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Final state interaction effects inp-capture induced two-body decay of®He
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The u-capture process otHe leading to a neutron, a deuteron, and-aeutrino in the final state is studied.
Three-nucleon Faddeev wave functions for the inifilele bound and the final neutron-deuteron scattering
states are calculated using the Bonn B and Paris nucleon-nucleon potentials. The nuclear weak current operator
is restricted to the impulse approximation. Large effects on the decay rates of the final state interaction are
found. The comparison to recent experimental data shows that the inclusion of final state interactions drasti-
cally improves the description of the daf&0556-28189)04805-0

PACS numbes): 21.45:+v, 23.40-s, 24.10-i, 25.10+s

I. INTRODUCTION The old calculations of the total decay rates for threv,
(two-body breakup ofHe) andpnnv,, (three-body breakup
Recently considerable progress has been achieved in tld 3He) channels performed in Rdi6] using the impulse
calculations of three nucleo(8BN) continuum states. It is approximation and 3N bound and scattering states generated
now possible to generate exact 3N bodadiand scattering  within the Amado model with separabfs, and 3S; two-
[2] states for any realistic nucleon-nucleon interaction evemucleon interactions showed that scattering effects are large.
with inclusion of a three-nucleon forc@NF). This opens The resulting total rates were in agreement with some of the
now the possibility to study the interaction of electromag-limited and rather inaccurate experimental results while they
netic and/or weak probes with the 3N systerislé or 3H disagreed with otherf6].
nuclej) without introducing into the analysis the uncertainties Recently the first measurement of energy spectra for deu-
due to inadequate approximate 3N states. Only using suderon and proton leavingHe after nuclear muon capture
exact states nuclear dynamics can be tested with such problesding to two-body and three-body breakup, respectively,
and important information can be gained on the correspondias been reported®,9]. The partial capture rates were com-
ing hadronic current operators. pared in Ref[9] to simple plane wave impulse approxima-
Elastic and inelastic electron scattering e (*H) as  tion calculations yielding fair agreement with the measured
well as photodisintegration ofHe or pd capture are promi- proton energy spectrum but underpredicting the measured
nent examples of such processes and have been studied simaé&e of deuteron production by a large factor. It is the aim of
many years with the hope to get insights into 3N bound stat¢he present paper to study if the inclusion of FSI by using an
wave functions and into the hadronic current operator. Asxactn-d scattering state can account for this discrepancy. In
was shown in a series of recent papers on electromagneti®ec. Il we describe our way to fully include FSI. In Sec. llI
processef3—5] a very important and unavoidable ingredient predictions for decay rates obtained with two realigtibl
for their analysis is the exact treatment of the interactioninteractions: Bonn B10] and Parig11] are shown and com-
among the three nucleons in the continuum states. It is alspared to the experimental values. We conclude in Sec. IV.
important, that the three-nucleon wave functions should be
based on realistic nuclear forces. In this paper we would like
to study the importance of final state interactidf$l) be- [l. THEORETICAL FORMALISM
tween the nucleons in muon capture dre.

There are three final channels following the capture of aOf fﬁguﬁutgecgcirtgeog'ﬂir?gmi (;Léh?ngericﬁf:d;#énk;gf's
negative muon orfHe: P

weak-interaction capture process on hydrogen:+p—n

u”+3He—3H+ v, +v,. The initial state

p”+He—d+n+w,, (1) [i)=1¥s,)|VsuemP)

p” +3He—p+nt+n+uv,.
is composed of the atomi&-shell muon wave function

The capture rate for théHvM channel has been extensively |¥'s,) with spin projections, and the®He statg W3y, .mP)
studied using the elementary particle method and the impulseith spin projectionm and four momentunP. We choose
approximation[6,7]. When removing the nuclear uncertain- the |ab system wittP=0. The transition leads to the final
ties by using accurate three-body bound wave functions, thisiate
reaction offers the possibility to extract the induced pseudo-
scalar coupling constant with nearly the same precision as
from the capture process by a free prof@h )=y, s TP,
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with m,=138.13 MeV.
FIG. 1. Kinematics for the.™ +*He—n+d+ v, reaction. Nuclear wave functions are generated by the nonrelativis-
tic Schralinger equation with realistic nuclear forces. There-
where v, is the four momentum of the neutrino asg its fore to be consistent, the nuclear-current should also be cho-
spin projection. The statdW()P’) is the interacting sen nonrelativistically. After a nonrelativistic reduction of

neutron-deuteron state with overall four momentBrn Eq. (4) and introducing standard Jacobi momeptg one
The corresponding-matrix elementS;; is given in first gets forl* defined in Eq(2)
order perturbation theory and assuming the Fermi form for

the interaction Lagrangian by Y= (W O]iNWs,em), (6)

where the momentum space matrix elementsadire

su=i | a*(tl2ool)

