 o —5 L [40,41] are not in favor of large rescattering effects.
[ R } _|BR(Bg—7 K")=BR(Bg—m K") | 7g+ Following these lines, we obtain for the charged and neu-
Ao) |BR(B*—m"K%)+BR(B —m K] rg0’ tral B— 7K systems

(10 2

Ren=1-2rn(cosy—q)coss, n,+v’rs,, (14
BR(B"— 7°K*)*BR(B~— 7K ")

N AG"=2r.  siné. nsinvy, (15)
BR(B*"—7*K%+BR(B™— 7 K°)

i
4

i i ; =y1-2 +q°. 16
where theR,. ) are ratios ofCP-averaged branching ratios v qcosy+q (16)

(c.n) i i . . . L
and theAy"™ represenC P-violating observables. In Tables A getajled discussion of these parametrizations can be found

I and Il, we have summarized the present status of thesg, Ref. [13]. Using the SU(3) flavor symmetry to fix
guantities implied by th®-factory data. The averages given IT+C| throughB* — 7 «° [5], we arrive at

in these tables were calculated by simply adding the errors in

(11 whered, , denotes & P-conserving strong phase difference
between tree-diagram-like and penguin topologigs, mea-
sures the ratio of tree-diagram-like to penguin topologiges,
corresponds to the electroweak penguin parameter appearing
in Eq. (9), and

BR(BS— 7 K*)*+BR(BJ—7"K")
BR(BJ— 7°K%) + BR(BJ— 7°K?)

1
2

(12

quadrature. + +,.0
The purpose of the following considerations is not the rC:\/EV_”Sf_K [AGB” 7" )| , (17
extraction ofy, which has been discussed at length in Refs. Vud| T V(JA(B* — 7 K)[?)
[7—14), but an analysis of the allowed regions in the
Ree.y—AS™ planes arising within the standard model. Here Vol fx |ABY = a7
we go beyond our previous papdr6] in two respects: first, M= Vo f. [AB,— 1-r°K)|2>’ (18

we consider not only the mixed and charggd- 7K sys-

tems, but als_o the neutral one, as advocated |n_FE]3$$14]. where the ratid ¢ /f . of the kaon and pion decay constants
Second, we include contours in the allowed regions that cor;, . . . .
takes into account factorizab®&U(3)-breaking corrections.
In Ref. [41], nonfactorizable effects were also investigated
and found to play a minor role. In Table I, we collect the
present experimental results fog andr, following from
Egs. (17) and (18), respectively. The electroweak penguin
parameteq can be fixed through th& U(3) flavor symmetry

[11] (see also Ref[7]), yielding

TABLE II. CP-violating B— 7K observables as defined in Egs.
(10—(12). For the evaluation ofA,, we have USGdTB+/TBg

=1.060+0.029.

Observable CLE(Q35] BaBar[27,33 Belle [28,36 Average

Ay 0.04+0.16 0.05-0.06 0.09:0.13 0.06:0.07
AS 0.37+0.32 0.00-0.16 0.14:0.51 0.1%#0.21
AQ 0.02+0.10 0.05-0.07 0.04-0.05 0.04-0.04 %For a negative bag parametg , which appears unlikely to us,

negativen would be implied[38].
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TABLE lll. Experimental results for. andr, .

Parameter CLEQ32] BaBar[33] Belle[34] Average
e 0.21+0.06 0.2x0.05 0.36:0.09 0.24-0.04
M 0.17-0.06 0.2%0.06 0.19-0.12 0.19-0.05

0.38
g=0.72X| —|, (19

Ry

with

Ry=|1 M) 1|V 0.38+0.08 20

Taking into account factorizabeU(3) breaking, the central

PHYSICAL REVIEW D 66, 054009 (2002

tained by varyingy and &, , directly in Egs.(14) and(15),
with 0°<y=<180° and—180°<§, ,< +180°.

A similar exercise can also be performed for the mixed
B— 7K system. To this end, we just have to make appropri-
ate replacements of variables in Eq%4) and (15). Since
electroweak penguins contribute only in color-suppressed
form to the corresponding decays, we may gseO in this
case to a good approximation. Moreover, we hayg—t,
where the determination aof requires the use of arguments
related to factorizatiofi7,9] to fix the color-allowed ampli-
tude|T|, or the measurement &,— 7K™ [42], which is
related toBy— 7*K™* through theU-spin flavor symmetry
of strong interactions. The presently most refined theoretical
study ofr can be found in Refl41], using the QCD factor-
ization approach. In our analysis, we shall consider the range
0.14<r=<0.26. Since we have to make use of dynamical
arguments to fixg andr in the case of the mixe®8— 7K

value of 0.71 is shifted to 0.68. For a detailed analysis withinsystem, it is not as clean as the charged and ne@#ral
the QCD factorization approach, we refer the reader to Ref— 7K systems.

[41].

We may now use Ed14) to eliminate siny, , in Eq. (15):

1-R, +0v2r?
Ag'”zizrc,n\/l—[—““ il

allowing us to calculaté\g" for givenR. ,, as a function of

2

siny, (21)

2rc,n(C037_ a)

B. Numerical analysis

In Figs. 1 and 2, we show the allowed regions in observ-
able space of the charged and neuBab 7K systems, re-
spectively. The crosses correspond to the averages of the
experimental results given in Tables | and I, and the ellipti-
cal regions arise, if we restrigt to the standard-model range

v, if we vary y between 0° and 180°, we obtain an allowed specified in Eq(13). The labels of the contours i) refer to
region in theR; ,—Ag" plane. This range can also be ob- the values ofy for —180°< 5, ,<+180°, and those ofd)

1

s 1.=0.28
a) ro=0.24
05 - r.=0.20
<€ Or
-05
-1 | | I I |
05 1 15 2 25 3
Re
1
05
£ 0r
_05 L
-1 | | | | |
05 1 1.5 2 25 3
Re

1

s g=0.85
b) q=0.68
0.5 q=0.51
2 0
-0.5 -
-1 1 1 [ [ 1
0.5 1 1.5 2 25 3
Re
1
d)
05
e o 1%
-0.5 -
-1 1 1 [ [ 1

FIG. 1. Allowed regions in th&-A§ plane:(a) corresponds to 0.20r.<0.28 forq=0.68 and(b) to 0.51<q=<0.85 forr.=0.24; the
elliptical regions arise if we restrict to the standard-model rang&3). In (c) and(d), we show the contours for fixed values pfand| s,
respectively {.=0.240=0.68).
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1 1

—— r,=0.24 s =0.85
a) r=0.19 b) q=0.68
05 r=0.14 05 - q=0.51
2 o 2 o
-05 |- -0.5 -
—1 | L I | -1 1 [ | 1
0.5 1 15 2 25 0.5 1 15 2 25
Rn Rn
1 1
c)
05 - 05 -
e o 2 o
-0.5 - -0.5 -
_1 | [ [ | _1 1 [ [ |
0.5 1 1.5 2 25 0.5 1 1.5 2 25
Rn Rn

FIG. 2. Allowed regions in th&®-Aj plane:(a) corresponds to 0.Xr,<0.24 forq=0.68 and(b) to 0.51=q=<0.85 forr,=0.19; the
elliptical regions arise if we restrict to the standard-model rang#3). In (c) and(d), we show the contours for fixed values pfand| 5,
respectively (,=0.19,g=0.68).

