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One of the main open problems in the physics\ohypernuclei is the lack of a sound theoretical interpre-
tation of the large experimental values for the rdtigl’y=I'(An—nn)/I'(Ap—np). To approach the prob-
lem, we have incorporated a one-meson-exchange model foAlhe nN transition in finite nuclei in an
intranuclear cascade code for the calculation of single- and double-coincidence nucleon distributions corre-
sponding to the nonmesonic weak decay; ble and}’C. Due to the reduction of interferences, two-nucleon
coincidences are expected to give a cleaner determinatidij/éf, than single-nucleon observables. Single-
nucleon distributions are found to be less sensitive to variatiols/df, than double-coincidence spectra. The
comparison of our results with preliminary KEK coincidence data allows us to extrgtlg, ratio for ;r’\He
of 0.39+0.11 when multinucleon induced channels are omitted.
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I. INTRODUCTION less, an explanation of the origin of the puzflg. In par-
ticular, these calculations found a reduction of the proton-
An old challenge of hypernuclear decay studies has beeimduced decay width due to the opposite sign of the tensor
to secure the “elusive” theoretical explanation of the largecomponent ofK exchange with respect to the one far
experimental values of the ratio between the neutron- andxchange. Moreover, the parity violatingAN(3S;)
proton-induced nonmesonic decay rates,/I'y=I"(An —nN(®P,) transition, which contributes to both the and
—nn)/I(Ap—np) [1,2]. Indeed, the calculations underesti- p-induced processes, is considerably enhancedkbgx-
mate the data for all considered hypernuclei. Moreover, irchange and direct quark mechanisms and tends to increase
the experiments performed until now it has not been possibl&',/I", [6,14). Very recently, theAN— nN interaction has
to distinguish between nucleons produced by the one-bodigeen studied within an effective field theory framew§iK].
induced channeAN— nN and the two-body induced mecha- The decay of- andp-shell hypernuclei was approached fol-
nism ANN— nNN which is expected to be non-negligible lowing the same formalism as in Refgl,6], but the weak
and thus important for the determinationIof/ T, transition was described in terms of OPE, one-kaon-
Because of its strong tensor component, the one-pionexchange, andA§=1 four-fermion contact terms. The re-
exchange(OPE) model with theAl=1/2 isospin rule sup- sults obtained in Refl16] are very encouraging and open a
plies very small ratios, typically in the interval 0.05—0.20. new door for systematic studies of hypernuclear weak decay
On the contrary, the OPE description can reproduce the totddased on effective field theory descriptions.
nonmesonic decay rates observed for light and medium hy- (2) On the other hand, an error in the computer program
pernuclei. employed in Ref[17] to evaluate the single-nucleon energy
Other interaction mechanisms might then be necessary tepectra from nonmesonic decay has been detected and cor-
correct for the overestimation @f, and the underestimation rected in Ref[18]. It consisted in the underestimation, by a
of I',, characteristic of the OPE. Those which have been studfactor 10, of the nucleon-nucleon collision probabilities en-
ied extensively in the literature are the following ones. tering the intranuclear cascade calculation. The correction of
(1) The inclusion in theAN— nN transition potential of such an error leads to quite different spectral shapes and
mesons heavier than the pigalso including the exchange of made it possible to reproduce old experimental datqlﬁﬁr
correlated or uncorrelated two pign8—7). [19,2Q even with a vanishing value &f,/I", (which is a free
(2) The inclusion of interaction terms that explicitly vio- parameter in the polarization propagator model of Refs.
late theAl=1/2rule [1,8,9. [17,18). However, when compared with the recent proton
(3) The inclusion of the two-body induced decay mecha-energy spectra measured by KEK-E3[1], the corrected
nism[10-13. distributions still provide a quite large value of the ratio:
(4) The description of the short rangeN— nN transition  I',/T",=0.87+0.23 fori [22], which is incompatible with
in terms of quark degrees of freeddii¥4,15, which auto-  pure theoretical estimations, ranging from 0.1 to 0.5.

matically introduces\| =3/2 contributions. In the light of these recent developments and of new ex-
Recent progress has been made on the subject in the fgberiments at KEK[23], FINUDA [24], and BNL[25], it is
lowing. important to develop different theoretical approaches and

(1) On the one hand, a few calculatiofs—7,14 with strategies for the determination Bf/T",. In a previous paper
AN—nNN transition potentials including heavy-meson ex-[26] we discussed some results of an evaluation of nucleon-
change and/or direct quark contributions obtained ratiosiucleon coincidence distribution in the nonmesonic weak de-
more in agreement with data, without providing, neverthecay ofEA’He andizc hypernuclei. The calculations were per-
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formed by combining a one-meson-exchange model d®Pr d3k,
describing one-nucleon induced weak decays in finite nuclei 11 = (2m)° (277)3(277)5(MH -Er-E1-Ey
with an intranuclear cascade code taking into account the

nucleon final state interactions. The two-nucleon induced 1 2
- : : X > Mg

channel was also taken into account, treating the nuclear fi- 23+ 1)\

nite size effects by means of a local density approximation {1;{2}

scheme.

In the present paper we discuss the nucleon correlatiowhere the initial hypernucleus, of malsk,, is assumed to be
observables in a more systematic way. In order to stress that rest and the quantiti€s; andE, , are the total energy of
importance of the coincidence analysis in connection withthe residual nuclear system and the total asymptotic energies
the determination of',/I';, we also discuss single-nucleon of the emitted nucleons, respectively. The integration vari-
distributions. In principle, the correlation observables permitgplesp, =k, +k, andk, = (k;—k,)/2 are the total and relative

a cleanerextraction ofl'y/T'y from data than single-nucleon omenta of the two outgoing nucleons. The momentum con-
observables. This is due to the elimination of 'nterferenceservingéfunction has been used to integrate out the momen-

terms betweem- and p-induced decay$1], which are un- . - .
avoidable in experimental data and cannot be taken into a um of the residual ngclgukR— Pr. The sum, together \.N'.th
count by the Monte Carlo methods usually employed tq he factor 1(2J+1), indicates an average over the initial

simulate the nucleon propagation through the residuapypernucleus total spin projectiond, and a sum over all

nucleus. We also perform a weak interaction model indepengu"’mu"‘n numbers of the residual systéh as well as over

dent analysis to extract an estimate fo# I, using prelimi- the spin and isospin projections of the outgoing nucleds,
nary results from KEK[23,27) on two-nucleon angular and and{2}. Finally

energy correlations. The resulting/I", values foriHe turn - - -

out to be substantially smaller than those obtained in the past M =(Wg;Pr K, S Mg, T T5|Opnnn Vi)

