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Neutron and proton spectra from the decay ofL hypernuclei
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We have determined the spectra of neutrons and protons following the decay ofL hypernuclei through the
one- and two-nucleon-induced mechanisms. The momentum distributions of the primary nucleons are calcu-
lated and a Monte Carlo simulation is used to account for final state interactions. The shape of the proton
spectrum is sensitive to the value ofGn /Gp the ratio of neutron- to proton-induced decay, and the available
experimental information favors larger values than those predicted by the one-pion-exchange model. From the
spectra we calculate the number of neutrons (Nn) and protons (Np) perL decay and show how the measure-
ment of these quantities, particularlyNp , can lead to a determination ofGn /Gp . We also show that the
consideration of the two-nucleon-induced channel has a repercussion on the results, widening the band of
allowed values ofGn /Gp with respect to what is obtained neglecting this channel.@S0556-2813~97!05002-4#

PACS number~s!: 21.80.1a, 24.10.Lx
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I. INTRODUCTION

The apparent discrepancy between the ratio of
Ln→nn andLp→np cross sections predicted by the on
pion-exchange~OPE! model @1–3# and experiments looking
at neutrons and protons from the decay ofL hypernuclei
@4–6# has stimulated much theoretical work, refining t
OPE model with the addition of the exchange of other m
sons@2,7#, using correlated two-pion exchange@8,9# or con-
sidering quark degrees of freedom@10,11#. In spite of these
efforts, no theoretical approach leads, without ambiguities
values ofGn /Gp of the order of unity, as claimed by exper
ment, compared to values of the order of 0.1 that one obt
in the OPE model. Before proceeding further one shou
however, notice that the experimental errors are very la
@5,6#.

Some hopes for the understanding of the large fraction
neutrons observed in the experiment were raised in Ref.@12#,
where the two-nucleon- (2N-! inducedL decay was studied
Indeed, in this latter mechanism a near on-shell pion is p
duced in theLNp vertex and the pion is then absorbe
mostly by a neutron-proton pair. Hence, one has the reac
Lnp→nnp and two neutrons and one proton are emitted
this process, while in the one-nucleon- (1N-! inducedL de-
cay processes (Lp→np, Ln→nn), a np or nn pair is pro-
duced. Thus, even if theLn→nn process was suppressed,
in the OPE model, one could still have a large fraction
neutrons produced if one had a sizableL decay width
through the 2N-induced channel.

The idea of Ref.@12# was reanalyzed and the calculatio
improved in Ref.@13# with the surprising result that consid
eration of the 2N-induced channel, in connection with th
measured number of neutrons and protons, led to ratio
Gn /Gp even larger than those extracted before and in wo
agreement with the OPE results. These conclusions, h
ever, were based on the assumption that all the emitted
ticles were detected.

On the other hand, it was pointed out that, in case o
550556-2813/97/55~2!/735~10!/$10.00
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two particles from theLNN→NNN reaction were detected
the analysis of the data with consideration of t
2N-inducedL decay channel would lead to smaller values
Gn /Gp @14#.

These findings indicate that the values obtained
Gn /Gp are sensitive to the detection thresholds for nucle
and, hence, a precise determination ofGn /Gp requires a
theoretical calculation of the nucleon spectra coming fr
the different mechanisms. Furthermore, a precise compar
with the experimental spectra requires one also to addres
problem of the final state interactions of the nucleons
their way out of the nucleus.

The aim of the present paper is to evaluate the ene
spectra for protons and neutrons, coming from the differ
mechanisms, as functions ofGn /Gp , which will be treated as
an unknown. Hence, comparison of the experimental neu
and proton spectra with the theoretical predictions, or e
just the number of neutrons and protons emitted perL decay,
would allow one to determine the ratioGn /Gp .