to the values of 6. ,| for 0°<y=<180°. Looking at these cently performed in Ref.44], where theR, were calculated
figures, we observe that the experimental data fall pretty welfor given values ong°) as functions ofy, and were com-
into the regions, which are implied by the standard-modepared with the preser-factory data.

expressiong14) and (15). However, the data points do not  |n Fig. 3, we show the allowed region in observable space
favor the restricted region, which arises if we constrgito  5f the mixed B— 7K system. Here the crosses represent
its standard-model range3). To be more specific, let us again the averages of the experimenBafactory results.
consider the contours shown {o) and (d), allowing us t0  gjyce the expressions fét and A, are symmetric with re-

trﬁad off the zrefsrred \{)ellluesl fqtrhandr|]5c,n| direKctIy f:om spect to an interchange ¢fand é for =0, the contours for
e measured observables. In the charGed 7K system, fixed values ofy and § are identical in this limit. Moreover,

the B-factory data point towards values fgrarger than 90°, we obtain the same contours fgr—180°— y. The experi-

and |8/ smaller than 90°. In the case of the neut&l . .
7K system, the data are also in favor ¢f>90°, but mental data fall well into the allowed region, but do not yet
Y ' ' 0aIIow us to draw any further conclusions. In the charged and

prefer|s,| to be larger than 90°. These features were als B K he situati b h
pointed out i 14]; in Figs. 1 and 2, we can see them directly neutralB— 7K systems, the situation appears to be muc

from the data points. If future measurements should stabiliz8'°"e €xciting. , _

at such a picture, we would have a very exciting situation, L€t us now turn+to the main aspect of our analysis, the
since values fory larger than 90° would be in conflict with Ba— 7 7, Bs—K"K" system. In our original pap¢16,

the standard-model rang&3), and the strong phases and ~ We have addressed these modes only briefly, giving in par-
5, are expected to be of the same order of magnitude; fadicular a three-dimensional allowed region in the space of the
torization would correspond to values around 0°. A possibleCP  asymmetries AZH(Be—K K ™), AZK(B—K K")
explanation for such discrepancies would be given by largand AYL(By— =" 7). Here we follow Ref[26], and use
new-physics contributions to the electroweak penguin sectahe CP-averagedBy— K= branching ratio as an addi-
[14]. However, it should be kept in mind that we may alsotional input to explore separately the allowed regions in the
have “anomalously” large flavor-symmetry breaking effects. space of theC P-violating B4— 7" 7~ andBg—K K™ ob-

A detailed recent analysis of the allowed regions in paramservables, as well as contraints pnThe experimental situ-
eter space ofy and . , that are implied by the preseBt  ation has improved significantly since Ref46] and [26]

— K data can be found in Ref43], where also very re- were written, pointing now to an interesting picture, although
stricted ranges foR; , were obtained by contrainingto its  the uncertainties are still too large to draw definite conclu-
standard-model expectation. AnotHer- 7K study was re- sions. However, these uncertainties will be reduced consid-
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FIG. 3. Allowed regions in th&R-A, plane:(a) corresponds to 0.:r=<0.26 forg=0. In (b), we have chosen=0.20 to show the
contours for fixed values of and §, which are identical fog=0. Moreover, we obtain the same contours jor 180°—
erably in the future due to the continuing efforts at e The quantity ACen is defined in analogy toAgén, A
factories. Once th®;— K"K~ mode is accessible at had- =|V|/\?=0.832+0.033, andR, was aIready introduced
ronic B experiments, more refined studies will be possible. Inin Eq. (20). The “penguin parameter’de'’ measures—
the LHC era, the physics potential of ty— "7, Bs  roughly speaking—the ratio of tH&,— 7" 7~ “penguin” to
—K*K™ system can then be fully exploited. In this paper, “tree” contributions.
we point out that the standard-model rangeBip—K K™~ Using the standard-model parametrizati@d), we obtain
observable space is very constrained, thereby providing E15]
narrow target range for these experiments.

dir 2dsinésiny
lll. BASIC FEATURES OF THE By—wt@~, BeK*K™ ACp(Bg—m 7 )=— 5| 27
SYSTEM AND THE CONNECTION 1-2dcosf cosy+d
WITH By— @ K*

mIX(Bd—)'ﬂ' T )

A. Amplitude parametrizations and observables

_ _ . _ . 2 -
The decayBl— 7" 7~ originates fromb—d quark-level :sm(¢d+27) 2d cosfsin(¢q t y) +d7sin
transitions. Within the standard model, it can be parametrized 1—2d cosé cosy+d?
as follows[45]:

(28)
0 _+_—y_y(d)au u (d) pc (d) pt

ABg—m 7 ) =N (Acct Aped T e Apent M Apen: where ¢4=28 can be determined with the help of E@),

(22)  vyielding the twofold solution given in Ed5). Strictly speak-

ing, mixing-inducedCP violation in By—J/#Kg probes

whereA¢. is due to “current-current” contributions, the am- dq+ b, where ¢y is related to the weak°—K° mixing

plitudes A, describe “penguin” topologies with interngl  phase and is negligibly small in the standard model. How-

quarks { e{u,c,t}), and the ever, due to the small value of tl@P-violating parameter
g . ek of the neutral kaon systendjx can only be affected by
MO=vjgVvi, (23)  very contrived models of new physi€47].

o In the case 0B,—~K"K™, we have[15]
are the usual CKM factors. Employing the unitarity of the

CKM matrix and the Wolfenstein parametrizatif®i7], gen- 1—)\2
eralized to include non-leading terms k=|V,J=0.222 A(B—K"K™)= 5 ) ! e‘7+( > )d’eio' ,
[46], we arrive af15] 1-\°72 A
ABY— 7 7 ) =C(e '~ de"), (24 9

Where where

C=N3ARy(ALc+ AL, (25) C'=N°A Ry(AlctALL) (30)
with Abe=Abei— Apen, and and

ct ct’
gat= | Do ) (26) dreir'= = | e (3D)
Ro| AGct AR Rp | AU+ As
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correspond to Egsi25) and (26), respectively. The primes B. Constraints on penguin parameters
rem.ind us that we are dealing withba—s transition. Intro- In order to constrain the hadronic penguin parameters
ducing through the CP-averagedBy— =" 7~ and Ba—K K~
branching ratios, it is useful to introduce the following quan-
_ d’ A2 t|ty [26]
d'=— with e=——, (32
€ 1-\2 ’ 1|c'|3 Mg, ®(Mx/Mg My/Mp) 75
T €/C| | Mg ®(M, /Mg M /Mg ) 75,
we obtain[15]
BR(By— 7 7")
- X (37)
i - 2d’sin@’siny BR(Bs—K"K™)
Agp(Bs— K K™)= = = (33
1+2d’'cosé’'cosy+d’ where
. — _ 2 _ Y
AT(B, KK O(xy)=\[1-CcHy2-(-y)?1 (39

denotes the usual two-body phase-space function. The

: >l ! i A7 2a;
_Sin(¢s+2y)+2d"cosd’sin(¢s+ y) +d s'”¢s’ branching ratio BRB.— K"K ~) can be extracted from the

