Exchange Terms and Ground State
Correlations in Non—Mesonic Weak
Decay of Hypernuclei

G. Garbarino

University of Torino

Electroweak interactions with nuclei: superscaling and connections
between electron and neutrino scattering

ECT*, October 26-30, 2009

Exchange Terms and Ground State Correlations in G. Garbarino

Non—Mesonic Weak Decay of Hypernuclei (page 1) University of Torino



OUTLINE

[] Introducing Hypernuclei

[1 Weak Decay of Hypernuclei
Mesonic vs Non—Mesonic
S = —1 and S = —2 Hypernuclei

[] Framework for Calculation
Non—Relativistic Nuclear Matter in LDA
One— and Two—Nucleon Induced Decay

[] Results

[1 Conclusions

E. Bauer and G. G., Nucl. Phys. A 828, 29 (2009); arXiv:0907.4199 [nucl-th]

Exchange Terms and Ground State Correlations in G. Garbarino

Non—Mesonic Weak Decay of Hypernuclei (page 2) University of Torino



‘ INTRODUCING HYPERNUCLEI I

Hyperons (Strange Baryons): ¥V = A, 3, 2, Q 7y ~107%s ¢y = O(10cm)
Hypernuclei: bound systems of neutrons, protons and hyperon(s)
{}Z . 7 protons, A — Z neutrons and a hyperon Y

Only the lightest hyperon, the A, is stable with respect to esoenergetic strong
and electromagnetic processes in nuclear systems
— ground state of f“Z : A in the 1s level of the A—nucleus potential

Hypernuclear phenomena allows us to investigate important questions:

YN and Y'Y strong and weak interactions (YN and Y'Y scattering
experiments are very difficult due to the very small 7y );

in—medium properties of hyperons and mesons;
nuclear structure and many—body nuclear dynamics;

role played by quark degrees of freedom, flavour symmetry and chiral models
in nuclei and hypernuclei
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‘ WEAK DECAY OF HYPERNUCLEI I

A — 7T0n Fwo

MESONIC

A — 77p -
Ll Qym = ma —my —my ~ 40 MeV = py ~ 100 MeV < k% ~ 270 MeV =
forbidden, by Pauli principle, in normal infinite nuclear matter

[] Tt occurs in finite nuclei, but largely suppressed in medium and heavy systems
— hyperon momentum distribution allows py > 100 MeV
—w(@) = /@ +m2 < /@ +m2 = py > 100 MeV
— at the nuclear surface kr(r) < py

[] I'pyy =T0 + - rapidly decreases with A

[1 T3 very sensitive to the in medium pion self-energy (significantly enhanced by
the actractive P—wave part) = information on the pion—nucleus optical
potential
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NON-MESONIC

One—nucleon induced
An — nn r,
Ap — np I

Two—nucleon induced

Ann —nnn T, App —npp T}, Anp = nnp Ty

N N N N \

P, w N K, K
npwnkKK | ®T-T-T-T---===- ®
""""""" o
>
AN N A N \
't =T'vi+ I'nu Mg = U 4= 10 =5 D 45 W =5 s

Exchange Terms and Ground State Correlations in G. Garbarine

Non—Mesonic Weak Decay of Hypernuclei (page 5) University of Torino



[] Only possible in nuclei: the only practical way to get information on
Baryon—-Baryon Weak Interactions

L] Qnum = ma — my ~ 176 MeV = large py (py ~ 410 MeV for 1 N-induced)

— overcoming the Pauli blocking = the non—mesonic weak decay
dominates over the mesonic one for all but the s—shell hypernuclei

— non—mesonic channel mediated by Heavy Mesons (7 + p + K + K* 4+ w
+n+ 27+ 27 /p+ 27w /o + ...) and/or Quark Exchange

L] Study of T',, = T'(An — nn) and T', = T'(Ap — np):
Spin— and Isospin—dependence (validity of the Al = 1/2 rule)

[1 Anticorrelation between Mesonic and Non-Mesonic decay modes:
't = I'y + ' quite stable from light to heavy hypernuclei
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OTHER S = —1 HYPERNUCLEI?

[] ¥-Hypernuclei
Only §He exist, Vs repulsive

The rapid XN — AN strong reaction prevents the observation of the much
slower >N — NN weak decay

S = -2 HYPERNUCLEI

[1 = Hypernuclei

The ZN — AA strong conversion prevents the observation of the =N — AN
and =N — XN AS =1 weak decays

[1 AA-Hypernuclei
Weak decays: AA — An, AN — XN (AS =—1), AN — nn (AS = —-2)
Very difficult to detect: T'hp ~ I'if*¢/(25 + 60)

Actual possibility of performing both theoretical and experimental studies
on Baryon—Baryon Weak Interactions <=- A—Hypernuclei
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‘ FRAMEWORK FOR CALCULATION I

Non—Relativistic Nuclear Matter in LDA

Nuclear Matter

Cam(k, ke) =D (FAVANTIN(0), 1 [P6(Ef — Eo)
f

[] kp: Fermi momentum
L] k= (ko, k): A four-momentum
[ |0).kp: hypernuclear ground state, with energy Fj
L] |f): final states, with energy E;
|fY = |2p1h) for T’y
|f) = |3p2h) for T’y
[ VAN=nN. two-body weak transition potential
One—Meson—Exchange: 7, n, K, p, w, K*

Ti: (2p1R[VAN=NN|0) \/ Ty: (3p2h[VAN=NN|gy [ \/ v

A
A
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Normalization:

(' hW VI ) Dy
Ep T Ep —ER — Ep

0V ke =N(kp) [[)— > pp'hR") | @ |A)

p,p’,h,h’

