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Theoretical Models for the decay rates

Wave-function Method _

Weak effective Hamiltonian for A — N decay:
W : — v= T
Hinen = 1Gmzth (A + Bs)7 - ¢rifa,

where G = 2.211-1077"/m2, A = 1.06 (PV amplitude) and B = —7.10 (PC
amplitude) are (ixed on the free A decay. To enforce the Al = 1/2 rule the
hyperon is assumed to be an isospin spurion with [ = 1/2, I. = —1/2.

In non—relativistic approximation, the free A decay width

free __ pfree free »
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witheo =1for ' v and ¢, =2for I'_—, S = A, P =m-B/(2mux).



One finds:

1 N P2
" = ca(Gm)* TN (524 Poge )
2T s

which reproduces the observed rates. g..m. = 100 MeV is the pion

momentim in the center—of-mass frame.



Finite nucleus

Mesonic width I'yy =1 - +1" o

[o = ca(Gm?) M \, mﬂ Jwﬂ& A —w(q) — EN]
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The A and nucleon wave functions ¢4 and ¢n obtainable within a shell
model, Pion wave function ¢, corresponds to outzgoing wave solution of
the Klein—Gordon eq. with # NV optical potential Vopi:

(¥ = m2 — 20V (@) + [0 = Ve (@’ } (@ 7) = 0



Non—mesonic width

Weak transition AN — NN proceeds via the exchange of virtual mesons of

the pseudoscalar (7w, n and K') and vector (p, w and K™) octets.

OPE non-—relativistic AV N N transition potential
V(@) = |m5mn.z.§ 1+ L q) 229 5z
™ : s 7 2 1 -T2

where m = (ma +my) /2.

Large momenta (=~ 420 MeV) exchanged in the AN — NN transition:

— heavier mesons contribute, e.z.

(a + 8)(grn, + 9w,
41, m

Vo(@) = Gm? | g¥in, - (51 % §) - (32 % §)a

m—”m_w“.?,_u + m_“w.__.q.?,_nu
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Weak coupling constants a, F and € must be evaluated theoretically.

Most general OME potential

V0 = S = X L VOO D

where m = m, n, K, p, w, K*; the spin operator 0% is

( 1 central spin — independent,
o) - 03 central spin — dependent,
0% () = < Sy 2(F) tensor,
Fo T PV for pseudoscalar mesons,
(31 X &2) - T PV for vector mesons,

Y

with

S1a(F) = B(61 - 7)(G2 - F) — &1 -



'1'he isospin operator [, is:

i ~
| isoscalars mesons (n,w)
I = 3 T) * Ta isovector mesons (T, p)
1+ 7 -7 isodoublet mesons (K, K*)

One-body induced non—mesonic decay rate

(initial hypernucleus at rest)
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The sum » indicates average over the third component of the
hypernuclear total spin and sum over guantum numbers of the residual
system and over spin and i1sospin third components of the outgoing

nucleons. In shell model calculations the weak—coupling scheme is used to

describe the hypernuclear wave function Wz .

The many—body transition amplitude M(p,, p2) is expressed in terms of
two—body amplitudes (NN |V|AN) of the OME potential.

Remarks:

e A decays from an orbital angular momentum [ = 0 state

e One can isolate the contributions of neutron— and proton—induced

transitions

e NN final state interactions and AN correlations can also be

inplemented



Polarization Propagator Method

Weak effective hamiltonian for A — 7N decay (again):

Hiwn = 1Gmap (A + Bys)T - driba.

Alternative (and equivalent) approach to the calculation of the hyperon
width: start from imaginary part of the A self-energy:

['nx = —21Im X,

1n non-—relativistic limait:

A G ] g (574 B0 GG~ 0 Gl




Nucleon propagator in the medium (includes the effect of binding):

Gn(p) = — WP —kr)  Okr—|F])
- po— En(p) — Vv +ie  po— En(p) — Vv — e

Fion propagator reads:

1
G.lg) = — -
(9) % —q*—ms—%"(q)

Pion self-energy *._(g)evaluated in nuclear medium within RPA

approximation and beyond.

the A self-energy is modified in the medinm:

Ca(k,p) n&ﬁﬁ%\ ﬁﬁmi_ k—q| —kr)

x8(ko — Ex(k —q) — Vi )Im ?_ﬂﬂ_acu_ﬂnclmz (k=) — VN



S%(q)Ur(q)
2 1 —Vi(q)UL(q)

Pi(q)UL(q) I PZ(q)Ur(q)
1 —Vi(q)UL(q) 1 —Vr(q)Ur(q)

the effective weak (S, Pr, Pr) and strong (17, V7) interactions include 7—

I_I

and p-exchange plus short range repulsive correlations

Ut (g) and Uy (gq) contain the Lindhard functions (particle-hole propagator)
for p-h and A-h excitations and the irreducible 2p-2h polarization

propagator:
Urr(q) = U (q) + U (q) + U2 (@)
NB Decay width depends upon nuclear matter density
p=2k%/3%".



(a) (b (c) (d) (e}
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Hu_,mmEHm l: Lowest order terms for the A self-energy in nuclear matter.



1wo different approaches for the evaluation of mx__.mw%a_ﬂﬂ_
A. Phenomenological

B. Microscopic

Im «fg) develops various contributions:

I UL.z(q) :zr..%ﬁil:%.ufiiEr..m%f&
m e - : g , .
L= Ver(q)ULr(qg) 1= Vi r(q)Urr(q) |2

the three terms representing different decay mechamsms of the

hypernucleus:
[ar oc Im U2" (part of mesonic width)
'y o< Im UPH (non-mesonic, 1-body induced decay width)

'y oc Im 2720 (non-mesonic, 2-body induced + part of mesonic width)



A Polarization
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H.l_,.mN:H_m 2: Schematic representation of the total A self-energy in terms of the

self-energy and polarization insertions; in the vertices: w—weak, s=strong.



{ particle ) {hale)

D ——

{in nuclear medium) e

A K..r?. A

m,.mm..:Hm 3: One-body induced decay process in the langnage of particle-hole states.
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m,.mm..:Hm 4: Schematic relation between the one-body (upper panel) and two-body
(lower panel) A decay amplitudes and the Imaginary part of specific contributions

to the A self-energy.



Spin—isospin NN — NN and AN — NN interactions

1The NN — NN interaction can be described through the effective
potential:

G(r) = g(r)V(r).
Here g(r) is a two—body correlation function, which vanishes as r — 0 and

opes to 1 as r — oo.

V(r) is the meson exchange potential, which contains © and p exchange:
V=V 4+ V..
A practical and realistic form for g(r) is [Oset, Toki, Weise, Phys.Rep. 83
(1982) 281]:

g(r) =1 — jolger),
where 75 15 the Bessel spherical function of order 0. With g. = m.,, = 780

MeV one zgets a good reproduction of realistic NN correlation functions

obtained from G—matrx calculations. The mverse of g. 15 indicative of the
hard core radius of the interaction.



Using this correlation function 1t 1s easy to get the effective interaction:

—

Guv—nwlg) = Vi(q) + Vilg) + == {ogc(q)dig; + gr(q)(di; — GiG;)} oio;T - T

where correlations are embodied in the functions g and gr.

The spin—sospin NN — NN interaction can be separated mto a

spin—longitudinal and a spin—transverse parts:

—

Gywv—nn(q) ={ViL(q)§:4; + Vr(g)(dij — G:G;) } oio;T - T
where: )
. Iz (=
Vi(gq) = Gy Aﬁthﬂwﬂ&ﬁw@_ +mrﬁ¥

2
I
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Vr(q) = A_ﬁ@hﬁ.nﬁmﬂ&ﬁmﬂ& + gr E;

In the above, Fr and F, are the t NN and pNN form factors, G and G,

are the corresponding free meson propagators: G, = 1/(q5 — ¢~ — m2,).