1+2d’cos6’ cosy+d’? “untagged” B,— K"K~ rate[15], where no rapid oscillatory
AMt terms are preset0]. In the strictU-spin limit, we
(34)
have
where theB?-B? mixing phase Ic’|=|c]. (39)
5 Corrections to this relation can be calculated using “factor-
bs=—2)\"7 (39 jzation,” which yields
is negligibly small in the standard model. Using the range for c' fi FBSK(M2 ;0™%) Més— Mg
the Wolfenstein parametey following from the fits of the T Tt E mMEon Mz omz) (40)
unitarity triangle[30] yields ¢s=O(—2°). Experimentally, act |7 Fgn(M7:07) By m

this phase can be probed nicely through—J/ ¢, which ) )
allows an extraction ot also if this phase should be size- Where the form factorsg y (Mj ;07) and Fg (M7;07)
able due to new-physics contributionsB&—B_g mixing [47—  Parametrize the hadronic quark-current matrix elements
49). (K~|(bu)y_|B%) and(7~|(bu)y_A|BY), respectivelyf51].
It should be emphasized that E¢87), (28) and(33), (34) Employing Eqgs.(24) and(29) gives
are completely general parametrizations of @ie-violating
By— 77 andB,—K 'K~ observables, respectively, rely- 1—2d cosf cosy+ d? 1)
ing only on the unitarity of the CKM matrix. If we assume = 2 , ) T
that ¢ is negligibly small, as in the standard model, these €+ 2ed’cosg’cosy+d

four observables depend on the four hadronic paramelfers | et ys note that there is also an interesting relation between

0, d’, and¢’, as well as on the two weak phasgaindéy.  H and the corresponding dire@P asymmetrie§15]
Consequently, we have not sufficient information to deter-

mine these quantities. However, siBg— 7" 7~ is related dsing | 1| A (B —~K*™K")

to Bc—~ K"K~ through an interchange of all down and H= —( - )— :;P > . (42
strange quarks, the-spin flavor symmetry of strong inter- d'sing’) €| Acp(Bg—7 " 7")

actions implies ) o )
Relations of this kind are a general featurelsEpin-related

_ o B decayq52].
de'’=d’'e?’ . (36) As can be seen in E@41), if we use theU-spin relation
(36), H allows us to determine

Making use of this relation, the parametetsd, v, and ¢4
can be determined from th@P-violating B4— =" 7, Bq
—K*K™ observable$15]. If we fix ¢4 through Eq.(3), the s a function ofl [26]:
use of theU-spin symmetry in the extraction of can be

minimized. Sincede? andd’e'?" are defined through ratios co a—d? ”
of strong amplitudes, thB-spin relation(36) is not affected T 2bd (44)
by U-spin-breaking corrections in the factorization approxi-

mation[15], which gives us confidence in using this relation. where

C=cosf cosy (43

054009-8
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_1_62H d b_1+6H 45 1 eeo o0 oH=40
a= H_1 an =H_l ( ) oei H=7.5
0 YN\ e === H=11
SinceC is the product of two cosines, it has to satisfy the § b5
relation—1<C=<+1, implying the following allowed range s
for d: 3
e -0.2
(6] k .
1—6\/ﬁ 1+E\/ﬁ -06 | \..
=sds= . (46) ' h
-1 .

An alternative derivation of this range, which holds fdr
<1/e*=372, was given in Ref53].

FIG. 4. The dependence @f=cosfcosy ond for values ofH
lying within Eq. (51). The “circle” and “square” with error bars
) represent the predictions of the QCD factorizatjdf] and PQCD
As we have already noted, experimental data B\  [54] approaches, respectively, for the standard-model rangg of

C. Connection with By— 77 K=*

—KTK™ are n+ot YEI available. However, sinBg—K"K™~ given in Eq.(13). The shaded region corresponds to a variatioé of
and By— 7K~ differ only in their spectator quarks, we within [0.8,1.9 for H=7.5.
have
dir o dir - we show the dependence Gfon d arising from Eq.(44) for
Acp(Bs—KTKT)~Acp(Bg—7"K™), (47)  various values oH. Because of possible uncertainties arising
from nonfactorizable corrections to E@0) and the dynami-
_ 7B cal assumptions employed in E48), we consider the range
BR(B;—K"K )~BR(By— 7 K*)—, (48 P Py Ha8) g
7By H=7.5+35, (51)
and obtain which is more conservative than EGO). The “circle” and

“square” in Fig. 4 represent the predictions fdre'? pre-

H~ E f_K ' BR(Bg—m " m") sented in Refd41] and[54], which were obtained within the
elf L FKE QCD factorization[40] and perturbative hard-scatterifgr
“PQCD") [55] approaches, respectively. The “error bars”
7.3=2.9 (CLEO32), correspond to the standard-model rariy@) for y, whereas
—{9.0+15 (BaBaf27]), (49) the circle and square are evaluated for 60°. The shaded
region in Fig. 4 corresponds to a variation of
8.5+3.7 (Bellg 34)),
&=d’'/d (52

yielding the average
within [0.8,1.4 for H=7.5. As noted in Ref[26], the im-
H=8.3+1.6, (500 pact of a sizable phase difference

which has been calculated by simply adding the errors in Ab=0'— 6, (53
quadrature. Clearly, the advantage of E4P) is that it al-
lows us to determinéd from the B-factory data, without a representing the second kind of possible corrections to Eq.
measurement d8.— K"K ~. On the other hand—in contrast (36), is very small in this case.
to Eq. (37)—this relation relies not only o8 U(3) flavor- Looking at Fig. 4, we observe that the experimental val-
symmetry arguments, but also on a certain dynamical agies forH imply a rather restricted range fat, satisfying
sumption. The point is tha8,— K"K~ also receives contri- 0.2<d=<1. Moreover, the curves are not in favor of an in-
butions from “exchange” and “penguin annihilation” terpretation of the QCD factorization and PQCD predictions
topologies, which are absent By— 7 K™*. It is usually  for de€'? within the standard model. In the latter case, the
assumed that these contributions play a minor f6leHow-  prediction is somewhat closer to the “experimental” curves.
ever, they may be enhanced through certain rescattering efhis feature is due to the fact that t@P-conserving strong
fects[39]. The importance of the “exchange” and “penguin phased may deviate significantly from its trivial value of
annihilation” topologies contributing t8s—K*K™ can be  180° in PQCD,fpqcp=101°-130°, which is in contrast to
probed—in addition to Eqg47) and (48)—with the help of the result of QCD factorization, yielding focpr
B.— 7" 7. The naive expectation for the corresponding=185°-193°. As a result, the PQCD approach may accom-
branching ratio isO(10 8); a significant enhancement modate large direcEP violation in By— "7, up to the
would signal that the “exchange” and “penguin annihila- 50% level[54], whereas QCD factorization prefers smaller
tion” topologies cannot be neglected. At run Il of the Teva- asymmetries, i.e., below the 20% leVél]. In a recent pa-
tron, a first measurement &,— K"K~ will be possible. per[56], it was noted that higher-order corrections to QCD
In Fig. 4, which is an update of a plot given in RE26],  factorization inB— 7K, 77 decays may enhance the corre-
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sponding predictions for th€ P-conserving strong phases, Here we use the information provided by to explore the
thereby also enhancing the dire€P asymmetries. Let us allowed regions in the space of th€P-violating By
also note that the authors of R€&7], investigating the im- —a*#7~ and Bc—~K"K~ observables, as well as con-
pact of “charming” penguins on the QCD factorization ap- straints ony. For other recent analyses of these decays, we
proach forB— K, 77 modes, found values far3h(By  refer the reader to Ref§31,44,59.
—at77) as large a®)(50%).

