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daily luminosity 6 pb-1 10 pb-1

Total events (M) 30 200

Targets 6Li, 7Li, 12C, 27Al, 51V 6Li, 7Li, 9Be, 13C, D2O

FINUDA data takings

FINUDA collaboration

Bari University & INFN Bari

Brescia University & INFN Pavia

Pavia University & INFN Pavia

Torino University & INFN Torino

Trieste University & INFN Trieste

Torino Polytechnic & INFN Torino

L.N.F. / INFN Frascati

RIKEN

KEK

Seoul 
National University

Teheran 
Shahid Beheshty University

University 
of Victoria

JINR
Dubna

2

INTRODUCTION



FINUDA physics resultsgermano bonomi26/10/2009 39th LNF scientific committee

O t h e r  N O N - M e s o n i c  r a r e  d e c a y s  ( f o r  e x a m p l e  . . . )

4
ΛHe→ d + d
4
ΛHe→ p + t

5
ΛHe→ d + t

A
ΛZ →A−2 Z + n + n

A
ΛZ →A−2 (Z − 1) + p + n

N O N - M e s o n i c  W e a k  D e c a y s  ( N M W D )

Λmed + p→ n + p

Λmed + n→ n + n

Λ  d e c a y  i n  m e d i u m

HYPERNUCLEI PRODUCTION strangeness exchange reaction 

K−
stop +A Z →A

Λ Z + π−

K− + n→ Λ + π−
1

Λfree → p + π− (64.2%)
Λfree → n + πo (35.8%)

A
ΛZ →A Z + πo

A
ΛZ →A (Z + 1) + π−

M e s o n i c  W e a k  D e c a y s  ( M W D )
Λ  d e c a y  i n  m e d i u m

Λmed → p + π−

Λmed → n + πo

HYPERNUCLEI DECAY

2

3

K- ABSORPTION ON FEW NUCLEONS
A (K−,Λp) X
A (K−,Λd) X
A (K−,Λt) X

2  n u c l e o n s  a b s o r p t i o n

3  n u c l e o n s  a b s o r p t i o n

4  n u c l e o n s  a b s o r p t i o n

Λp, Λd, Λt
i n v a r i a n t  m a s s  s t u d y

OUTLINE
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µ+

π−

key features of the spectrometer

hypernuclear spectroscopy

5

SIGNAL and BACKGROUND

mhyp =
√

(mK− + mAZ − Eπ−)2 − p2
π

−BΛ = mhyp − (mAZ−1n + mΛ)

by conserving energy and momentum

binding energy

transparency ➥ high resolution spectroscopy
very thin targets (0.1 ÷ 0.3 g/cm2) 

coincidence measurement with large acceptance
complete event ➥ decay mode study

different targets in the same run
 ➥ high degree of flexibility

simultaneous tracking of μ+ from the K+ decay 
 ➥ energy and rate calibrationK+ → µ+νµ

K−
stop +A Z →A

Λ Z + π−
hypernucleus

the “strangeness exchange” reaction it’s not the only mechanism 
for a production of a negative pion in the K-N interaction

K− + p→ Σ− + π+

K− + (np)→ Σ− + p

K− + n→ Λ + π−

Σ− → n + π−

1

2

3

K− → µ− + νµ4 backgrounds
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anti-boost side boost side

*ROOT TFractionFitter

Fits MC fractions to data histogram (a la HMCMLL, see R. Barlow and C. Beeston, Comp. Phys. Comm. 77 (1993) 219-228, and http://www.hep.man.ac.uk/~roger/hfrac.f).

1) fit the experimental distribution with the sum of N gaussians (for the signal) and 4 histograms for the background
         -  the mean and the sigma of the gaussians are free to move around the input values

2) we repeat the fit with a more sophisticated fit tool fixing also the mean values and the sigma of the gaussians (*)

B A C K G R O U N D  I S  U N D E R  C O N T R O L

FITTING THE DATA

K
−

+
n
→

Λ
+

π
−

K
−
+

p
→

Σ
−
+

π
+

K− + (np)→ Σ− + p

hypernuclear spectroscopy
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K
−

+
n
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Λ
+

π
−

K
−
+

p
→

Σ
−
+

π
+

K− + (np)→ Σ− + p

K− → µ− + νµ



FINUDA physics resultsgermano bonomi26/10/2009 39th LNF scientific committee

H. Tamura et al. Nucl. Phys. A 754 (2005) 58c 

excitation energies are referred to
 the ground state BΛ = -5.58 ± 0.03 MeV

[M. Juric et al. Nucl. Phys. B 52 (1973) 1] 

capture Rate per stopped K-

#1: 0.041 ± 0.006 ± 0.005 %
#2: 0.058 ± 0.008 ± 0.006 %
#3: 0.043 ± 0.006 ± 0.005 %
#4: 0.052 ± 0.007 ± 0.006 %