The AN — NN transition potential , modified by the effect of the strong

AN correlations, splits into a P—wave (again spin—longitudinal and

spin—transverse):

-—

Gan—nw(a) = {Pe(@)did; + Pr(@) (65 — 4dy) } 7i0;

with: b
Pr(q) = %|a3| ?mwmﬁ&mm@ + gt EL
Pr(q) = hhmw (q)

M 1M

and an S—wave part:

Sta) = 25 {F (0620 - FA@ @} | 7

7T



A. Phenomenological 2p2h propagator

[Ref.: A.Ramos, E.Oset, L.L.Salcedo, PRC 50 (1994), 2314
W.NL Alberico, A.De Pace, G.Garbarino, A.Ramos, PRC 61 (2000) 044314]

Momentum dependence of the 1imaginary part of Qmmu mmr obtained from

available phase-space:

P(q0, G p) 1 ;r2p2n -
LT

[m qmﬁ.m.___u qo .nﬂ...nu__ = = Mmoo _u“h_m__n.m
.H.."..__. HH 1 u .hﬂ-ﬁwﬂm.ﬁﬂu _H: .m..u_umu —H 1 u

where p.g = 0.75p and

mu_ﬂﬂ_n:ﬂ___uu _H\\ _H.Mwﬁ HEQua AW |_| “ﬂh__uv HEQ?; ﬁm I hﬂhv _m__ m..mw|_n_ n_u w_n_v

Moreover Im Qmw%n (M, 0: pef) can be fixed through the p—wave

pion—nucleus optical potential.



Local Density Approximation

Calculation of the widths 15 performed in nuclear matter and extended to
finite nuclei via the LDA.

A local Fermi sea of nucleons is introduced

3 2

ke(®) = { 37 @.ﬁﬁiﬁ

Nuclear density assumed to be a Fermi distribution.

Decay width in finite nuclei is then obtained by:

['y = \,&M

CaE) = [ arloa@Pra [f. o)

—

W (B)|°Ca (k)

where:

—

and _,...mb_ﬂ_ﬂ__m is A momentum distribution.



The A wave function /4 _ME is obtained from a Woods—Saxon A—nucleus
potential, which exactly reproduces the first two single particle eigenvalues

(s oand p A levels) of the hypernucleus under analysis.

B. Microscopic approach

Microscopic evaluation of the 2p-2h propagator within the so-called
bosonic loop expansion. For details see:
W.ML. Alberico, A.De Pace, G.Garbarino, R.Cenni, NPA 665 (2000) 113
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H_JW:H_W 5: Feynman diagrams for the polarization propagator in OBL: (a) particle—
hole; (b) exchange; (c) and (d) self-energy—type; (e) and (f) correlation diagrams.
Only the first contribution to the ring expansion has been drawn. The dashed lines

represent ring—dressed pilon propagators.



Experiment versus theory

Partial and total decay rates

1wo ingredients are crucial to the determination of partial and total decay
widths:

e Short range correlations in NN interactions (¢') and in AN — NN

(g',) transition potential
e Choice of the A wave-function

Short range correlations are only partly known from existing
phenomenology: in NN channel ¢ was constrained by, e.g., quenching of
Gamow-Teller resonance and quasi-elastic transverse electron-nucleus
scattering (realistic values within ordinary RPA scheme: ¢' = 0.6 + 0.7).

No information instead is available on g, .

— Fix both parameters on the basis of agreement with experimental

decay widths.



T/ Ty

06 — —

H_,mmE.m G: Dependence of the non—mesonic width on the Landau parameters

g" and g, for }2C. The experimental value from BNL[1991] (KEK[1995]) lies

- B It "1 - B "1 T, ®mm 5 = "1 - oW



The A wave function sensibly affects the calculation of decay rates:
different examples are obtained with Woods-Saxon wave functions of
[Dover, Gal, Millener, PRC 38 (1988) 2700], Harmonic Oscillator wave
function with empirical frequency w obtained from s — p energy shift
[Hasegawa, et al., PRC 53 (1996) 1210], wave functions from a
Woods-Saxon potential that reproduces the s and p A-levels [Alberico, De
Pace, Garbarino, Ramos, PRC 61 (2000) 044314].

Note: Mesonic width almost insensitive.
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Figure 7: Mesonic width
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lable 1: Mass dependence of the hypernuclear weak decay rates.

