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We examine the rates for the exclusive decBysK*)/*/~. We use the scaling predictions of the heavy
quark effective theory to extract the necessary form factors from fits to data availatide-iK®*)/ v,
B—K®) gyl and the rare decaB—K* y. We use different parametrizations of form factors, and find that
integrated decay rates are not very sensitive to the forms chosen. However, the decay spectra and the forward-
backward asymmetry iB—K*/*/~ are sensitive to the forms chosen for the form factors, while the lepton
polarization asymmetry i8°—K®*)%, "~ is largely independent of the choice of form factors. Contribu-
tions from charmonium resonances dominate the spectra and integrated rates. In our “best” scenario, we find
B(B°—K%u " u™)=2.0+0.3x 10" ® and B(B°— K*Ou* 1, 7) =8.1+2.0x 10" 6. We also make predictions for
other polarization observables in these decg$6556-282(196)01613-X]

PACS numbes): 12.39.Hg, 13.25.Ft, 13.25.Hw, 14.40.Nd

[. INTRODUCTION tially arises from the fact that, for the free quark decay, the

spectral end point occurs E’lis: mﬁ, while for the case of

have been the subject of much recent merest. This fo ba=C. 1241oNS: It occurs &%—mg . Apart from this, it i
) : E‘Pﬁ*ieved that the OPE of HQET provides a reliable descrip-

cause the operators responsible for these decays are absen

the standard model at the tree level, and first appear at thtéOn of the inclusive decays.

one-loop level. As a result, these decays can provide sensi- For the exclusive decays, the situation is not quite as rosy,

tive tests of many issues, both within and beyond the star®> the free-quark operators of the inclusive processes are
dard model. The mass of ’the top quark and the Higgs bOSOIgeplaced by hadronic matrix elements, which are described in
the existence or not of other Higgs multiplets, right-hande erms of a number of priori unknown, uncalculable, non-

massive gauge bosons, or even extra left-handed massi grturbatwe form factors. The dependence of these form fac-

) . rs on the appropriate kinematic variable may be modeled,
gauge bosons, as well as questions concerning supersymmet-. . . .
. . . . ut this muddles things as it introduces some model depen-
ric models are just some of the issues to which these deca

" ¥ience in the extraction of information from the measured

are sensitivg1-15]. quantities

In order for these issues to be probed with any kind of ", yhiq yegard, one may use the predictions of the heavy-
precision in these decays, it is crucial that all of the long-.,ark effective theoryfHQET) [18-37 to relate the form
distance effects be understood. At present, it is believed thaL ~tqrs for the exclusive rare decaysBinesons to those of
this IS, t,rle case for inclusive processes such ag,e semileptonic decays 6f mesons. There are two possible
B—Xs/" /", the rates for which are taken to be the ratesyohlems with this approach. The first is that the charm
for the corresponding fre_e-quark process. In this regard, thauark is not particularly heavy, and application of HQET to
operator-product expansidPE of the heavy quark effec- he gecays of charmed mesons may be of questionable valid-
tive theory (HQET) has been used to treat inclusive decaysjyy and value. The second is that to apply the form factors for
beyond the free-quark approximatigt,2,16,17. This ap-  hep decays tdB decay processes requires extrapolation of

proximation is actually the leading term in a systematic €X+he form factors well beyond the range that is kinematically
pansion in the inverse of the-quark mass, and becomes .. assible iD decays.

arbitrarily accurate as the mass of thequark approaches Despite the relative “lightness” of the quark, the pre-
infinity. In addition, it has been shown that corrections to the;stions of HQET appear to be validated experimentally. For
free-quark picture first arise at ordem, so that the pre- _instance, the predictions for the decays of te[26,33 are
dictions for the inclusive decay rates are expected to be q“'t§upported by experimental measuremdi®$,35. In addi-
reliable[16]. _ _ _ tion, and perhaps more importantly, the predictions of HQET
There are, however, two regions of phase space in whicky the decay®— D/ v, in which the charm quark is treated

f[he O'PE of HQET may be I_ess _rellable in predlctlng thegg heavy, appear to be supported by experimental data. One
inclusive decay rateEl]. The first is near the charmonium may expect this success to carry over to the decays of

resonances, as the matrix elements of the four-quark opergharmed mesons, thus justifying the use of HQET for such
tors that contribute in this region may be subject to 'argedecays.

