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The extraction of Cabibbo-Kobayashi-Maskawa matrix element information from hadpowie-
cays generally suffers from discrete ambiguities, hampering the diagnosis of physics beyond the stan-
dard model. We show that a measurement of the rate asymmetry, whi¢R igolating, in B* —
p p%w) — p*w 7, where the invariant mass of the™ 7~ pair is in the vicinity of thew reso-
nance, can remove the mg) uncertainty inae = ard —V,,V;,/(V.aVas)] present in standard analyses.
[S0031-9007(98)05376-9]

PACS numbers: 11.30.Er, 11.30.Hv, 12.15.Hh, 13.20.He

Although CP violation in the neutral kaon system 77 [6], B® — pw [7], B> — w7 andB° — 7K [8], or
has been known since 1964 [1], it is not yet knownthe latter withB? decays as well [9]. The last two methods
whether the Cabibbo-Kobayashi-Maskawa (CKM) matrix,assume the top quark dominates the— d penguin,
and hence the standard model, provides a correct descripthough the non-negligible charm quark mass implies that
tion of CP violation. The next generation d8-meson the Glashow-lliopoulos-Maiani (GIM) cancellation of the
experiments will address both the empirical determinatiorup and charm quark contributions to the— d penguin
of the CKM matrix elements and the issue of whether as not perfect [10]. However, as the quark penguin
single CP-violating parameter, as in the standard modelcontribution is numerically larger [10], the sign of gn
suffices to explain them. Hadronic decaysBinesons suffices to determine that of sin For our purposes, then,
will play an important role in elucidating the CKM matrix ¢ is proportional toa.
elements, and many clever methods have been devised toGrossman and Quinn have suggested that Ehe»
evade the uncertainties the strong interaction would weighr7 and B — p7 analyses mentioned above can be
on their extraction [1]. Nevertheless, discrete ambiguicombined to determine c@# sinae and hence sin
ties in the CKM matrix elements remain, for B — B°  [2]. However, their analysis requires the use of the
mixing the weak phase enters as sif¢ [2]. Itis our  factorization approximation to estimate the sign of a ratio
purpose to demonstrate that it is also possible to detelf hadronic matrix elements—the phase of this ratio
mine the sign of sip through the measurement of the is the strong phase. In the factorization approximation,
rate asymmetry ilB* — p~p%w) — p=7 "7, where the hadronic matrix elements of the four-quark operators
the invariant mass of the " 7~ pair is in thep®-w inter-  are assumedto be saturated by vacuum intermediate
ference region, so that the meg) ambiguity consequent states. This approximation can be justified in QCD
to the sir2¢ measurement is removed. This is necessaryn the limit of a large number of colors [11], and it
to test the so-called unitarity triangle associated with thdinds phenomenological justification in a comparison with
CKM parametersy, 8, andy, for the standard model re- measured-decay branching ratios [12]. We also use the
quires that these angles sumsg3]. factorization approximation, but the channel we propose

In B* — p*p%w) — p*7* 7~ decays, proposed by has the important advantage that it permits a significant
Enomoto and Tanabashi [4],P violation is generated by test of its applicability. This, we believe, is unique to the
the interference between ia— u tree amplitude and a channel we study and is possible only because™ —
b — d penguin amplitude, or their charge conjugates. Ther* 7~ data in the p’-w interference region provides
rate asymmetry, which i€ P violating, arises exclusively additional hadronic information.
from a nonzero phase in the CKM matrix, so that te The CP-violating asymmetry inB* — p*p%w) —
violation is termed “direct.” The latter's existence requiresp =7 * 7~ in the vicinity of thew resonance is predicted
that at least two amplitudes contribute and that both @ be more than 20% that of the summed decay rates
strong and weak phase difference exists between them [Skith a branching ratio(B* — p~p°® of more than
If the internal top quark dominates thie— 4 penguin 1075 [4,13,14]. Interfering resonances can generally both
amplitude, then the weak phase in the rate asymmetrgonstrain and enhance the strong phase [15]. Here we
enters as sin, wherea = ard—V,;V,,/(V.aVip)] [3].  can also extract the nonresonant strong phase; only its
In B® — B® mixing, in contrast, sida enters. Strategies quadrant need be computed. To understand why the
to determine this latter quantity include the studyB8f—  asymmetry is significantly enhanced ky-o mixing,
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consider the amplituda for B~ — p~ 7 "7~ decay: Recalling the definitions of Ref. [4],
R T p— t o Pip—
A=(m"m p |H'B) + (w7 p |H"IB7), Po _ yipicyre)  lo o ise Poo_ g sy
(1) Iy Iy Po
where H'T and H'? correspond to the tree and penguin (6)

