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Two nucleon induced A decay and the neutron to proton induced ratio

A. Ramos
Departament d Estructura i Constituents de la Materia, Universitat de Barcelona, Diagonal 6/7, 08028 Barcelona, Spain

E. Oset
Departamento de Fzsica Teorica and Instituto de Fzsica Corpuscular, Centro Mizto Universidad de Valencia-

Consejo Superior de Investigaciones Cientgcas, $6100 Burjassot, Valencia, Spain

L.L. Salcedo
Departamento de Fzsica Moderna, Universidad de Granada, 18071 Granada, Spain

(Received 3 May 1994)

We reanalyze the decay mode of A hypernuclei induced by two nucleons modifying previous
numerical results and the interpretation of the process. The repercussions of this channel in the ratio
of neutron to proton induced A decay is studied in detail in connection with the present experimental
data. This leads to ratios that are in greater contradiction with usual one pion exchange models
than those deduced before.

PACS number(s): 21.80.+a

I. INTRODUCTION

The decay of A hypernuclei has traditionally been as-
sumed to proceed via two channels: the mesonic decay,
A ~ Nm, and the nonmesonic decay, AN ~ NN [1].
The mesonic decay is largely suppressed by Pauli block-
ing, although the renormalization of the pion properties
in the medium [2], or alternatively the consideration of
proper distorted waves [3], weakens the effect of Pauli
blocking considerably and leads to much larger mesonic
widths than those obtained assuming &ee pion waves.
The nonmesonic decay channel is the dominant; one for
heavy hypernuclei. It can be related to the mesonic de-

cay via the usual meson exchange current mechanism.
The A decays into a nucleon and a virtual pion, and the
pion is absorbed by a second nucleon. This picture can
alternatively be described by a AN + NN transition
mediated by pion exchange [see Fig. 1(b)]. However, this
picture leads to a ratio of neutron to proton induced rates
several times smaller [1,4,5] than the experimental one,
which is close to one [6]. This is a severe problem at
the present time, and many efforts have been devoted
to the understanding of this large discrepancy by intro-
ducing the exchange of other mesons in the AN + NN
transition [5,7,8].

A very interesting finding concerning the A decay in
nuclei was presented in Ref. [9]. The authors there found

(o)

FIG. 1. Illustration of the A decay mechanisms in nuclei:
mesonic channel (a) and nonmesonic channel (b).

a new decay channel of sizable strength associated with
the pionic branch in the nucleus that shows up as a two
nucleon induced A decay leading to the emission of three
nucleons, ANN ~ NNN (up to final state interaction
of the nucleons). The relatively large strength of this
channel (about one half of the free A decay width), and
the repercussion that it has in the proper interpretation
of the neutron to proton induced A nonmesonic decay [9],
calls for a detailed and accurate analysis of this channel
and this is the purpose of the present work. There are
several reasons which make the reanalysis advisable in
view of the approximations done in the exploratory work
of Ref. [9].

(i) A crucial input in Ref. [9] was the pion self-energy
associated to 2p2h (two-particle —two-hole) excitation,
112~2t, . The information in Ref. [9] was taken partly from
theoretical calculations and partly empirically from ex-
perimental data. The value of ImII2~2h was taken from
the work of Ref. [10], conducted in connection with the
study of (e, e') reactions. The real part, Rei12~2h, was
taken from fits to pionic atoms (Ref. 23 of [9] from a pri-
vate communication of L. Tauscher). However, new de-

velopments in the evaluation of Im II2~2h have been done
in Ref. [11]improving the previous results of Ref. [10]. On
the other hand, the empirical values of Re II2~2h are tied
to the assumptions made for the lowest order pion self-

energy and for the value of the Lorentz-Lorenz parame-
ter. The empirical value used in Ref. [9] does not match
the lowest order pion self-energy implicitly assumed in
their model which is given by ph and Ah excitations, as
we shall see. In order to minimize uncertainties, we have
taken II2~2h &om an empirical analysis of pionic atoms
consistent with our input for the lowest order self-energy.

(ii) Even then, the phase space in the A decay forces
one to move away &om the situation in pionic atoms to
values of (qo, tI) different of (y, , O), where p, is the pion
mass. In Ref. [9] 112~2h was taken as a constant, but
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ImII2~2h was deliberately set to zero in the region where

1mllq~qh g 0. We shall see that this approximation is
not too accurate and that there is still an appreciable
amount of strength of Im 112~qh when Im Ilq~q~ g 0. On
the other hand, the approximation of a constant Im II2~2g
is improved here by carefully taking into account the
phase space available for 2p2h excitation as a function
of (qo, q).

