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FINUDA: FIsica NUcleare a DAΦNE 

DAΦNE 
accelerator 
complex 

DAΦNE  

Double Annular Φ-factory for 
Nice Experiments 

e- 

e+ 

KLOE 

FINUDA 

32.5 m 

23.3 m
 

Energy (GeV) 0.51 

Luminosity (cm-2 s-1) 1032 

Beam Hor. Dim. at IP (mm) 2.11 

Beam Vert. Dim. at IP (mm) 0.021 

R.M.S. Bunch length (mm) 30 

Crossing angle (mrad) 25 

Collision frequency (MHz) 380.44 

Bunches/ring 120 

Max number of particles/bunch 9.0 1010 

Max total mean current (A) 5.5 

p-side e-side 

φ(1020) ~ at rest facility for low momentum not collimated K- beam 



FINUDA: FIsica NUcleare a DAΦNE 
The very first example of a (hyper)nuclear physics fixed-target  
experiment carried on at a collider (DAΦNE	
  @	
  LNF)  

FINUDA	
  

Optimized to 
produce hypernuclei 
A
ΛZ	
  in a completely 

new way 



data taking  oct 2003 - jan 04  nov 2006 - jun 07 

int. luminosity 220 pb-1 960 pb-1 

daily luminosity 6 pb-1 10 pb-1 

Total events (M) 30 200 

Targets 6Li (2), 7Li (1), 12C (3), 27Al (1), 51V (1)  6Li (2), 7Li (2), 9Be (2), 13C (1), D2O (1) 

Data takings 

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 

Seoul  
National University 

Teheran  
Shahid Beheshty University 

University  
of Victoria 

JINR 
Dubna 

Collaborating institutes 

FINUDA: the Collaboration 

Kyoto, KEK, RIKEN 



e+ + e- → φ (1020) → K+ + K- (127 MeV/c,~49%) 
	
  	
  	
  “secondary” K- beam        K-

stop + AZ → AΛZ + π-­‐	
  
	
  

 A
ΛZ →A(Z+1) + π- 

 A
ΛZ →A-2(Z-1) + p + n 

A
ΛZ →A-3(Z-1) + p + n + n 

	
  

Hypernuclear Physics @FINUDA  

  Γπ-        MWD  

NMWD 

Spectroscopy 

- different targets in the same run 
 ➥ high degree of flexibility 

- simultaneous tracking of µ+ from the K+ decay  
 ➥ energy and rate calibration 

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

- coincidence measurement with large acceptance 
complete event ➥ decay mode study


FINUDA key features 

1N induced Γp 
2N induced Γnp 
 

L = 1032 cm−2 s−1 

φ: ∼4.4×102 s−1 

(K +, K −) pairs:∼2.2×102 s−1 

collinear, background free,  
very low energy 



The FINUDA detector 

Mechanical support (clepsydra) 
For: 
  2424 Straw Tubes (longitudinal + stereo) 
  16 Low-Mass Drift Chambers (LMDC) 
  18 µ-strip vertex detectors (ISIM/OSIM)  
  Inner scintillator barrel – 12 slabs (TOFINO)  
  8 Targets 

Detector capabilities:  
  Selective trigger based on fast scintilla- 

     tion detectors (TOFINO, TOFONE) 
  precise K- vertex identification  (< 1 mm3) 

  (ISIM P.ID.+ x,y,z resolution + K+ tagging) 
  p, K, p, d, … P.ID. (OSIM and LMDC dE/dx) 
  High momentum resolution 

(6‰ FWHM for π- @270 MeV/c for spectroscopy) 

 (1% FWHM for π- @270 MeV/c for decay study) 

 (6% FWHM for π- @110 MeV/c for decay study) 

 (2% FWHM for p @400 MeV/c for decay study) 

 (tracker resolution + He bag + thin targets) 
  Neutron detection TOF (TOFONE-TOFINO) 

 (13% FWHM for n @10 MeV, 20% @100 MeV) 

Simultaneous study of formation and decay of strange  
hadronic systems by full event reconstruction 

Magnet  
end-cap 

Magnet yoke 
B = 1.0 T 

Super- 
conducting 
Coil 

e+ 

e- 

Apparatus designed for a 
typical collider 
experiment: 
  Cylindrical geometry   large solid angle (~ 2π sr)  
  multi-tracks analysis 

Outer scintillator 
barrel – 72 slabs 
(TOFONE) 



(BR 49% - Ekin ~ 16 MeV)


target region 
- 12 scintillators (TOFINO) 
-  8 silicon microstrips layer (ISIM) 
-  8 targets 
- 10 silicon microstrip layer (OSIM) 

some hundreds Φ/s

FINUDA: the interaction region 

Φ
e-

K-/+

K+/-

crossing angle 

12.5 mrad          


⇓

boost 12.3	
  MeV/c	
  



e+x,y

z
θ, sin2 θ

K-	
  

K+	
  



FINUDA: the tracking/outer regions 

outer region 
•  72 scintillator slab system 
•  trigger 
•  n detection 

tracker 
•  10 silicon microstrip layer (OSIM)  
•  2x8 Low Mass Drift Chamber layers 
•  6x404 stereo straw tube layer system 
•  B=1 T 
•  He bag 