Atz Y} r, TIs I
2 He 0.60 027 004 091
C 0.25 0.82 0.16 1.23
255i 0.07 .02 021 1.30
V' Ca 0.03 .05 021 129
ke 0.01 .12 021 135
Y | 6-100%  L16  0.22 138
1¥9La | 6-107% 114 018 1.33
208PL | 1-1071 121 019 1.40




The ratio T', /T,

In OPE approximation, by assuming the AT = 1/2 rule,
[1,./T,]7" ~0.05+0.20
for all considered systems.

For pure Al = 3/2 transitions the OPE ratio can increase up to about 0.5,
but the OPE model reproduces fairly well the rates I'y =1",, + I', for light

and medium hypernuclei.

Other ingredients to take into account:
e heavier mesons (p, K, K", w,n)
e direct quark mechanism
e two-nucleon induced mechanism

e nucleon final state interactions



Calculations with AN — NN transition potentials including
heavy-meson—exchange (e.g. K) or direct quark contributions have

improved the situation.

T'he analysis of the ratio I',, /T, is influenced by the two-nucleon induced
process ANN — NNN: by assuming quasi—deuteron absorption for the
emitted meson, the three—body process are Anp — nnp and a considerable
fraction of neutrons could come from this channel in addition to An — nn

and Ap — np.

However the inclusion of the new channel would bring to extract from the

experiment even larger values for the I',,/T", ratios.



Table 2: T, /T, ratio.

Ref. and Model 2 He L2C
I[tonaga et al. 1993 0.36
(7 + 27/ p + 2 /o)
Sasaki et al. 2000 0.701
(m+ K+ DQ)
Jun et al. 2001 1.30 1.14
(OPE + 4BPI)
Jido et al. 2001 0.53
(m4+ K 4 27 4+ w)
Parreno—Ramos 2001 0.343 - 0.457 | 0.255 —-0.341
(m+p+ K+ K*+w+mn)
Exp KEK 1995 1.87 000
Exp KEK 1995 L.97 £ 0.67
Fxp KEK 2004 0.87 +=0.23
Exp KEK 2004 0.39 +£0.11

{with SGarharino «f al. Hq_.u_.“_”.......m...”_




Effect of final state interaction (FSI) 7

on the spectra of emitted nucleons

Nucleon energy /momentum distributions have been calculated by using a

Monte Carlo simulation to describe nucleon rescattering mside the nucleus.

[Refs.: Ramos, Vicente-Vacas, Oset, PRC 55 (1997) 735; PRC 66 (2002)
039903 (E); Garbarino, Parrenio, Ramos, PRL 91 (2003) 112501, PRC 69
(2004) 054603]

study of the nucleon distributions 1in the NMWD of wmm and WMD
hypernuclel, in particular:

e Single nucleon energy spectra

¢ NN ancular and energy correlations



Main ingredients:

1. Finite mucleus treatment for An — nN
(OME=7n+p+ K+ K" 4+w+7n)
| Parrefio, Ramos, Bennhold, PRC 56 (1997) 339; Parrefio, Ramos, PRC 65
(2002) 015204]

2. Polarization propagator method in LDA for ANN — nNN (correlated
OPE)

[Alberico, de Pace, Garbarino, Ramos, PRC 61 (2000) 044314]

3. Intranuclear Cascade calculation
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m,.mm..:Hm 9: Single-proton kinetic energy spectra for the non-mesonic decay of wIm
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Figure 10: Single-proton kinetic energy spectra for the non-mesonic decay of }2C

(T'n /Tp = 0.34)
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Figure 11: Single-neutron kinetic energy spectra for the non-mesonic decay of

1°C. Data from Kim et al., PRC 68 (2003) 065201.



Number of primary nucleons:

But, due to | F'SI |:

_.I_._J. 1 .__:____H.__.m. th
—rx (1) = RJ(T
F%mmﬁ v {(1N)

N, N, are the number of nucleons emitted by the nucleus




lable 3: Predictions for | | (T'}}) | for 7§ He.