II. DETERMINATION OF THE INITIAL
NUCLEON SPECTRA

In order to determine the neutron and proton spectra
use the formalism of Refs.@13,15# for the 1N- and
2N-inducedL decay, which uses the local density appro
mation to evaluate the width of finiteL hypernuclei starting
from the self-energy of aL particle in infinite nuclear matter

The mesonicL decay can also be treated in this way@15#,
but the sensitivity to the nuclear and pion wave functio
makes the finite nucleus treatment more accurate@16–19#. In
any case, there is no need to consider the nucleons emitt
the mesonic decay since their energy is around 5 M
which lies below any of the ordinary detection threshold
One may still wonder about secondary nucleons com
from pionic L decay at some point in the nucleus with
subsequent absorption of this pion on its way out of
nucleus. However, the pions produced in the pionicL decay
735 © 1997 The American Physical Society
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736 55A. RAMOS, M. J. VICENTE-VACAS, AND E. OSET
have an energy of around 20–30 MeV and they are wea
absorbed in the nucleus. Moreover, because of Pauli blo
ing, these pions will be mainly produced at the surface a
consequently, they will be even less absorbed. From
analogous (g,p) reaction in 12C we can see that less tha
10% of the 25 MeV primary produced pions are later
absorbed~comparesabs andsdir abs of Fig. 8 in Ref. @20#!.
Since the mesonic width isGm50.3GL for L

12C, whereGL is
the freeL width, then the fraction of reabsorbed pions wou
be about 3% ofGL or, equivalently, less than 2% of the tot
L width in L

12C @5#. This is a negligible amount and would b
further reduced in heavier nuclei sinceGm decreases very
fast with the mass of the hypernucleus.

The preceding discussion allows us to consider only
nucleons coming from the 1N- and 2N-inducedL decay.
The local density formalism of Refs.@13,15# is particularly
suited to treat the final state interaction of the nucleons s
these are produced at a certain point in the nucleus and
a certain momentum. Then we can follow these nucleons
means of a Monte Carlo~MC! computer simulation which
takes into account quasielastic nucleon collisions, pion p
duction, etc. The accuracy of this procedure to deal w
nucleon propagation in the nucleus was established in
@21# by comparing some results with the corresponding
quantum mechanical ones.

Recalling the results of@13,15# we write the decay width
of a hypernucleus as

G5E d3kr̃~k!G~k!, ~1!

with

G~k!5E d3r ucL~r !u2G„k,r~r !…,

where cL(r ) is the L wave function in the nucleus an
r(r ) the nuclear density. The former equations show t
G(k) is evaluated by means of the local density approxim
tion andG is then obtained by weighingG„k… with the mo-
mentum distribution of theL in the nucleus,r̃(k). The
weighing overk is more important in the evaluation of th
mesonic decay width for heavy nuclei but has little relevan
in the nonmesonic decay width which we study here, si
G„k… is rather smoothly dependent onk for this channel.
However, keeping thek dependence becomes again relev
for the distribution of momenta of the emitted nucleons.

The nuclear matter widthG(k,r) is evaluated from the
L self-energy via the equation

G522ImS, ~2!

whereS accounts for the diagrams of Figs. 1 and 2.
shown in Refs.@13,15# the resulting width is

G~k,r!526~Gm2!2E d3q

~2p!3
@12n~k2q!#

3u„k02E~k2q!2VN…Ima~q!uq05k02E~k2q!2VN
,

~3!
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a~q!5FS21S Pm D 2q2GF2~q!D0~q!1
S̃2~q!P̄* ~q!

12VL~q!P̄* ~q!

1
P̃L
2~q!P̄* ~q!

12VL~q!P̄* ~q!
12

P̃T
2~q!P̄* ~q!

12VT~q!P̄* ~q!
, ~4!

wherea(q) is related to the dressed pion propagator a
accounts for the effect of short rangeNN andLN correla-
tions. The explicit expressions forS̃, P̃L , andP̃T are defined
in Eqs. ~20!, ~23!, and ~24! of Ref. @15# ~denoted there by
C8, B8, andA8, respectively!. In Eqs.~3! and~4!, the quan-
tities E(p) andVN stand for the nucleon energy,Ap21M2,
and potential energy, respectively,F(q) is the pNN form
factor,n(p) the nucleon occupation number of a nonintera
ing Fermi system of densityr, D0(q) the free pion propaga
tor, andVL (VT) the longitudinal~transverse! part of the
spin-isospin particle-hole~ph! interaction. The functionP̄* ,
related to the pion self-energy through

P* ~q!5
f 2

m2q
2F2~q!P̄* ~q!, ~5!