(iii) The calculations of Ref. [9] were done in infinite
nuclear matter where the pionic decay is forbidden. We
have done the calculations in finite nuclei using the local
density approximation. However, performing the calcu-
lations in finite nuclei clearly shows that this nonmesonic
channel is connected with the mesonic decay channel and
particular care has to be taken to separate the modified
pionic decay into a genuine pion emission channel and
the 3N emission channel.

(iv) The study in finite nuclei is rewarding because one
can clearly see the origin of the new channel and is thus
forced to reinterpret its meaning. In Ref. [9] this new
channel was associated with the decay into "a collective
nuclear state which is a coherent superposition of pionic
and Ah states. " This interpretation is misleading be-
cause we show that, even in the presence of the coherent
superposition of pion and Lh states, if the coupling to
pion absorption is ignored there is no new decay chan-
nel apart &om the conventional mesonic and nonmesonic.
The new decay channel is exclusively tied to the two nu-
cleon absorption of virtual pions. Furthermore, we can
also show that the elimination of the Ah components re-
duces the width of this new decay channel by less than
10%. A more intuitive picture of the new channel can
be visualized as follows. The strength of a free pion is

given by a delta function h(qo —q2 —p2). The strength
of a renormalized pion in a nuclear medium is given by

p2
ImD(q) = Im(q —q —p,

2 —II) ~ which leads to an
approximate Breit-Wigner distribution if one has a finite
value for ImII. For pions not far away &om the on-
shell region at pion threshold, Im II is basically given by
Im II2~2h &om pion absorption, and Im II~g is negligible.
Now, due to the broadening of the pion strength, part
of it is located in the region of momenta which is not
Pauli blocked and hence the decay is possible. Thus, a
more appropriate qualification of the new channel would
be "the cheating of Pauli blocking by the finite width of
the pions due to pion absorption. "

(v) A reanalysis of the neutron to proton induced A
nonmesonic decay in light of the findings in this new
channel shows that the discrepancy of the experimental
data with the predictions of one pion exchange worsens,
which is the opposite conclusion to the one suggested in
Ref. [9]. Our detailed analysis clearly shows that even if
the SN emission channel is a small &action of the total
(about 1/3 of the free decay width), its consideration is
important to derive a proper ratio of the neutron to pro-
ton induced A decay &om the experimental data. Thus,
the experimental study of this channel becomes necessary
to extract an accurate value for this important ratio.

In Sec. II, the method of calculation and the ingre-
dients of our model are presented. Results for the two

body induced decay width in nuclear matter and in fi-
nite hypernuclei are shown and discussed in Sec. III. A
reanalysis of the neutron to proton induced ratio in rela-
tion to the present experimental data is done in Sec. IV.
Finally, our conclusions are given in Sec. V.

II. METHOD

The A decay in nuclear matter was studied in Ref. [2]
using the language of propagators which provides a uni-
fied picture of the diferent decay modes. The starting
point is the A: xN Lagrangian, accounting for this
weak process, which is given by

2 g~ = Gp, g~(A —Bps)v.g Qp+ H.c. ,

where G is the weak coupling constant,

(Gp ) /Sm = 1.945 x 10

p is the pion mass, and A and B are given by

(2)

A = 1.06, B =7.10. (3)

I' = —2ImZ .

The self-energy is readily evaluated as

g4—iZ(k) = 3(Gp ) G(k —q)D(q)
(2m) 4

x S'+i —
i

q'
Ep)

where G and D are the nucleon and pion propagators re-
spectively, 8 = A and P/p, = B/2M, with M the nucleon
mass. By using the &ee nucleon and pion propagators one

h k

k-q I lq &
I
I

N .~m

k q
~ I ~

(b)
FIG. 2. Free (a) and lowest order (b) A self-energy graph.

The dotted cuts represent the mesonic decay channel.

The constants A and B in Eq. (1) determine the parity
violating and parity conserving transition amplitudes, re-
spectively. In Eq. (1) the A is assumed to behave as the
state

~
1/2, —1/2) of an isospin doublet with T = 1/2.

This implements the b,T = 1/2 rule by means of which
the A —+ ~ p decay rate is twice as large as the A -+ x n
one.