D F
—1/2
2 / ’
D p p
h/

: residual strong interaction = Ground state correlations (GSC)
Bonn potential: w, p, o, w

{pp' hh [V Dy
Ep T Epr —ER — Eps

p,p’,h,h’

N(kr) = (1 + >

uncorrelated nuclear ground state

L1 ]):
[1 |A): normalized state of the A
[] VAN

LDA
Local Fermi See of nucleons:

ko) = {Sxtat)}

Pt = / dk |G (k)2 / dr |ipa ()| Tt (e, ke (1)
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At leading order in GSC:

Dk ke) = N2(ke) S (B — Eo) |<f\vANHNN|A>D+E
fE€2plh
2
ey \/ Ep —Eh T Ep — EN
Po(k,kp) = NZ%(kp) Y 6(Ey— Eo)
fE3p2h
2

x| Y FIVANTEN php'n's A

p,h,p’ ,h/ \/ \\/

(php'l; AlVEN|A) py g
€p — Eh —|—€p/ — Ep’

D+E
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Potentials

VANTEN(g) = (Gpm2) {Peyry(q) + Sra(q) 01 -G+ S, (q) 02+ §

VAN_)NN(Q) — Z OTAVAN_)NN( )
TA=0,1
V() = ) 0, VEN(g)
T~=0,1
) . 1 for TA(N):O
TA(N) T1 T2 for TA(N):l

A

+PL oy (q)o1-Go2- G+ Pro,(q)(o1 X G) - (02 X §)
+iSv,ra(q)(oy X 02) - 4}
(m+n+K+p+w+ K")

2
VIN(g) = m2 Ve, rn (@) + VL, (@)o1-Go2-§
+Vr v (@)(o1 X G) - (o2 X §)}

(Bonn: 7+ p+ o0 4+ w)
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One-Nucleon Induced: I'y =1I', + 1,

FO GSC

L (o) (k. k) n (p)

=Ty (k. br) +

9 (K, kr) — UGS

2

P,Q=D, E

2.

P,Q=D,FE T5/,7A=0,1

S rPed

n (p)
PQ,Q =D, E

2. 2.

P,Q,Q'=D,E 15,77, 7Tn=0,1

P'PQQ’
Z Fn (p)QQ (k, kr)
P’ ,P.Q,Q'=D, E

P P,Q,Q'=D,E 7Tn/,Tp,TA,TN=0,1

L, g (ks Er)

TPQ

TAITTA,

k,kp)

n(p) T/TA(

FO—GSC

n (p) (k:, kF)

(k7 kF)

TPQQ/

TA/TATN ,

PQQ’
n(p) 1

—

Lo (k. Fip)

TP/PQQ/

TN!/TA'TATN,

(D =Direct, E =Exchange)

(k, k) + 0705 (K, kr)

+«—— UGS-CGS Interference

TA'TATN

n (p)

(kka)

FP/PQQ/

TN’TA'TATN

(k7kF)|
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Isospin factors:

TP o = 3 (a0, )P (1O It

f, isospin

P /
Z‘Agfﬁv, n (p) - Z <tA‘OTA/ ‘f>P<f‘07-A ’tpthtp’th’ ) tA>Q

f, isospin

X (tptntptn, tA|Ory |ta) g

P/P /
Z-N’ TS?ATN, n (p) = Z <tA‘O7'N/ |t15ti~zt15/ tﬁ' ) tA>P’ <t]5tﬁtz5’ tﬁ’ ) tA‘OTA/ |f>P
f,isospin
X (f1Ors ltptntp b, ta)Q (Eptatp thr, tA|Ory [ta) @r
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P9 (kkr) = NZ2(kp)(=1)" ) 6(Es — Ey)
/
X (Al VR NN GNN pFIVAT T (@) lpa)e

rPe9 (kkr) = —2N( D"y ) (B — Eo)

f p,h,p' k!
X (pAl (VAN NN GN1) p(FIVAN NN (q) [php' s pa)o

 (php'h'; pa VAN (8)pa) g
Ep — E&h —|—€p/ — En

PEIOe L (kke) = N2(kp) (D)"Y > Y 8(Ey - Eo)
I p,h,p B Php' R
S (Al (VAN N p, ho @ 1 pa) P
€p —Ej, T Ep — €5y
X (B, b, B, 1 pA| (VAN NN ()T f) p
X (FIVAN NN (q)[php' s pa) o

 (php'h'; pa VAN (t)pa) g
€p — &p —|—€p/ — En
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Direct Diagrams (P’, P,Q,Q" = D):

GSC
Fl

Antisymmetrization:

DDD

k—q/2 Qr<>

DDE DED EDD
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UGS:

FDE

Pk kp) = NZ(kr)

L] qQ:kQ—ék_q—VN

Lo (kkp) = —NQ(’?F>7T(;7T)2 (GFm72r>2/ dg0(qo)0(|k — q| — kr)

x[Sry(0)Sry (@) + 57, (0)S7,, (@) + Prey (0 Prry, (0)
+PC,TA (Q)PC,TA/ (Q) + 2PT,TA( )PT,TA/ (Q)
+25v,74 (Q)SV,TA/ (0)]Z(q0,q)

(;ﬂ (Grm2)? [ da [ dho(a)o(lk - q] - kr)
x<[(q-Q)Sr(¢)S-,, (Q) + (2(q- Q)% = 1) Prry (@) Prr,, (Q)

+Pc,7,(q)Por, (Q) +2((a- Q)° — 1) Pr7, (¢) Prry, (Q)