Total in the bound region: 
0.14 ± 0.01 ± 0.02 % 

formation probability

hypernuclear spectroscopy
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7 L i

FIRST WORLD MEASUREMENT

FWHM
from 1.65 to 1.95 MeV from target to target

BΛ energy measurements
- absolute scale of the energy known at the level of 0.2 MeV
- possible systematic of the fit of 0.2-0.3  MeV 
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E930(’01), E509, E518 Collaborations / Nuclear Physics A 754 (2005) 58c–69c 61c

Fig. 1. Level schemes of 7ΛLi,
9
ΛBe,

10
ΛB,

11
ΛB, and

16
ΛO determined fromHyperball experiments. Newly observed

γ rays, measured level energies, and assigned spins in the recent experiments (E930(’01), E509, E518) are shown

in thick arrows and bold letters.

Fig. 2. Doppler-shift corrected spectrum of 9
ΛBe γ rays around 3 MeV obtained in the E930(’98) experiment.

The spectrum was well represented by a two peak structure Doppler shifted by a recoiling nucleus decaying with

a lifetime less than 0.1 ps.

peak structure in Fig. 2 for a short lifetime (< 0.1 ps). From the fitting, the γ -ray energies

were obtained to be 3024± 3± 1 and 3067± 3± 1 keV, and the separation energy to be

43± 5 keV. The separation energy and the lifetime have been revised from the previous

values in Ref. [7].

H. Tamura et al. Nucl. Phys. A 754 (2005) 58c 

excitation energies are referred to the ground state
BΛ = -6.61 ± 0.04 MeV 

[M. Juric et al. Nucl. Phys. B 52 (1973) 1] 

hypernuclear spectroscopy
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9 B e

capture Rate per stopped K 
#1: 0.022 ± 0.006 ± 0.002 %
#2: 0.036 ± 0.008 ± 0.004 %
#3: 0.027 ± 0.006 ± 0.003 %

Total in the bound region: 
0.058 ± 0.011 ± 0.006

formation probability

FIRST WORLD MEASUREMENT
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sections. However, the ! ray yield at each scattering angle

was not completely consistent with the calculation. The !
ray yields in the peak region were 164!18 (0""#"7°),
166!18 (7""#"10°), and 142!21 (10""#"16°).
Whereas the theoretically expected yields were 385 (0""#

"7°), 167 (7""#"10°), and 179 (10""#"16°). If we
assume that these inconsistencies originate from uncertain-

ties in the theoretical differential cross sections, R in Fig. 9

would vary as 0.77#0.31
$0.23 (0""#"7°), 0.01#0.01

$0.01 (7""#

"10°), and #0.82#0.18
$0.05 (10""#"16°). The uncertainty of

R produced a systematic error of 30 keV as the maximum

deviation from the central value for the splitting. This sys-

tematic error is the largest one. All possible causes of the

inconsistent ! ray yield were investigated. But an inconsis-

tency of about a factor of 2 remained. The theoretical differ-

ential cross section of the 1/2# state at the forward angles is

especially sensitive to the K# beam momentum of around

0.9 GeV/c . For example, the differential cross section is ex-

pected to decrease by a factor of 3 at 1.0 GeV/c $21%. There
is a possibility that a small ambiguity of the K# beam mo-

mentum in previous (K#,##) experiments, on which differ-

ential cross sections were adjusted theoretically, might pro-

duce such a large inconsistency at the forward angles. If it is

a cause of the inconsistency, the systematic error would be

much smaller.

Several fittings with different functions, such as two

Gaussians and a linear background, and widths were applied

to study how the choice of functions can influence the split-

ting, and a systematic error originating from choosing differ-

ent fitting functions was estimated to be 19 keV at most.

The influence of the Doppler shift correction was also

studied by using the GEANT simulator, and it was found to

be negligible because the NaI detectors installed symmetri-

cally in the vertical direction almost canceled it. The energy

calibration of the NaI detectors affects the splitting very little

because ! rays from both the states were measured simulta-

neously.