G <pq|i%(Q)Ip’q’>=5(p’—p)5[q’—(q—§ ”I*(q,Q),
=i(2w)45(Pf—Pi)Ew(*)Pw|K(0)|1P3HemP>

t 196,8) = ——{ ¥+ A(ﬁ—ﬁ) 7
X(vs,|Lx(0)|Ws,) (q'Q)_(Zﬁ)?: 91791 T " 2m/ | 0
si(zw)“é(Pf—Pi)ELm. @ ... 3 [ 7T v\ v o .
V2 (@Q)= 53| 9 i~ 2m) ~ 2m (i G2MI(@XY)

The leptonic matrix elemertt, is known and is expressed in
terms of the corresponding Dirac spinors for the neutrino

- 1 I
R - +gAa'—gA—m V(O'V)],
u(v,s,) and the muonu(u,s,) by ! 22m
_ i with 7=21+q,v=—Q. The treatment of the final state fol-
= UV, s, ) (1= ys)u(u,s,). (3) lows Refs[3,4]. For the convenience of the reader we repeat
(2m) the most important steps.

. . The final scattering statel (7)) =|¥{,)) is decomposed
In the nuclear matrix element neither the current operatof,i Faddeev components )

I*(0) nor the nuclear wave functions are equally well under
control. In the following we restrict ourselves to the impulse 1
approximation(lA) and neglect the exchange current effects. Wi )y=—=(1+P)|Fy), (8
The single nucleon current operator is parametrized in terms V3

of weak-interaction form factorg* [12]

Ly

whereP is a sum of cyclical and anticyclical permutations of
three nucleons. The Faddeev component obeys the equation

1 I - —
1N0)= > 2 fdpdp'a*(p,s,r)um,s) (-
(2m)?® Se 7 |F1)=[®na)+Gh 1 IPIF), 9)
x{(gy —2mgy) Y* + g3 (p+p ) + gty y° and the statéd ) describes the free relative motion of the
An 5 R . final nucleon and the deuteron. Inserting E@$.and(9) into
+gk v }r_u(p’,s")a(p’,s',7'), (4 Eq.(6) yields
wherea,a’ are standard nucleon creation and anihilation op- [“=1EwasT escatr (10

erators,7_ is the isospin lowering operator, atké=p’ —p.
For the nucleon weak form factors we use the standard vaWwherelf,, s (Symmetrized plane wave impulse approxima-
ues[13] tion) corresponds to the case that in E§) (¥(7)] is re-
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FIG. 2. Kinematically allowed neutrino and deuteron energies.

placed by 11/§<Cl>nd|(l+ P) and therefore no interactions

between the outgoing nucleon and the deuteron are present.

For thel %..«term, which contains all rescatteringV ()| is
replaced by 1@(F1|Ptho(1+ P). The rescattering term

Es=29 [MeV]

|

can be written a$3,4]

w0t L
I fescat= %<(Dnd|P|U'“>, D E B
107 __'—"___'-—,__..'..—._-_-',_'.__._'_.'.,'-. -

with

|U#)=1,Go(1+ P)i*(Q)| W3 +1,GoP|U). (12

decay rate [s"'MeV™?
]

Eocinbon oo i b i
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FIG. 3. The decay ratd’T'/dE4dE, at two values of the deu-

This integral equation has the same integral kernel which ontgron energiq=18 MeV andEy=29 MeV. The dashed and dot-

also finds in the 3N continuurf2] and the same numerical ted lines are the PWIAS predictions for the Bonn B and Paris po-
methods can be used to solve it for any NN interaction. Wwdentials, respectively. The solid and dashed-dotted lines are the
solve Eq.(12) in a partial wave decomposition and in mo- Bonn B and Paris potential predictions when in the final state all

mentum space. For details we refer to R¢&14-14. The
decay rate follows frong;; in a standard way17] and for

NN force components up tp,,,=1 are included.