A practical way to evaluate the A width in nuclear
matter and introduce the medium corrections is to start
&om the A self-energy, Z, represented by the diagram of
Fig. 2(a), and then use the relationship
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immediately obtains the f'ree A width [2]

d3
I'A = 3(Gp2) 2n b(E~ —u)(q)

27I' 2ld q

-E~(I-q)) S'+l —
l

q'
E~)

(6)

1 —n(p) n(p)
p Qp —E(p) —Vjv +is po —E(p) —V~ —ie~ +

In a Fermi sea of nucleons, both the nucleon and pion
propagators are changed:

D(q) =,, 1

qe —q' —p,' —II(qo, q)

where V~ is the nucleon potential for which we take
V~ = —50 p/p&& MeV, II(q, q) is the pion self-energy in
the nuclear medium, and n(p), the nucleon occupation
number, is n(p) = 1 for

l p l& kE, n(p) = 0 for
l p l) kE,

with kF the Fermi momentum. As shown in Refs. [1,2],
the analytical structure of the integrand in Eq. (5) allows
one to evaluate the integral over q by performing a Wick
rotation, with the result

d3
I'(k) = —6(Gp2)~ [1 —n(k —q)] 8(k —E(k —q) —Vjy)

(2z )s

x S'+l —
l

q'
I &) ) q" —q' —V' —11(q' q) go=leo —E(k—g) —v

In our calculation, the eff'ect of form factors and short
range correlations is also considered. We take a monopole
form factor

A2 p2
F(q) =

A,A2 —q2
(10)

at both the weak and strong pion vertices with A = 1200
MeV as is needed in the empirical study of the NN in-

teraction. The pion interaction between two nucleons
is replaced by the particle-hole interaction developed in
Refs. [12,13] which includes m and p exchange modulated

by the eEect of nuclear short range correlations

V~h = (VL, (q)q;q, + VT (q)(b;; —q;q, ))0;~,~~ . (11)

d3
I'(k) = —6(Gp ) [1 —n(k —q)](2n.)s

x 8(k —E(k —q) —V~)

Detailed expressions for Vl, and VT can be found
in Eq. (20) of Ref. [2], where they are called B
and A. , respectively. One can write Vl, (q)
(f2/yz) q2F2(q)De(q) + g'(q) in terms of the more fa-
miliar Landau-Migdal parameter g', where Do is the &ee
pion propagator. The AN correlations are included in a
similar way by modifying the pion exchanged between the
weak and strong vertices. Taking all these considerations
into account, the decay width is [2]

~(q) = S'+
I

—
I

q' F'(q)DO(q)

S2(q)II (q)
1 —VL, (q)II (q)

P (q)H (q)
i —V, (q) 11'(q)

Pi(q)ll (q)
1 —VL, (q)II (q)

(13)

The explicit expressions for S, Pl„and Pz are de6ned
in Eqs. (20), (23), and (24) of Ref. [2], where they are

denoted by O', B', and A', respectively. The function II
is related to the irreducible pion self-energy II' through

II'(q) = —q'F'(q)II (q) . (14)

By irreducible we mean that II' does not contain pieces
iterated with V~h, since they are accounted for automat-
ically in the summed series of the second, third, and
fourth terms of Eq. (13). In the model of Ref. [2] the

pion self-energy was obtained from ph and Ah excitation
and, therefore, II = IIy&yh + II~h: U~ + U~, where

U~ and U~ are the ordinary Lindhard functions for ph
and Eh excitation [14] with the normalization given in
the appendix of Ref. [1]. To account for the new 3N
emission channel, the pion self-energy must include the
coupling to 2p2h excitation and therefore

x Im ~(q) I o =so —E(w — ) —v (12) where the derivation of II2 2h is speci6ed at the end of
this section.

Although the first term in n(q) shows an apparent
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singularity at the pole of the free pion propagator, one
can easily see, by summing explicitly all the longitudinal
terms in Eq. (13), that the strength moves to the posi-
tion of the renormalized pion pole and, since ImlI g 0
there, it shows up as a pronounced peak at the energy
that satisfies the dispersion relation

q —q —p —ReII(q, q) = 0, (16)

where II(qo, q) is the pion proper self-energy given by

II(q q) =
1 ——g'(q)II (q, q)p2

r= Z'I par ~ (19)

is also done as in Ref. [2].
The language of propagators which we have used here

provides a unified picture of the A nuclear decay. This
can be seen diagrammatically by expanding the pion
propagator as depicted in Fig. 3. The imaginary part
of a self-energy diagram is obtained when the set of in-
termediate states are placed simultaneously on shell in
the intermediate integration. The horizontal line in Fig. 3
gives a source corresponding to placing on shell a nucleon
and the ph of the pion self-energy. This corresponds to
a channel where there are no pions and only nucleons
in the final state. The physical process which has oc-
curred is AN m NN and this is normally referred to as

A

~ ~ ~ ~ ~ ~ \ ~

+ ~ ~ ~

r

(a) (b) (c) (e)

FIG. 3. A self-energy diagrams included in Eq. (12). (a)
Free self-energy graph. (b) and (c) Insertion of p-wave pion
self-energy at lowest order. (d) Generic RPA graph from
the expansion of the pion propagator in powers of the pion
self-energy. (e) s-wave pion self-energy at lowest order. The
cuts represent the nonmesonic decay channel.