The total systematic error of the splitting was estimated to

be 36 keV. The final result of the splitting was determined to

be &E(1/2##3/2#)%$152!54(stat)!36(syst) keV. The
l s splitting of a nucleon in the p orbit around this mass
region is 3–5 MeV, thus the l s splitting of a ' particle in

the p orbit is about 20–30 times smaller. After the final en-

ergy calibration explained in the end of Sec. II C, the exci-

tation energies of the 1/2# and 3/2# states were obtained as

10.982!0.031(stat)!0.056(syst) and 10.830!0.031(stat)
!0.056(syst) MeV, respectively. The uncertainty of the en-
ergy calibration using ! rays from 12C nuclei and the choice

of fitting functions were mainly considered to estimate the

systematic errors. The j'%l '#1/2$(p1/2)'% state appears
higher in energy, as in normal nuclei, which is consistent

with theoretical predictions $14,33%. The present measure-
ment is consistent with a ! ray energy of 10.95!0.1(stat)
!0.2(syst) MeV in Ref. $20%.
Recently YN interactions were refined in both the OBE

model $34% and the quark model $35,36%. The strength of a
'-nucleus ALS force is different between the models. Ac-
cording to calculations by Hiyama et al. in the framework of

the microscopic 3($' model, the ALS force of the OBE

models decreased the splitting of '
13C by only 20–30% $33%.

The predicted splittings were 0.75, 0.96, and 0.39–0.78 MeV

by means of Nijmegen model D, Nijmegen model F, and

Nijmegen soft-core models )a–f*, respectively. These calcu-
lations systematically show that the YN interaction given by

the OBE models predicts larger l s splittings than the present
measurement. The state-of-the-art calculation of the YN in-

teraction based on the OBE models is unable to reproduce

the present result. On the other hand, in a calculation of the

strength of the one-body l s force starting from a quark-

based YN interaction, the strength of the ALS force

amounted to approximately 85% of that of the l s force $36%.
A calculation using a large ALS force based on the quark

model gave about 0.2 MeV for the splitting of '
13C $33%. The

difference between these results was mainly due to different

strengths of the ALS force.

Since the splitting for '
13C is very small, forces besides the

l s force may also contribute to the splitting. It has been
pointed out by Millener that a tensor force makes a signifi-

cant contribution to the splitting of '
13C $37%. The nuclear l s

force mixes a small S%1 component into the 12C core wave

function, and other forces arise from the S%1 component.
His prediction for the splitting of '

13C was 107 keV, where

the spin-spin force ($42 keV), the l s force ($280 keV),
and the tensor force (#215 keV) were considered. The re-
sult almost reproduces the present measurement.

A systematic study of light ' hypernuclei shows that the

YN interactions based on the OBE model need to be modi-

fied so that a smaller l s splitting, which has been indicated
by the present experiment, can be accommodated $30%. A
new mechanism will be required for the unified understand-

ing of the baryon-baryon (NN , YN , and YY ) interaction.

V. SUMMARY

We performed the 13C(K#,##!)'
13C experiment at

0.93 GeV/c at the AGS of BNL to obtain the l s splitting of
' single particle states in '

13C with high precision. We suc-

ceeded in measuring ! rays from the 1/2# and 3/2# states,

which have predominantly a $12Cg.s.(0
$)! p'% configura-

tion, to the GS in '
13C by using NaI detectors. The splitting

was found to be &E(1/2##3/2#)%$152!54(stat)
!36(syst) keV which was almost 20–30 times smaller than
that of single particle states in nuclei around this mass re-

gion. The excitation energies of the 1/2# and 3/2# states

were obtained as 10.982!0.031(stat)!0.056(syst) and

10.830!0.031(stat)!0.056(syst) MeV, respectively. The
j'%l '#1/2$(p1/2)'% state appeared higher in energy, as in
normal nuclei, which is consistent with theoretical predic-

tions. We also observed ! rays from the 3/2$ state to the GS

in '
13C, and the excitation energy of the state was obtained as

4.880!0.010(stat)!0.017(syst) MeV.
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The #
13C hypernucleus was studied by measuring $ rays in coincidence with the 13C(K!,%!) reaction. $

rays from the 1/2! and 3/2! states, which are the partners of the spin-orbit doublet states with a predominant

configuration of &12Cg.s.(0
")! p#' , to the ground state were measured. The splitting of the states was found to

be (E(1/2!!3/2!)#"152$54(stat)$36(syst) keV. This value is 20–30 times smaller than that of single
particle states in nuclei around this mass region. The j##l #!1/2&(p1/2)#' state appeared higher in energy, as
in normal nuclei. The value gives new insight into the YN interaction. The excitation energies of the 1/2! and

3/2! states were obtained as 10.982$0.031(stat)$0.056(syst) and 10.830$0.031(stat)$0.056(syst) MeV,
respectively. We also observed $ rays from the 3/2" state, which has a &12C(2")! s#' configuration, to the
ground state in #

13C. The excitation energy of the 3/2" state was obtained as 4.880$0.010(stat)
$0.017(syst) MeV. Nuclear $ rays with energies of 4.438 and 15.100 MeV had similar yields, which sug-

gests that a quasifree knockout of a # particle is dominant in highly excited regions.