final state interactions. These may be beyond the scope of the 1he question of extrapolation of form factors is a delicate
HQET treatment of the inclusive process. The second is iRyne |n a recent article, Roberts and Ledf8&] have shown

the corner of phase space whé® ~m3, wherePy_is the  that depending on the choice of form factor parametrizations,
four-momentum of the hadronic final sta¥g. This essen- as well as on the choice of form factor parameters, the form
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factors forD decays may be applied with or without successHere, my, is the mass of the charmonium stalg, is its

to B decays. The question of success or nonsuccess waswadth, andfy is its decay constant. The constant is the
crucial one for the nonleptonic decays—K®)y{") for = phenomenological factorization constant, whose absolute
which the question of factorization or not of the matrix ele- value has been measured to be about 0.24.

ment is also of key importance. Similar results have been The hadronic matrix elements of the operators in @g.

reported by other authoi86-3§. are

In [32], the authors found that all of the data treated, o B ) B )
namely,D—K®*) /vy, B-K®) y{") andB—K* y, could be (K(p")[sy,clB(p)=fL(p+p"),+f2(P—P)u,
described in terms of a single set of universal form factors. In ,
this work, we use the results of that work to analyze the (K(p")[sy,.7scIB(p))=0,

decaysB—K/ "/~ andB—K*/*/~ in some detail, but p— . B ) o B
concentrate on form factor effects rather than the effects oft <~ (P+€)[S7,clB(P))=ig7€,,ape™ "(P+P)*(P—P")",
QCD coefficients, as these have been treated elsewhere by )
many authors. In the case of the latter process, we also ex- k*(n’ ¢\[s clB —fBe* 1B . +p’'
amine the forward-backward asymmetry[B2], effects due (K (P ’E)W“ys [B(P) €utare PPEP),

to charmonium resonances, and charm and light continua, +a'ie*-p(p—p’)ﬂ,
were ignored. These are included in the present analysis.

The rest of this work is organized as follows. In the next (K(p")[sa,,,b|B(p))=is®[(p+p") (p—P),
section we discuss the standard model effective Hamiltonian
for the rare dileptonic decays of interest, as well as the form —(P+P")u(P—P"),l,

factors for the exclusive decays, and their HQET relationsto =~ B xu B
the form factors for the semileptonic decaysfmesons.  (K*(P",€)[s0,,b|B(P))=€,,05[ g% € “(p+p")
Our results for the total decay rates, spectra, forward- +gBe*(p—p')P
backward asymmetries and lepton polarization asymmetries -

are presented in Sec. lll, and Sec. IV presents our conclu- +hBe* - p(p+p’)*(p—p")~].
sions.
The form factorsf, f., g, g, a~, s andh are all func-
H H H H 2__ 12
Il. EFFECTIVE HAMILTONIAN AND FORM FACTORS i'é’lgfigr‘: the kinematic variablg®=(p—p’)“. Because of the

In the standard model, the effective Hamiltonian for the

decayb—s/ "/~ has the form s
y at 75258”“ Poag, (4)

Heﬁzﬁ—vgvtb 2i m—§c7(mb)§quV(1+ ve)b/ v/ we can easily relate the matrix elements involvimg, to
V2 Am q those in which the current iso,,, ysb. The superscript8
— . on the form factors signify that they are the ones appropriate
*Co(Mp) sy, (1= ys)b/ ¥/ to the decays of th® mesons. These form factors may be
related to the corresponding ones for decay®ofmesons,
, (1) using the predictions of HQET.
The full formalism of HQET as it applies to these decays

- _ . . has been presented iB2]. Here, we briefly present the sa-
where the coefficient€;(m,) are as in the article by Buras lient points of the discussion. In HQET, a heaBymeson

et al.[6]. We choose not to reproduce these coefficients here%
i

+Cio(Mp)Sy,(1—ys)b/ y*ys/

the interested reader may consult the rich literature on th raveling with velocityv is represented by the Dirac matrix

subject. We do point out, however, that and C,, receive 39]
long distance contributions from the continua of light and 1+
charm qq pairs, as well as from charmonium resonances B(v)— CBRAL (5)
(Cq only). The contributions from light pairs are also as in
the articl_e by Burast al. [6]. The contributions fro_m the  The matrix elements of interest are the®, 40
charmonium resonances may be thought of as arising from
the nonleptonic deca— K™*)y, followed by the leptonic -
decay of the charmonium vector resonange-/"/". (K(p)[STh{®|B(v))="Tr
Thus, including these requires some assumption about the
B— K ™)y amplitude.