diagrams, respectively. Defining the strong phaséhe 6 fings to leading order in isospin violation,
weak phasep, and the magnitude via L s
is rle'o

A= (m m p |HTIBH + re®e®],  (2)  rel® = (T, + Be'®(s, — T ,ae®™)}. (7)
— Sw

onehasA = (w7 pt|HTIBT)[1 + rel®e %]. Here . .

& is —a if the top quark dominates the — d penguin. Note thaté,, 65, and §, characterize the remaining un-

Thus, theCP-violating asymmetryAcp, is known strong phqses. In the absgn_ce of isospin viola-
5 —0 : i tion, as characterized here - mixing, at least one
_ AP - 1A —2rsindsing

Agp = at ) 3) of these phases would have to be nonzero in order to gen-

|A]> + |A]> 1 + 2rcosécos¢ + r? erate a rate asymmetry and hen€g violation. In the
If we are to calculateAg, reliably and hence deter- model of Bandekt al. [5], these phases are generated by

mine sing we need to know the strong phas®, Let putting the quarks in loops on their mass shell and thus

ty be the tree anghy be the penguin amplitude for pro- are referred to as “short-distance” phases.

ducing a vector mesor¥. In terms of thep and w The resonant enhancement of ta@-violating asym-

propagatorssy ' (with sy = s — my + imyT'y andsthe  metry is driven byll,, /s,. We stress thaB is essen-

invariant mass of ther* 7~ pair), and the effective-w  tially zero in B~ — p~# "7~ because the gluon in the

mixing amplitude,ﬁpw, we find strong penguin diagram couples to an isoscalar combina-
g, -~ g tion of uu anddd. Thus it does not couple to an isovec-
(mra p |HTIB) = L1 ,,t, + L1,, tor p° in the absence of isospin violation. Henge, as
SpSw Sp 4) defined above is nonzemnly if electroweak penguin dia-
o | HPIB) = 8p f 4 & grams, naively suppressed by, /a,, or isospin violating
(wm”p”|37IED Spse PP T, e effects in the hadronic matrix elements which distinguish

the p= andp® are included. Both effects were neglected
in Ref. [4]. As s — m2, the asymmetry is maximized
if |xl= |flpw|/mwrw ~O0(l) and 6, + n ~ =7/2,
wheren = — args,,. Using standard values fat,, and
L. [3] yields x| = 0.53 andn = —/2. Note thaté,
as estimated in the factorization approximatiorn=is- 7
[4], so thaté, + n = —37/2 at thew mass. Thus, the
participation of thew resonance, with its narrow width,
strongly enhances the strong phase without the penalty of
a severely smally|.