The widths in finite nuclei are obtained via the local
density approximation

~(~) = J ~"
l
&~(~) I* ~(~ ~(~)),

where @~ is the A wave function for which we have taken
the 18q~2 solution of a harmonic oscillator with parameter
hu = [45A i~~ —25A 2~s] MeV. The experimental A
binding energy in each hypernucleus [15] is used. For the
nuclear density p(r) we have taken a Fermi distribution
with skin parameter a = 0.52 fm and radius R = 1.1A ~

fm. A further average over the momentum distribution
of the A wave function

the nonmesonic channel. Tech»ically, it is obtained by
substituting in Eqs. (12) and (13)

Im
II (q)

1 —V, ~(q)11'(q)

11,„„(q)
(20)

)
1 —VL, ,r(q)II (q) [

where ImII& ~& is obtained &om the diagrams in which
the pion couples to an intermediate ph state. Since there
is no overlap between ImIIq&qg and the pion pole in the
propagator, the separation between this channel and the
mesonic one is clean.

The mesonic channel would correspond to a different
cut, the one where the N and the z are placed on shell.
This is shown diagrammatically in Fig. 2. The terms
in Fig. 2(b), and further iterations contained in Eq. (12),
lead to a renormalization of the pion in the medium which
increases the mesonic width by about two orders of mag-
nitude in heavy nuclei, as shown in Ref. [2]. These re-
sults were later corroborated by more detailed calcula-
tions in finite nuclei using the wave function approach
[3,16,17]. The mesonic width is calculated by omitting
Im II in Eq. (9), hence

Im D(q) : —zb(q —q —p —Re II) .0 2 2

This procedure to calculate the mesonic channel was
found to be in agreement [2] with the method of wave
functions and matrix elements of Ref. [18]. As discussed
in Refs. [1,2] the reason why the mesonic width is so
drastically changed lies in the attractive character of the
pion self-energy which leads to a larger pion momentum
for the same pion energy and thus, to a larger nucleon
moment»m by momentum conservation. Thus, the nu-
cleon has more chances to have a momentum bigger than
the Fermi momentum, therefore increasing the mesonic
width.

The two nucleon induced A decay mode appears when
one considers the absorption of the virtual pion by 2p2h
states. The physical idea is the following: a real pion in
a nuclear medi»m has a large width because of the cou-
pling to 2p2h components which lead to pion absorption.
This means that the strength of the pion is spread over a
wide region, unlike a &ee pion which has all its strength
accumulated at one point (one energy for a certain value
of q). The decay leading to the emission of one pion
is drastically reduced in nuclei because of Pauli block-
ing. However, one end of the pion distribution in the
nucleus could be saved &om Pauli blocking, because we
can have a smaller energy for the pion and correspond-
ingly more energy for the nucleon, and thus this part of
the nuclear pion spectr»m could participate in the A de-
cay. Tean~cally we could say that the strength of a &ee
pion, which is acc»adulated in a b function, becomes a
Breit-Wigner distribution and part of the tail will corre-
spond to a Pauli unblocked situation. Since the width
of the Breit-Wigner distribution at pion energies close to
threshold is mostly due to pion absorption through 2p2h
emission, the new mode would be observed as three par-
ticle emission &om ANN -+ NNN as depicted in Fig. 4.
These ideas are more clearly shown in Fig. 5, where the
integrand of Eq. (12), without the Pauli blocking factor
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FIG. 4. Schematic representation of the A decay coupling
to 2p2h components through virtual (close to real) pion ab-
sorption.

(1 —n), is depicted as a function of
~ q ~

for a A at rest
decaying in nuclear matter at density p = 0.69po. For a
given

~ q ] the pion energy is q = M&+ V& —E(q) —V~,
where M~ is the A mass. Taking V~ = —30p/po MeV,
we obtain V~ —VN ——14 MeV. The full line is the con-
tribution coming from the full Im n [Eq. (13)] and the
dashed line corresponds to the piece related to lplh ex-
citation [Eq. (20)]. The pionic branch would correspond
to a delta function located at the energy of the pion pole
[Eq. (16)],which is where the integrand peaks. Since the
A momentum is zero, Pauli blocking forces