As has been done by other authors, we assume that this (K* (p,e)[sTh{®|B(v))=Tr
amplitude can be treated in the factorization approximation,

1+49
(&11+p&2) 75FTV5]v

[(é3tPés)e* v

so that the contribution from each charmonium vector reso- 1+4d

nanceV can be written as +HE (€5t P IT —— 7’5] :
v_ 1677 vcbvgs( fy ) 2 a, @ (6)
3 Vi imy) g?=mi+imyly where
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1B(v))=mg|B(v)). 7 &=a(1+bu-p)m, (13

These¢; are independent of the masses of the heavy quarks
and mesons, as well as of the exact form of the Dirac matriXyith n.— —2,—1, 0, 1.

I'. Thus, they are valid fOI'-bOtDHK(*) and BfK(*)’ as In each scenario, tha; andb; were free parameters that
well as for transitions mediated by vector, axial-vector, andyere fixed by fitting to the experimental measurements. A

tensor currents. fuller discussion of these fits and parameter sets is given in
The relationships between the form factors of B}.and [32]. In this analysis, we have used/,,=0.9988,
the &; are Vi=0.03, V.=009738, V,,=0041, m,=49 GeV,
\/m—B m.=1.5 GeV, andn,=177 GeV.
§1=T(f‘3++f‘i), In Fig. 1 we show our results for the rare dileptonic de-
caysB—K®) ™ u~ using the form factors of the two sce-
narios. For comparison, Fig. 2 shows the corresponding
&= (fE_fE): _ \/m_BsB, spectra for produc_tion of leptons. In e_ach of the_se figgres,
2\/m_B the upper graph is for the exponential scenario, while the
lower graph is for the multipolar scenario.
The most dominant features of these curves are the sharp
maxima due to the first two vector charmonium resonances.
(8) Apart from these two features, the spectra we have obtained
are very similar to those obtained i82]. In particular, the
\/m_B B B B 2B zeroes in some of the distributions still persist.
§a=—5 (297 —ay+a%)=mg'h”, The two charmonium resonances also dominate the total
rates, as the numbers in Table | are all at least twice as large
\/m—B as the corresponding num_bers reported 3], where the
(f8+2mgv-pg®)=— T(gﬁ‘r +g®), resonance effects were not included. The errors that we quote
in all of the numbers we report are estimates only, and are
obtained by using the covariance matrix that arises from the
1 fit.
§6= \/m_BQB=2\/—(g§_9?-)- Apart from the charmonium features shown in these fig-
Me ures, the differences in the predicted spectra are most notice-

The corresponding relationships f& meson form factors able at smaller values af’. This is particularly so for the
require the replacement of all factors o in Eq. (8) by ~ Production of transversely polarizé@*’s. This is not sur-
factors ofmp . Finally, we note that inclusion of radiative PriSing, since the data available constrains the form factors
corrections requires the replaceméght] mainly at large values ofi". Thus, the two scenarios pro-
duce very similar results at largg. In addition, despite the
as(mb)}G’ZS differences between the two scenarios at lgty their pre-

32
Mg
_ B, .B
gS_T(a++a—)v

1
5T 2 me

b—s__ gs— .. .. -
D= E a(m) (my) €) dictions for the total rates are surprisingly similar. In the case
S of 7 leptons, the predictions from the two scenarios are al-
most identical in most cases.