DOI: 10.1103/PhysRevC.65.034607 PACS number!s": 21.80."a, 25.80.Nv, 13.75.Ev, 26.60."c

I. INTRODUCTION

The introduction of the spin-orbit (l s) force, which is a
short range interaction, resulted in great successes of the

nuclear shell model. Before this introduction, the central

force described by the harmonic oscillator had been unable

to explain magic numbers except for 2, 8, and 20. The l s
force clearly explained not only the magic numbers but also
many prominent nuclear properties. The l s splitting of
single nucleon states is as large as that of the major shell
spacing and plays an essential role in nuclear physics.

As for #-nucleus interactions in # hypernuclei, the ob-

servation of # single particle states, first by the (K!,%!)

reaction &1' and then later by the (%",K") reaction &2,3',
clarified the gross structure of the interactions. The central

force was found to be roughly 2/3 of that of a nucleon. In the

naive quark model a # particle is composed of u, d, and s

quarks and the s !strange" quark is considered to contribute
little to the nuclear force. In the one boson exchange !OBE"
model it is understood that the absence of the long-range one
pion exchange contribution makes the central force smaller.
On the other hand, spin-dependent forces are not well

PHYSICAL REVIEW C, VOLUME 65, 034607

0556-2813/2002/65!3"/034607!9"/$20.00 ©2002 The American Physical Society65 034607-1

hypernuclear spectroscopy

9

1 3 C

capture Rate per stopped K
#1: 0.006 ± 0.001 ± 0.001 %
#2: 0.014 ± 0.002 ± 0.002 %
#3: 0.018 ± 0.002 ± 0.002 %
#4: 0.024 ± 0.003 ± 0.003 %
#5: 0.035 ± 0.005 ± 0.004 %

Total in the bound region: 
0.062 ± 0.005 ± 0.008 % 

formation probability

FIRST WORLD MEASUREMENT
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γ -RAY SPECTROSCOPY OF 16
"O AND . . . PHYSICAL REVIEW C 77, 054315 (2008)

FIG. 15. Upper limit for the B(M1) ratio between the 1/2+; 1 →
1/2+

1 and 1/2+; 1 → 3/2+
1 transitions as a function of the ground-

state doublet spacing, E(3/2+
1 ) − E(1/2+

1 ), and the 1/2+; 1 → 1/2+
1

transition energy. The thick line is the result of a peak search for
the 1/2+; 1 → 1/2+

1 transition obtained by fitting the spectrum from
2000 to 2370 keV [Fig. 12(d)]. The dashed line is from the same
procedure but with the “prompt” TDC cut. The thin line is the result
of a peak search for the 1/2+

1 → 3/2+
1 transition obtained by fitting

the spectrum from 100 to 270 keV [Fig. 12(b)].

7. The 1/2+; 1 → 1/2+
1 transition

As noted previously, no prominent γ -ray peak correspond-
ing to the 1/2+; 1 → 1/2+

1 transition has been observed. An
upper limit for the B(M1) ratio between the 1/2+; 1 → 1/2+

1
and the 1/2+; 1 → 3/2+

1 transitions as a function of the
ground-state doublet spacing can be obtained from the γ -ray
spectrum. This is shown in Fig. 15, where the shaded region
shows the allowed range of the B(M1) ratio. The ratios in
Fig. 15 were obtained from the upper limit of the γ -ray yield
taking into account the relative γ -ray efficiencies.

The thick line shows the upper limit of the B(M1) ratio
obtained by fitting the spectrum from 2000 to 2370 keV
assuming that the 1/2+; 1 → 1/2+

1 transition has the same
γ -ray peak shape as the 1/2+; 1 → 3/2+

1 transition. The
dashed line is obtained by fitting the spectrum with the
“prompt” TDC cut to reduce the 27Al(n, n′) γ ray at 2211 keV.
The thin line is obtained by fitting the spectrum from 100 to
270 keV, assuming that the 1/2+

1 → 3/2+
1 γ ray has the

original response function because the lifetime of the 1/2+
1

state (half the estimate for the 3/2+
1 level in the previous

subsection) is much longer than the stopping time and with
the estimates for the electromagnetic and weak-decay lifetimes
taken into account.

The B(M1) ratio between the 1/2+; 1 → 1/2+
1 and

1/2+; 1 → 3/2+
1 transitions is calculated to be 10:1 with the

level mixing taken into account [15] using the "N parameters
from the first analysis of the 16

"O γ -ray data [29]. As shown
in Fig. 15, either the doublet spacing is less than 5 keV or
the upper limit on the B(M1) ratio is ∼0.09 (the calculation
puts the 1/2+

1 level ∼100 keV above the 3/2+
1 level). The

interpretation of this result is discussed in detail in Sec. VI.
Basically, small 1+

2 × s" admixtures in the wave functions of
the ground-state doublet members introduce strong destructive
interferences from the strong 1+

2 ; 0 → 0+; 1 M1 core transition
into the γ decays from the 1/2+; 1 level of 15

"N.