] q ] to be
larger than k~, which is indicated by an arrow in the
figure. Consequently, at this density, the mesonic decay
would be forbidden by Pauli blocking. However, due to
the coupling to 2p2h excitations, the delta function has
broadened and there is a contribution coming &om a pion
of energy smaller than the pion mass being absorbed by
two nucleons. This corresponds, as mentioned above, to
the two body induced channel ANN —+ NNN. The fig-
ure also shows that in nuclear matter the contribution
of this channel can be obtained in a similar way as in
Eq. (20), now using Imllz~2h, since the mesonic decay
is forbidden by Pauli blocking, and the separation be-
tween this channel and the pionic branch is also clean.
This is the procedure followed in Ref. [9]. However, in
finite nuclei, where the local density can be small, there
can be an overlap between the mesonic and the 2p2h
channels and one must be cautious in separating both
contributions. The problem is that whereas the widths
&om mesonic and 2p2h channels are well defined in finite

40 1 I f

H2p2h(qo = V, q = 0 p) = —4zq
l
1+ -&

l
Cop (22)

with

P
M'

Cp
——(0.073 + i0.068)p (23)

However, this result must be corrected for two reasons.
First, in Ref. [19] the second order piece is fitted with-
out the explicit Lorentz-Lorenz correction factor, and it
corresponds to a proper pion self-energy piece. However,
our approach automatically generates the Lorentz-Lorenz
correction, and this must be taken into account. In other
words, we need II2 2& which, by virtue of Eq. (17), is
given by

II2p2~ =
2f1 ——g II

p2

(24)

By using the same input for II found in Ref. [19] (mostly
from the o,i term of the optical potential), the value g'
0.6, and the effective density p,g ——0.75po for the p-wave
part of the potential [21] we find

nuclei, in nuclear matter only their sum has a nontriv-
ial limit. Strictly speaking, in an infinite system all the
width comes &om nonmesonic channels, because all the
pions are eventually absorbed. Thus to separate both
channels within the local density approximation requires
some prescription. This can be done by first calculating
the contribution of the pion pole as described above and
associating it to pion emission. Then the contribution of
the two body induced channel is obtained by subtracting
from the total decay width [obtained from Eqs. (12) and
(13)] the pionic width and the 1plh width [obtained from
Eqs. (12) and (20)]. This prescription is equivalent to the
assumption that the lambda pionic decay width is little
aHected by the absorption of the pions, which is indeed
the case for the low energy pions involved.

The 2p2h piece II2 2h is obtained in the following way.
From the work of Ref. [19] in pionic atoms, reanalyzed
in Ref. [20] to account for different neutron and proton
radii, one finds

CT'

20
E

U'

with

II2 2„(qp ——p„q = 0, p) = —4z q Co p

Co = (0.105+ i0.096)p

(25)

(26)

0 I I I

0 200~ 400
q (Mev/c)

I I

600

FIG. 5. Illustration of the integrand of Eq. (12) as a func-
tion of

~ q ~

in arbitrary units, for a A at rest decaying in
nuclear matter at a density p = 0.69po. The pion energy is
q = Mz+ VA —E(~ q ~)

—V~. The full line denotes the total
contribution of the pion propagator implicit in Eq. (13) and
the dashed line is the contribution from coupling to a 1plh
excitation. The arrow shows the location of kF.

Note that we have obtained a value of ImCO which is
about one-half of the one used in Ref. [9], while Re Co is
about four times smaller. We also note that the lowest
order potential in Ref. [19], modified explicitly by the
Lorentz-Lorenz correction, is equivalent to the one used
here, which is denoted by II&~qh + II~p.

The second point to consider is the extension of
II2 2&(qo, q) to new kinematical regions away from pionic2p2h
atoms. Since the imaginary part comes from the phys-
ical excitation of 2p2h states, it will be approximately
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proportional to the available phase space of these excita-
tions at (qs, q) and density p. This factor is responsible
for the p2 dependence in Eq. (25). The other factor comes
kom the two body absorption matrix element squared,
which we will take proportional to q as in pionic atoms.
To simplify we neglect possible ofF-shell corrections. By
fixing the proportionality constant to reproduce pionic

atoms, i.e., at (p, 0) and p, ir, we obtain

e 0 2 ~ 2 PH(q, q p)ImII' 2i, (q, q, p) = —4vrq ImCop, ir PII(p, 0, p g)

(27)
Following the procedure of Ref. [22] and neglecting the
moxnentum dependence of the interaction we find

d'4I q r q t'qo 01 (q'
PH(q' q p) ~ ImUiv —+»p ImUiv

I

——k p ~
~

—+k
(2s )4 2 E2 g2 ) g2 )

In the low density approximation [22)

Im UN(k, p) 8(ko) = mph(k—s —T(k))PF(~ k ~, p)

(28)