is given by

P̄*5P̄1p1h* 1P̄Dh* 1P̄2p2h* , ~6!

and accounts for one-particle–one-hole~1p1h!, delta-hole
(Dh!, and two-particle–two-hole~2p2h! excitations. Further-
more, P̄1p1h* 5UN and P̄Dh* 5UD are the ordinary Lindhard
functions for 1p1h andDh excitation@22#, with the normal-
ization of the Appendix of Ref.@3#. On the other hand

FIG. 1. L self-energy diagrams for the one-nucleon-induc
channel from Refs.@13,15#. The dotted line cuts the states which a
placed on shell in the evaluation of ImS.

FIG. 2. L self-energy diagram for the 2N-inducedL decay
mechanism from Ref.@13#.
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55 737NEUTRON AND PROTON SPECTRA FROM THE DECAY . . .
P̄2p2h* is constructed in Ref.@13# from data ofp-wave pion
absorption in pionic atoms, extrapolated for pions off sh
by means of the phase space for real 2p2h excitation. In
~3! we have Ima(q) which, as one can see from Eq.~4!,
contains the free pion propagator and other terms wh
renormalize the pion in the medium. As noted in Ref.@13#,
the sum of the longitudinal terms from Ima(q) in Eq. ~4!
leads to a peak around the position of the renormalized p
in the medium, with a width given by

Gp~q!52
1

ṽ~q!
ImP„ṽ~q!,q…, ~7!

whereP is the pion proper self-energy andṽ(q) the renor-
malized pion energy in the medium. The proper self-ene
P is related toP̄* by means of

P~q0,q!5
P* ~q0,q!

12~ f 2/m2!g8~q!P̄* ~q0,q!
, ~8!

with g8 the Landau-Migdal parameter~smoothlyq depen-
dent!. For the pions emitted in theL decay, ImP in Eq. ~8!
is actually ImP2p2h, since there is no strength from
ImP1p1h at the pion pole and furthermore ImUD is practi-
cally zero there. One must then be cautious interpreting
strength coming from ImP̄2p2h* as due to 2p2h excitation
since part of it belongs to the excitation of the renormaliz
pion, which contributes to the mesonic channel. In hea
nuclei, where the pionic decay mode is practically forbidd
by Pauli blocking, this association is clear, but in light a
medium nuclei, where there is still a certain fraction of m
sonic decay, one must do the separation of the mesonic
2p2h channels. On the other hand, the 1p1h channel o
no problems because it does not mix with the pion pole te
Thus, the strength coming from Eq.~3!, obtained by substi-
tuting in Ima(q),

Im
P̄* ~q!

12VL,T~q!P̄* ~q!
→

ImP̄1p1h* ~q!

u12VL,T~q!P̄* ~q!u2
, ~9!

and omitting theD0(q) term, corresponds to 1p1h excitatio
In Ref. @13# the strength of the 2p2h excitation was o

tained by subtracting from the whole width, calculated w
the full Ima(q), the contribution of the mesonic and th
1p1h excitation channels. The mesonic channel was ca
lated with the zero width approximation at the position of t
renormalized pion pole and the 1p1h excitation channel
obtained with the procedure indicated in Eq.~9!.

In the present work we have adopted a more pract
procedure which leads to the same results. The stre
around the renormalized pion pole has been omitted by
ting Ima(q) betweenṽ2lGp andṽ1lGp , with l50.8, a
value that has been adjusted to reproduce the same
width as that obtained in Ref.@13#. This eliminates the con
tribution of the mesonic channel and leaves only those of
1p1h and 2p2h excitation channels. After this cut is done,
part ofG in Eq. ~3! proportional to ImP̄1p1h* , through Eq.~9!,
ll
q.
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and the analogous one proportional to ImP̄2p2h* are now as-
sociated with the 1N- and 2N-inducedL decay, respec-
tively.

The evaluation of the final nucleon momenta proceeds
two steps. First, we determine the distribution of momen
after theL decay~primary step!. Next, we consider the final
state interactions of the nucleons via a Monte Carlo simul
tion, which will be discussed in the next section.