~(2q- Q)*(Pr,7s (@) Prry, (Q) + Prry (Q)Prry (O Q-k—_q-h

xO(|h +4q| — kr)O(kr — |h|)0(q0 — €p q +€p)

=
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UGS-CGS Interference:

PeQ’ (k, kp) = N2 (kF) ( 1" (Gpm >2 f2

TA'TTATN )

P
///dqdhdh W ?fim(q,q’,t)

1
X@PQQ (]C, q, q/, t, h, hla kF) PQQ’ (5(610 o (gh/_|_q o gh/))

—Eop2h

|:| QO:kO_gk_q_VN

VAN—)NN

[ wkQQ" (g,¢',t): momentum dependence given by and VNV and

TA/ TATN
spin summation

[ ©PQQ(k,q,q¢,t,h, W, kr): product of step functions (phase space of particles
and holes)

[] 8218}? . energy denominator

[] n: number of crossing between fermionic lines
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o (ke kr) = —AEQgSF)(GFmi)QT{L—; /qu(QO)G(U{: —q| — kr)
x{[57,, (0)S7, (q) + Pc,r,, (0) Pe,r (0)]Ve, 7y (q)
+[S7,,(@)S7A (@) + Pr,ryi (@) Pr,rp (9)ViL, 7y (9)
+2[Sv,r, (@)Sv,rp (@) + Pryry, (@) Priey (@)]Vr, ~4 (9) }
XR(—qo0,9)Z(qo, q)
GSC:
2(. 2\ 2
PO0PE k) = =2 e (L) [ dastanqn - al - ke

{57, ()57, (@) + Pe sy, (0) Py (@)]VE, - (@)
+[Sry (0)S7 (@) + Prory () PLr (@)]VE oy

+2 [SV,TA/ (q)SV,TA (q) =+ PT,TA/ (q)PT,TA (Q)]VZ%, ™~ (Q)}
xR*(—q0,9)Z(q0,q)

/ / P’ PQQ’ 3
] FfoDT%QTATN exchange terms are neglected: I' (p)QQ < rg(lp?)DD ~ 10 2Fn(p)
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Two-Nucleon Induced: I'y =1, +1'y, + 1,

fE3p2h

(php'h'; A|lVINIANYp g

x| Y (FIVANTNNphp! B A) py i

o hop B €p—€h—|—€p/ — Ep’

Direct Diagrams Antisymmetrization

0 HED | o
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pp _ 1ppD ppE _ dd'dd dd'd e dd' e’ d dd' e’ e de'e’e
Iy =177 + 1577 =17 + (I3 + 15 + 15 +1'5°°°)

ng’d’d — Z(Fé)D’D’D 4 Fé)E’E’D 4 F2ED’D’E 4 F2EE’E’E) _ Fé)D’D’D
ng’d’e _ _(F2DD’D’E FED D’ D) 1FDD D'E
4 2
ng’e’d — Z(Fé)D’E’D 4 Fé)E’D’D 4 FQED’E’E 4 FQEE’D’E) _ Fé)D’E’D
!/ 1 / / / / / / / / / /
Fg - Z(F2DDEE+F2DEDE_|_F]25’DED+F2EEDD):F2DDEE
N 1 / / 1 /
Fgeee — _(Fé)EE _l_FEEED) ZFDEEE
Ty = TR 4+T5" T8 + 15 + 5" 4+ b

= (D577 457 F) ¢ (T8 P 4 T8 ) + (TP - T5 )
F(IE P+ THF) 4 (3" P+ T F) 4 (03 P+ T3 )

Py’ =Tl 4+ TIP 4 TIP  (P=DorE)

nn
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ng(ka kF) — Z TPQ/R/S FPQ/R/S (k7 kF)

TN/TA/TATN,n(p) TN/TA’TATN
TN/ TALTA,TN=0,1

DPORS  (kkp) = A2(kr) “( D" e (Grm2)? <f2

/dq/dt/dh/dh0q0

)

l\D

X

X X X

o(
O(kr — |R))0(It + h'| — kp)0(kp — [h])
o

1
PQ'R'S / /
xWPRES  (q.4.t,t) Tenmn

Specific of each diagram are:

[ WPQR'S _ (gq,q',t,t'): momentum dependence introduced by

TN!TA'TATN

VNN and spin summation

[] Energy denominator [] eapon

L fogrs and n

k—q|—kr)0(lh —t| —kp)0(|lh —t+q| —kF)

ko —(€kg_q t€h_tiq TSt h’ —Sh —En'))

VAN—)NN

and
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‘ RESULT'S I

One—Nucleon Induced: I'q

0 0—GSC
L) 15 o)

Z F(p)

P,Q=D,FE

GS
+ 005

2.

P.Q,Q'=D,E

P)

n (p)
UGS

Table 1: FP<Q> terms for

PQQ’

UGS-CGS Interference

=Tn+T,

_|_

2

P",P,Q,Q'=D,E
GSC

12C in units of the free A decay rate, T" = 2.52-107° eV.

Note that FD@) FEg)) and Fff) FE@)
Channel 21 PP 2T PE I
An — nn 0.146 0.008 0.154
Ap — np 0.469 0.002 0.470
sum 0.615 0.009 0.624

L] Exchange terms: 5.1% (0.3%) of I';, (T')
[] Slight increase of T, /T, and T’y

P PQQ’
L @
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Table 2: FPQQ’

terms for }2C.

n(p)

Channel FDDD FDDE FDED FEDD
An —nn 0.022 —0.002 _ —0.000  —0.004
Ap — np 0.071 0.005 ~0.027  —0.011

sum 0.093 0.003 —0.036 —0.015
Channel FDEE FEDE FEED FEEE FO—GSC
An — nn 0.006 0.008 0.006 0.002 0.029
Ap — np —0.008 0.009 0.025 0.002 0.066

sum —0.003 0.017 0.031 0.004 0.095

[] Antisymmetrization: ['9~G5C increased by 34%, I'V~G5C decreased by 8%
Yy n p

L] Increase of T',, /T, 'y unaffected
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Table 3: The one-nucleon induced decay rates for 32C.