[20,28 from single coincidence analyses and fall within the . . . -
predictions of recent theoretical studigs7,14. is the amplitude for the transition from an initial hyper-
The work is organized as follows. In éec Il we give an nuclear statél, into a final state which is factorized into an

outline of the models employed to describe the nonmesoniém'symmetrlzed two-nucleon state and a .re5|dua| nuclear
weak decay. In Sec. lll we discuss the main features of thetate¥r Th? two-nucleon state is chgractenzed by the total
Monte Carlo simulation accounting for the nucleon propagamomentumPy, the relative momenturk,, the spin and spin
tion inside the residual nucleus. The purpose of Sec. IV is t@rojectionS,Ms, and the isospin and isospin projectidnTs.
discuss the reasons why multinucleon coincidence analysdgnally, O,n_nn IS @ two-body transition operator acting on
should be preferred over single-nucleon studies in order tall possibleAN pairs.

extractl',/T', from data. Our results are discussed in Sec. V. Working in a coupled two-body spin and isospin basis, the

and the conclusions are given in Sec. VI. nonmesonic decay rate can be written as
Il. MODELS FOR THE WEAK DECAY r=r,+ Fp,
A. One-nucleon induced decay: finite nucleus approach where I',, and Fp stand for the neutron{An—nn) and
The one-nucleon induced nonmesonic decay rate can Hgroton-induced Ap— np) decay rate, respectively. They are
written as given by (N=n,p)
|
d*P d3k, 1 1 2
Nl S2mMy-Er-E-E) X X X > <TRT3R, tan T.T3|>
(277) (277) SMS ‘]RMR TRT3 2\] + 1 MJ 2
R
1 11 H 1/2 H H
XI2(TTa| 5= 2.5ty ) 2 (iamIcMclIMy) Y SY2ICT Ik Trintan) 20 (Jr-Mg.inmiIcMe)
TT3 2 22 m\Mc iN Mgmy
. 1 . 1 1 1
x 2 ( jnmy |Nm|N-§msN 2 (iam |Am|A-§msA > SMg, 5y 5Msy
mleSN ml,\rns/\ %MSO
1 11 1-(-1)LsD IR
X E TOT3 A~ _1_t3N — tAN*)nN(SYMS!T1T31%7M%1TO!T3 1|A1|N1PT1 kr) I (1)
ToTs, |2 22 V2 ’
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where SY2(Jc T,;Jg Tr,jn tan) IS @ nucleon pickup spectro- TABLE I. Weak decay rate@n units of the freeA decay width
scopic amplitudets,=1/2 andty,=-1/2. The elementary Predicted by Ref[6] for fHe andy’C.

amplitudetn_.,n @ccounts for the transition from an initial
AN state with spin(isospin S, (Tp) to a final antisymmetric Pat+Ty Lo/l

nN state with spiniisospin S(T). It can be written in terms OPE OMEa OMEf OPE OMEa OMEf
of othe“r ?Iementary amp‘llltgdes WhICh depend on center ogHe 0.43 0.43 0.32 0.09 0.34 0.46
mass (“R”) and relative(“r”) orbital angular momentum /1\2(: 0.75 0.73 0.55 0.08 0.29 0.34
quantum numbers of th&N andnN systems: A : : : : : :

tanenn™ 2 X(NLNeLg, A IWEBRTARR,  (2) _ . - : :
N,L,NgLg Without performing theR, k;, and cosb,, integrations, one

where the dependence on the spin and isospin quantum nursan then writen- and p-stimulated differential decay rates

bers has to be understood. In E®), the coefficients 5, R NN A (RK
X(N,L,,NgLg,11lp) are the well known Moshinsky brackets, N(Rk1,C0861) ;a zj‘,c, i(Rka,c08012)
while
* 3p/ A" (D
1 L X Ec-,Jd RA--,(R,kl,coselz)],
thitie= = | R [ o e R T L' J ”
\*’2 r 3

(5
XV, (DD (iy_)q)m <;> ﬁlo X$° ] appropriate for obtaining the distributions of the weak decay
' RR\ b/\2 T"\\v2b S % nucleons required as input of the intranuclear cascade calcu-

(3) lation. As explained in the following section, the intranuclear
cascade code allows then the primary nucleons to change
Here, V,, .(r) stands for the one-meson-exchange weak poenergy, direction, and charge, exciting other secondary
tential, which depends on the relative distance between theucleons that are also followed as they move through the
interactingA and nucleon as well as on their spin and isospinnucleus.
qguantum numbers.  Moreover, (I){fr'Lr[F/(\s’Zb)] and Note that by considering the primary nucleons as emerg-

®S™ [R/(b/+2)] are the relative and center-of-mass har-ing from the same poinR in space, we have implicitly as-
moF:wiRc oscillator wave functions describing theN sys- sumed that the weak transition proceeds as a point interac-
tem, while Wy (f) is the relative wave function of theN tion. This is implied by the shape of the regularized
final state. Further details regarding notation can be 1‘oun(§)0t_entlals of the quel qf Ref{54,6]Tsrlown in Ref[29}—

in Ref. [4]. which peak at relative distances= |r;—1,|=<0.5 fm.