FIG. 16. Experimentally determined level scheme of 16
"O and

observed γ -ray transitions. The corresponding level scheme of 15O is
also shown.

C. Summary of results

Figure 16 shows the experimentally determined level
scheme of 16

"O. As shown in the figure, the excitation energies
and spin ordering of both ground and 6.7-MeV excited dou-
blets have been determined. This is the first determination of
the spin ordering and the spacing of a p1/2-shell hypernuclear
ground-state doublet. In addition, this is the first observation
of a spin-flip state (the 2− state) that is directly produced via
the (K−,π−) reaction.

Figure 17 shows the level scheme of 15
"N together with

the corresponding core levels of 14N [41]. Since the spin
ordering and spacing of the ground-state doublet were not
experimentally determined, the excitation energies are given
as level spacings from the 3/2+

1 state. The existence of the
4710-keV excited state was determined from the coincidence
of the 2442-keV γ ray with the 2268-keV γ ray. On the other
hand, while the existence of the 4229-keV excited state was
not unambiguously determined, the 1961-keV γ ray is likely
a transition to the 1/2+; 1 state.

FIG. 17. Experimentally determined level scheme of 15
"N and

observed γ -ray transitions (solid arrows). The corresponding level
scheme of the 14N core nucleus is also shown. Since the spin ordering
of the ground-state doublet is not determined, the excitation energies
of 15

"N are given as level spacings from the 3/2+
1 state. The existence

of the 4229-keV excited state was not experimentally determined, but
the 1961-keV γ ray is likely a transition to the 1/2+; 1 state.

054315-15
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WRONG value: 
Tamura private comunication

O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653 593

Fig. 20. High-statistics excitation spectrum of 16
Λ O from E336 (top) and the calculated spectrum [52] for the

16O(π+, K+) 16
Λ O reaction (bottom).

region of the excitation spectra measured using the (π+, K +) and (K −,π−) reactions.
These states are expected to have configurations of [νp−1

1/2 ⊗Λs1/2]1−
1 , [νp−1

3/2 ⊗Λs1/2]1−
2 ,

[νp−1
1/2 ⊗ Λp3/2,1/2]2+

1 , 0+
1 and [νp−1

3/2 ⊗ Λp3/2,1/2]2+
2 , 0+

2 . The 16
Λ O spectrum was fitted

using the same procedure as was applied to the other (π+, K +) spectra and the results
are summarized in Table 11. The binding energy was determined as BΛ = 12.42 ±
0.05(stat) ± 0.36(syst) MeV. The angular distributions of the four peaks measured in the
(π+, K +) reaction are also presented in Fig. 21 and compared with the DWIA calculation.
The close agreement between the measured and calculated spectra supports the choice of
major configurations used in the calculations. The level structure of 16

Λ O is compared with
that of the core nucleus, 15O, and the recent theoretical calculations in Fig. 22.

594 O. Hashimoto, H. Tamura / Progress in Particle and Nuclear Physics 57 (2006) 564–653

Table 11
Excitation energies and cross sections of 16

Λ O in the (π+, K+) reaction

Peaks BΛ or EX FWHM Cross sections
(MeV) (MeV) σ2◦−14◦ (µb)

# 1 BΛ = 12.42 ± 0.05 2.75 ± 0.05 0.41 ± 0.02
# 2 EX = 6.23 ± 0.06 2.75 ± 0.05 0.91 ± 0.03
# 3 EX = 10.57 ± 0.06 2.75 ± 0.05 1.05 ± 0.03
# 4 EX = 16.59 ± 0.07 3.13 ± 0.11 1.38 ± 0.06

Fig. 21. Angular distributions of kaons in the 16O(π+, K+) 16
Λ O reaction.

It has been widely believed that the spin–orbit splitting in p-shell Λ hypernuclei is quite
small. The CERN 12

Λ C and 16
Λ O [13,66], and BNL 13

Λ C data [17] gave very small values
for the splitting. However, a recent reanalysis of the emulsion 16

Λ O data claimed that the
splitting of the spin–orbit partner (2+

1 and 0+
1 ) is 1.56 ± 0.12 MeV, which is much larger

than the above small splitting [67]. A possible large ls splitting is also suggested in the
analysis of the 89

Λ Y spectrum as described in this section.
To address this apparent discrepancy, the present high-quality 16

Λ O spectrum measured
using the (π+, K +) reaction has been carefully analyzed and compared with the spectrum
by the (K −,π−) reaction. In the 16

Λ O spectrum, the 2+
1 state can be excited favorably by

the (π+, K +) reaction because of the large momentum transfer in that reaction, while
the 0+

1 state is preferentially excited by the recoilless (K −,π−) reaction [47,65]. The
excitation energy of the 2+