If the final leptons are electrons, all of the curves we have

All of the results we present are obtained by using theshown are essentially the same as those for muons, with the
form factor parametrizations ¢82]. In that work, two sce- €Xception of those for transversely polarizedi’s for small

narios were explored for the form factors. In the first sce-a” (and consequently, for unpolarizéd's as wel). This is
nario, £ and ¢, had the form because the differential decay rate for transversely polarized

K*’s behaves like 12 for small g%, and the different end
&=aiexgd —bi(v-p—mgx))?] points for electrons and muons means that the spectra are
different at smalbj?. In fact, the 1¢? dependence is softened
_ p[ bi zz} by a factor ofy/q?— 4 in the d te. That ph
=a;expg — — (2a 02)?], (10) y a factor of\/q mZ in the decay rate. That phase space
4mp extends further for electron pairs has essentially no impact
on the rate foB—K/*/~, nor for longitudinally polarized
K*'s in B—K*/"/~. However, there is a significant in-
b. crease in the rate for transversely polariz€8’s, with a
&=aexd —b;(v- p_mK(*))]:aieXF{ — _'(qrznax— qZ)}, slightly less significant effect for unpolarizd¢*'s. This is
2mp seen by comparing the numbers in Tables | and Il. The effect
(1) is also shown in Fig. 3. For leptons, all rates are smaller by
about an order of magnitude.
In addition to the differential decay rate, there are two
&=aexd —b;(v-p)?]. (12) other quantities of interest for these decays. One is the dif-
ferential forward-backward asymmetr&g:gz, which may be
In the second scenario, thig were parametrized as defined as

Ill. RESULTS AND DISCUSSION

&, and &5 had the form

while &5 and &g had the form



866 W. ROBERTS 54

-15

10 » | v |

dr/dq’ (GeV')

—— K, longitudinal
— - - K, transverse
--- K, total

-25

107 L : ' : '
0.0 10.0 20.0
q (GeV) FIG. 1. Differential decay rates for the pro-
cesseB—Ku*u~ andB—K*u*u~. The up-
15 per graph is for the exponential scenario, while
10 ' ol ' ' the lower graph is for the multipolar scenario.

10

o

—_
>,

[

dr/dq’ (GeV'™)
=)

-23

10

25 E X L . |
0.0 10.0 20.0
q’ (GeV’)

10°

J5(dr/dg?dcosd,)dcost, — 2 ,(dI'/dq?dcosd /) dcoss,

P8~ TT(dr/dg2dcosy,)dcosd, + /0 ,(dT/dq?dcosd, ) dcosd, (14

Here, 6, is the angle that the negatively charged leptonsimilar results for all availablg?. The relative insensitivity
makes, in the dilepton rest frame, with the momentum of theof this quantity to form factor effects, especially at larger
daughterK*, and the denominator is simptl’/dg?. This  values ofg?, suggest that it may be a useful tool for exam-
quantity is identically zero, in the standard model, forining the physics content of the Wilson coefficients, using
B—K/* /. these exclusive decays.

The forward-backward asymmetries that result from our The second quantity of interest in these decays is the lep-
calculations are shown in Fig. 4, in which the upper graph igon polarization asymmetry, defined as
for B—K*u*u~, and the lower graph is for
B—K* 7+ 7~. We also point out that the form of this asym- dr/d?fy= -y —dT/doPy— 44
metry will depend on the physics content of the coefficients 7 dr/dg? - +dT/d P, — 1
of the operator product expansion, and that the curves shown
all correspond to standard-model physics only. As with theyhere the subscripts denote whether the spin of thé™ is
differential decay rates, the asymmetries that arise from thelligned parallel {=+1) or antiparallel f=—1) to its
two scenarios are very similar at larger valuesgdfin  motion. The upper graph of Fig. 5 shows the results we
B—K*u*u . ForB—K*7" 7~ the two scenarios produce obtain for this quantity for muons iB—Ku ™™, and the

(15
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lower graph shows the corresponding results #& pro-  examining the physics content of the Wilson coefficients.
duced inB—K 7" 7. Figure 6 shows the corresponding re-  This asymmetry iBB—K/ "/~ is independent of form
sults forB—K*u*u~ andB—K* 7" 7. factor parametrizations due to a combination of two effects.
The most striking feature of the upper curves of Fig. 5 isThe first of these is the small lepton maésr /= w or e),
the insensitivity of P, to the parametrization of the form which means that many terms in the differential decay rate
factors(two curves are shown in the pjofThe same feature are small for most regions of phase space. The second is the
also appears in Fig. 6, but mainly for the large dilepton masselative smallness of th€, coefficient compared wittCq
region of phase space. The insensitivity of this polarizatiorand C,,. The consequence of this, together with the small
observable to form factors has not previously been anticilepton mass, is that any form factor dependence in the polar-
pated as far as we know, and suggests that the polarizatidmation asymmetry disappears. In fact, to a very good ap-
asymmetry could be one of the more useful observables fgoroximation, in the limit in whichC; is small, we find