In order to determine the primary nucleon momenta let u
look at the structure of the integrals involved in the evalua
tion of G:

G i5Ed3kEd3r Ed3q•••ImP̄i* „q
05k02E~k2q!2VN ,q…,

~10!

with the indexi standing for 1p1h or 2p2h, or alternatively
1N- and 2N-induced mechanisms. On the other hand, w
have, from Fig. 3~a!,

ImP̄1p1h* ~q0,q!}E d3pn~p!@12n~p1q!#d„q01E~p!

2E~p1q!…, ~11!

which can be further simplified eliminating thed function.
Furthermore, from Fig. 3~b! we have

ImP̄2p2h* ~q0,q!}E d4k8ImUNS q21k8,r D ImUNS q22k8,r D
3uS q02 1k80D uS q02 2k80D , ~12!

which can be further simplified as shown in Ref.@13#.
In the 1p1h mechanism, a change of variables in Eq.~11!

can be performed, leaving the momentum of the emitte
nucleon,p1q, as the integration variable. In the 2p2h case
each of the Lindhard functions appearing in Eq.~12! in-
volves an integration over an internal hole momentumph1
andph2 respectively. As for the previous case, a change
integration variables in terms of the two emitted nucleo
momenta (q/21k81ph1 and q/22k81ph2) can be made.
Then, one can perform the integrations using the Mon
Carlo method, since the integrands are smooth once the p

FIG. 3. Diagrams employed in the evaluation of ImP̄1p1h* ~a! and
ImP̄2p2h* ~b!.
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738 55A. RAMOS, M. J. VICENTE-VACAS, AND E. OSET
peak is removed. Each configuration point generated by
Monte Carlo technique corresponds to a set of momenta
the outgoing primary nucleons.

In the evaluation of the 1p1h- and 2p2h-inducedL decay
widths we have followed Ref.@13# and the 1p1h-induced
channel is evaluated using the OPE model. This could giv
poor description of theGn /Gp ratio, but so far the differen
attempts to improve on this ratio discussed in the Introd
tion share one feature in common, which is that the de
rate is barely changed with respect to that obtained with
OPE model. Hence, we keep the probability obtained by
OPE model for the 1p1h channel fixed and take the ra
Gn /Gp as a variable. For the same reason, we also keep
nucleon momentum distribution provided by the OPE mod
A pure phase space calculation gives a very similar shape
the momentum distributions.

III. MONTE CARLO SIMULATION

In this section we show how the charge selection and
propagation of the nucleons is done with the Monte Ca
simulation. We follow closely the steps developed in t
study of inclusive pionic reactions@23#, in (g,p) reactions in
nuclei @20#, and in (g,N), (g,NN), and (g,Np) photo-
nuclear reactions@21#.

In the first place a random number is generated wh
decides whether we have a 1N-induced event or a
2N-induced one, according to their respective probabiliti
Next we determine the momenta of the primary nucleo
emitted in the decay process. This is done by genera
random configurations which are weighted by their cor
sponding probability according to the model described in
previous section. This gives us the momenta of nucleo
and nucleon 2 in Fig. 4, for the 1N-induced mechanism, an
nucleons 1, 2, and 3 in Fig. 5 for the 2N-induced mecha-
nisms.

Next we determine the charge of the particles. In Figs
and 5 we show diagrammatically the neutron and prot
which would come out from the 1p1h and 2p2h mechanis
In the case of the 1N-induced process we generate a rand
number which decides whether we haveLn→nn or
Lp→np, according to the probabilityGn /Gp , which we
keep as a free parameter in the theory. In the case
Ln→nn, each neutron is given one of the momenta cor

FIG. 4. Feynman diagrams for the transitionLN→NN:
neutron-inducedL decay~a! and proton-inducedL decay~b!.
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sponding to nucleon 1 and nucleon 2 in Fig. 4~a!. In the case
of Lp→np @Fig. 4~b!# we associate also random, with equ
probability, then andp to nucleons 1 and 2 and vice vers
With all these random decisions one has now an event
responding to a pair of nucleons,pn or nn, with some defi-
nite momenta.