In order to study nucleon-nucleon coincidence spectra, it Finally, we recall that in our calculations the one-meson-

is convenient to introduce differential decay widths depend—eXChange(OME) weak transition potential entering E(B)

, .= . contains the exchange of K, K, », and » mesons in ad-
ing on the center-of-mass coordine® the cosinus of the  yiion o the pion[6]. The strong couplings and strong final
angle between nucleon 1 and 2, af3s, and the modulus of

2 state interactions acting between the weak decay nucleons
the momentum of one of the outgoing nucleons, kayFor 56 aken into account by using a scatteringwave func-
this purpose, taking into account Eq®) and (3), let Us  iqn from the Lippmann-SchwingefT-matrix) equation ob-
rewrite the decay rate of Eql) in the following schematic  ,inad with NSCO7(versions “a” and “f) potentials[30].
way: The corresponding decay rates fie and3?C are listed in
.. Table | (OMEa and OMES together with the OPE predic-
Iy= f d*P; f k> al X f d°RA; (R Pr.k,) tions.
i i
% 2 C;, f ng'A;r(ﬁ',F;T, lzr) B. Two-nucleon induced decay: local density approximation
i The differential and total decay rates for the two-nucleon
induced procesanp— nnpare calculated with the polariza-
= f d3pr d3k, f d3RFN(Ii, |5T, Er), (4) tion propagator method in local density approximation
(LDA) of Refs.[11,13. In such a calculation, the simple
whereg; andc; include Clebsh-Gordan coefficients and other ©PE mechanism, supplemented by strorlg andnN short
dange correlationggiven in terms of phenomenological Lan-

factors that depend on various quantum numbers, whil _ . o

- = e . dau functiong described the weak transition process. The
Aj(R,Pr.k) denote AN—nN weak decay amplitudes. o nycleon  induced  differential  decay  width
Changing variables fronfPr,k; to ki, kp, using the energy (R k. cosg,,) is obtained from the two-particle two-hole
conservingé function and imposing rotational invariance, it (2p2h) contributions to the pion self-energy. As explained in
is possible to substitute, in the integrand of £4), thek.  Ref. [11], these contributions are derived in a phenomeno-
and Py dependence by a dependence lgnand cos#;,.  logical way from a fit to pionic atoms, conveniently modified
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by the Lorentz-Lorenz correction and extended to all kinetequired to trealiHe) through Monte Carlo techniques is
matical regions using the appropriate phasespace. The intrguestionable. However, realistic calculations for few-body
nuclear cascade code then follows the fate of the two nuclescattering states have been performed up to three nucleons
ons excited by thesep2h components, as well as that of the only (see for instance Ref32]). For the hypernuclear non-
third nucleon emitted at the\N7 vertex, as they move mesonic decay problem, only the casé bfhas been treated
through the nucleus. exactly [29,33. Although one might attempt three-cluster-

In the present calculation, the distributions of the weaktype calculations, this goes beyond the scope of the present
decay nucleons and the value bf have been properly work. For this reason, the results we presenlifde should
scaled to maintain the ratib,/I'; unchanged: we then use be considered less realistic than the corresponding ones for
I,/T;=(T,/T1)*PA=0.20 for3He and 0.25 fory’C. These 12C.
values of(I',/T';)'PA have been obtained with the latest up-
date of parameters given in R¢L2] after correcting a small
(conceptugl error in the implementation of data on the IV. SINGLE-NUCLEON VERSUS
P-wave pion-nucleus optical potential. For the hypernuclei NUCLEON-COINCIDENCE ANALYSES
treated in the present papéke and3’C, such a correction
slightly decreases the values Bf while increasingl’, by
about 20%.

In this section we discuss the reason why multinucleon
coincidence studies should be preferred over single-nucleon
analyses when the purpose is the determinatiod’ g’

The argument—of both theoretical and experimental
. INTRANUCLEAR CASCADE SIMULATION origin—for this explanation is based on the reduction of

In their way out of the nucleus, the weak decd., quantum mechanical interferences between n- and

primary) nucleons continuously change energy, direction,p'slfm:u'at?d twea:k Sheﬁ%i]. | inating f d
and charge due to collisions with other nucleons. As a con- . et us first note that the nucleons originating froman
sequence, secondary nucleons are also emitted. _p-lnduged processes are addadoher(_ently(Le., classically

We simulate the nucleon propagation inside the residudf’ °Yr mtranuclea_r cascade calculatigior the moment we
nucleus with the Monte Carlo code of Ref$7,18. A ran- are then neglectlng an analogous effect due to _the two-
dom number generator determines the decay channes;, nucleon stimulated decay channdiHowever, for particular

or two-nucleon induced, according to the ratiggI', and k@nematics Of. the detect.ed nucleodsr instancg, at' low-
I'5/T'¢ predicted by our finite nucleus and LDA approaches.k'r"atIC ﬁen?rgletz)s a possO:bIe guanéurﬂ-mec?an;]calIclln_terfe_zr-
Positions, momenta, and charges of the weak decay nucleoff§ ¢ €lleCt betweemr andp-induced channeis should inevi-

fi InAuces .
are selected by the same random number generator, accortﬁ- ly affect the observed distributions. Therefore, extracting

ing to the corresponding probability distributions given by N “’?‘“Olfn/Fp from experimental data} with the help of a
the finite nucleus and LDA calculations classical intranuclear cascade calculation may not be a clean

task.

For neutron-, proton- and two-nucleon induced decays, To clarifv better the i let ider for inst
the discussion of Sec. Il allows us to introduce the differen-  '° clarify better the issue, let us consider for instance an

) - - experiment(such as the majority of the experiments per-
tial decay ratesI'n(R,ky,€0801), T'p(R.ky,€08615), and  formed up to now measuringsingle-protonkinetic energy

Fz(li,kl,coselz) supplying then-, p- and two-nucleon spectra. The relevant quantity is then the number of outgoing
stimulated total rate$’,, I'y, andI', through the following  protons observed as a function of the kinetic enefigy

relation: Schematically, this observable can be written as
= f d3li d cos 912] d*R n(ﬁy Ky,COS 6y, Np(Tp) = [(P(Tp)|Orsi Owpl| W) = [ p(Ty)|Ops|nn, W)
+ B(P(Tp)|Opsinp, o), (6)

After they are produced as explained, the primary nucle-
ons move under a local potentia!N(R)=—k§N(R)/2mN, where|p(T,)) represents a many-nucleon final state with a
where kFN(R)=[3772PN(R)]1/3(N=H,p) is the local nucleon proton whose kinetic energy i, l\{loreovgr, in Eq;(6) the
Fermi momentum corresponding to the nucleon densityaction of the weak decgy operat®yp=Oxn_.nn+Orp_np
pn(R). The primary nucleons also collide with other nucleonsproduced the superposition
of the medium according to free space nucleon-nucleon cross -
sections[31] properly corrected to take into account the Owp| W) = alnn,Wg) + BlInp, Vg).