Channel Y [0-6G5C [&sC I

An —nn  0.154 0.029 0.002 0.185

Ap — np 0.470 0.066 0.008 0.544
sum 0.624 0.095 0.010 0.729

[ 19:179765C¢ . 1ESC = 0.86 : 0.13 : 0.01 (non—negligible effect of GSC)

[] T$SC =T1PPDPP ~ .01 (exchange terms neglected)

Exchange Terms and Ground State Correlations in

Non—Mesonic Weak Decay of Hypernuclei (page 24)

G. Garbarino

University of Torino



Table 4: Partial contributions to I';” for }*C. Values smaller than 0.0005 are repre-
sented by ~ 0.

Two-Nucleon Induced: I'y =1, +1'y, + 1,

Channel ng’d’d ng’d’e ng’e’d ng’e’e Fge’e’e FIQDP
Ann — nnn 0.012 —0.002 —0.002 ~ 0 0.001 0.009
Anp — nnp 0.184 —0.047 —0.039 0.009 0.016 0.123
App — npp 0.036 —0.008 —0.007 0.002 0.002 0.025

sum 0.232 —0.057 —0.048 0.011 0.019 0.157
L] Antisymmetry: TSP decreased by 32% I@
[] TPP:TPP:TPP =0.78: 0.16 : 0.06
(quasi—deuteron approximation) - i

0 X
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Table 5: Partial contributions to I's for }\QC.

sented by ~ 0.

Values smaller than 0.0005 are repre-

Channel ThP P ThP P o P o rhh D rhh B
Ann — nnn 0.012 —0.003 ~ 0 ~ 0 0.002 —0.001
Anp —nnp  0.184 —0.061  —0.003 0.001 0.027 —0.006
App — npp  0.036 —0.011 ~ 0 ~ 0 0.006 —0.001
sum 0.232 —0.075  —0.003 0.001 0.035 —0.008
Channel ree P N S TR E D o E T,
Ann — nnn 0.002 —0.001 ~ 0 ~ 0 ~ 0 ~ 0 0.011
Anp —nnp  0.081 —0.021 0.010 —0.004 0.004 —0.002 | 0.210
App — npp  0.001 ~0 ~ 0 ~ 0 ~0 ~0 | 0.031
sum 0.084 —0.022 0.010 —0.004 0.004 —0.002 [ 0.252

) Ty =I5 4+ 5" + T2 4 T3P 4 15" 4 v’

O rop? > ree P pep ¥

|:| ‘PRHN2/FR[1N2

= 0.2-0.5.

(] TP =036 vs 'y =0.25
[] Iyp i Dpp : 'y, = 0.83:0.12: 0.04
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Comparison with Experiment

Table 6: Non—mesonic weak decay widths of }2C.

Ant/GSC Fn Fp Fl FQ FNM Fn/Fp FQ/FNM
no/no 0.15 0.47 0.62 0 0.62 0.31 0
yes/no 0.18 0.56 0.74 0 0.74 0.33 0
no/yes 0.15 0.47 0.61 0.31 0.91 0.31 0.50
yes/yes 0.19 0.55 0.73 0.25 0.98 0.34 0.26

KEK-E508 0.23+0.08 0.45+0.10 0.68£0.13 0.27+£0.13 0.95+£0.04 0.51£0.13£0.056 0.29+£0.13
0.24 £ 0.10

FINUDA

[] The four set of results corresponds to different ground state normalization

functions

1 O OO [

Similar results for I, /T, for the 4 sets of results

GSC: unchanged I'{, I's # 0 = sizable increase of I'nu

Ant./GSC: yes/yes is the only set reproducing all data

Antisymmetry: increase of I'y, reduction of I'y = sizable reduction of I'y /T'xm
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Table 7: Non—mesonic weak decay rates for medium to heavy hypernuclei.

Medium and Heavy Hypernuclei

Hypernucleus Iy I's I'nm
B 0.64 0.18 0.82

e 0.73 0.25 0.98
2TAl 0.94 0.28 1.22

28Si 0.96 0.29 1.25
20Ca 1.03 0.29 1.33
30Fe 1.06 0.33 1.39

Y 1.06 0.33 1.39
1392 1.04 0.32 1.36
208pp, 1.06 0.34 1.40

[] Saturation of I'; and I'y with increasing A:

Saturation when R(A) sensitively larger than ryyv ~ 1/my; ~ 1.4 fm
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1.

Decay Rates

0.5

10
A

Figure 1: Weak decay rates as a function of the hypernuclear mass number A. Data

are from KEK and COSY@Juelich.