If the event was a 2N-induced one~Fig. 5!, then we de-
cide by means of a random number whether one has
mechanism of Fig. 5~a! or the one of Fig. 5~b!, taking into
account that the one of Fig. 5~b! has a probability twice as
large as the mechanism of Fig. 5~a!. In the case of the
mechanism of Fig. 5~a! one still has to make a further dec
sion, which is whether to placepn in numbers 2 and 3 or
vice versa. This is also decided randomly, giving the sa
weight to the two possibilities~as would come out in a mode
of absorption dominated by theD excitation in thepN ver-
tex @24#!. However, in this case this last step has no con
quences since the distribution of nucleons 2 and 3 is s
metrical from Eq.~12!.

With the former steps we have selected a configurat
for a primary event. One of the variables in the Monte Ca
integration isr , the vector position in the nucleus where th
L decay takes place. Hence, each event in the Monte C
integration determines the point at which the primary nuc
ons are produced and this allows us to follow the fate
these nucleons on their way out of the nucleus. This is d
by allowing the nucleons to undergo collisions with oth
nucleons of the nucleus according toNN cross sections,
modified by Pauli blocking. The method is detailed in R
@21#, where a useful parametrization of the cross secti
borrowed from Ref.@25# is also shown.

In the Monte Carlo simulation the nucleons emitted in t
decay are allowed to move through the nucleus under
influence of a local potential given by the Thomas Fer
model,VN(r )52kF(r )

2/2M . As the nucleons move out o
the nucleus they collide with the nucleons of the local Fer
sea. In the collisions the nucleons change energy, direct
and, eventually, charge since the differential cross sect
used forpn collisions allow configurations in which a fas
proton colliding with a neutron of the Fermi sea gives rise
a fast neutron and a slowly moving proton. In each collisio
a nucleon from the Fermi sea is excited above the lo
Fermi momentum and the propagation of this secondary
bound nucleon, which has an energy larger than its m
must also be followed. Eventually, each primary nucle
may produce several nucleons that leave the nucleus. In

FIG. 5. Feynman diagrams for the two-nucleon-inducedL de-
cay through virtualp0 absorption~a! and virtualp2 absorption~b!.
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55 739NEUTRON AND PROTON SPECTRA FROM THE DECAY . . .
end, we know the energy and direction of each one of
emitted protons and neutrons, be they primary or second
nucleons.

IV. RESULTS AND DISCUSSION

In Fig. 6 we show the spectrum of neutrons and proto
coming from the 1N- and 2N-induced mechanisms in th
decay ofL

12C, assuming a valueGn /Gp51. Hence, as can b
inferred from Fig. 4 for the 1N-induced mechanisms, on
expects 3 times more neutrons than protons at each ener
one neglects the effect of final state interactions and cha
exchange. By comparing the dotted line~neutrons! with the
dashed line~protons!, we can see that this is approximate
the case, except at low energies where mostly secon
nucleons show up. The kinetic energy peaks around 70 M
and there is a broad peak which reflects the Fermi motion
the nucleons and theL momentum distribution. In the sam
figure, the spectrum of neutrons~dash-dotted line! and pro-
tons ~solid line! coming from the 2N-induced mechanism is
also shown. In this case, the distribution is rather flat, si
three particles are involved in the initial and final states a
both Fermi motion and the final phase space collaborat
producing the broadening of the spectrum. At large energ
we find that there are about 4 times more neutrons than
tons. This indicates that the nucleons appearing at this h
energy region are mainly those generated from the abs
tion of the virtual pion@nucleons 2 and 3 in Figs. 5~a! and
5~b!#. In fact, if only the two nucleons coming from th
absorption of the virtual pion contributed to this part of t
spectrum, we would have found 5 times more neutrons t
protons. However, although the nucleons coming from
L vertex are in general slow, there is a tail at large energ
which lowers the ratio. On the other hand, we also observ
Fig. 6 a peak with about the same number of neutrons
protons at low energies around 10 MeV. These nucle
come mostly from theL decay vertex and from final stat
interaction effects. We should note, however, that at ener
around and below 20 MeV our spectra are not realistic. T
semiclassical Monte Carlo procedure becomes progress
less reliable at low energies and other phenomena

FIG. 6. Spectra of neutrons and protons in the decay ofL
12C.