Interestingly, the Belle measurement given in Eg). is IV. ALLOWED REGIONS IN Bp—# %~ OBSERVABLE
actually in favor of large directCP violation in By SPACE
—ata~. Since we restricty todlfhe rangd 0°,180°] in our A General formulas
analysis, the negative sign ofgp(By— 7" 7~) implies
The starting point of our considerations is the general ex-
0°< 9<180°, (54 pression(28) for AXK(By— "), which allows us to

as can be seen in EQ7). Interestlngly,apQCD is consistent eliminate the strong phaséin Eq. (27), yielding

with thls range, i.e. the sign of the prediction fgr p(Bg . 4d%= (u+ovd?)2siny

—m ") agrees with the one favored by Belle, whereas Agp(By— w7 )=+ 5
focor lies outside, yielding the opposite sign for the direct (1—ucosy)+(1-vcosy)d

CP asymmetry. (55)

Another interesting observation in Fig. 4 is that the theo-
retical predictions for the hadronic parameti®? could be ~ whereu andv are defined as in Ref15]:
brought to agreement with the experimental curves for val-
ues ofy larger than 90°[26]. In this case, the sign of cas ! AT (By— 7 ) —sin( g+ 27) 56)
becomes negative, and the circle and square in Fig. 4 move mlx
to positive values ofC. Arguments fory>90° using B P(By— " m)cosy—sin(dg+ )

—PP, PV, andVV decays were also given in RdE8].
Moreover, as we have seen in Sec. Il B, the charged and
neutralB— 7K systems may point towards such values-or ATX(By— 7 7 )cosy—Sin( g+ y)

as well[14].

The constraints arising fromd also have implications for It should be emphasized that E&5) is valid exactly. If we
the CP-violating observables of theBy—w"7~, By use the U-spin relation (36), we may also eliminated
—KTK™ (By— 7 K*) decays. In Ref[26], upper bounds through.AX%(By— =" 7 ) in Eq. (41). Taking into account,
on the corresponding dire@P asymmetries and an allowed moreover, the possible corrections to E86) through Egs.
range forAm'x(Bdﬂw 7~ ) were derived as functions of. (52) and(53), we obtain the following expression foi:

m'X(Bd—>7T T ) —SiNngy

(57)

<
|I|

AB+(2—uv)S?+|S|VAAB— (Av+Bu)?+ 4(1—uv)S?

d?= : 58
B2+v2S? 58
|
where values ofH, ATX(By— 7" 7) and . It is an easy exer-
cise to show that Eqg55) and (58) are invariant under the
A=1-€’H—u(1+ e£H cosA 6)cosy, (59)  following replacements:
—180°— ¢y, 180°— v, 63
B=¢?H—1+v(1+ e&H cosA 6)cosy, (60) 4 $ar ¥ Y 63
which will have important consequences below.
S=eéH cosysinAé. (61) In the following, we assume thaty andH are known
from Eqgs.(5) and(49), respectively. If we then vary within
In the limit of A9=0°, Eq.(58) simplifies to [0°,180° for each value of AQE(Bq—m 7 )e[~1,
+1] we obtain an allowed range in thedTX(B4
A 1—62H U(1+ e£H)cosy —atr )—Ad"(Bd—>7-r 7~ ) plane. Restrictingy to Eq. _
d?ppm0-=5 5 (62  (13), a more constrained reglon arises. The allowed range in
B~ €2H—1+0v(1+egH)cosy the ATX(By— " ) —AIL(By— 7" ) plane can be ob-

tained alternatively by ellmlnating throughH in Egs.(27)
If we now in'sertd2 thus determined into Eq55), we may and (28), and then varyingy and @ within the ranges of
caIcuIateAdc"P(Bd—> «t7~) as a function ofy for given [0°,180° and[—180°,+180°], respectively.
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FIG. 5. Allowed region in thed "X(By— 7" 7 )—AY(By— 7" 7 ~) plane for(a) ¢4=51° and various values dfi, and (b) ¢y
=129° andH=7.5. The SM regions arise if we restrigtto Eq.(13) (H=7.5). We have also included the contours arising for various fixed

values ofy.

A different approach to analyze the situation in themixing-inducedC P violation in B4— J/ /K5 up to a twofold

A Byg— 7 7 )-AM(By— 7w 7m") plane was em-
ployed in Ref.[31]. In this paper, the parametde'? intro-

duced in Eq(26) is written as—P /T ..., where the mag-
nitude of the “penguin” amplitudeP .. is fixed through the

ambiguity, also if there should b@P-violating new-physics
contributions taBJ-B§ mixing. This way, we obtain an inter-
esting connection between the two solutions dgrand the
allowed ranges foty, as we will see in the next subsection.

CP-averaged branching ratio of the penguin-dominated de-

cay B*— =K with the help ofSU(3) flavor-symmetry ar-

guments and plausible dynamical assumptions, concerning

the neglect of an annihilation amplitugé. In order to deal
with T, .o (Adc+ Ape,), the penguin piecéyt, is neglected,
and the magnitude of the “tree” amplitud&y.. is estimated
using factorization and data oB—wlv, yielding d
=|P,./T..|=0.276+0.064[44].2 Moreover, using the uni-
tarity relation y=180°—a— 8 to eliminatey, the observ-
ables ATX(By— 7" 7") and AYL(By— 7" 7") are ex-
pressed in terms of, B8 and P, ./T,. .. Fixing B to be
equal to the standard model solution of 26° implied By
—JIyKsg, and estimating P, /T,,| as sketched above,

MX(Byg— 77 ) and AX(By— 7" 7) depend only on
a and@. For each given value af, the variation ofg within
the range] —180°,+180°] specifies then a contour in the
A By— ) —AI(By— 7 7) plane, holding
within the standard model.

In our analysis, we prefer to udé as an additional ob-

servable to deal with the penguin contributions, i.e., with th

B. Numerical analysis

In Fig. 5, we show the situation in thedp(By
—atr )—AI(By— 7" =) plane for the central values
of the two solutions fowrby given in Eq.(5), and values oA
lying within Eq. (51). The impact of the present experimental
uncertainty of¢y is already very small, and will become
negligible in the future. In order to calculate Fig. 5, we have
used, for simplicity,é=1 andA #=0°; the impact of varia-
tions of these parameters will be discussed in Sec. IV C. The
contours in Fig. 5 arise, if we fiy to the values specified
through the labels, and vamy within [ —180°,+ 180°]. We
have also indicated the region which arises if we restyitt
the standard-model rang&3). The crosses describe the ex-
perimental averages given in E®).