Pauli blocking effect. For further details concerning the in-
tranuclear cascade calculation see Réf7]. Each Monte

Carlo event will then end with a certain number of nucleon
which leave the nucleus along defined directions and wit
defined energies. One can then select the outgoing nucleop% ) > o
and store them in different ways, as we shall do in the dis{6) are in general nonvanishing, interference terms_between
cussion of Sec. V. n- and p-induced decays are expected to contribute to

We are aware of the fact that accounting for nucleon finaNp(Ty). An amplitude (p(T,)|Ogs|nn, ¥ different from
state interactions effects in light residual nucles those zero means that, due to nucleon final state interactions

Here [nn, ¥g)(Inp, ¥r)) is a state with ann(np) primary
ghair moving inside a residual nuclels(VPxs). Note that in
fihe present schematic picturg; o |a|> and Ty |8/ Since
th transition amplitudes entering the last equality of Eq.
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(FSI), a secondary proton has a nonvanishing probability 0.4
to emerge from the nucleus with kinetic enerGiyeven if
the weak process was induced (i.e., without primary
protong. While for high kinetic energies(say for
T,>80 MeV) this amplitude is expected to be almost van-
ishing, as long ad, decreases its contribution could pro- 0.25 OMEf
duce an important interference effesiee the results dis-

cussed in Sec. VA

An interference-free observation would imply the mea-
surement of all the quantum numbers of the final nucleons 0.15 - ]
and residual nucleus. While this is an impossible experiment,
what is certain is that the magnitude of the interference car 01
be reduced if one measures in a more accurate way the fine
state. For this reason, two-nucleon coincidence observable
are expected to be less affected by interferences than single

nucleon ones and thus more reliable for determifdiggl,.
If we consider the detection of the kinetic eneigyrrelation
of np pairs emitted nearly back to bagkay with cosf,,
=-0.9

Npp(Th + Tp, COS 0, < — 0.9

o |a{n(Ty),p(Tp),COS by < — 0.90gg|NN, ¥R

+ B(n(Ty,),p(Tp),COS Oy < — 0.Q6F5,|np,\IfR,>|2,

(7
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--=-- 1N without FSI
0.35 — seemsnsesee | N+FSI
—— IN+2N+FSI

03 r J

N, o2f ]

P

0.05 -

0 20 40 60 80 100 120 140
T, (MeV)

FIG. 1. Singleprotonkinetic energy spectra for the nonmesonic
decay of‘f\He. The dashed and dotted lines are normaljzeddone-
nucleon induced decafl’;=I",+I'y), while the continuous line is
normalizedper nonmesonic decay yy=1"1+1I",).

An—nn

[NAN—=nn — [NAP—=Np PP —
= NI and ALPTP= NAPTTP @’ T (adnnn

| — ., An—nn . [ — - Ap—np
= NAN=N gidnp T and AMPTP=INAP=IP gidnp ) Note

that r{ae distributions of Eq(8) [Eq. (9)] are not affected

one expects an interference effect smaller than the one ajpy interference only whenl, cos ¢,=0[l, COS ¢,,=0].

pearing in single-nucleon observations, i.e., in &), espe-

cially when particular energy cuts are considered.
To see this more explicitly, let us rewrite Eq§) and(7)
in the following way:

. e
where the various arguments have been suppressed and {n

— An— Ap—
Np =[Ny + NoP="PI[1 +1, cos ¢, ], (8)
Nop=[NAD~"+ NP1 +1,, cos o], (9)

number of nucleons

Ni)\n—»nn = |Ai)\”—'n”|2 o |a|2|<p|(’\)|:5||nn,\PR>|2,

NAP="P = |ARP=P2 o | B2/ p| Oslnp, W),

Nﬁf”” = |A£;;Hnn Z o |af?[(np|OggInn, ¥ )|,

Nﬁ;‘,’ﬁ”p = IAQF‘,“””IZ | B2Knp|Ogs|np, Vr)|?,

have obvious meaning. Moreover

lp

np—

-
ZVNQann Nﬁpﬂnp

~ NjAn—nn Ap—np
Np + Np

InjAN—nn \(Ap—np
_ 2VNgp Npp

An—nn Ap—np
Npp  +Nip

— 4 An— Ap— — 4An— Ap— :
and ¢p_ n nn_¢pp np(¢np_ n nn_¢n'§) ") s the

phase

p
difference

np
between the amplitudea)" ™

Since, as explained, we expect
NAT="Y NAP~P< AP/ NP <1, then I,, will be
smaller thanl,. The numerical results discussed in Sec.
V A and V B confirm this expectation.

The same reasoning must be applied—and the previous
equations changed accordingly—once the two-nucleon in-
duced decay mechanism is taken into account.

Note, however, that our discussion in this section has dis-
arded the effect of the phase differenegs and ¢y,

ich cannot be evaluated theoretically. An indirect estimate
of these phase@nd then of the real interference effeatan

be obtained through the comparison of our calculated spectra
(in which interference is not taken into accoumtith the
experimental onegwhich could be affected by interfer-
ence$. In Sec. V B we discuss an indirect indication for a
small interference effect in double-coincidence observables.

V. RESULTS
A. Single-nucleon spectra

In Figs. 1 and 2 we show the proton kinetic energy spectra
corresponding to the decay GHe and}3C, respectively.
Note the particular normalizations of the curves presented in
this and in the following figures. The dashed curves corre-
spond to the distributions of the one-nucleon induced pri-
mary protons: they have been obtained through intranuclear
cascade calculations in which the one-nucleon stimulated
weak decay nucleons move under the effect of the nuclear
local potentiaI,VN(R)=—k§N(R)/2mN, without colliding with
the nucleons of the medium. The inclusion of nucleon FSI
provide the result given by the dotted lines. The continuous
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0.4 . . . 0.4 . . . .
L ==== 1IN without FSI i L total ]
035 e INHFST 0.35 ~ from n—induced
—— 1IN+2N+FSI ---- from p-induced
0.3 - 1 03 ——~- from 2N-induced ]
0.25 - OMEf 1 0.25 | OMEf .
N, o2t . N, o2} ]
0.15 . ]
01t . ]
0.05 . b
0 r==! 1 1 1 L h == .
] 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
T, (MeV) T, MeV)
FIG. 2. Same as in Fig. 1 fdfC. FIG. 3. Singleprotonkinetic energy spectra for the nonmesonic