Dashed line: protons from the 1N-induced mechanism. Dotted line
neutrons from the 1N-induced mechanism. Solid line: protons fro
the 2N-induced mechanism. Dash-dotted line: neutrons from
2N-induced mechanism. The results have been obtained for a v
Gn /Gp51.
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evaporation, etc., not considered by us, would come i
play. However, this is of minor importance here since or
nary experimental detection thresholds are higher than
energy.

The effect of final state interactions~FSI’s! can be seen by
comparing the solid lines with the dashed lines in Fig.
where results are shown for two hypernucleiL

12C and L
56Fe.

We observe that FSI’s affect mostly the nucleon distributio
at energies below 40 MeV. Only a small fraction of the ne
trons and protons at large energies is removed due to FS
whereas, at energies below 40 MeV, strength from both
degradation of the primary nucleons and the emission of s
ondary nucleons is collected. As expected, the effects
FSI’s are more important inL

56Fe than inL
12C.

As a complementary piece of information we show in F
8 the spectrum of protons from the 1N- ~dotted line! and
2N- ~dashed line! induced mechanisms, calculated with
value Gn /Gp50.1. The solid line is the total proton spe
trum. The features of the spectra are similar to those in F
6 although the number of protons or neutrons perL decay
emitted in one case or the other is obviously rather differe
For this reason we discuss below these magnitudes as f
tions ofGn /Gp .

In the first place, we show in Figs. 9 and 10 the ratio
the number of emitted neutrons to that of emitted protons
L decay,Nn /Np , as a function ofGn /Gp , omitting FSI’s
and assuming, respectively, that all particles are observe
that a threshold cut of 40 MeV is applied in the detecti
energy. The idea behind these curves is to facilitate the
termination of the ratioGn /Gp from the measuredNn /Np
ratio.

We observe that the resultingNn /Np ratio increases with
the value ofGn /Gp , but the results depend on whether w
consider only the 1N-induced mechanism~dashed line! or
we include also the 2N-induced one~solid line!. In Fig. 9 we

e
lue

FIG. 7. Effect of the final state interactions in the spectrum
nucleons emitted in the 1N-induced decay ofL

56Fe andL
12C. Dashed

line: results without FSI’s. Solid line: results including FSI’s. Th
results have been obtained for a valueGn /Gp51.
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740 55A. RAMOS, M. J. VICENTE-VACAS, AND E. OSET
observe that, for a value ofGn /Gp50.5, the ratioNn /Np is
the same whether one considers the 1N-induced mechanism
only or both mechanisms. However, given an experime
value ofNn /Np , the corresponding value ofGn /Gp includ-
ing the 2N-induced decay is larger than the one obtain
considering only the 1N-induced mechanism i
Gn /Gp.0.5. The situation is reversed ifGn /Gp,0.5. This is
exactly the result obtained analytically in Ref.@13#. How-
ever, if a cut of 40 MeV in the detection energy is applied,
can be seen in Fig. 10, the point where the two curves c
appears at larger values ofGn /Gp ~in the figure at
Gn /Gp51.3). As follows from the discussions above in co
nection with Fig. 6, a cut of 40 MeV would eliminate most
the peak corresponding to the nucleons emitted from thL
vertex. Therefore, the results in Fig. 10 follow the tenden
indicated in Ref.@14#, where it is shown that, if the nucleo

FIG. 8. Proton spectrum in the decay ofL
12C, obtained for a

value Gn /Gp50.1. Dotted line: 1N-induced mechanism. Dashe
line: 2N-induced mechanism. Solid line: total.

FIG. 9. Nn /Np as a function ofGn /Gp in the decay ofL
12C with

no cut in the detection energy and no final state interactions. Da
line: 1N-induced mechanism. Solid line: (1N12N)-induced
mechanisms.
al

d

s
ss

y

from theL vertex is not observed, the two lines in the figu
would cross at a value ofGn /Gp52.