π-	
  

π-	
  



FINUDA Scientific Program - Results 
Main topics ( .. not complete!): 
 

Hypernuclear spectroscopy: PLB 622 (2005) 35:  12
ΛC 

          PLB 698 (2011) 219: 7ΛLi, 9ΛBe, 13
ΛC, 16

ΛO 
 
Weak Decay: NPA 804 (2008) 151: NMWD 5ΛHe, 7ΛLi, 12

ΛC 
    PLB 681 (2009) 139: MWD (5

ΛHe,) 7ΛLi, 9ΛBe, 11
ΛB, 15

ΛN 
 

    PLB 685 (2010) 247      NMWD & 2N 5ΛHe, 7ΛLi, 9ΛBe, 11
ΛB, 12

ΛC,  
    PLB 701 (2011) 556   13

ΛC, 15
ΛN, 16

ΛO 

           
    NPA 881 (2012) 322 : (n, n, p) events from 2N 
    PLB 738 (2014) 499: NMWD Γ2N/ΓNM & Γp/ΓΛ 5ΛHe, 7ΛLi, 9ΛBe,  
        11

ΛB, 12
ΛC, 13

ΛC, 15
ΛN, 16

ΛO 
   (PLB 748 (2015) 86: Γp, Γn, Γ2N 

5
ΛHe, 11

ΛB) 
 
Rare Decays: NPA 835 (2010) 439; 4ΛHe, 5ΛHe 2-body decays  
 
Neutron-rich Hypernuclei: PLB 640 (2006) 145: upper limits 6ΛH, 7ΛH and 12

ΛBe 
       PRL 108 (2012) 042501: 6ΛH observation 
       NPA 881 (2012) 269: 6ΛH observation 
       PRC 86 (2012) 057301: 9ΛHe upper limit 



Hypernuclear Spectroscopy: 12
ΛC 
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Fig. 3. Momentum distribution of the positive tracks coming from
the stopped K+. The peak at 236 MeV/c corresponds to the
two-body decayK+ → µ+νµ, the peak at 205 MeV/c corresponds
to the two body decay K+ → π+π0.

on the left of the two peaks are due to different con-
tributions, the biggest part played by instrumental ef-
fects due to the momentum loss of particle crossing
the edges of the chambers and their supports. More-
over, in this region two additional K+ decay channels
open: theK+

e3 mode (BR = 4.8%), giving a continuum
spectrum of positrons (which cannot be distinguished
from µ+’s) ending at 228 MeV/c, and the K+

µ3 one
(3.2%), which gives again a continuum spectrum with
end point at 215 MeV/c. By analyzing these differ-
ent contributions to the peaks shape one can conclude
that the asymmetry affects, overall, the Gaussian line
shape at the level of about 4%. This peak asymmetry
was however not considered in the fit of the spectra
described in Section 4, since other error sources were
overwhelming.
From the width of the µ+ peak the present mo-

mentum resolution of the apparatus can be estimated
to be #p/p = 0.6% FWHM, which corresponds to
1.29 MeV FWHM for the hypernuclear levels in
agreement with the results of the hypernuclear spec-
tra reported in the next section. We expect that the
momentum resolution of the spectrometer should im-
prove to the design value of 0.4% FWHM once the
final detector calibration and alignment will be per-
formed, and the mappedmagnetic field will be inserted
in the reconstruction and fitting procedure.

4. Results on 12ΛC spectroscopy. Discussion and
conclusions

In order to evaluate the capabilities of FINUDA to
yield relevant spectroscopic parameters, the analysis
started from 12C targets. We recall that for 12ΛC an ex-
citation spectrum with a 1.45 MeV FWHM resolution
was recently obtained at KEK using the (π+,K+) re-
action at 1.05 GeV/c by the E369 Collaboration [12].
The spectra out of only two of the three available

12C targets were added since the third one showed
a slight systematic energy displacement, of about
0.5 MeV. The reason of this is under study, and there-
fore for the current analysis these data are not in-
cluded. The requirement of high quality tracks (long
tracks crossing the whole spectrometer, with a hit on
each tracking detector, i.e., OSIM, LMDC’s and straw
tubes) reduced the analysed data to about the 40% of
the whole available sample of events with vertex com-
ing from a 12C target.
The raw momentum spectrum of the π− coming

from the analysed 12C targets is shown in Fig. 4. Dif-
ferent processes produce π− after K− absorption and
reproduce well the experimental spectra [10]:

(a) quasi-free Σ+,Σ0 and Λ production: K−p →
Σ+π−, K−n → Σ0π−, K−n → Λπ−;

(b) quasi-free Λ decay: Λ → pπ−;
(c) quasi-free Σ− production: K−p → Σ−π+, fol-

lowed by Σ− → nπ−;
(d) two nucleon K− absorption: K−(NN) → Σ−N ,

followed by Σ− → nπ−.