We observe that the experimental averages overlap—
within their uncertainties—nicely with the SM region for
¢4=51°, and point towardy~50°. In this case, not only
would be in accordance with the results of the fits of the

e

parametede ?, since we then do not have to make a sepaUnitarity triangle[30], but also theBg-Bg mixing phaseg, .
ration betweerP ... andT .., and in particular do not have ©On the other hand, fop,=129°, the experimental values
to rely on the naive factorization approach to estimate thdavor y~130°, and have essentially no overlap with the SM

overall magnitude ofT ..., which is governed by color-

region. This feature is due to the symmetry relations given in

allowed tree-diagram-like processes, but may also be affd- (63). Since a value of¢$3=129° would require

fected by penguin contributions. In our approach, factorizaC P-violating new-physics contributions t82-BJ mixing,

tion is only used to includeSU(3)-breaking effects.

also they range in Eq(13) may no longer hold, as it relies

Concerning the parametrization in terms of weak phases, wetrongly on a standard-model interpretation of the experi-

prefer to usey and the generaBg—B_g mixing phasedy,

mental information orBg -BJ ¢ mixing [30]. In particular,

since the results for the former quantity can then be comalso values fory larger than 90° could then in principle be
pared easily with constraints from other processes, wherea@&commodated. As we have noted in Sec. Il C, theoretical
the latter can anyway be fixed straighforwardly throughanalyses ofd€'’ would actually favor values fory being

3 ; ; i ut
The dynamical assumptions concernidgand Ay,

fected by large rescattering effe¢&9].

may be af-

larger than 90°, provided that the corresponding theoretical
uncertainties are reliably under control, and that B¢

— a7 m”, Be—~K"K™ system is still described by the
standard-model parametrizations. In this case,(Bqwould
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FIG. 6. Dependence ¢4 2,(By— =" 7 ~)| on y for various values ofA T%(By— 7+ 7 ") in the case oH=7.5. In(a) and(b), we have
chosengy=51° and¢py=129°, respectively. The shaded region arises from a variatiod &f(By— 7" 7~) within [0,+ 1]. The corre-
sponding plots for negative X%(By— 7" 7 ~) are shown in(c) and(d) for ¢q=51° and¢q=129°, respectively. We have also included the
bands arising from the experimental averages in(Bp.

point towards eB3-Bg mixing phase of 129°, which would tion for ¢4=129°. On the other hand, if we consider nega-

be a very exciting situation. tive values of AZ5(By— 7w 7~), we obtain the following
Consequently, it is very important to resolve the twofold allowedranges fory:

ambiguity arising in Eq(5) directly. To this end, cog, has . . . . . s

to be measured as well. For the resolution of the discrete 90°=¥=160%($q=51°), 20°=y=130%(¢y=129°).

ambiguity, already a determination of the sign of ¢gs (65)

would be sufficient, where a positive result would imply that|, ihis case. both ranges would contain Ef3), and the
¢q iS given by 51°. There are several strategies on the maki ation would not be as exciting as for a positive value of
ket to accomplish this godk9,60. Unfortunately, they are AMX(B,— 7t m7). These features can be understood in a

chal[enging from an experimentql point of view and will rather transparent manner from the extremal values for
require a couple of years of taking further data at Be AMX(B,— 7t ) derived in Ref[26]
cp(Bqg 1£0].

factories. In Fig. 6, we have also included bands, which are due to

In order to put these observations on a more quantitativ%‘he resent experimental averages given in (Bl Interest-
basis, we show in Fig. 6 the dependences|dfit(By b b mix ges d ,

v . mix . ingly, a positive value ofA T3(Bq— 7" ") is now favored
)| on y for given values o cp(Bg— 7). For by the data. From the overlap of toelp(By— 7" 7 ~) and

the two solutions ofpy, an interesting difference arises, if |Ad" B * )| bands we obtain the followin lution
we consider positive and negative values of the mixing-f CP_( ¢—7 7 )| bands we obta € Tollowing solutions
inducedCP asymmetry, as done i), (b) and(c), (d), re- ory:

spectively, In the former case, we obtain the followiexr 28°< v=74%( .=51°). 106°<v=<152° .=129°
cludedranges fory: Y=T74%(g=51%), Y (¢q )(- )
66

86°< y=140°%(¢4=51°), 40°<y=<94°(¢pq=129°).

(64) In the future, the experimental uncertainties will be reduced
considerably, thereby providing much more stringent results
for y. Moreover, it should be emphasized that ascan be

Consequently, foepy=51°, we can conveniently accommo- determined with the help of E€58). Going then back to Eq.
date the standard-model rangEs), in contrast to the situa- (44), we may extract cog as well, which allows an unam-
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—a*77) plane, andc), (d) the y—| A% (By— 7" )| plane for positive values oft I%(By— 7" 7~), as explained in the text. We have
used¢y=51° and¢y=129° in(a), (c) and(b), (d), respectively.

FIG. 7. Impact of a variation of within [0.8,1.3 for H=7.5 on (a), (b) the allowed ranges in thel ?X(By— 7" 7 )—A 35 (By

biguous determination of because of Eq(54). Before we  — " 77)| plane for positive values oﬂgi,é‘(BdH ata7).
come back to this issue in Sec. IV D, where we shall have 3ere we have also included the bands arising from the
brief look at factorization and the discrete ambiguities arispresent experimental values foEP violation in By
ing typically in the extraction ofy from the contours shown _, 7+~ We find that a variation of within [0.8,1.7 af-

in Fig. 6, let us first turn to the uncertainties associated Wittects our result66) for y as follows:
the parameterg and A 6.

(28£2)°<y=<(74%=6)°(y=51°),

C. Sensitivity on £ and A @ (106%6)° < y=<(152+2)°(py=129°). (67)

In the numerical analysis di in . IV B, we hav . _— i
the numerical analysis discussed in Sec , We na ?—or future reduced experimental uncertalntleslﬂf(’;'rF,(Bd

usedé=1 andA #=0°. Let us now investigate the sensitiv- .o -
ity of our results on deviations of from 1, and sizeable —mm )|, also the hples n F_|gs.(<7) and Kd)_may have
values of Af. The formulas given in Sec. IV A take into an mpa_ct ony,_excludmg certa_ln values. The |m'pact of the
account these parameters exactly, thereby allowing us IBO:je IS dmcre?smhg for d(lalcreaf]mlg va;lue_sg;olen F|gs.hlc)
study their effects straightforwardly. It turns out that the im-an 4d), only the sma e;t Oles fog=1.2 are shown,
pact ofA 6 is very small* even for values as large as20°. whereas those correspondlgig_t 1'9 and¢=0.8 are hidden.
Consequently, the most important effects are due to the pa- The range fog con_&der;d 'g Flgs. 4 ?fnd 7§%pears.rather
rameteré. In Fig. 7, we useH =7.5 to illustrate the impact of conse_rvatlve to us, since t (86) is not a eqte WJ-spin- .
a variation of¢ within the rangg0.8,1.2: in (a) and(b), we breaking corrections within the factorization approach, in
show  the  allowed regioﬁ o iﬁ the A"‘ix’(B contrast to Eq(39), as can be seen in E¢0). Nonfactor-
ot ) =AY By ot ) plane fory=51° andCFiZQ(i izable corrections to the latter relation would show up as a
/T RCP P o rdT e ~“Y » systematic shift ofH, and could be taken into account
respectively, including also the regions, which arise if Wesi/raightforwardly in our formalism
restricty to the standard-model rang&3). In (c) and(d), we '
show the corresponding situation in  the |ACP(Bd D. Comments on factorization and discrete ambiguities

As we have noted in the Introduction, the present BaBar
and Belle measurements 6fP violation inBy— 7" 7~ are
not fully consistent with each other. Whereas Belle is in fa-

“We shall give a plot illustrating the impact df#+0° on the
B,—K*K™ analysis in Sec. V B.