1 state can be determined with a good precision from the present
(π+, K +) spectrum of 16

Λ O to be 10.57 ± 0.06 ± 0.14 MeV. The excitation energy of the

(π+, K+)
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Total in the bound region: 
0.027 ± 0.005 ± 0.003 % 

capture Rate per stopped K
#1:      0.006 ± 0.002 ± 0.001 %
#2:      0.021 ± 0.004 ± 0.002 %
#3+4: 0.060 ± 0.014 ± 0.008 %
#5+6: 0.059 ± 0.013 ± 0.007 %

formation probability

hypernuclear spectroscopy
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D 2 O
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binding 
energy of the 
ground state

C A P T U R E  R A T E  ( P E R  S T O P P E D  K A O N )  V S  A

bound region 
ground state

hypernuclear spectroscopy

12
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F I N U D A mesonic & non-mesonic weak decays
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π−

π−
p 

!- 

K−
stop +A Z →A

Λ Z + π−

A
ΛZ →A (Z + 1) + π− A

ΛZ →A−2 (Z − 1) + p + n

mesonic and non-mesonic weak decays

14
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FINUDA Coll., PLB 681 (2009) 139
New results on mesonic weak decay of p-shell Λ-hypernuclei

mesonic and non-mesonic weak decays

15
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Correspondence with the  calculated strenght functions
 T. Motoba et al, Nucl. Phys. A 489 (1988) 683.
 A. Gal, Nucl. Phys. A 828 (2009) 72.

15ΛNg.s  spin not known.  Jπ (15ΛNg.s.) = 3/2+  
D.J.Millener, A.Gal, C.B.Dover  Phys. Rev. C 31 (1985) 499.   

Spin ordering not obtained from γ-rays of 16ΛO 
M.Ukai et al. Phys. Rev.C 77 (2008) 054315. 

FINUDA Coll., PLB 681 (2009) 139
New results on mesonic weak decay of p-shell Λ-hypernuclei

First  experimental determination
Jπ (15ΛNg.s.) = 3/2+ 

from spectrum shape 

and decay rate value

Γπ−/ΓΛ = 0.108± 0.038+0.014
−0.013

mesonic weak decay

16

s p i n  - p a r i t y  a s s i g n e m e n t

15ΛN
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Γ π
−
/Γ

Λ

Mesonic decay results

MWD π- spectra for 7ΛLi, 9ΛBe, 11ΛB and 15ΛN

 spin-parity assignment confirmed for 7ΛLi, 9ΛBe, 11ΛB g.s.

 new spin-parity assignment for 15ΛN, based on decay rate (and spectrum shape) 

 MWD decay rates calculated and compared with theoretical calculations and previous measurements

 nuclear structure effects
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FINUDA Coll., PLB 681 (2009) 139

New results on mesonic weak decay of p-shell Λ-hypernuclei

mesonic weak decay

17
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12
Λ C

Alow

Alow + Ahigh
=

0.5N(Λp→ np) + N(Λnp→ nnp) + NFSI

N(Λp→ np) + N(Λnp→ nnp) + NFSI

W.Alberico and G.Garbarino, Phys. Rev. 369 (2002) 1. 
G,Garbarino, A.Parreno and A.Ramos, - Phys.Rev.Lett. 91 (2003) 112501.
G,Garbarino, A.Parreno and A.Ramos, - Phys.Rev. C 69 (2004) 054603.

Alow:  spectrum area below μ
        1N + 2N + FSI 

Ahigh: spectrum area above μ
        1N + FSI 
        2N(>70 MeV) ~ 5% 2Ntot
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FINUDA Coll., NPA 804 (2008) 151
Measurement of the proton spectra from non-mesonic weak decay of ΛHe5 ΛLi7 and ΛC12

non-mesonic weak decay

18
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Alow

Alow + Ahigh
=

0.5N(Λp→ np) + N(Λnp→ nnp) + NFSI

N(Λp→ np) + N(Λnp→ nnp) + NFSI

Γnp : Γpp : Γnn = 0.83 : 0.12 : 0.04

N(Λnp→ nnp)
N(Λp→ np)

=
Γnp

Γp
≈ Γ2

Γp

Γ2 = Γnp + Γpp + Γnn

E. Bauer and G.Garbarino, Nucl.Phys. A 828 (2009), 29.

A
lo

w

A
lo

w
+

A
h

ig
h

Fit as a function of A-3
for ➝ 0, FSI ➝ 0 

Γ2

Γp
= 0.56± 0.11R = lim

(A−3)→0

Alow

Alow + Ahigh
≈ 0.5 + Γ2/Γp

1 + Γ2/Γp

non-mesonic weak decay

19

r e s u l t s

Γ2

ΓNMWD
=

Γ2/Γp

Γn/Γp + 1 + Γ2/Γp
= 0.27± 0.06

Bhang et al., EPJ A33 (2007) 259.