weak decay oﬁHe. The total spectrur, (normalizedper nonme-

lines correspond to the full calculation, i.e., once the two-s‘%'gfn‘g’eak d?f?pﬂﬁ‘fpbee” decomposed in its compond¥}f$ ™",
nucleon induced channel is also included. The calculation8p andNy according to Eq(10).
have been performed with the OMEf model, which predicts .
I',/T,=0.46 for SHe andT,/T,=0.34 for ¥’C. The model ~Selecting theAn—nn mode as the only allowed decay
OMEa supplies similar results both for the proton and neuProcess. The two primary neutrons will then collide with
tron spectra. While the primary proton distributions are veryother nucleons of the medium producing a final amount of
similar for the two hypernucleithe one fori?C is slightly ~ outgoing protonsN;™" per neutron-induced decay event.
broadey, the full calculations clearly show that, as expected,Analogous calculations are performed to determine the
FSI have a bigger effect for the heavier system. far FS| ~ other nucleon numbers entering H40). R
are so important that they completely smear out the maxima !N Figs. 3 and 4Ny, Ny ™, N* ", andNy"" """ are
corresponding to the primary protons. Our predictions for the$hown as functions of the nucleon kinetic energy in the case
proton spectra fron}’C should be compared with the one Of 1He. In Figs. 5 and 6 the same quantities are given for
measured at KEK-E30[21]. Unfortunately, this is not pos- x C- From theN, and N, distributions foriHe we note that
sible since these data have not been corrected for the deteci maxima occurring aty=75 MeV—mainly due to the
geometry and the energy losses occurring in the target ariinematics of the weak decay nucleaisge the dashed line
detector materials. in Fig. 1 for protony—are more pronounced for neutrons
Let us now introduce the number of nucleons of the typethan for protons. Note that for any value of the rafigI;,
N(N=n,p) produced inn-induced(N}*"), p-induced(N*?),

and two-nucleon inducedNZ?®) decays. If we normalize 03 1
these quantities par-induced,p-induced, and two-nucleon total
. K - from n—induced
induced decay, re_spectlvely, thatal nu_mber of nur_:leo_ns of 0.25 | ==~ from p-induced ]
the typeN (normalized per nonmesonic weak deceygiven ——- from 2N—induced
by 0.2 -
1B 1B 2B
NN:NN o+ Ny Tp+ Ny T N, 015 1
Fh+Tp+T,
_ nAN— Ap— A
= NNn nn NNp np 4 Nan—mnp, (10) o ]

whereNA"~"" NAP~" andN4"P~"P have obvious meaning.
All these nucleon numbers can be considered either as bein
functions of the nucleon kinetic energyy(Ty), as it is the
case of Figs. 1 and 2, or as the corresponding integrate« 0
quantities, Ny=[dTyNy(Ty). By construction,NiE", NiEP,

andNZ2 (NA"" NAP~"P and NA"P~"P) do notdepend(do

dependl on the interaction model employed to describe the F|G. 4. Singleneutronkinetic energy spectra for the nonme-
weak decay. The number of protons produced per neutrorsonic weak decay ofHe. The total spectrun, (normalizedper
induced weak decal;®" has been evaluated numerically nonmesonic weak decafias been decomposed in its components
by imposingT,=T',=0 in our calculation code, thereby N """ NiP~" andN)"P""" according to Eq(10).

0.05 L
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1 ' ' ' ' ' ' ' singleneutron spectra these interference effects could be
09 L total | even larger. Indeed, from Figs. 3—6 it is clear that, as ex-
e from n-induced pected, Ny™ "/ NP~ "P<NA""/NJP~"P< 1. Once again
08 r -=-- from p-induced ] this conclpusion neglects the effect of the phases of the inter-
07 | — - fom2N-indwed |} fering amplitudes.
S The single-neutron spectrum fdfc observed in the
06 | OMEf 1 KEK-E369 experimenf34] is well reproduced by our calcu-
N o5 i | lations. This is evident from Fig. 6, where we show results
'

based on two model®©PE and OMEY which predict quite

iy differentI',/T", ratios. Unfortunately, the dependence of the
neutron spectra on variations ®f,/I", is very weak(the
same is true also for the proton spegt@ad a precise extrac-

iy tion of the ratio from the KEK-E369 distribution is not pos-
sible. We checked that an analogous calculation performed
with the polarization propagator method in local density ap-

0.4
0.3
0.2

0.1
-""'L..—._ﬂ___ﬂ_____
0 L

0 20 20 60 80 100 120 140 proximation of Ref.[18] supplies neutron spectra which re-
T (MeV) produce the data of Fig. 6 with ¢ per degrees of freedom
? smaller than 1 whei',/T;, (a free parameter in such kind of

FIG. 5. Same as in Fig. 3 fd¢C. calculation$ is chosen to lie in the range 0—1.5 and data

aboveT,=30 MeV are considered. The little sensitivity of
the number of primary neutrons is indeed larger than thé\, and N, to I',/I'; is mainly due to the fact that these
number of primary protongsee Eq(11)]. Consequently, due numbers are normalized to the same total non-mesonic decay
to neutron-proton reactions, the proportion of secondary prorate(i.e., per nonmesonic weak degayhe non-normalized
tons in the proton spectrum is larger than the proportion ofiucleon spectra§,=N, I'yy and §=N, I'yy [see Eqg.
secondary neutrons in the neutron spectrum. From Figs. @L0)], have indeed a stronger dependencel@nl’,. As a
and 5 we also note that the fractions mbtonsemitted in  consequence, in order to discriminate between different weak
neutrorinduced processes are quite small. For value$,of decay models, one should separately compare the comple-
in the 30—40 MeV bin(i.e., just above the experimental mentary observabld,,+I",, with experiment. Foﬁzc, our
threshold, Ny™"/N}P~"P~0.15 both for3He and }°C,  calculations supplylyy=TIy+I+I,=1251,+I)=0.91
which corresponds to an interference terfgcos¢, or 0.69 when model OMEa or OMEf is used. These values
=0.67 cos¢, in Eq. (8). Therefore, even if the number of agree quite well with the KEK datum 0.83+0.11 of Ref.
protons from n-induced decays is expected to be rather[35].
small, the existence of such events could nevertheless pro- The problem of the small sensitivity df,, and N, to
duce a quite big interference effect: unfortunately, the mattevariations ofl’,/I', can be overcome if one concentrates on
depends crucially on the phagg which we cannot estimate another single-nucleon observable. The rdfjgl’, is de-
theoretically. From Figs. 3 and 5 one also note that the twofined in terms of the ratio between the number of primary
nucleon induced mechanism could be responsible for an inweak decay neutrons and pro'[oﬂ‘d%,’d and N‘,’JVd, in the fol-
terference effect in the proton energy spectra as important dswing way:
the one which could be due to theinduced channel. For