(29)

where T(k) is the nucleon kinetic energy and

PF(/k/ p) = 1 —~12 —
I

1 —— + —
I

k» ) 4 ky 16 ( ky ] (30)

with p = 2k&s/3vr2. Therefore, Eq. (27) finally reads

ImII2 2h(q, q, p) = —4vrq ImCop

1

/4Mqs —q2 d(cosqk)P» ([ q/2 —k I, p)Pg(( q/2+ k (, p)
0

i/4MpP) (QMp, p,s)
(31)

—q2+ (M~ —M)2: crq
q

(32)

0where q = q —q2.

where
~

k ~= QMqo —q2/4. The real part, ReII2 z&,
is taken constant since the virtual 2p2h excitations are
rather insensitive to the values of q and q.

The pion self-energy also includes an 8-wave contribu-
tion. As shown in Ref. [2] this affects the mesonic decay
because the pion momentum for this channel is small,
but the lplh channel was unchanged. Therefore we add
the s-wave piece —4m(1 + e)bop, with bs ———0.0285 y,
taken from the parametrization of Ref. [21), to the proper
self-energy of Eq. (17), already containing lplh and 2p2h
excitations. This is basically equivalent to the results of
Ref. [19], which includes bop and Bop2 terms, once the
effective density, p g ——0.5p0, which is the appropriate
one for s waves [21], is used.

We have also included some minor corrections stem-
ming &om the use of the relativistic invariant vertex, in-
stead of the nonrelativistic ones. This affects essentially
the p5 ANm vertex, which is the only one we modify. The
relativistic corrections are easy to implement by compar-
ing the sum over spins of the matrix elements squared
with the vertices ps or o q/2M. To implement this rela-
tivistic correction one simply needs to make the follow-
ing replacement in the parity conserving part of the weak
vertex

III. RESULTS AND DISCUSSION

We will first discuss how our improvements modify the
results for the two nucleon induced A decay width I'2pph,
obtained in Ref. [9]. The calculations are done for a A at
rest decaying in nuclear matter at a density p = 0.69po.
Our results are shown in Table I where the S-wave, the
P-wave longitudinal, and the P-wave transverse contri-
butions, corresponding to the difFerent terms in Eq. (13),
are given separately. In the first column we have taken
the same input as in the last column of Table I in Ref. [9]
and we reproduce their results up to a few percent. The
next column shows our results with the same input as
in Ref. [9] but replacing only their value of Co by our
Co given in Eq. (26). We observe that the results are
reduced by a factor of 3 due to our sxnaller absorptive
piece Im II2p2h and to our less attractive Re II2p2h, which
moves the position of the pion pole to a smaller pion mo-
xnentum. In the results of the next column, our value
of C0 is used but we do not enforce ImII2p2h ——0 when
Imlli~ih g 0 as done in Ref. [9]. Relaxing this assump-
tion increases the results by about a factor of 2. The
next column shows the results when instead of taking
II2p2+ to be constant, as done for the previous columns,
one takes into account the phase space modifications as
discussed in Eq. (31). We find a decrease of about 30%
&om the results using a constant II2p2h Finally, the last
coluxnn shows the results using an invariant relativistic
ps coupling in the parity conserving weak term. Since
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TABLE I. Two nucleon induced decay rate (in units of the
free A width).

S
P-L
P-T
I'2p2h

Ref. [9]
0.427
0.081
0.035
0.542

C0

0.119
0.023
0.023
0.165

Imlispsh g 0
0.180
0.028
0.122
0.329

Phase space
0.148
0.026
0.065
0.238

2
inv.

0.148
0.030
0.076
0.254

TABLE II. Mesonic, one body, and two body induced de-
cay rates (in units of the free A width).

12C
160
20N
40'
56F
89~
100R
208Pb

0.31
0.24
0.14
0.03
0.01

I lplh

1.45
1.54
1.60
1.76
1.82
1.88
1.89
1.93

I'2p2h

0.27
0.29
0.32
0.32
0.32
0.31
0.31
0.30

this correction only sects the p-wave piece, which is not
the most important one here, the changes in the width
are rather small, less than 10'%%uo.

From the former discussion, it is clear that one must
use a realistic input for 112~2h as a function of (q, q) and
that one should consider the strength of the new channel
over the whole phase space available (and not only when
Im llx xh 0).

It is worthwhile to comment on the interpretation of
this new channel given in Ref. [9]. As quoted there, this
channel is associated with the decay into a collective nu-
clear state which is a coherent superposition of pionic
and Ah states. We find this interpretation to be inap-
propriate. What makes the new channel possible is the
coupling of the pion to the absorption channels and the
information that one obtains &om this process is about
pion absorption and not about the coupling to Ah com-
ponents. To show this we eliminate the Ah components
by setting II~h ——0 and the results for I'2p2h are only
reduced by 10'%%uo.