[] Rather good agreement with data
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‘ CONCLUSIONS I

[1 Microscopic Calculation of Hypernuclear Non-Mesonic Weak Decay Rates:
Nuclear Matter + LDA (}'B to 5°®Pb)

[] VAN=NN. OME including PS and V meson octets (7, n, K, p, w, K*)
[] VN¥: Bonn potential (7, p, o, w)

[] Exchange terms and GSC (leading order in V%) introduced on the same
footing for one— and two—nucleon induced weak decay channels

— GSC : unchanged I'y, I'ys # 0 = sizable increase of ['ny

— Antisymmetry : increase of I'y and I',, /', reduction of I'y = sizable
reduction of I's /T'nn

[1 Main conclusion: a detailed many-body treatment is important

[] Future developments:
— Inclusion of A(1232)-resonance contributions
— Study of nucleon emission spectra
New many—body terms accounting for F'SI
Microscopic vs INC

[] Present and Future Experiments: J-PARC, FINUDA@QDAPHNE, HypHIQGSI
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ADDITIONAL SLIDES
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THE RATIO T,,/T,

For many years, a sound theoretical explanation of the large experimental values of
I, T'(An — nn)

T, F(Ap = np) has been missing

0 0.5 1 1.5 2

N\
12 . |
/\C 1 ® |

L e < year 2003

5 . |
/\I_Ie < / | ® |

Theory Experiment

Theory strongly underestimated Experiment!

[W. M. Alberico and G. G., Phys. Rep. 369, 1 (2002)]
[E. Oset and A. Ramos, Prog. Part. Nucl. Phys. 41, 191 (1998)]

G. Garbarino

University of Torino
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Experiment
] Large uncertainties in the extraction of T',, /T, from “old” data (< year 2002)
— only Single-Proton Spectra measured

— very indirect determination of the decay rates, probable overestimation of
I ' —TI'y =T =T
F—n = MF -BEELE A ['), underestimated, I's neglected

p p
(Te=0,T, =08[[,]®" :T,/T, =1 < [[,/T,]" =0.3)

[ KEK-E462/E508: simultaneous measurement of Single-Proton and
Single-Neutron Spectra (year 2003) [1]

— improved (but model-dependent) determination of F—n from — ratio

p p
[1 KEK-E462/E508: Nucleon—Nucleon Coincidence Spectra (years 2003—-2006) [2]
| Npn .
— more direct (but model-dependent) determination of T from N ratio
p np

[] First data from FINUDA@QDA®NE |[3], experiments planned at J-PARC and
HypHIQGST

[1] S. Okada et al., PLB 597, 249 (2004) KEK experiments: [Plenary Talk by Outa]
2] B. H. Kang et a., PRL 96, 062301 (2006); M. J. Kim et al., PLB 641, 28 (2006)
[3] M. Agnello et al., NPA 804, 151 (2008) FINUDA experiments: [Plenary Talk by Bottal
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Theory

[] The One-Pion-Exchange (OPE) model predicts very small ratios:

T OPE
[—”] (RHe, 3°C) = 0.1+ 0.2
FP

[AT = 1/2 rule + strong tensor component AN (3S;) — nN(>D;) requiring
I,y =0<= N =p|

[ but reproduces the observed total non-mesonic rates Ty = Ty, + Tp(4+T2)

Other Interaction Mechanisms beyond the OPE should then be responsible for the
overestimation of I', and the underestimation of I';,

[] Heavier Mesons (p, K, K*, w, n, 2, 27T/p, 27T/0) [Parreno et al., [tonaga et al.,
Jido et al., Krmpotic et al.]

[] Direct Quark Mechanism [Oka et al/]
[] Two-Nucleon Induced Mechanism [Alberico et al., Ramos et al., Bauer et al.]

[] Nucleon Final State Interactions [Ramos et al., Garbarino et al ]
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Improvement from Heavy Meson Exchange (especially Kaons) [1] and Direct
Quark contributions [2]
L'y
Ly

[1] D. Jido, E. Oset and J. E. Palomar, NPA 694, 525 (2001);
A. Parrenio and A. Ramos, PRC 65, 015204 (2002);
K. Itonaga, T. Ueda and T. Motoba, PRC 65, 034617 (2002).

[2] K. Sasaki, T. Inoue and M. Oka, NPA 669, 331 (2000); 678 455E (2000).

TH
=0.3+0.7

The determination of I, /T",, from N, /N,, Data required Theoretical Analyses [3]:

[1] Two-Nucleon Induced Decays

[1 Nucleon FSI (INC)

N, KEK
Nnp

T EXP
~05+01 = [F—"] = (0.3+04) +0.1
p

convincing evidence for a SOLUTION OF THE PUZZLE

3] G. G., A. Parrefio, A. Ramos, PRL 91, 112501 (2003); PRC 69, 054603 (2004);
C. Chumillas, G. G., A. Parreno, A. Ramos, NPA 804, 162 (2008)

[Talk by Bauer]
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‘ POLARIZED HYPERNUCLEI: THE DECAY ASYMMETRY I

P, proton

mtn — AKT

[ Weak Decay Proton Intensity from Ap — np:  1(8) = Io [1 4 pa ap cos 6]

pn = A Polarization

apy = Intrinsic A Asymmetry Parameter

ap <= Interference among PC and PV Kp — mp channels

— information on strengths and relative phases of the decay amplitudes
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2He 2O
Sasaki et al. (2002)
7+ K +DQ —0.68
Parreno et al. (2002)
OME =7+ p+ K+ K* +w+n —0.68 —0.73
Barbero et al. (2005)
OME =71+ p+ K+ K* +w+n —0.54 —0.53
Alberico et al. (2005)
OME + FSI —0.46 —0.37
Chumillas et al. (2007)
OME + 27 + 27/o + FSI +0.028 —0.126
[tonaga et al. (2007)
T+ K+w+2n/p+2n/o+ pr/ar + onm/ax +0.083 +0.045

KEK-E508
KEK-E462

—> Importance of the Scalar—Isoscalar channel in Asymmetry calculations

OME + TPE: Agreement also with the Decay Rate data for both 3 He and }*C!