The CP-violating asymmetry from Egs. (3) and (7),
to the world data isll,, (m2) = —3500 = 300 MeV> Ijhen, is determined byll,,, mq, r;”' and the short

= J ® istance parametera, 8., B, dg, r', 8., as well as

and qu(mw). o 0'03_— 0.04 [17]. We hav.e assumed ¢, the weak phase which we wish to determine. The
that 11,,(s) is real in the resonance region [19]; re- crycial issue is therefore how well the latter parameters
laxing this assumption yields I, (m;) = —300 =  can be determined. As the sign of ginis of unique
300 MeV?, with no change in the real part [17]. Note that significance, our particular focus is on the short-distance
if finite width corrections, of importance for the, are in-  phase information required to extract it without ambiguity.
cluded, the ratio ok to p photocouplings decreases by The sign of theCP-violating asymmetry in Eq. (3) is
about 10% [20] andl ., (s) becomes more negative to the determined by sié and sing. The sign of sird is
same degree. Such corrections do not impact the sign @ turn determined by cas, ImQ + sind, ReQ, where
this quantity, which is determined by the pion form factor , exp(i8) = r'Q) exp(id,)/|s,|? noting Eg. (7). With
in the vicinity of thew. In contrast, Enomoto and Tana- , = 1,,/(m,T,) as before, we findy| > B, a = 1,
bashi adopt the model of Ref. [21] and make _the abovgng Imy « Rey, so that fors =~ m?,
SU(3) assumption to find a real;independentl,, = )
—0.63I',m, = —4100 MeV? [4,22]. Using Egs. (3)and , sins ~ 11 o (s — m2)sins, — m,T,, coss,].
(4) we find P2 )50 ? @ ! 7

(@ ap | HPB) _ Tpwpo + supy ®)
(mra—p |HTIB™) I1

whereg, is the p° — 7+ 7~ coupling. Maltmanet al.
[16] have considered the direct coupling — 77—,
not included in Ref. [4], as well as the “mixing” contri-
bution w — p° — 77 ~. Fortunately, this additional
term can be absorbed into an energy-dependent, effe
tive mixing amplitude, IT,,,(s) [17]. The latter has
recently been extracted [17] from the world data for
the reactione®e™ — 77~ [18], for /s near thew
mass. Assuming the SU(3) value of3 for the ratio
of the o to p photocouplings and adopting the form
H,,(s) = H,,m2) + (s — mz,)l_[;,w(mi), the best fit

re®e’® =

polo + Soly The sign of sid at s = m? is thus given byﬁpw and
(5)  cosd,. The former is determined hy* e~ data, but what
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of cosd,? We will use the factorization approximation to elements be renormalized to one-loop order as well [1].
compute co$, and thus its sign, yet the above asymmetryThis renormalization procedure resultseffectiveWilson

can also be used to test its utility. As seen from Eq. (8)coefficients ¢, which multiply the matrix elements of
the shape of the asymmetry with the invariant mass of théhe given operators at tree level. The effective Wilson
o+~ pair is primarily of Breit-Wigner form, as dictated coefficients develop an imaginary part if the quarks in
by the1/|s,|? factor, although it will be “skewed” if the loops are set on their mass shell; to compute them, we use
coefficient of the(s — m2) term is nonzero. Thus, the the analytic expressions of Ref. [24] with a charm quark
sign of the skew of the asymmetry is driven by §jn We  mass ofm. = 1.35 GeV. There is some sensitivity to
show below that the empirical dependence oflpa,(s) k%, the invariant mass of the exchanged boson, and thus
abouts = m2 and the magnitude of its imaginary part at we use two values of?, k2/mj = 0.3,0.5, covering the

s = m% do not cloud this interpretation. Thus, we canexpected “physical” range [10].

extract tans,,. This does not fix the sign of c@s, so that We now turn to the evaluation of the matrix elements
we use the factorization approximation to fix its sign andof this effective Hamiltonian. We use the factorization
hence determine that of sif. approximation, so thal(p?p_|dL')/'“uLﬁL'y’ubL|B_> =