Iy 1[Ny )
prp— T T T — ==\ —/—3— 1 . 11
: Ty Z(N;,Vd v
05 — total 7 . .
total OPE Due to two-body induced decays afespecially nucleon
= from n-induced FSI, one expects the inequality
04 L ---- from p—induced 4
— —- from 2N-induced r 1/N
N ® KEK-E369 F—“ §<N—” - 1) = Ry[AT,, AT, I';] (12
03 1 p P
N, == OMEf . L . .
to be valid in a situation, such as the experimental one, in
) which particular intervals of variability of the neutron and
02 r ’ proton kinetic energyAT, and AT, are employed in the
determination ofN,, and N,
04t i As one can deduce from previous figures, not dlyand
""""" L_ N, but also the ratidN,/N, depends oA T, andAT,,. This is
"""" ‘ __v‘»_»»_»wﬁj_; more evident from Table I, in which the functid® defined
O E 0 w10 % bYEq.(12is givenhforiHe and}°C, for different nucleon
T (MeV) energy thresholdd}| and for the OPE, OMEa, and OMEf

models. For a given energy threshoR, is closer tol',/T",
FIG. 6. Same as in Fig. 4 {dfC. The OPE result is also shown. for {He than for;’C since FSI are larger in carbon. The ratio
Experimental data are taken from RE34]. Nn/N, (or equivalentlyR,) is more sensitive to variations of
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TABLE I1. Predictions for the quantity; of Eq. (12) for 3He 0.45 '
andC corresponding to different nucleon thresholdsand to the 04 L | — INwithout FsI — B
OPE, OMEa, and OMEf models. T - IN+FSI

---- IN+2N+FSI
Tth (MeV) 035 F | IN+2N+FSI and T,>30 McV B
N

0 30 60 [/l 04 £ OMES ;
OPE 0.04 013 0.6 009 N, ¢ - :
3He OMEa 0.15 0.32 0.39 0.34 02 g
OMEf 0.19 0.40 0.49 0.46 015 :

’ e ]
OPE -0.06 -0.01 0.05 0.08 6 b Ml e b= :
= o d— <

e OMEa -0.02 0.07 0.19 0.29 | B =

] —_
OMEf -0.01 0.09 0.21 0.34 0.05 1 = :
0 : .--I"I.J L i -
0 50 100 150 200

I'y/T, (see the differences between the OPE, OMEa, anc T+T, (MeV)

OMEf calculations of Table )Ithan N, and N, separately.
Moreover,N,/N,, is less affected by FSI thaN, and N,.
Therefore, measurements bf,/N,, should permit to deter-
mine I',/T", with better precision. The recent KEK-E462 ex-
periment has measured the rahig/N, for iHe: a prelimi-
nary analysis of the data supplies a valueRpfaround 0.6
with a relative error of about 20% using nucleon energy

thresholds of 50 and 60 MeY36]. Our resultthof Table Il 1, cleon induced channel, the angular correlation is strongly
corresponding to the OMEf calculation fofy=60 MeV peaked atf,,=180° and only 1 pair out of 100 is emitted
agree with this experimental determination. According to this,ii an open.\%ing angle smaller than 116%., with cosA
comparison, the rati@,/T), for }He should be around the =>-0.4). The effect of FSI is to decrease the weak rijecay

FIG. 8. Kinetic energy sum distribution afp pairs emitted in
the nonmesonic decay @He. The continuous and dotted lines are
normalizedper one-nucleon induced decéy,=I",+I",), while the
dashed and dot-dashed curves are normalggdnonmesonic de-
cay (Iym=T'1+I").

value 0.46 predicted by the OMEf model. nucleon back-to-back distributidie., for cosé,,<-0.9) of
about 25% and populate, strongly, the spectrum for &gs
B. Double-coincidence spectra =-0.8. The effect of the two-nucleon induced channel is

. . o moderate: practically, it only increases the distributity
.In F'gi 7 we report the opening angle distribution rgs about 20% in the region with co%,,>0.4. When a nucleon
pairs emitted in the nonmesonic decay;6fe. Note the par-  yinaic energy cut of 30 MeV is applied, large part of the
ticular normalizations of the curves presented in this and iNyistribution is removed. This is due to ESI. which leads to a
the following figures. Neglecting nucleon FSI and the tWO'Iarge amount of pairé=70% of the tota) in,which at least

one nucleon has kinetic energy below 30 MeV.

04 — ' ' In Fig. 8 we show the kinetic energy correlation o
—— 1N without FSI pairs emitted in the decay GfHe. Neglecting nucleon FSI
035 | ] : :
E— }Sf;l - and the two-nucleon induced channel, the energy correlation
03 L] L NoNeEsI a0d T,30 Me ] is strongly peaked, as expected, Tat-T,=155 MeV. In-

deed, theQ value corresponding to the proton-induced three-
025 L OMES ] body proces§He— 3H+n+p is 153 MeV. The effect of the
FSl is to decrease the back-to-back maximum and to popu-
late, strongly, the spectrum faf,+T,< 140 MeV. The effect
of the two-nucleon induced channel is only visible when
T,+T, is below 110 MeV, where it enhances the distribu-
04 _ ] tion. Once a 30 MeV kinetic energy cut is applied, the dis-
. SCET L i R ; ;

g 7T tribution at smallT,+T, is considerably reduced for the
, same reason explained in the previous paragraph.