054009-13



ROBERT FLEISCHER AND JOAQUIM MATIAS PHYSICAL REVIEW D66, 054009 (2002

1F il
N

0.6} 0.6

E 0.2} E 0.2
1 5

;;-o.z ;;-o.z

-0.6 -0.6

=1k =i

0 30 60 90 0 180

¥ [deg]

FIG. 8. The dependence ot@i;‘(Bd—w#w‘) on y arising from Eq.(71) with Eq. (68) for c=c’=1. In (a) and(b), we have chosen
$q=51° and¢py=129°, respectively. We have also indicated the small shifts of the curves for a variatlien®@fbetween 160° and 200°.

vor of very largeC P asymmetries in this channel, the central small shifts of these curves, as indicated in the figure. For
values obtained by BaBar are close to zero. The Belle result 3(Bq— 7" 7~)~0, as favored by the present BaBar re-
and the average fod 3t (By— 7" ) given in Eq.(8) can-  sult, we would obtain
not be accommodated within the factorization picture, pre-
dicting 6~ 180°. On the other hand, this framework would ¥~ 86°/160°(¢q=51°), y~40°/130%(¢¢=129°).
still be consistent with BaBar. Let us therefore spend some (72)
time on simplifications of the analysis given above that CarUsing Eq.(68) once more or the curves shown in Fig. 4
be obtained by using a rather mild input from factorization.yieIdS
If we look at Eq. (28) and (41), we observe that
OX(Byq— 7" 7~) andH depend only on cosines of strong d~0.4/0.2 ¢4=51°), d~0.6,/0.3¢py=129°).
phases, which would be equal to1 within factorization. In (73

contrast to sir®, the value of co® is not very sensitive to ) ) )
deviations off from 6|~ 180°, i.e., to nonfactorizable ef- Since, as we have seen in Sec. lll C, theoretical estimates

fects. Using Eq(41), we obtain preferd~0.3, the solutions fory larger than 90° would be
favored. In Eqs(72) and(73), we obtain such solutions for
d=b cosy+ Va+ (b cosy)?, (68)  both possible values apy.

The contours shown in Fig. 6 hold of course also in the
case of AdL(By— 7" 7 )~0. However, we have then to
deal with a fourfold discrete ambiguity in the extractionyof
for each of the two possible values @f;. Using the input
. p=— (69)  about the cosines of strong phases from factorizatior’

£H-1 ~1, these fourfold ambiguities are reduced fdit3(Bgy
—at77)~0 to the twofold ones given in E472). A simi-
with lar comment applies also to other contours in Fig. 6.
Let us consider the contour corresponding AQp(By
c=-cosfh, c'=-cosh’ (70 —at77)=0.6, which agrees with the central value in Eq.
(8), to discuss this issue in more detail. For values of

are generalizations i and b introduced in Eq.(45). The | A&(By— 7" 7 )|=0.5, we would obtain no solutions for
parameterg andc’ allow us to take into account deviations vy. If, for instance,|Ag"P(Bd—> m*7)| should stabilize at

from the strict factorization limit, implyingc=c’=1. We 0.8, we would have an indication for new physics. In the

where

may now calculate case of| AdL(By— 7" 7 )|~0.5, the corresponding hori-
_ zontal line touches thedl3(By— =" 7)=0.6 contours,
ALR(By— 7 77) yielding y~50° and 130° for¢py=51° and ¢$q=129°, re-

spectively. Moreoverd~90° andd~0.4 would be preferred

_Sin(¢q+2y)+2desin(fy+ y) +d?singy in this case. Fop= 0’ =90°, expressiori41) implies

1+2dccosy+d?

(71)

1-€H
. . d= ) (74
with the help of Eq(68) as a function ofy. £H-1
In Fig. 8, we show the corresponding curves for various
values ofH in the case ot=c’'=1; we have again to dis- which yieldsd=0.39 forH=7.5. It is amusing to note that
tinguish between(a) ¢4=51° and (b) ¢y=129°. For a 6=90° and d=0.39 give for (y,¢4)=(47°,51°) and
variation of 6= 6’ between 160° and 200°, we obtain very (133°,129°) the observables4?:'rp(Bd—> at7)=-0.49

054009-14



EXPLORING CP VIOLATION THROUGH CORRELATIONS . .. PHYSICAL REVIEW D 66, 054009 (2002

=11
a) m=H=75 b)
0.6 . 0.6
< <
? ? 0.2 —_— -
i (o) s =,
= T -02 e 2
< <
-06 -0.6
1 — SM ] — SM,
-1 -06 -0.2 02 0.6 1 -1 -0.6 -0.2 0.2 0.6 1
Anix(Byg—7m) Anix(Ba—7m)
0.4 0.4
< <
&
T T
Q a,
< <
0 30 60 90 120 150 180 0 30 60 90 120 150 180
v [deg] 7 [deg]

FIG. 9. Correlations for thdBy— 7" 7, Be—K" K ~By—7"K* system:(a) and (b) are the allowed regions in th.el'"'x(Bd
— 7t )=AT(Bg— 7 K™) plane for¢d—51° and¢y=129°, respectively. lifc) and(d), we consider the/—| A 35(By— 77 K*)| plane
for various values ofA "%(By— 7" ") in the case ofpq=51° and¢y=129°, respectively.

and A %(By— 7" 7~ )=+0.60, which are both in excellent Yielding the average
agreement with Eq(8). If we reduce the value df4 25(By
— " a”)| below 0.5, we obtain a twofold solution foy,
where the branches on the left-hand sides correspond to O
=60=90° and those on the right-hand side to &
=<180°. Consequently, the latter ones would be closer téor “il (Bd_"r =) andH into Eq. (47) y|eIdsAd"(Bd
factorization, and would also be in accordance with the ™. K)~0.2. In view of the present experimental uncer-
PQCD analysis discussed in Sec. Il C. As we have See];elntles this cannot be considered as a discrepancy. If we
there, these theoretical predictions fbe'? seem to favory employ Eq.(42) and take into account Eq52) and(53), we
>90°, and \é\_/ould hence require thay=129° in Fig. 6. For obtain
values of| A&p(Bq— 7" 7~ )| below 0.1, we would arrive at A di . A di _
the fourfold ambiguities fory discussed above. cp(Ba—m7K™)~ ACH(Bs— K K™)

It will be very exciting to see in which direction the data (U+vd?)sinA g
will move. We hope that the discrepancy between the BaBar =—e€fH| cosA =
and Belle results will be resolved in the near future. 4d°~ (u+vd?)?