T (MeV)
0 30 60 | I'/T,
OPE | 0.04 0.13 0.16 | 0.09
OMEa | 0.15 0.32 0.39 | 0.34
OMESf | 0.19 0.40 0.49 | 0.46

KEK — E462: R (60MeV) = 0.6 £ 0.2 (preliminary)
[H. Bhang, HYP2003]



>He — IN+2N induced
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Figure 12: ANGULAR CORRELATIONS: Opening angle distributions of
nn, np and pp pairs emitted per NMWD of 3 He.



“C — IN+2N induced
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Figure 13: ANGULAR CORRELATTIONS: Opening angle distributions of
nn, np and pp pairs emitted per NMWD of }2C.



°C — IN+2N induced
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Figure 14: ENERGY CORRELATIONS of np pairs emitted per NMWD

of J*C.



s-shell hypernuclei and AT = 1/2 rule

[Ref.: W.ML. Alberico, G.Garbarino, PL B4AS6 (2000) 362
Analysis of the non—mesonic decays in s—shell hypernuclel allows to test
the validity of the AT = 1/2 rule.
In these hypernuclei the AN pair is in L = 0 relative state, hence only a
few AN — NN transitions are allowed.

phenomenological model of Block and Dalitz

The interaction probability of a particle which crosses an infinite
homogeneous system of thickness ds is dP = ds/\, where A = 1/(op) is the

mean free path.

In the process AN — NN, the width U'nar = dPanv ) _._.,.;_\.mﬁ 15:

I'nae = vop _

v = ds/dt being the A velocity.



In nucleus of density p(7):

Prat = (v0) [ dp() | 9a() |

() is average over spin and isospin states.

Non—mesonic width I'nar = 1'n 4+ 1'p of the hypernucleus H+HN reads:

NR,(\TZ) + ZR, (1 Z)
A

I3 71 Z) = pA

R, (Hp) being spin—averaged rate for the neutron—induced

(proton—induced) process.

By introducing the rates Ky, for the spin—singlet ( R,.0, Ru0) and



spin—triplet (R.y1, Hy1) elementary AN — NN interactions:

Fnae(RH) = (3Rno + Ry + 3Rp0 + Ryt mlm_
Caat(AH) = (Runo 4 3Ry + 2Rp0) _.u%_
Cxai(iHe) = (2Rno + Ryo + 3Rp1) mlw_
Cx( 3 He) = (Rno + 3Rn1 + Ryo + 3R;1) w.

(total hypernuclear angular momentum is 0 for 1H and } He and 1/2 for
+H and 3 He).

Rates associated to the partial-wave transitions:

Ruo = Ru('S0) + Ru(®Po),

Roo = Rp(*So) + Rp(°Po),

Ru = Ra(CP),

Fipy — mmnmmL T manuL T mmnmmuc + mmhmﬁhu_



From angular momentum coupling and assuming Al = 1/2 it follows:

For pure Al = 3/2 transitions, the factors 2 are replaced by 1/2 and by
further introducing the ratio:

(I = 1|[Ayo|[1i = 1/2)
Iy = 1|Asy2[[1i = 1/2)
for a general Al =1/2 — Al = 3/2 mixture one gets:

I

.m.ﬁ_. — r_”q.mlr_"ﬂl_l.._. < .mz_n_ o r_"q.ulr_m_.q.l_l.._.
hm..,i |mq.m+r_nﬂ+m+mv,r - m,gn_ o 92 4 Ay + 2’

with:
Tﬂﬂ — _u____b:m__h.. — :mw_

A=
Tﬂﬂ — :_bmam__h.. — :ww_




The partial rates supply the I';, /', ratios for s—shell hypernuclei. For

example, for 3 He:
F_ﬂw _m—_mu_ _ .m.__ﬂ_n_ + Wm,__i.

r, R0 + 3R,

NB: from these relations and experimental data i1t 1s possible to extract the
spin and isospin behaviour of the AN — NN interaction without a
detailled knowledge of the interaction mechanism. |'here are indications for
a sizeable violation of ATl = 1/2 rule but more precise measurements are

needed, especially for mm and ME.