TABLE |. Predictions for decay rates &—K®) ™~ in the exponentialcolumn 3 and multipolar
(column 4 scenarios. Present experimental limits are shown in column 2.

Quantity Experiment Exponential scenario Multipolar scenario

Ig ki, (1018 GeV) <158.0 0.780.19 0.870.15

TL r i, (1078 GeV) - 0.41+0.09 0.60-0.06
—K¥u"p

T5 e, (1072 GeV) - 2.46+2.65 2.93-0.89
—K*u"u

Ig ket (10718 GeV) <10.1 2.88-2.65 3.52-0.89
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TABLE Il. Predictions for decay rates &—K®*)eTe™ in the

multipolar scenario.

W. ROBERTS

Quantity Experiment Prediction
Ig_kete- (1078 GeV) <158.0 0.87-0.15
Tf rere (1078 GeV) - 0.74+0.08
Tp crere (10718 GeV) - 2.96+0.91
Ig ket (108 GeV) <10.1 3.7G:0.90
ReC4C},
- (16

This is also independent of the assumptions of HQET, sinc®
only the hadronic vector and axial-vector operators contri
ute toP, : Eq.(16) does not rely on any special relationships

Py~ 2o+ O(C).
P TN LRSS
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The upper graph of Fig. 6 shows a similar effect in the
polarization of the muons produced By-K* u* u~ , par-
ticularly at large values of the dilepton mass. In fact, to the
same level of approximation, the lepton polarization in this
process is given by the same expression, (#6). This is a
better approximation at large values @f, as form factor
effects become more significant at smatérfor this decay.

Unfortunately, in the case of leptons, where the polar-
ization may be more easily measured, the fact that the lepton
mass is large means that, in general, this polarization vari-
able depends on the particular choice of form factors. Nev-
ertheless, we find little difference between the predictions
obtained from the two scenarios, particularly in
—K* 777, as can be seen in the lower graph of Fig. 6.

pSome simplification in the expression for this asymmetry

does occur at the kinematic end point, where=q2,,.

among form factors. This asymmetry therefore provides ahere, form factor dependence again disappears, and the

direct measure of the interference betwé&anandC,g. In

polarization asymmetry is determined solely in terms of the

addition, experimental observation of significant departuresoefficientsCq andC, (assuming thaC; is smal, and the
from this nearly constant value for muons would signalhadron and lepton massasg, mg« and m_ (at this kine-

larger values ofZ;, and therefore, possibly, new physics.

matic point inB—K/ "/, the polarization asymmetry van-

dr/dq’ (GeV'™)

-21

10

23 [,

10

FIG. 3. Differential decay rates for the pro-
cessesB—K*u"u~ and B—K*e'e™, for
transversely polarize&*’s. The upper graph is
for the exponential scenario, while the lower is
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for the multipolar scenario.

10

q’ (GeV)



54 HQET AND FORM FACTOR EFFECTS INB—K ™) *|~ 869

0.6 v T

exponential
04 — — multipolar -

) 1 )
0.0 10.0 20.0
q (GeV?) FIG. 4. The forward-backward asymmetry

A in B—K*u*u~ (upper graph and
B—K*7"7~ (lower graph. In each graph, the

02 ; | ' T , . - solid curve is for the exponential scenario, while
the dashed curve is for the multipolar scenario.
0.1 - .
£

<
00 4
_01 ' 1 L | L 1 L

12.0 14.0 16.0 18.0 20.0

q (GeV)

ishes identically. Thus, for given values of the Wilson co- 0.25+0.10 for this quantity. It is somewhat surprising but
efficients, there is a firm prediction for this asymmetry atnonetheless reassuring that even this polarization ratio is
maximumg? in B—K* 7" 7~. We note that the form of the largely independent of form factor parametrizations. This
curve we obtain for this quantity in the exclusive channelsuggests that our predictions for total rates should be quite
B—K* 7" 7™ is very similar to that obtained by Hewg#2] reliable, as uncertainties due to form factor parametrizations
in the inclusive procesB— X,7" 7. have less impact on integrated quantities.