XAL(By—mta), (77)

Ad(By— 7" K*)=0.05+0.06. (76)

On the other hand, inserting the experimental central values

E.C lati betw By— dB,—»mTK*
orrelations betweenB,—m "~ and By whereA%(By— mt 7 7) is given by Eq(55), with d? fixed

Because of Egs(42) and (47), it is also interesting t0  through Eq.(58).

consider theC P asymmetry inBy— 7K™~ decays instead  |n Fig. 9, we collect the plots corresponding to those of
of Acp(Bg—m 7). The presently availablé-factory  the pureBy— "7~ correlations given in Figs. 5 and 6: in
measurements give (@ and (b), we show the allowed ranges in thélX(By

—ata ) —AI(By— 7 K*) plane for ¢g=51° and ¢yq
0.04-0.16 (CLEO [35]) =129°, respectively, whereas the curveddnand(d) illus-
AZR(Bg— m7K*)=1{ 0.05-0.06=0.01 (BaBar [27]) trate the corresponding situation in the—|.A%0 (B,
0.06+0.08 (Belle [28]), —7K™)| plane for positive values ofl ?X(By— 7" 7).
(75 We observe that the overlap of the experimental bands gives
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FIG. 10. Allowed region in thed ?%(Bs—K K )-A % (B,—~K"K™) plane for (8 ¢s=0° and various values off and (b) ¢
=30°, illustrating the impact of possibleP-violating new-physics contributions Bg—Bg mixing. The SM regions arise if we restrigt
to Eqg.(13) (H=7.5). We have also included the contours corresponding to various fixed valyes of

solutions fory that are consistent with E¢66), although we V4d'2— (u' +0'd"?)siny
have now also two additional ranges for eaghdue to the (1—u’cosy)+(1—v’cosy)d’?]’
small central value of Eq.76). (79

If we consider the allowed regions in observable space of
the direct and mixing-induce@ P asymmetries of the decay whereu’ andv’ correspond ta andv, respectively, and are
Bs—K*™K™, we obtain a very constrained situation. Let usgiven by

next have a closer look at this particularly interesting transi- _ _
tion. ACR(Bs— K K™)—sin(¢s+27)

ATL(B— KK ) ==

u'= mix +e— ; ! (79)
ACp(Bs— K"K )cosy—sin(¢s+y)
AZH(Bs—K K ™) —sin ¢
V. ALLOWED REGIONS IN Bs—K*K~ OBSERVABLE v'=—0pb — : . (80
SPACE Acp(Bs—K"K™)cosy—sin(¢s+y)
A. General formulas In analogy to Eq(55), Eq. (78) is also an exact expression.

Making use of Eq(36), the mixing-inducedC P asymmetry
From a conceptual point of view, the analysis of the decay4 ¢p(Bs— K"K ™) allows us to eliminated’ also in Eq.

Bs—K*K™ is very similar to the one oBy— =" 7. If we  (41), thereby providing an expression fo2. If we take into
use Eq.(34) to eliminate#’ in Eq. (33), we arrive at account, furthermore, Eq¢52) and (53), we obtain

CA'B'+(2-u'v")S'?+[S'[JAA'B’— (A'v’ +B'u")?+4(1-u'v")S"?

d12 s 81
B/2+U/ZS/2 ( )
|
with 7 A" (€fH-1)—efu’(1+efH)cosy
A0 R T ([ e(1— £2H) + £’ (1+ e£H)cosy]
A'=(e’H—1)&%— e£u’(cosA 6+ e£H)cosy, (82 (85)
As in the case oBy— 7" 7, Egs.(78) and(81) are invari-
'=e[e(1—¢*H)+ £v'(CosA 0+ eéH)cosy], (83)  ant under the following symmetry transformation:
¢s—180°— g, y—180°— . (86)
S'=eécosysinAb. (84)
Since ¢ is negligibly small in the standard model, these
symmetry relations may only be of academic interest in the
In the limit of A9=0°, Eq.(81) simplifies to case oB.—K*K™. On the other handj could in principle
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FIG. 11. Impact of variations of(a) £<[0.8,1.3 and (b) A#e[—20°,+20°] on the allowed region in theAg",i(BS
—K K)-AI(B,—~K"K") plane for¢s=0° (H=7.5). In(b), d, andd_ correspond to the two solutions fdr? arising in Eq.(81).

also be close to 180°. In this case,—J/#¢ would not  Fig. 10@. Consequently, the main theoretical uncertainty of
show C P-violating effects, as in the standard model. Strate-our predictions for th&,— K"K~ observable correlations is
gies to distinguish betweepi;=0° and 180° were addressed due to the determination d.
in Ref.[49]. It will be very exciting to see whether the measurements
at run Il of the Tevatron and at the experiments of the LHC
era, where the physics potential of tlBa—K*K~, By
) — "~ system can be fully exploited, will actually hit the
In analogy to our study dq— 7"~ in Sec. IV, we may  very constrained allowed region in observable space. In this
now stra|ghtforwardlyd_ calculate the allowed region in the case, it would be more advantageous not to Mstor the
Cp(Bs— K K™)=ACp(Bs—K"K™) plane. In Fig. 10, we  extraction ofy, but contours in they-d’ and y-d planes,
show these correlations fdg) a negligibIeBg—Bg mixing  which can be fixed in a theoretically clean way through the
phases,, and(b) a value ofp,=30°, illustrating the impact CP-violating Bs—~K K™ andBy— 7" 7~ observables, re-
of possible CP-violating new-physics contributions to spectively[15]. Making then use ofl’ = &d, y and the had-
B2-BY mixing. We have also indicated the contours corre-ronic parametersl, ¢ and ¢’ can be determined in a trans-
sponding to various fixed values of and the region, which parent manner. Concerning theoretical uncertainties, this is
arises if we restricty to the standard-model rang#3). In  the cleanest way to extract information from thgy
contrast to Fig. 5, the allowed region is now very con-—K' K™, By—a"a system. In particular, it does not rely
strained, thereby providing a narrow target range for run 1l ofon Eq.(40). It should be noted that this approach would also
the Tevatron and the experiments of the LHC era. As waWork, if ¢ turned out to be sizeable. This phase could then
have seen in Sec. IVE, the experimental constraints ofe determined througBs—J/ /¢ [48,49.
AdL(By—77K*) exclude already very large dire@P
violation in this channel. Because of E@7), we expect a C. Comments on factorization

similar situation inBs— K"K ™, which is in accordance with Using the same input from factorization as in Sec. IV D
mix !

Fig. 10. The allowed range fad ¢p(Bs—K"K™) may be e obtain the following simplified expressions for the con-
shifted significantly through sizeable values ¢f. Such a  tgyrs in they-d’ and y-d planes:

scenario would be signaled independently through large
CP-violating effects in theBs—J/¢/¢ channel, which is (c’i C/Z_ulv/) —c+c2—uw
d=¢ ———]|, d

B. Numerical analysis

very accessible at hadronBexperiments. It is interesting to T (87)
note that if the solutionpy=129° should actually be the
correct one(,) itﬂoould be very likely to have also new-physicsWhereu,, v’ andu, v are given in Eqs(79), (80) and (56),
effects inB;—Bg mixing. If we restricty to the standard- (57) respectively, and’ andc are defined in Eq(70). On
model rangg(13), we even obtain a much more constrainedthe other hand, the general expressions derived in [REF.
allowed region, given by a rather narrow elliptical band.  that do not rely on factorization simplify for vanishing direct
The sensitivity of the allowed region in theldp(Bs  CP asymmetries iBs—K K~ andBy— =" 7~ as follows:
—K K)-AI(B—KTK™) plane on variations of and
A 6 within reasonable ranges is very small, as can be seen in , 1+=yJ1l—-u'v’ —1+yJ1l-uv
Figs. 11a) and 11b), respectively. In the latter figure, we d'=e d= v :
consider|A #|=20°, and show explicitly the two solutions
(d, andd_) for d’? arising in Eq.(81). As in Fig. 10, we Consequently, sincd’ andd are by definition positive pa-
consider again the whole range fgr and its restriction to rameters, the input from factorization would allow us to re-
Eq. (13). The shifts with respect to thé=1, A9=0° case duce the number of discrete ambiguities in this case. We
are indeed small, as can be seen by comparing with rescaléthve encountered a similar feature in our discussioB pf

v

(88)

v !
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FIG. 12. Allowed region in thed MX(Be— K"K ™)—Ayr(Bs— K K™) plane for(a) ¢s=0° and various values off and (b) ¢

=30°, illustrating the impact of P-violating new-physics contributions B)‘S)—Bg mixing. The SM regions arise if we restrigtto Eq.(13)
(H=7.5).