Experimental data and Al = 1/2 rule

Determine the rates Ry 5 by fitting experimental data for the observables

which have the smallest experimental uncertainties:

I
Cam(aH), Tna(iHe), Tnn(iHe), _J|mﬁ He)

B
After solving previous equations for these quantities, we obtained the

following partial rates (the decay widths are considered in units of the free



A decay width):

Rnpo = (4.7+2.1)fm",

Ryo = (7.9575) fm”,

Rn = (10.348.6) fm®,

R,y = (9845.5)fm”,
R.(GHe) = w (Roo + 3Rn1) = (8.9 + 6.5) fm®,
R,(iHe) = m (Rpo + 3Rp1) = (9.3 £5.8) fin

For the spin-singlet and spin-triplet ratios we have then:

.__..n_..ﬁ_n_m___.__..n_..h_n_ - _U__m._.H_W_M

i L.1
.m.__.m_..__.__.mﬂ.;. = 1. _uw_. 0



.m:_. .
=224+21
R.q

while the ratios of the spin—trplet to the spin-singlet interaction rates are:

b ~T

The large uncertainties do not allow to draw definite conclusions about the

possible violation of the Al = 1/2 rule and the spin—dependence of the

transition rates. Above equations are still compatible with with the
AT = 1/2 rule.

By using the above results we can predict the neutron to proton ratio for



wm_ mm and wmm_ which turn out to be:

GH) = 0Tt

p

”—||_._J. .

r

|

= (iHe) = 095092,
p

and, by using p, = 0.001 fm—°

[ (AH) = 0.007 £ 0.006.



Non-mesonic decay of polarized A-hypernuclei

THE ASYMMETRY PUZZLE

Proton intensity from NMWD of Polarized A-hypernuclei is:
1(©,J) = In(J) [1 + A(©,J)]

where:
Tr( MAT J. M
20+ 1 2J 41

is the (isotropic) intensity for an unpolarized hypernucleus and

; 3 Tr(MS,MN (e | |
A(©,J) nﬂETL ;%émﬂﬁ L = P,(J) A,(J) cos®.

is the asymmetry of the angular distribution for the outgoing protons.



P, = hypernuclear polarization

A, = hypernuclear asymmetry parameter

3 YouMao(J, M)
o J+1 M.ﬂq_ﬂcﬁ?ﬁ_

A,

In the shell model weak—coupling scheme

A(B) = parap cos O

where g
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intrinsic A asymmetry parameter



Experiments measure
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by using an indirect measurement (3 He) or a theoretical evaluation (;*C)

of pa.

The relations
™M@) = 1M T +AM EL
:l.r...._ ( .,.]u.”_ = Pa .DWH cos =)

are thus assumed.



lable 4: Theory vs experiment for ax.

2 He 2C
K. Sasaki et al. ay
OPE —0.44
T+ K —0.36
T+ K +DQ —0.68
A. Parreno et al.
OPE —0.25 —0.34
T+ K —0.61 —0.64
OME —0.68 —0.73
KEK-E160 a}' —0.9+ 0.3
KEK-E278 0.24 + 0.22
KEK-E508 (prel.) —0.444+0.32
KEK-E462 (prel.) 0.07 + 0.08




Inconsistencies at the experimental level

Due to FSI, one expects |aa| > _.mwH

RESULTS FOR THE ASYMMETRY

The calculated proton mtensities are well fitted by

I"™(©) = I} [1 + pa a)' cos O]

where
I}' = total number of protons emitted per NMWD



Table 5: Asymmetry parameters for 5 He and Lﬁmﬁu. Preliminary data are from [T.

4

Maruta et al., nucl-ex /0402017, HYP2003]

“He WC

! ail ! al’
OPE 0.92 —0.25 0.93 —0.34
T =0 1.56 —0.11 3.15 —0.03
Tl =30 MeV | 0.99 —0.16 1.23 —0.20
1" =50 MeV | 0.78 —0.18 0.78 —0.26
OME 0.69 —0.68 0.75 —0.73
T = 1.28 —0.29 2.78 —0.13
T =30 MeV | 0.77 —0.45 1.05 —0.36
T =50 MeV | 0.60 —0.51 0.66 —0.49
KEK-E462 0.07 £ 0.08
KEK-E508 —0.44 +0.32