An Effective Field Theory approach (7w + K+ Leading—Order Contact Interactions)
predicted a dominance of Spin— and Isospin—Independent contact terms
[A. Parreno, C. Bennhold and B.R. Holstein, PRC70, 051601 (2004)]

+0.07 4 0.0879-98

—0.16 + 0.2875 55
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‘ PERSPECTIVES I

[1 Recent Experimental and Theoretical developments have brought to a solution
of the long-standing puzzles on I'), /T, and the Decay Asymmetry

1

o
s _F
= 0.9F
[ -
~osgk [T+ K+DQ
[ 12C
0.7F A :
0.6F \ aHe
E OME ,
0.5F
[ ——
0.4F @ L °
0.3k
! K
02 OME + TPE
0.1;— OPEJ

3806 04 02 0 02 04 06
apM

OME + TPE reproduces all data (no exotic mechanisms and Al = 3/2 contributions)

[1 However, improvements in Experiment and Theory are necessary to achieve a
detailed understanding of the Non—-Mesonic Weak Decay reaction mechanisms

— Obtain an accurate determination of Partial Decay Rates and Asymmetries

— Still model-dependendent results in OME and DQ calculations
(unknown weak meson—baryon—baryon couplings, validity of Al = 1/2 rule)
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i) s—shell Hypernuclei and the AT = 1/2 Rule

[1 Block-Dalitz Phenomenological Model = Spin-Isospin structure of AN — nN

[] Introducing the rates Ry for the spin-singlet (Rno, Rpo) and spin—triplet

(Rn1, Rp1) elementary AN — nN interactions:

Invm(BH) = (B3Rpo0 + Rup + 3Rpo + Rp1) %

Tam(AH) = (Rm4qﬁ%1+2Rm)%i
Tavi(AHe) = (2Rn0 + Ryo + 3R,1) %
I'nm(RHe) = (R0 + 3R, + Ry + 3Rp1) %

[] Relations which test the AI = 1/2 Rule

— (AH)—=—(\He)
r,(4H r (a r A . . R,
(/}l ) _ L L LN Al = 1/2 Rule: Lol o
Fp(AH) F" 5 RpO pl RpO
T (AHG)

p
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L'y
[ Tna(RHe) = 04110024 7" (RHe) = 0.3+ 0.1 (KEK):

p
Al =1/2 rule Experiment
Iyv(AHe) = 0251090 = 0.177+0.028 (BNL—E788)
Dav(RH) = 0087005 <= 0.17+0.11 (KEK)

—> violation of the Al = 1/2 rule? Too early to conclude!

[] E22@J-PARC: precise measurement of I',, and T, for 4H and % He
[Poster by Ajimura]

[] Also important: demonstration of the reliability of Block-Dalitz Model
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ii) Extraction of 'y = '(ANN — nNN) from Data

Theoretical analysis of KEK Coincidence Data only establishes a correlation
property between I',, /T, and I's /T"

[G. G., A. Parreno, A. Ramos, PRL 91, 112501 (2003); PRC 69, 054603 (2004)]

Npn
KEK-E462 {2C: =04+0.1 TN > 30 MeV, COS QNN < —0.8
A N

np

I',/I',~T'y/T'1 Correlation
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Theory for }*C:

Dy/Tnym = 0.16 Ty =T,,
[A. Ramos, E. Oset, and L.L. Salcedo, PRC50, 2314 (1994)]

s /Ty = 0.29 Iyp:Dpp i Iy, = 0.83:0.12: 0.04
[E. Bauer and G. G., NPA 828, 29 (2009)]

KEK }2C Data + simplistic Assumptions: T'y/T'ny =~ 0.4
[H. Bhang et al., EPJA 33, 259 (2007)]

BNL-E788 4 He Data: TI's/T'ny < 0.24 (95% CL)
[J. D. Parker et al., PRC 76, 035501 (2007)]

FINUDA s— and p-shell Data: T's/I'ny = 0.27 +0.06
[Plenary Talk by Botta]

E18@J-PARC: determination of T',,, T', and T’y for }*C with a 10% error level

via Double— and Triple-Nucleon Coincidence
[Talk by Kim Mijung]
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iii) Weak Decay of S = —2 Hypernuclei
[1 = and AA Hypernuclei
[1 Z=p — AA strong conversion produces AA hypernuclei

[1 Hyperon-Induced Non-Mesonic Weak Decay
— AN —=An AA—-X"7 AA—-Z7p (AS=1)
— AN — nn (AS = 2)
— Tags=1(34He)/T'x = 0.017 [1], 0.026 [2], 0.040 [3]
] K. Sasaki, T. Inoue and M. Oka, NPA 726, 349 (2003)

1
[2] K. Itonaga, T. Ueda and T. Motoba, NPA 691, 197c (2001)
[3] A. Parreno, A. Ramos and C. Bennhold, PRC 65,015205 (2002)

[] KEK-E373: NAGARA event [H. Takahashi et al., PRL 87, 212502 (2001)]
— Production of § ,He (AA interaction is weakly attractive)

— Recent observation of a Weak Decay to X" p (BRP ~ (0.01)
[T. Watanabe et al., EPJA 33, 265 (2007)]
AA — X7 p (but BR™ ~ 0.001)
H(uuddss) — X~ p (BR™ ~ 0.01)
[J.F. Donoghue, E. Golowich and B.R. Holstein, PRD 34, 3434 (1986)]
AN — H —->X"p?