The opening angle and kinetic energy correlationsnior
pairs have essentially the same structure ofrthalistribu-
tions showed in Figs. 7 and 8. For a discussion of pipe
distributions and the different effect of FSI jHe and}’C

FIG. 7. Opening angle distribution ofp pairs emitted in the ~We refer to our previous papg26]. .
nonmesonic decay ofHe. The continuous and dotted lines are ~ The ratiol'y/I'; is defined as the ratio between the num-
normalizedper one-nucleon induced decély; =T',+T',), while the ~ ber of weak decayin andnp pairs,N and N, However,
dashed and dot-dashed curves are normalpsrdnonmesonic de- due to two-body induced decays agespecially nucleon
cay (Tyw=T1+T5). FSI effects, one has

np

0.15

0.05

-0.2 0.2 06 1
cos O,
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TABLE lll. OPE, OMEa and OMET, predictions fd¥,, and its ' '
componentsNy? ™, N3P, and NAP~"" (integrated over all 015 total ]
angles and for energiey=30 MeV) as given by Eqs(14) and from n-induced
(15) for the case of’C. The numbers in parentheses correspond to = . 222 g;ﬂ‘;‘f::ed
the angular region with cog,,<-0.8.
OMEf
- - — 01t 1
Nop NP NAP=P PP N, -
OPE 1.00032 0.020.00 091029 0.080.02 T.T.>30 MeV
OMEa  0.890.27 0.060.02 0.7§0.24  0.080.02) P
OMEf  0.870.27 0.070.02 0.730.23  0.080.02) 0.05
r, Ne N
= o = RIAL AT AT, T, (19 0
o Nop o Nip

when N,, and N,,, are determined by employing particular
intervals of variability of the pair opening anglag,, and FIG. 9. Opening angle distributions ofp pairs emitted in the
the nucleon kinetic energie\T, and AT,. Actually, as  nonmesonic decay dfC. The total spectrurl,, (normalizedper
one can deduce from the figures we discussed in R&l,  nonmesonic weak decallas been decomposed in its components
not only N, andN,, but also the ratidN,,/N,, depends on Ny, NAP~™, andNpiP """ according to Eqs(14) and (15).
A6y, AT, and AT,. The discussion of Ref[26] also . _
proves that the ratid\,,/N,, is much less sensitive to FSI channel is always smaller than or comparable with the one
effects and variations of the energy cuts and angular recoming from the two-nucleon induced mechanigijy ™
strictions thanN,,,, andN,,, separately. <NpP7"P. The ratio NyJ~™/NyP~"™ is always smaller
The numbers of nucleon paifdyy discussed up to this than 0.10, which corresponds tg,<0.57 in Eq.(9). This
point and normalized per nonmesonic weak decay are relateghows that interferences in coincidence observables are po-
to the corresponding quantities for the one-nuclébﬁf,‘i‘) tentially smaller than in single-nucleon spectra but also that
and two-nucleoriNZ3) induced processdthe former(lattey  they might be non-negligible. Due to the less pronounced
being normalized per one-bodgwo-body stimulated non-  €ffects of FSI iniHe, smaller values of,, have been ob-

mesonic weak decayia the following equation: tained in this second case. _ -
In Fig. 9 we show thenp pair opening angle distribution

N8 I, +N2B T in the case of*C. The total spectrun\,, has been decom-
N = w = N ™™+ NG+ NG, posed into the componentg)’ "™, Nﬁr‘?j”p, and Np7P ",
12 A nucleon energy threshold of 30 MeV has been used in the
(14) calculation. Figure 10 corresponds to the kinetic energy cor-
relation ofnp pairs: it is again for’C andT¥'=30 MeV, but

where
1Bn 1B _
N = Nan' Lo+ Nl Fp’ (15) - ===
rl 01 F |- from n-induced ]
===~ from p-induced
and the remaining{’s have obvious meaning. Therefore, the — =~ from 2N-induced
quantities N3, NiP, and N2§, (N4R~™ NAR~™ and
NARP=""P) do not depend(do depend on the interaction OMEf
model employed to describe the weak decay. The number 0Ny,
np pairs produced per neutron-induced weak dedgy' has 0.05 | T, T,> 30 MeV i
been evaluated numerically by performing the calculations
with I'y)=T,=0. In this way, theAn—nn mode is the only cos 6, <-08
allowed decay process. The intranuclear cascade calcule __
tion then starts with two primary neutrons and ends with a romme
number ofnp pairs N;>" which will be emitted by the )
R A o, 22 Rred

nucleus per neutron-induced decay event. Analogous cal 0. o e 00
culations are performed to determine the other nucleon T +T. (MeV)
numbers entering Eq$14) and (15). v

In Table Ill we report the OPE, OMEa, and OMEf pre-  giG. 10. Kinetic energy correlations ofp pairs emitted in the
dictions for N, and its component&lf}gﬁnn, Nﬁ,ﬁ““", and  nonmesonic decay dfC at cosé,,=<-0.8. The total spectrurN,,
NQSH”" in the case ofi’C. Two different opening angle (normalized per nonmesonic weak dephgs been decomposed in
regions and an energy threshold of 30 MeV have been corits componentsN, 7", NaP~"P, and Nj7P ™" according to Egs.
sidered. The contribution tdN,, of the n-induced decay (14) and(15).
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TABLE IV. Predictions for the ratidR, = Np,/ Ny, for 3He and 1.0
12C. An energy threshold3™ of 30 MeV and two pair opening P
angle regions have been considered. Tpeeliminary datum is o8 cos B, < 0.8 ey
from KEK-E462[27]. <l e ///,,,/’" i
[27] Ty > 30 MeV T
Ccos eNNs_O.S all '9NN Ccos QNNs_O.S all 0NN _____________ , e _/"_/;-7’: _____________
NNy R KEK-E462

OPE 0.25 0.26 0.24 0.29 04l v ]
OMEa 0.51 0.45 0.39 0.37 b ]

/’ 4 ."/’
OMEf 0.61 0.54 0.43 0.39 N A r,=03T,
EXP 0.44+0.11 N T Rlor

e 2 =00

e
0.0 : : :
now only back-to-back anglegos 6,,<-0.8 have been 00 02 l“jlf 06 08
p

taken into account. We note how both tirénduced and the

two-nucleon induced decay processes give very small contri- g, 11. Dependence of the rathdy/Nop 0N T/ Ty and T/ T

butions to the total distributions in Figs. 9 and 10. Neverthe<or SHe. The results correspond to a nucleon energy threshold of

less, these decay processes could produce non-negligible ige MeV and the angular restriction cégy<-0.8. The horizontal

terference terms. To minimize this effect, one could considefines show the preliminary KEK-E462 datum of RE27).