In Fig. 11 we show results including FSI’s and takin
threshold energy cuts of 0, 30, and 40 MeV. The last t
cases allow us to compare our results with the measurem
of Ref. @5#. The numbers found there, corrected as indica
in Refs. @13,26#, were Nn

tot5N0Nn5340061100,
Np
tot5N0Np512706180, for Ecut530 MeV, and Nn

tot

5253061050,Np
tot511126130, for Ecut540 MeV, where

N0 is the total number of decay events. From the resu
shown in Fig. 11 we can deduce that the band of allow
values ofNn

tot/Np
tot5Nn /Np corresponds to values ofGn /Gp

in the range 0.15–2.0 forEcut530 MeV and 0.0–1.65 for
Ecut540 MeV. It is important to note that these results a
even compatible with the OPE predictions. We should a
point out that the inclusion of the 2N-induced channel en
larges the band of allowed values at both ends, with resp
to the results which would be obtained omitting this chann
One can also see that the effect of the 2N-induced channel
becomes smaller for higher threshold detection energies
can be easily understood from the fact that the average
ergy of the nucleons in the 2N-induced channel is smalle
than in the 1N-induced one.

The information contained in Fig. 11 indicates that it
rather difficult to extractGn /Gp from the ratio of neutrons to
protonsNn /Np unless this ratio is determined with high pr
cision. The fact that the relative error of the ratioNn/Np is
the sum of the relative errors inNn andNp , together with the
fact that usually neutrons are measured with little precisi
makes the uncertainty of this magnitude very large and le
to large errors inGn /Gp .

It is clear from the former considerations that a separ
number of protons and neutrons perL decay would provide
more information. The gain is twofold: On the one hand, t
individual relative errors ofNn andNp are smaller than for
their ratio. On the other hand, one has two pieces of inf
mation which will provide two independent bands of allow
values ofGn /Gp . The intersection of the two bands will giv

ed

FIG. 10. Same as Fig. 9, but with a detection threshold of
MeV and no final state interactions.
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the final allowed region. This procedure should give rise
more precise determinations ofGn /Gp in the future. For this
purpose we present our predictions in Figs. 12, 13, and
where we show the number of protons and neutrons peL

FIG. 11. Nn /Np as a function ofGn /Gp in the decay ofL
12C

including final state interaction effects and applying energy cuts
0, 30, and 40 MeV. Dashed line: 1N-induced mechanism. Solid
line: (1N12N)-induced mechanisms.
o

4,

decay event,Np andNn , as functions ofGn /Gp for three
nuclei which are planned to be used in future experime
@27#. From top to bottom the results correspond to detect
energy cuts of 0, 30, and 40 MeV. The dashed lines co
spond to considering only the 1N-induced decay, while the
solid lines include also the 2N-induced one.

The potential of these figures to determineGn /Gp can be
shown with the following example: From Fig. 12 we see th
for Gn /Gp50.5 andEcut530 MeV we obtainNn51.28 and
Np50.62. Assume now a 10% error in the values ofNn and
Np . From the Nn distribution one obtains the rang
Gn /Gp50.175–1.0, while from theNp distribution one ob-
tains the rangeGn /Gp5 0.35–0.75. On the other hand,
only the ratioNn /Np from Fig. 11 were used, the range o
values would beGn /Gp5 0.2–0.75. We can therefore se
that Np is more selective thanNn in order to determine
Gn /Gp and also more selective than the ratioNn /Np . How-
ever, in this particular example we can see that the ra
Nn /Np is more selective than the numberNn itself. The fact
that Nn increases asGn /Gp increases, whileNp decreases,
makes the ratioNn /Np a steeper function ofGn /Gp than any
of the numbersNn or Np and helps in getting smaller error
for Gn /Gp . However, one has the handicap that one m

f

FIG. 12. Number of protons (Np) and neutrons (Nn) per L
decay event in L

12C as functions of Gn /Gp . Dashed lines:
1N-induced mechanism. Solid lines: (1N12N)-induced mecha-
nism. Final state interactions are considered and, from top to
tom, the results include energy cuts of 0, 30, and 40 MeV, resp
tively.
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sum the relative errors ofNn andNp .
With other values and other errors we could have diff

ent situations in which the measurements ofNn could give
information additional to that provided byNp , but the
former example indicates that the measurement ofNp is
probably the most crucial magnitude in order to determ
Gn /Gp .