F I N U D A two body non-mesonic rare decays
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Two-body non mesonic decay: large momentum transfer
Unlikely to occur  → rare events 
Expected branching ratios: at the level of 1.5% of all non-mesonic decays 

calculations for 4ΛHe→  nt, pt                 [Rayet Nuovo Cim. 42B (1968), 238]

non-mesonic rare decay

21

One 4ΛHe →dd event Block et al. (1960)

Very few observations (ONLY for 4ΛHe, mainly from bubble chamber/emulsion experiments) 
No 4ΛHe →pt
A few 4ΛHe → 3He n Corenmans et al. (1968), unpublished- Block PRL 3(1959), 291 

P r e v i o u s  d a t a

!"#!$%&'(!'%%

!%&% )%

*(&+%

FINUDA ability to identify and track p, d and t has been used to study such decays  

!"#$%&'(&$$
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4ΛHe hyperfragments (from all targets)

non-mesonic rare decay

22

π−

d
d

4ΛH e

4ΛHe → dd - d momentum: 570 MeV/c

Total probability (yield) per stopped K-

Mean value:      (2.82 ± 0.62) 10-5/K-stop

For 6Li targets: (5.22 ± 1.90) 10-5/K-stop

➥based on the capture rate per 
K- at rest measured for 4ΛHe in 4He (Tamura et al.) 

 
Γ dd (6Li) = (0.3 ± 0.1)%  ΓΛ

4ΛHe → dd 16 complete events +
 43 semi-inclusive events with a missing π-

4ΛHe → pt 21 events selected 
with (unfortunately) high S/N ratio

Total probability (yield) per stopped K-

Mean value:      (5.42 ± 3.43)  10-5/K-stop

For 6Li targets: (18.53 ± 14.80)  10-5/K-stop

➥Under the above assumption

 
Γpt (6Li)  = (1.1 ± 0.9)% ΓΛ: 

4ΛHe → pt - p momentum: 508 MeV/c

dd/pt ratio: the pt decay channel is the favoured one
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non-mesonic rare decay

23

5ΛH e

5ΛHe hyperfragments (from 6Li and 7Li targets)

5ΛHe → dt - d momentum: 597 MeV/c

Total probability (yield) per stopped K-

Mean value:      (1.23 ± 0.60) 10-5/K-stop

 
➥ Γ dt = (0.29 ± 0.15)%  ΓΛ

           Agreement with theoretical expectations

5ΛHe → dd 3 events
1x 6Li, 2x 7Li
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F I N U D A K - absorption by few nucleons

3
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FINUDA Coll., PRL 94 (2005) 212303
Evidence for a Kaon-Bound State K-pp Produced in K- 
Absorption Reactions at Rest

Search for possible deeply bound kaon states:
Two nucleon absorption (no-pion emission)
K- (2N) → N Y  elementary reaction

K-A → Λ(Σ) pX,  nuclear reaction

K-A → Λ(Σ) nX  nuclear reaction

FINUDA DATA: K-
stop 

6Li ! " X 

K-NN!"N 
K-N!"# 

Simulations: K-
stopA!"#X 

                     K-
stopA!"pX 

12C 4He 

Study of hypernuclei and their decays: 
One nucleon absorption (pion-emission)
K- N → π Y  elementary reaction      
K-A → Λ(Σ) πX  nuclear reaction

Four nucleon absorption (no-pion emission)
K- (4N) → NNN Y   elementary reaction

K-A → Λ(Σ) tX   nuclear reaction

FINUDA Coll., PLB 669 (2008) 229
Correlated Λt pairs from the apsorption of K-

  at rest in light nuclei
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FINUDA Coll., PLB 654 (2007) 80
Correlated Λd pairs from the K-

(stop)A ➝ ΛdA’ reaction

Three nucleon absorption (no-pion emission)
K- (3N) → NN Y   elementary reaction

K-A → Λ(Σ) dX  nuclear reaction

k- absorption by few nucleons

25
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fit region 

mK+2mp 

acceptance correction

M = (2255 ± 9) MeV/c2 

A bump has been observed

Two nucleon absorption

   peak expected at 2.34 GeV

  74 MeV lower distribution, and broadened
K− + (pp)→ Σop→ Λγp

K− + (pp)→ Λp

FINUDA Coll., PRL 94 (2005) 212303
Evidence for a Kaon-Bound State K-pp Produced in K- Absorption Reactions at Rest

k- absorption by few nucleons

26

Λp invariant mass study

K− + (pp)→ X → Σop→ Λγp
K− + (pp)→ X → Λp

Kaon nuclear bound state formation

Alternative interpretations of the Λp bump
were suggested in the meanwhile

2NA - FINUDA: 6Li(K-stop,Λp)X
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A=6Li 