[] New investigations: E07QJ-PARC, PANDAQFAIR [Plenary Talk by Gianotti]
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RESULTS

T S it

T /FAfree

A+1
[W. M. Alberico and G. G., Phys. Rep. 369, 1 (2002)]
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[W. M. Alberico and G. G., Phys. Rep. 369, 1 (2002)]
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[W. M. Alberico and G. G., Phys. Rep. 369, 1 (2002)]
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Figure 2: Single—proton kinetic energy spectra per NMWD of }*C.
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Figure 3: Kinetic energy correlations of np pairs emitted per NMWD of }*C
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Figure 4: Angular distribution of nn, np and pp pairs emitted per NMWD of }*C
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L /Tp

Number of primary nn and np pairs:

NY T,

wd
Ny o< L'y

Denoting with N,,, and N,, the number of nucleons emitted by the nucleus:

Table 8: | Ny, /Ny | for 3 He and 2C (cos Oy < —0.8 and T = 30 MeV)
2 He 12C
Non/Npp I'n/T'y | Non/Nnp Tn/T,
OPE 0.25 0.09 0.24 0.08
OME 0.51 0.34 0.39 0.29
KEK-E462 | 0.45 £ 0.11 £ 0.03
KEK-ES508 0.40 = 0.10

Data from B. H. Kang et al., PRL 96, 062301 (2006); M. J. Kim et al., PLLB 641, 28
(2006); H. Outa, NPA 754, 157c (2005)
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A weak-decay-model independent analysis of I'}, /T,

[] Total number of NN pairs emitted per NMWD:
NBop 4+ NIBeT 4 N2BT

Nnn —
'y + ', + 17
N _ N%En ', + N%Ep L'y + Nﬁ}f s
" I, +T,+T

which define the six weak—decay-model independent quantities: N!B" (the

number of nn pairs emitted per neutron—-induced NMWD), etc.

[] From a measurement of N,/ N,,, and appropriate values for I'y/I';:

I s\ V.
NiBe 4 N2B_2 — (NiPP 4 N2B_2 )
Fn B nmn + nn Fl np —|_ np Fl an
Ly - 1B op L2\ Non 1B op L2
NiBno N2B_Z2) M ylBn_ 2B 2
( np + np 1’\1 an nn nn Fl

[] From KEK data we obtained:

%He| [T./T,=026+011] Tb,=0200; (I,/T,=0.39+0.11
BC| |D,/Tp,=0294014] I,=025T; (I',/T,=0.38%0.14

Iy = 0)
Iy = 0)
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Exp—Th disagreement on Proton Spectra

Agreement for Neutrons 2 Disagreement for Protons
0.3 T T 0.3 w I — I A E— —
~= IN without FSI i — DA
— 1IN+2N+FSI ! -=-- Finite Nucleus
1 o KEK - E508 C ___ old LDA with rn/rp:0.285 1
© KEK-E369 : old LDA with I /I =1
0.2 - 0.2+ ! e KEK - E508 B
D o BNL-CERN
i= ZQ-
0.1+ _ 0.1
[ ‘ | ‘ | ‘ | ‘ | A | . . |
0.00~"20 40 60 80 100 120 140 0020

T (MeV)

[ BNL-E788: Neutron and Proton Spectra for 4 He
[J. D. Parker at al., PRC 76, 035501 (2007)]
[] FINUDA: Proton Spectra for 3 He to 3°0:
peaking structure at ~ 80 MeV
[M. Agnello et al., NPA 804, 151 (2008)]
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Comparison with theoretical calc.
for angular correlation

n+p coincidence
n+h coincidence

© s ..
%}.175 %w
S %Dj]l:: %
g v
v 0.1 %\
<_5 .
I
o

0.06

T,. T, = 30 MeV

Pair number
/NMWD

-0.8 -0.2 0.2 0.8 1

cos9o

s n+p coincidence |
n+h coincidence
p+p coincidence |

0.10 | — —

0.05 — —
I ! tg - '::Ii:l iia r{"| . iid b 3 i
0.00 I [ o 4 - | Il

—1.0 —0.6 0.c 0.5 1.0

2T T.. T.> 30 MeV n+p
m e © nN+h

pP+p
Pair number
/NMWD

0.05

-1 —0.6 —-0.2 0.2 0.6 1

cos9o

(eF:13 L1510} assuming Gn/Gp = 0.46 (for 5,He ), 0.34 (for *2,C)

considered 2N-induced( []20%), FSI
Phys. Rev. Lett. 91 (2003) 112501

21
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Asymmetry: OME + Nucleon FSI

[W. M. Alberico, G.G., A. Parreno and A. Ramos, PRL 94, 082501 (2005)]

OME=n+p+K+K"+n+w

I1(0) = Ip[1 + pa aa cos 0]

M) = I [1 + pa al) cos 6]

2 He 1B 120
an —0.68 -0.81  —0.73
aXt (T, > 30 MeV) —0.46 -0.39  —0.37
a! (T, > 50 MeV) —0.52 —0.55  —0.51
a (T, > 70 MeV) —0.55 —0.70  —0.65

KEK-E462

KEK-E508

0.07 & 0.0819-98

—0.16 +0.2879-18

Data from [T. Maruta et al., EPJA 33, 255 (2007)]
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[1 Effective Field Theory: m + K+ Leading-Order Contact Interactions
[A. Parreno, C. Bennhold and B. R. Holstein, PRC 70, 051601 (2004)]

— LOCI coefficients fixed to reproduce experimental I'yy and T, /T, for 3 He,
A'B and }2C and ay (3 He)

— Predicted a dominating Central, Spin— and Isospin—Independent contact term
[l 7+ K + o 4 Direct Quark
[K. Sasaki, M. Izaki, M. Oka, PRC 71, 035502 (2005)]