We have chosen to study just one of the chan{p*IELy“uLIOMp?IELyMbLIB*) + (1/No){pPluLy* X
nels considered in Ref. [4], namelg" — p*p%(w) —  ur|0){p |dLy,b.|B™). N. is the number of colors,
p=mta~, as it is of special character. In this case, thebut here it is treated as a phenomenological parame-
penguin amplitude to produce® meson is zero but for ter. Fits to measured branching ratios h— D*X
isospin violation, so thap is nonzero only when elec- decays indicate that the empirical value of the ratio
troweak penguins and isospin violating effects which dis{c¢; + ¢5/N.)/(c5 + ¢}/N.) is bounded byN, = 2 and
tinguish thep= and p° are included. As a consequence,N, = 3 [12]. Large N. arguments justify the factoriza-
we can associate the skew of the asymmetry with a singlgon approximation [11], yelV. = < yields a ratio of the
short-distance quantity, s&), and ultimately test the fac- wrong sign. Thus, we us®/, = 2,3 as an empirically
torization approximation we apply. constrained gauge of the uncertainties inherent in the
In principle, the short-distance parameters can be confactorization approximation in what follows.
puted by using the operator product expansion to construct In the preceding paragrappy (andw,) denote isospin-
an effective Hamiltonian at the quark scalep =~ m,. It pure states, fodl,, characterizes isospin violation in
is usually written as a sum of tree and penguin contributhe p° and w. Consistency requires that we compute
tions, as anticipated in Eq. (1). Following Ref. [23] we all other sources of isospin violation to the same order.

have, for example, In particular, we need go estimate how isospin violation
4Gr . < @) distinguishesp ™ from p; and w; in the hadronic matrix
He = —ﬁ Vb Via Z ci(n)O; elements. This additional source of isospin breaking can
= be parametrized via
% (u)
— ViV Z Ci(,LL)(Qi + H.c., (9) “1dr v*u, 10 0 71 b, B~
= <P | LY Ll ><P1| LY u LI1B7) —— (10)

— — — =
with @l(u) = Jray uLglisgyabra  and (92@4) _ (prlugy*ur|0){p~ldry.br|B~)
dry*urtpy,by [23]. Ten four-quark operators charac- We use the model of Ref. [25] to evaluate tie —
terize the effective Hamiltonian; = 3,...,6 label the p*,p? transition form factors and find th&#| is no larger
strong penguin operators, whergas 7,...,10 label the than 0.01. The resultant, 8, etc., as per Eg. (6), are,
electroweak penguins. The Wilson coefficients are  definingé = 4[(c} + c4) (1 + 1/N.) + ¢ + ¢¢/N.] +
known through next-to-leading logarithmic order [23], (cs + cio) (1 + 1/N.) and assuming quark dominance,
yet consistency to one-loop order requires that the ma}riXx expidy) = 1,

; 3 1 28 c’ co 3 1
Be'% = E(Cg + c§0)<1 + N_c> + ?<cg + N—i + ¢+ N—i)[l - E(cg + c'10)<1 + N—Lﬂ (11a)
Lie,re) — €T 28(c5/N. + ¢y + co/N. + clp) B (ci/Ne + ch)&é VirVia 11b
re 7 7 7 7 ’ i ( )
2(01 + CZ)(I + I/NL) 2[(C1 + C2)(1 + l/NC)] Vubvud

We use the parameters of Ref. [4] to evalusite The | the absence of the short-distance phases, the asymmetry
CP-violating asymmetry, which follows from Egs. (3), is symmetric about th@ mass. Figure 1(c) shows the
(6), (7), and (11), is shown in Fig. 1(a) as a function ofsensitivity of thev, = 2, k?/mj = 0.5 asymmetry to the

the invariant mass of ther*#~ pair. The asymmetry errorinll,,(m2), and Fig. 1(d) shows the sensitivity of

is no less than 20% at the mass. The asymmetry re- the same asymmetry to the allowéH,, and In{I1,,)

ally is driven byp-w interference as the same asymme-contributions [17]. Both of the latter generate a slight
tries, now with Infc;) = 0, are shown in Fig. 1(b). In skew to the shape of the asymmetry about¢hmass, yet
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B ' i above channel is large and robust with respect to the known
strong phase uncertainties, admitting the extraction of the
weak phasep, or specifically—« [3], from this channel.
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