Same cuts applied
A=6Li,7Li,12C New data Old data
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FINUDA Coll., PRL 94(2005)212303

New invariant mass 
spectra is compatible 

with published one

- Extended range of the reconstructed momentum
- Improved selections (missing mass)
- Statistics large enough to study single target spectra

2006 - 2007 Data Taking: 
 - 8x statistics on: 6Li (7Li, 9Be)
 - Improved tracking efficiency

k- absorption by few nucleons

27
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unphysical region 

releasing back-to-back 
correlation cut

2NA - FINUDA: 6Li(K-stop,Λp)X
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K-6Li!"#0,+,-p4Hgs 

K-6Li!"0p4Hgs 

                 "
0!#$ 

K-6Li!"p4Hgs 

QF-2NA K-pp→Λp followed by FSI (Magas et al.) 
(from back-to-back correlation)

- Dominance of Σ0 production over Λ: 
    QF-2NA K-pp→Σ0p followed by Σ0 → Λγ decay

- QF-2NA K-NN→ΣN followed by ΣN→ΛN conversion reaction

Only a minor fraction of the bump can be associated to K-pp→Σ0p→Λγ
the Missing Mass selection cannot exclude ΣN→ΛN conversion reactions, 

but they are excluded due to a different ΛN angular correlation

- Decay of heavier kaonic nuclei (Mares et al.)

most of alternative 
explanations have been excluded

To explain all the observables 
a realistic model is needed: 
K- dynamics (bound state) 
and proton pair momenta

k- absorption by few nucleons

28

Alternative interpretations of the Λp bump

2NA - FINUDA: 6Li(K-stop,Λp)X
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Λd invariant mass to measure K- ppn absorption 
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The Λd bump published is a superimposition of three different final states. 

The QF-3NA is identified (K-6Li→Λdt).
The nature of the other two states will soon be clarified.
The Σ0 doesn’t play a relevant role.

k- absorption by few nucleons

29

3 well defined states in missing mass 

with ! d emitted back-to-back: 
2805 ± 4 MeV/c2 ! QF-3NA: K-6Li"!dt 

2824 ± 11 MeV/c2 

2852 ± 6 MeV/c2 

3NA - FINUDA: 6Li(K-stop,Λd)X
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k- absorption by few nucleons

30

4NA - FINUDA: A(K-stop,Λt)X

Λt invariant mass to measure K- ppnn absorption  (A = 6Li,7Li,9Be)

FINUDA thresholds:
Λ 140 MeV/c
t 430 MeV/c

Direct measurement of  

K- absorption on 4He 

FINUDA Coll., PLB 669 (2008) 229
Correlated Λt pairs from the apsorption of K-  at rest in light nuclei

Λ signal background free
Λ, t pairs are back-to-back
High momenta for Λ, t

Only one measurement existed so far, from bubble chamber: 3 events by kin fit

40 events observed in FINUDA - Capture rate: ∼1x10-3/K-



Conclusions
FINUDA is committed to complete its analysis on important topics such as:

- hypernuclear spectroscopy 

- mesonic and non-mesonic weak decays

- non-mesonic rare decays

- K absorption with few nucleons 

- ... others ...

FINUDA @ hypX

Recent results on mesonic and non-mesonic weak decays - E. Botta (Plenary session)

Recent results on K- absorption by few nucleons and the Bound Kaonic Nuclear State Puzzle 
S. Piano (Plenary session)

FINUDA hypernuclear spectroscopy - G. Bonomi (Parallel session)

Study of two-body non mesonic decays of light hypernuclei with FINUDA
 A. Filippi (Parallel session)

A study of the K-(stop) A -> Sigma (+-) pi )-+) A’ reaction - N. Grion (Parallel session)

Inclusive proton spectra from stopped K- absorption in nuclei with FINUDA
P. Genova (Parallel session)

Summary talk - T. Bressani (Plenary session)

POSTERS:
Search for neutron rich hypernuclei with FINUDA - L. Benussi

Study of Λ production on different nuclei with FINUDA - P. Gianotti

FINUDA was the single experiment with the largest number of accepted contributions, and the 
largest community (excluding the organizer’s one)

Talk outline 

•! Hypernuclear weak decay 

•! FINUDA @ DA!NE LNF-INFN 

•! Hypernuclear decay study in FINUDA 

•! Mesonic weak decay (MWD) 

•! Non-Mesonic weak decay (NMWD) 

•! Conclusions 

E.Botta   HYP-X @ J-PARC         September 14-18 2009 Tokai, Japan 

- wide range of nuclear physics (wider than in the Proposal)

- l imited by statistics

- FINUDA is exploiting the data collected in the 2 (short) data taking