Our results for finite hypernuclei are shown in Ta-
ble II, where the diferent contributions to the total width
(mesonic, one-body induced, and two-body induced) are
given separately in units of the &ee A decay width. Here,
the same input as in Ref. [2] is used and we take g& 0.52
[g' of the AN efFective interaction of Eqs. (23) and (24)
of Ref. [2]]. The results for I'2&2h are rather insensitive
to this correlation parameter, which is also the case for
the mesonic channel [2]. We xnight worry that in some
nuclei the results for the mesonic channel in Table II
do not agree with the xnore accurate ones obtained in
Ref. [17]. The main reason is the consideration of the
Q values for the nuclear transitions done in Ref. [17],
which is omitted here. In our calculation, this would af-
fect both the mesonic and the total width, and therefore
it would be inappropriate to subtract the better values
of I' found in Ref. [17] from the total rate calculated
here, in order to obtain the 2p2h contribution. The two

calculations (xnesonic and total) must be done within the
saxne approximation. Neglecting the Q values might in-
troduce some uncertainties in the results for the lightest
nuclei (+x2C, &x 0) shown in Table II. However, for heav-
ier hypernuclei, where the xnesonic channel is small, the
values of I'2p2Q are xnore stable and relatively una6'ected

by an energy shift as one can see in Fig. 5, where it is
shown that the width I'2p2h comes &om a wide range
of momenta (or equivalently energies) and a shift of a
few MeV would not appreciably alter the results. Al-

ternatively, one can think that the 3N emission channel
is much less affected by Pauli blocking and shell efFects
than the mesonic one. Indeed, simple kinematical con-
siderations neglecting binding eKects indicate that the
most favorable final state occurs when the three nucle-
ons equally share the initial excess energy M~ —M = 176
MeV, and therefore exit with a kinetic energy of about
60 MeV. This implies a nucleon momentum of about 340
MeV, which is well above the Fermi momentum. There-
fore, a small energy shift in the available energy for the
3N final state will not acct the results appreciably.

From Table II we find that I'sash/I'~ is about 0.3 and
remains rather stable as a function of the mass number.
Up to now the experixnents for A decay have focused
on two channels, the mesonic and the nonmesonic. In
view of the former results and the fact that the 2p2h
channel has a larger strength than the mesonic one &om
hypernuclei like & 0 on, it would be very interesting to
conduct experimental searches for this channel as well.

IV. REANALYSIS OF THE NEUTRON
TO PROTON INDUCED RATIO

Even if I'2~2h is at most 20lo of the nonmesonic width,
the existence of this channel has ixnportant repercussions
with regard to the number of neutrons and protons emit-
ted in the A decay process, information which is used to
determine the ratio of neutron to proton induced A de-
cay I'„/I'„. It is clear that in view of the new results one
cannot associate all n or p emerging &om the experiment
to the primary An -+ nn or Ap -+ np reactions and hence
a reanalysis of the experimental data is needed.

One of the interesting consequences of the existence of
the two body induced channel, noted in Ref. [9], is that it
increases the number of neutrons emitted in the A decay,
and therefore it should not be ignored in the problem
of the ratio of neutron to proton induced A decay. The
idea is that, since pions are mainly absorbed in correlated
neutron-proton pairs [13], the two nucleon induced pro-
cess proceeds mainly through the reaction Anp + nnp
and would provide twice as many neutrons as protons.
On the other hand, assuming the pion exchange mech-
anism to be the dominant one, the one body process is
dominated by Ap —+ np. It is clear then that some of the
observed neutrons and protons should be attributed as
coming &om the two body induced channel Anp -+ nnp,
and it looks like this should aKect the neutron induced
rate more strongly than the proton induced one.

In this section we show that the consideration of the
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two body induced channel in the analysis leads, in gen-
eral, to the opposite conclusion. The processes to be con-
sidered are the neutron (An ~ nn), proton (Ap -+ np),
and two body induced (Any ~ nnp). Therefore, in the
absence of final state interactions, one obtains

NN„= (2r„+r„+2r„») —,r'
NN„= (r„+r„,„)—,r (34)

r„—= r„+r„+r2,2h, (35)