for instance, not only back-to-back angles but also nucleon ) _

kinetic energies in the interval 150—170 MeV, for which we 1N Fig. 11(Fig. 12 we report the dependence i/ Nyp

predictl ,,=0.18. Again, smaller values of, have been ob- for \He(;C) on the ratiol’y/T', for four different values of

tained for3He. I',/T';. Both figures correspond to the case with a nucleon
In Table IV the ratioN,,/N,, predicted by the OPE, €nergy threshold of 30 MeV and the ar_\gular restriction

OMEa, and OMEf models fotHe and}’C is given for two ~ €0S Onn=-0.8. For a given value df,/I';, Figs. 11 and 12

opening angle intervals and for a nucleon energy threshold d¥ermit an immediate determination &f,/I'; by a direct

30 MeV. The results of the OMEa and OMEf models are incomparison with data for the observatNg,/ Ny

reasonable agreement with the preliminary KEK-E462 da- By using theiHe datumN,,/N,,=0.44+0.11 and assum-

tum foriHe [27]. ing I',=0, from Eq.(16) we obtain the following fitted ratio
This datum(Ny,/N,,=0.44+0.1}, which corresponds to Ty s

an energy threshold of 30 MeV and cig,<-0.8, can be F_(AHe) =0.39+0.11. (17)

fitted by using the six weak interaction model independent P

quantitiesN;5", N2oP, NA2, NRS™, NEPP, andN3P entering Eqs. By employing the valud™,/T;=0.2 (i.e., the one obtained
(14) and (15) and quoted in Table V. This can be achievedwith the model of Ref[12] and used in our calculations

through the following relation: a 34% reduction of the ratio is predicted
/s
r,\T r —"(5He) = 0.26 £ 0.11. (18)
o (e e e ial r, ("

1 1 . .
N—nn = T Fp ., (16)  These values of /T, are rather small if compared with

P NEBN4 N2B_2 )Ny NIBPy \2B_2 previous determination20] (0.93+0.55 [28] (1.97+0.67

p nP]“l Fp np npl‘*l
1.0

usingl',/T, andT',/T'; as fitting parameters.
08 - cos B, <—0.8

TABLE V. Predictions for the weak interaction model indepen- Ty > 30 MeV -
dent quantitieN 2", NXEP, andN2p, (integrated over all angles and
for energiesTy =30 MeV) of Egs.(14) and(15) for 3He and}C.
The numbers in parentheses correspond to the angular region witNo/No,
Ccos gNNg_O.S.

N Np NG
SHe 0.840.53) 0.100.02 0.540.34)
c 0.560.30 0.270.05 0.300.12

N%gn Nﬁgp Nﬁg O'Oo.o o.‘2 014 o.'e 0.8
SHe 0.2Q0.05) 0.980.49 0.550.22 rr,
c 0.330.089 1.220.38) 0.390.11)

FIG. 12. Same as in Fig. 11 fgfC.
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from single-nucleon energy spectra analyses. On the con- We also perform a weak interaction model independent
trary, the ratios of Eqs(17) and (18) are in agreement analysis in whichl',/T", andI',/T"; are considered as free
with the pure theoretical predictions of Refg5,7,14. parameters: the KE&He datumN,,/Np,=0.44£0.11 is re-
Since in Eq.(16) interferences are neglected, in our opin-produced if I',/I';=0.39+£0.11 and I';,=0 or I,/T,
ion this result provides an indirect but clear indication for=0.26+0.11 and"zll“l:O.Z.
a moderate contribution of such interference effects in The extension of the present study to triple-nucleon coin-
double-coincidence spectra. To derive numerical con<¢idence is of interest both for the determinatiod'gfI', and
straints on these interferences, E@6) should be modi- to disentangle the effects of one- and two-nucleon induced
fied using relations such as E@) for N, andN,,, which  decay channels.
introduce new fitting parametersix phases —three en- The values ofl",/T", we obtain by fitting KEK coinci-
tering N, and other three foN,;,—when the two-nucleon dence data foiHe are in agreement with other recent theo-
induced decay mechanism is includeth addition to retical evaluations. However, they are rather small if com-
/Ty andF/T. pared with the results of previous analyses from single-
Forthcoming coincidence data from KEK and FINUDA nucleon energy spectra. Actually, all the previous
could be directly compared with the results discussed in thigxperimental analyses of single-nucleon  spectra
paper and will permit to achieve new determinations of thegf19-22,28,37, supplemented in some cases by intranuclear
I'/T'y ratio and to establish the first constraintslgil’; and  cascade calculations, derivéd/I", values in disagreement
the interference effect. with pure theoretical predictions. In our opinion, the fact that
our calculations reproduce coincidence data for values of
I'y/T', as small as 0.3-0.4 could signal the existence of non-
negligible interference effects between theand p-induced
In this work we have presented a calculation of single ancthannels in those old single-nucleon data.
double-coincidence observables for the nucleons emitted in In conclusion, although furthegtheoretical and experi-
the nonmesonic weak decaymfhypernuc|e| This has been menta) confirmation is needed we think that our Investlga-
possible by supplementing our OME weak interaction moddion proves how the study of nucleon coincidence observ-
els with FSI through an intranuclear cascade calculation. ables can offer a promising possibility to solve the
The predictions obtained with the OMEf model are in longstanding puzzle on thié,/I', ratio.
reasonable agreement with preliminary KEK-E462 data for
the ratioN,/N, in 3He. Accordingly, the ratid’,/T", for 3He ACKNOWLEDGMENTS
should be close to the value of 0.46 predicted by the OMEf This work was partly supported by EURIDICE HPRN-
model. CT-2002-00311, by the DGICYT BFM2002-01868, by the
The results of the OMEa and OMETf calculations are alsoGeneralitat de Catalunya SGR2001-64, and by INFN. Dis-
in reasonable agreement with preliminary KEK-E462 datacussions with O. Hashimoto, H. Outa, and Y. Sato are ac-
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