—at7 in Sec. IV D. As noted in Ref[15], in order to F[Bg(t)HK+K‘]+F[B_S(t)HK+K‘]
reduce the number of discrete ambiguities, the contours in
the y-d andy-d’ plane specified through Eq&8) and(81), ocRHe—rfj)tJr RLefl"(Ls)t (89)

respectively, are also very helpful.
through

D. The AZX(Bs—K¥TK™)—A,r(Bs—K*K™) plane Ry—R_

Let us finally consider the observahi,(Bs—K"K™) Axr(Bs—K'K ):RH+ R’ (90)
appearing in Eq(1), which may be accessible due to a size-
able width differenceAT’s of the B, system. Interestingly, where AT =I') ~T'® is negative in the standard model.
this quantity may also be extracted from the “untagged” rateUsing parametrizatioi29), we obtain[15]

cog s+ 2y)+2d' cosh’ cog ¢+ y) +d'2cosps
1+2d’cosé’ cosy+d'?

Aar(Bs— K K™)= - : (91

An important difference with respect to the dir€xP asymmetry(33) is that—as in Eq(34)—only cos¢’ terms appear in this
expression. Consequently, using the mixing-indu€d®l asymmetry A £3(Bs—K K ™) to eliminate co®’, we arrive at

O s+ 2y) — U’ COS s+ ¥) +{COSphs—v' COL s+ y)}d'?

Ayp(Beos K KT ) = — _
ar(Bs (1—u’cosy)+(1—v’cosy)d’?

(92

In contrast to Eq(78), no sign ambiguity appears in this ing the impact of possible new-physics contributions to
expression; in the former, it is due to sih=+\1—cos¢’.  B2-BJ mixing. It should be noted that the width difference

The square root in E78) ensures that AT ¢ would be modified in the latter case as follo{4®,61]:
U a2 AT =ATMcosgs. (94)
|coso’|= %sl. (93 ° ° °

As in Fig. 10, we have also included the regions which arise

o~ ) o if we restrict y to Eq. (13). We observe thatd,r(Bg
If we fix d' through Eq.(81) and insert it into Eq(92), we ik +K ) is highly constrained within the standard model,
have to require, in addition, that this relation is satisfied. Weyielding

may then perform an analysis similar to the one for the ob-
servablesA™%(Bs—K*K~) and A% (B,—~K"K~) given —1=< A\ (B~ K K )=—0.95. (95)
above.

In Fig. 12, we show the allowed region in thélX(B;  Moreover, it becomes evident that this observable may be
—K"K™)=A,r(Bs—K"K™) plane for (a) the standard- affected significantly through sizeable valuesdaf. Unfor-
model case ofps=0° and(b) a value of,=30°, illustrat-  tunately, the width differencgAT’¢| would be reduced in this
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case because of E(P4), thereby making measurements re-Agg(Bd_)\]/wKs): —singy directly through a measure-

lying on a sizeable value of this quantity more difficult. ment of the sign of cog,.
We have provided the formalism to take into account the
VI. CONCLUSIONS AND OUTLOOK parameters and A ¢, affecting the theoretical accuracy of

: gur approach, in an exact manner, and have studied their
In our paper, we have used recent experimental data to

analyze allowed regions in the space ©f-violating B impact in detail.
: e )
7K, By 7, andB,—K K observables that arise In the case of the decag,—~ K" K™, we obtain a very

within the standard model. The main results can be summ constrained allowed region in the space of the corresponding
rized as follows ' aCP—vioIating observables, thereby providing a narrow target

As far asB— K decays are concerned, the combination range for run Il of the Tevatron and the experiments of the

of charged and neutral modes appear to be most exciting. eHC era. Here the impact of variations gfand A ¢ within

. reasonable ranges is practically negligible. On the basis of
have presented contour plots, allowing us to read off thefhe resent data on direGP violation in Bao 7w K= . we
preferred ranges foy and strong phases, , directly from P - ’

dir +1—
the experimental data. The charged and nelBralwK de- d?]. nr?t_ exlpec_t a ver)(/j large \.’t?]ll,:ﬁ M"CP(B(S’_)K K d)’ ved
cays both point towardy>90°. On the other hand, they WhiCh 1S also In accordance wi € allowed range derive

prefer| 5| to be smaller than 90°, anl@,| to be larger than in this paper. On the other han@,P-violating new-physics

90°. This puzzling situation, which was also pointed out inContributions to B¢—Bg mixing may shift the range for
Ref.[14], may be an indication of new-physics contributions A cp(Bs— KK ™) significantly.

to the electroweak penguin sector, but the uncertainties are Using a moderate input from factorization about the co-
still too large to draw definite conclusions. It should be keptsines ofCP-conserving strong phases, our analysis could be
in mind that we may also have “anomalously” large flavor- simplified, and the number of discrete ambiguities arising in
symmetry breaking effects. the extraction ofy could be reduced.

The present data on théP-averagedBy— 7" K= and It will be very exciting to see in which direction the ex-
By— @7~ branching ratios allow us to obtain rather strongPerimental results for the8— K, Bg—m "7, and B
constraints on the penguin parametet?. A comparison of —K"K™ observables will move. Unfortunately, the present
the experimental curves with the most recent theoretical premeasurements of ti@P asymmetries ilBy— 77~ by Ba-
dictions for this parameter is not in favor of an interpretationBar and Belle are not fully consistent with each other. We
within the standard model; comfortable agreement betweehope that this discrepancy will be resolved soon. As we have
theory and experiment could be achieved for valuesyof pointed out in our analysis, we may obtain valuable insights
being larger than 90°. into CP violation and the world of penguins from such mea-

The constraints o€’ have interesting implications for surements. A first analysis @,—K" K™ will already be
the allowed region in the space of the mixing-induced ancavailable at run Il of the Tevatron, whe®?—B mixing
direct CP asymmetries of the decaBy— 7w 7 . Taking should also be discovered, all—J/#¢ may indicate a
into account the first measurements of these observables sizeable value of,. At the experiments of the LHC era, in
the B factories, we arrive at the following picture. particular LHCb and BTeV, the physics potential of tBe

For the BJ-B mixing phasegy=51°, the data favor a —K'K™, By—7 "7~ system to explor€P violation can
value of y~50°. In this casegpy=28 and y would both  then be fully exploited.
agree with the results of the usual indirect fits of the unitarity
triangle. o
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