N„= (2r'„"~+ r„'"~) —,N
(36)

pexp r' (37)

where N is the total number of hypernuclear decays, I'
the total decay rate derived from a lifetime measurement,
and N, N„ the number of detected neutrons and pro-
tons, respectively, after corrections for acceptance and
eKciency of the detectors. Note that the nonmesonic
decay rate, I'„, is the sum of the one body induced
rates, I'n and I'„, and the two body induced one, I'2p2+.
Since the two body induced channel was not considered
in Ref. [6], the corresponding analysis would be obtained
from the relations

obtained after a cutoff of 40 MeV for the kinetic energy
of the emitted particles is applied. Ignoring the two body
induced mechanism, as implicitly ass»med in Ref. [6],one
obtains r„'"i'/r'"i' =

2 (N„/N~ —1) = 0.75 correspond-
ing to the values N = 2530+ 1050 and N„= 1012+130.
Final state interaction corrections included via an in-
tranuclear cascade calculation modify this ratio up to a
value r„'"i'/r'"i' = 1.04 [23]. Taking our theoretical es-
timate of I'2p2h: 0 27I'g and the value I""P = 1.14I'A
quoted in Ref. [6], Eq. (39) gives I'„/I'„= 1.54, which
represents a 50% increase with respect to the value with-
out the two body induced decay process. The obtained
ratio of 1.54 is in strong disagreement with the values
provided by theoretical models based on the one pion ex-
change mechanism [1,4,5], which typically range between
0.1 and 0.2.

It is worth noting that the ratio 1.54 has big error bars,
coming, among other sources, &om the experimental un-
certainties in the values of N„and N„. Therefore, im-
proved experiments with reduced uncertainties are nec-
essary in order to make the corrections implemented by
the two body induced channel more meaningful. Never-
theless, the former example has clearly shown that the
consideration of the 2p2h induced decay channel becomes
imperative in order to extract a proper result for I'„/I'„.
On the other hand, the observation of this channel would
provide very valuable information on the absorption of oK
shell pions, complementary to the one &om the absorp-
tion of real pions, which should broaden our microscopic
understanding of the pion absorption mechanisms in nu-
clei.

I'exp pexp + pexp
non — n p (38)

Comparing Eqs. (33) and (34) with Eqs. (36) and (37),
and using the definition of Eq. (38) one can derive the
expression

rexp il rexp

(39)

written in terms of the rate r'„"i' and the ratio r„'"i'/r'"i'
derived in Ref. [6]. It can clearly be seen Rom Eq. (39)
that if the ratio r'„"i'/r„'"i' is larger than 0.5, as it is the
case of almost all the experimental results (see Table I
in Ref. [6]), the presence of r2~» reduces the denomi-
nator more than the numerator. Consequently, the re-
analyzed neutron to proton ratio increases when the two
body process is considered, contrary to the naive expec-
tation. Care must be taken not to use Eqs. (33)—(39) in
the case of &He since there the neutrons accounted for
in the experiment are those for which no other charged
particle is simultaneously emitted [6].

As an example, let us take the case of & C from the
experiment of Ref. [6]. The veto on the charged particles
was not applied in the zi2C experiment [23] and, therefore,
the former equations hold. In order to minimize the eKect
of final state interaction corrections, we consider the data

V. CONCLUSIONS

In this paper we have made a detailed and accurate
analysis of the two body induced decay mode in A hyper-
nuclei which was qualitatively explored in Ref. [9]. This
new channel appears because the pions in the medium ac-
quire a width due to their coupling to the 2N absorption
process. The original pionic strength of &ee pions, which
accumulates at one point of the spectrum, now spreads
out as a consequence of the pionic absorption width and
part of this strength overcomes the Pauli blocking, which
is responsible for the drastic reduction of the pion emis-
sion channel. This 2p2h decay channel shows up as a
three nucleon emission process ANN ~ NNN, leading
mostly to nnp triplets. The decay width for this channel,
I 2p2+ is found to be remarkably constant as a function
of the atomic number and of order one-third of the &ee
A width. As a consequence this channel overcomes the
mesonic one kom hypernuclei like & 0 on. In view of
that, the conventional wisdom about A decay into the
mesonic and the nonmesonic channel should rather be
changed and one should better refer to the mesonic, one
nucleon induced and two nucleon induced A decays.

We have shown that the consideration of this new chan-
nel is essential for the extraction of the ratio of neutron
to proton induced A decay &om the experimental infor-
mation. From existing data on neutron and proton emis-
sion in the decay of i&2C, we have obtained that I' /I'„
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increases by about 50'Fo with respect to previous deter-
minations which ignored the 2p2h decay channel, pos-
ing additional problems to the theoretical interpretation
of this ratio. The experimental study of this channel is
thus imperative for further progress in this field. Also,
as shown in our study, the measurement of this decay
channel would provide valuable information on the mech-
anisms of pion absorption for oK shell pions, complemen-
tary to the one obtained &om absorption of real pions.
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