Our predictions for the proce®—K/*/~ are 2-3 or- We remind the reader that the numbers that we have
ders of magnitude smaller than present experimental uppeuoted are obtained using form factors that have been fit to
limits, but they are about three times as large as the rateall available data ilD —K®)/ v, B>K®)y{") and the rare
predicted by Aliet al. [3]. Our absolute rates correspond to decayB— K* y. In the case of the exponential scenario, the
branching fractions of (1:80.4)x10 © in the exponential large errors arise because this scenario cannot accomodate
scenario, and (2:00.3)x 10 ® in the multipolar scenario. the CLEO measurement B—K* . If this measurement is
These numbers are valid for the decays of nelBralesons, excluded from the fit, the predictions for the decays we dis-
for which we have assumed the particle data group value ofuss remain essentially unchanged, but the associated errors
1.50+ 0.11 X 10 *?s for the lifetime[43]. are much smaller.

For B—K*/*/~ our predicted branching fractions are
(6.6+0.8)x10°% and (8.1 2.0)x10 ® in the exponential IV. CONCLUSION
and multipolar scenarios, respectively, for muon pairs. For
electron pairs, the multipolar scenario predicts a branching There is a plethora of issues that we have not touched in
fraction of (8.5-2.1)x 10 6. Furthermore, we find the ratio this work. Extensions to the standard model and their effects
I'+/T inB—K*u"u~ to be 0.17-0.06 in the exponential on the Wilson coefficients, scale dependence of these coef-
scenario and 0.200.08 in the multipolar scenario. For ficients, and the forms of these coefficients at leading order
B—K*e"e™, the multipolar scenario predicts a value of and beyond are beyond the scope of this work. While these
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issues are very important, recent calculations suggest that, &t a very good approximation, independent of form factor
least for the inclusive decays, some kind of convergence is adffects, and are determined solely in terms of the Wilson
hand. This is not so for the exclusive decays. Our resultgoefficientsCq and C,o. This is particularly so for the de-
indicate that while results for integrated rates and lepton pocays to the ground state kaons, as the approximation is valid
larization asymmetries appear to be largely independent dfver all of phase space. Thus, these observables could be
the parametrization chosen for the form factors, differentiak,ery useful tools for probing the physics content of the Wil-
rates and the forward-backward asymmetry are not. Meason coefficients. However, in order for this to be a practical
surements of these quantities in exclusive channels willyq) experimentalists must be able to measure the polariza-
therefore serve to probe form factor models or parametrizaggy of the daughter muons in these decays, with adequate
tions. This is therefore similar to the situation in the eXC'”'precision.
sive decayB—K*y, which has turned out to be a testing = ye\ett[42] suggests that the polarization of the tau lep-
ground for form factor models. _ tons could be measurable Btfactories that are under con-

The scenario that best describes all of the experimentalyction, If that is the case, there should certainly be suffi-
data is the multipolar one and, in this scenario, we find thatjent numbers of events produced in the muon channels, at
the universal form factok _is linear inv-p. Using this  |aagt in the “clean” region away from the two charmonium
scenario, we predicB(B’—K°u"pn7)=(2.00.3)x10"°  resonances, as the decay rates for muonsrzmndre compa-
and B(B°—K*u*u")=(8.122.0)x10"%. These num- rable in this region of phase space. The remaining question is
bers are consistent with other model calculatiph8], and  therefore simply one of whether the polarization of the muon
include the effects of the first two charmonium vector resocan be measured in these decays. This may be possible for
nances. We also predidi;/T", in B°-K*%u" 1~ to be sufficiently slow muons, or if the muons can be stopped in
0.20+0.08. the detector.

In the course of this study we have discovered that the For 7 leptons, simplifications such as those mentioned
polarization asymmetries in the decas-K™*)u* ™ are,  above do not occur, and the polarization asymmetry depends
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