— Decay data for s-shell hypernuclei fitted to obtain the weak couplings of the
Scalar—Isoscalar c—meson, HXVU N = IwUN(As + Bos) oot

— All 3 He decay observables reasonably reproduced. No calculation for }C
[ OME +0,OME=7n+p+K+K*+n+w
[C. Barbero and A. Mariano, PRC 73, 024309 (2006)]
— Unknown o couplings fixed to reproduce measured I'xy (R He) and T, /T, (3 He)

— Improved overall agreement with experiment for }*C and 3 He but data for
ax(3He) could not be reproduced

[l = Importance of the Scalar-Isoscalar channel in Asymmetry calculations
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One—Meson—Exchange + Two—Pion—Exchange
[C. Chumillas, G. G, A. Parreno and A. Ramos, PLB 657, 180 (2007)]

[1 Uncorrelated ( 27 ) and Correlated ( 2w/0 ) Two—Pion-Exchange (TPE)
[D. Jido, E. Oset and J.E. Palomar, NPA 694, 525 (2001)]

[l 27/o motivated by Chiral Unitary Theory

N N N N N N
Sl . mo S S S
18 s
AN AN + AN AN AN

(a) (b) (c)

[] 27: dominated by the isoscalar channel
[1 27/0 reproduces w7 scattering data in the scalar sector

[] No Free Parameter: couplings determined from chiral meson-meson and
meson—baryon Lagrangians
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5
AHe

Model I'nm=1, + Fp Fn/Fp ap
OME 0.379 0.474 —0.590
OME+TPE 0.388 0.415 +0.041
OME+TPE+FSI +0.028
KEK-E462 0.424 £ 0.024 0.40 +0.11 (1N) +0.07 £ 0.087) %%
0.27 £0.11 (1IN + 2N)
e
Model I'nm=1, + Fp Fn/Fp QA
OME 0.667 0.357 —0.698
OME+TPE 0.722 0.366 —0.207
OME+TPE+FSI ~0.126
KEK-E508 0.940 + 0.035 0.38 +0.14 (1N) —0.16 £ 0.2875: 5
0.29 +0.14 (1N + 2N)
KEK-E307 0.828 + 0.087

[] Moderate change of the Decay Rates, huge influence on the Asymmetries!

[] Agreement with both Asymmetry and Decay Rate data for both 3 He and }*C!
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2 He OME OME + TPE OME OME + TPE
A: 1Sy =18, —0.1044 +0.0835 AE —0.2854 +0.2112
B: 15, =3Py  +0.0057 +0.0057 BC  +40.0027 —0.0033
C: 38 =35 —0.1399 +0.1480 BD —0.0029 —0.0027
D: 38 —*D;  —0.1814 —0.1814 CF —0.0856 +0.0405
E: 38 =P +0.3833 +0.3833 DF —0.2186 —0.2046
F: 38 =3P +0.2234 +0.2234
Ty= > la* 0257 0.275 an  —0.590 +0.041
a=A...F
[1 Spectroscopic notation: Ap (?St1L;) — np 25 +1L/)
[l OME — OME + TPE:
— Drastic change of the Scalar—Isoscalar amplitudes A and C
— AF interference changes sign and cancels the DF' contribution

G. Garbarino

University of Torino
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Perspectives: “Exotic” Hypernuclei

[] Neutron— and Proton—Rich (§H,  He; {Be, 3 C)
— I',,/T, for extreme N/Z
— Effects of (low—density) Neutron and Proton Halos on NMWD

— Present and Future searches:
KEK and FINUDA: formation probability studies (upper limits)
HypHI@QGSTI: in-flight decays, no surrounding target (T — 0)
J-PARC: E10
Nuclotron@JINR (Dubna): relativistic hypernuclei

[1 Medium and Heavy: A > 11 (saturation property of I'nn)
— KEK: saturation at I'nam(3°Si —2° Fe) ~ 1.2, in agreement with Theory
— COSY-13@Juelich: p+ A, A = Au, Bi and U targets, measurement of fragments

from fission induced by NMWD, no direct identification of hypernuclear formation
I'nv(A >~ 180 — 225) = 1.81 £0.14

— CEBAF@JLAB: proposal for high—precision measurement of lifetime of heavy
hypernuclei?

Exchange Terms and Ground State Correlations in G. Garbarino

Non—Mesonic Weak Decay of Hypernuclei (page 59) University of Torino



‘ CONCLUSIONS I

[1 Reasonable agreement obtained between Experiment and Theory on Decay
Rates (I'ny and I'y, /T',) and Asymmetries:

The Scalar—Isoscalar mechanism is essential in Asymmetry calculations

I'nmv(3He)/Ta ~ 0.4 T (32C)/Ta ~ 0.9

I, I,
= (AHe) ~ ==
Iy Iy

(good agreement Exp — Th)

(3C) ~ 0.3+-0.5

(data error bars, model dependencies)

ar(3He) ~ 0+0.2 ap(32C) ~ —0.1+40.3 (data error bars, model dependencies)

[1 Improved models and measurements essential to achieve a detailed
understanding of the reaction mechanisms for the Non—Mesonic Weak Decay

— s—shell Hypernuclei and the AI = 1/2 rule
— Extraction of I'y = '(ANN — nINN) from Data
— Weak Decay of S = —2 Hypernuclei

[]1 Still a lot of work to do: various theoretical groups and experiments (E07, E18
and E22QJ-PARC, FINUDA@QDAPHNE, HypHIQGSI, PANDA@QFAIR)
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