the capture process with an unpolarized initial state and withwith P=(m,+ Mape0) in the lab system andm’
out polarization of the outgoing particles, it is given by

dr=(2 )213(2”"“)3]
IR X -

2

><<2w>8% >

11@2ma)d

_g-2(0.22 =
877'(277)22 p

X f E,m,mydE, dEy(27)8

EINEE

GZ
2

dvdpydp,8(P—v—pg—pp)

(13

> 2 LM

m
m3He
S

m,
SV

My

=m,maydm,+may.. The factors in Eq(13) come from

averaging over the spin of the initial particlesy() from the
states normalization§(27)?(2)8], and from the muon
wave function(which is taken as an atomik-shell wave
function) [(2m’ &)/ 7], with a=1/137.036.

Ill. RESULTS AND COMPARISON
WITH EXPERIMENTAL DATA

To calculate the decay rates one has to evaluate the
nuclear matrix elements*. The initial 3N bound state of
3He is always based on a 34 channel Faddeev calculation. In
treating the 3N continuum we included all 3N partial waves
with total NN angular momenta up tg,,,=2. In order to
check the convergence of the results also calculations re-
stricted to 3N states withtS,+3S,—3D;NN force compo-
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- decay rates by a factor ¢£200, when the interactions be-
S o3 tween the neutron and the deuteron in the final state are
2z included. The increase is practically independent from the
deuteron and neutrino energies. Figure 4 shows that the re-
sults obtained restricting t@,,.x=2NN force components
might be not yet fully converged. Nevertheless as is clear
from Fig. 5 they are sufficient to analyze the existing data.
0.2 The drastic effects of FSI show that any analysis of the ex-
(WEYA FAREY ETTY TN NUTA RRRE] FUAT REI perimental data should be based on realistic continuum wave

11 12 13 14 15 16 17 18 19 functions.
neutrino energy [MeV] Up to now only one data set for the capture on®He
leading to then+d+ v, outgoing channel existg8,9]. In

FIG. 4. The convergence i of the decay ratel’T'/dE,dE,

at two deuteron energies as in Fig. 3. The dotted, dashed, and soli=- C
lines correspond tdSy+3S,— %Dy, jma=1, andjma=2 Bonn B > r
calculations, respectively. = i
(2]
©
nents only and withj ,,,=1 have been performed. As NN 5
force we use the Bonn BLO] and Parig11] potentials. Let N
O

us first consider the case of a kinematically complete situa
tion in the outgoingh-d channel. Since the outgoing channel
contains three particles and the decay originates from an ini:
tial state of zero momentum one needs only two kinematical
parameters to completely define the momenta of the outgo
ing particles. For these two parameters the neutrino and deu

€

©

10 |
teron energie€, and E; can be taken. The kinematically E
allowed range of neutrino energiesks e [ 0,E7®] with C
(M, +Mapg?— (3m,— |Ep))? I
El= . (14 i
2(m,,+ maye) -2 | | I I |
'] O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

For each neutrino energy there is a range of allowed deuteroi
energies as shown in Fig. 2. Each deuteron energy corre-

18 20 22 24 26 28 30
deuteron energy [MeV]

sponds to a unique angle between neutrino and deuteron mo- FIG. 6. The convergence i of the decay ratell'/dE4. For
menta. In Fig. 3 we show decay rawd/dE4dE, for two  the decription of lines see Fig. 4. The squares are experimental
values of the deuteron energy. There is a drastic increase pints as in Fig. 5.
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order to compare our results to those data one has to numenf the plane-wave impulse approximation for the final

cally integrate the decay rate at every deuteron energy overeutron-deuteron state drastically differ by a factor of about
the unobserved neutrino energy. This leads to the results pre-200 from the full result including final state interaction.

sented in Fig. 5. It is cleary seen that while the PWIASThe comparison to the only existing uncomplete data for this
predictions drastically underestimate the data, the inclusioprocess reveals, that a good description of the data only re-
of FSI leads to a rather good agreement, which is fairly in-sults when the FSI is taken into account. The total failure of
dependent from the NN interaction used. Also the coverPWIAS in describing those data shows that any future analy-
gence injmax is similar to the kinematically complete cases sis of this process should be performed with bound and scat-

as can be seen in Fig. 6. tering states generated consistently from a realistic 3N
Hamiltonian. From the theoretical point of view mesonic ex-
IV. SUMMARY AND CONCLUSIONS change currents should also be added in future analysis.

We calculated the decay rates for muon capture’de
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