Unfortunately the experiment of Ref.@5# does not provide
the number of decay events corresponding to the total n
ber of neutrons and protons measured and, therefore,
the ratio can be used in our analysis. On the other hand
work of Ref. @6# contains a spectrum of protons but it
conditioned by several cuts, efficiencies, and geometrie
the detectors, and does not allow the extraction ofNp ; nor
can it be compared to the spectrum which we have ca
lated. However, the determination ofNp is one of the aims of
the collaboration in Ref.@27# in the near future. As hinted by
our observation above, the determination ofNp alone can
provide as much information as the combined measurem
of Nn andNp . As we have shown, precise measurements
Np with different cuts, which can be done if the spectrum
protons is also known, would provide reliable values
Gn /Gp .

Finally, Figs. 15 and 16 show that the shape of the pro
spectrum already contains some information on the r
Gn /Gp , as already noted in Ref.@4#. The reason is that pro
tons from neutron-inducedL decay come from secondar
collisions and accumulate at lower energies in the spectr

FIG. 13. Same as Fig. 12 but forL
28Si.
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On the other hand, protons coming from proton-inducedL
decay have higher energies.

In Fig. 15 we compare our proton spectrum, calculated
several values ofGn /Gp , with the spectrum measured i
Ref. @4#. The spectra have been normalized to the experim
tal number of counts in the measured region. The sam
done in Fig. 16, where we compare our results with the
perimental proton spectrum of Ref.@5#. In both cases we can
see that the higher values ofGn /Gp are favored. Values of
Gn /Gp.0.1 would be excluded based on the shape of
spectrum alone. However, although values ofGn /Gp52–3
~or higher! are favored by inspecting the figure, the expe
mental errors of the data do not allow a very precise de
mination of this ratio. On the theoretical side, it is importa
to have a good handle of FSI effects for a meaningful co
parison with the experimental data. Our MC code includ
Pauli blocking, which prevents some collisions between
nucleons and, therefore, gives a less pronounced but m
realistic effect of FSI’s compared to calculations that negl
this ingredient. Compared to the analysis made in Ref.@4#,
we have also included the number of protons coming fr
the 2N-induced mechanism, which give rise to a monoto
cally decreasing distribution that is added to t
1N-induced spectrum.

V. CONCLUSIONS

We have evaluated the spectrum of neutrons and pro
following the decay ofL hypernuclei. For this purpose w

FIG. 14. Same as Fig. 12 but forL
56Fe.
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calculated the momentum distribution of the nucleons co
ing from the one- and two-nucleon-inducedL decay. Final
state interactions of the nucleons were also considered u
a Monte Carlo computer simulation technique, successf
applied to other physical processes. By integrating over
energy spectrum we can also obtain the number of neut
and protons for any energy cut in the nucleon detectors.
have seen that the measurement ofNn andNp , the number
of neutrons and protons perL decay, can be used to dete
mine the ratioGn /Gn reliably. We observed that the value o
Np was more selective in determining the value ofGn /Gp
thanNn or the ratioNn /Np , and this should serve as a guid
line for future experiments.

The two-nucleon-inducedL decay channel was found t
be relevant in the analysis. Even if the fraction of this dec
channel is only 30% of the freeL width or 20% of the total
L width in the nucleus@13#, it has some repercussions in th
determination ofGn /Gp and, as a consequence, enlarges
error band for Gn /Gp , obtained from given values o
Nn /Np , with respect to a determination omitting this cha
nel in the analysis. Even then, the ratioGn /Gp can be deter-

FIG. 15. Proton spectrum for different values ofGn /Gp in the
decay ofL

12C. The experimental points are taken from Ref.@4#.
ys
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mined reliably provided one can measureNp andNn ~par-
ticularly Np) with sufficient precision.

The shape of the proton spectrum was also found to
quite sensitive to the value ofGn /Gp . Comparisons of our
spectra with the available experimental distributions favo
values ofGn /Gp around 2–3~or higher! in great disagree-
ment with the valueGn /Gp.0.1 predicted by the OPE
model.

The analysis done here, and the figures presented,
allow a direct determination ofGn /Gp from future measure-
ments of the number of neutrons and protons per decay e
(Nn , Np) and from their energy distributions. In view of th
results obtained here such experiments should be enc
aged.
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FIG. 16. Same as Fig. 15 but comparing with the experimen
points of Ref.@5#.
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