All the mentioned reactions were simulated in de-
tail in the FINUDA Monte Carlo program. The simu-
lated events were reconstructed by the same program
used for the real events, with the same selection cri-
teria, in order to accurately take into account the geo-
metrical acceptance and the reconstruction efficiency
of the apparatus. In particular, the size of the spectrom-
eter and the value of the magnetic field determine an
acceptance momentum cut of about 180 MeV/c for
four-hits tracks, which excludes most of the reactions
producing low energy π−’s. However, in the momen-
tum region where the bound states of 12C are expected
(beyond ∼ 260 MeV/c), only process (d) is contribut-
ing. We remark that both processes (c) and (d) are due
to Σ− decay in flight, but the π− distribution from

Δp/p = 0.6% FWHM 
absolute momentum scale: 200 kev/c 
ΔE = 1.29 MeV FWHM 

235.5 MeV/c  
63.51% 

205.1 MeV/c  
21.16% 
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the process (c) is peaked at 190 MeV/c, and goes to
zero beyond 260 MeV/c. The dashed line in Fig. 4
represents the contribution due to process (d), normal-
ized to the number of entries in the (275–320)MeV/c

momentum region, beyond the physical region for the
production of Λ-hypernuclei via reaction (1).

Fig. 4. Spectrum of the momentum of the π− emitted from the
interaction vertex of a K− onto a carbon target. The dashed line
represents the contribution from K− absorption by two nucleons
(process (d) in the text).

In order to obtain theΛ binding energy distribution
the (d) process is subtracted from the π− momen-
tum distribution, and the momenta are converted into
binding energies (−BΛ). The two prominent peaks,
as can be seen in Figs. 5(a) and (b), at BΛ around
11 MeV (ground state) and 0 MeV, were already ob-
served in previous experiments [8,9] and interpreted
as (νp−1

1/2,Λs) and (νp−1
3/2,Λp) (ν = nucleon). The

experimental energy resolution was determined by fit-
ting the BΛ ≃ 11 MeV peak with a Gaussian curve
(χ2/d.o.f.= 1.71), and amounts to 1.29 MeV FWHM.
The ground state of 12ΛC is assumed to be a single state.
Indeed, it is known that it consists of a (1−,2+) dou-
blet, but theoretical calculations predict splittings of
70 keV [24], 80 keV [25] and 140 keV [26] between
them, one order of magnitude smaller than the present
instrumental resolution. The peak at about 0. MeV has
a more complicated structure, and we tried to disenta-
gle different contributions in the analysis described in
the following.
The experimental spectrum closely resembles the

one from E369 Experiment [12]. This is expected,
as the production of hypernuclear states is, in first
approximation, determined by the momentum trans-
ferred toΛ’s, which is grossly comparable for both ex-
periments (∼ 250MeV/c for FINUDA,∼ 350MeV/c

for E369). The ∼ 100 MeV/c difference may account
for the different yield of the two main peaks.

Fig. 5.Λ binding energy spectrum of 12ΛC measured by the FINUDA Experiment. (a) The solid line represents the result of a fit with 6 Gaussian
functions (#1–#6), as explained in the text; (b) the solid line represents the result of a fit with 7 Gaussian functions as explained in the text. The
dot-dashed line starting at BΛ = −1 MeV represents the contribution from the quasi-free Λ production. The dotted lines represent the result of
a Gaussian fit on every single peak.
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The absolute values of the capture rates for the dif-
ferent peaks could be obtained in a simple way by the
method of theK− tagging. Indeed, in the events where
the K+ is seen to decay in the Kµ2 and Kπ2 decay
modes with the produced µ+ or π+ crossing the spec-
trometer and hitting the TOFONE barrel, we are sure
the trigger condition on the prompt TOFONE coinci-
dence has been satisfied by the charged products of the
K+ decay.
Hence, in these events triggered by the decay prod-

ucts of the K+, the interactions of the correspond-
ing K− in the targets are observed without any trig-
ger bias. Using this subsample of events, the number
of K− stopping in the targets can be counted directly
and the number of π− produced by the K− interac-
tions can be accurately determined by only correct-
ing for the apparatus acceptance for π− of selected
momentum and for detector efficiency. The accep-
tance is calculated using the FINUDA Monte Carlo
and the detector efficiency is determined by calibra-
tion data.
The value obtained for the 12

ΛC ground state for-
mation is (1.01± 0.11stat ± 0.10sys) × 10−3/(stopped
K−). It agrees very well with the value (0.98±0.12)×
10−3/(stopped K−) measured at KEK [10]; we recall
that the first generation CERN experiment reported the
value (2± 1) × 10−4/(stopped K−) [8].

In between the two main peaks, there are also indi-
cations of other states produced with weaker strength.
In order to reproduce, at least qualitatively, this spec-
trum six Gaussian functions were used, centered at the
BΛ values reported in Ref. [12]; the widths were fixed,
for all of them, to σ = 0.55 MeV, corresponding to the
experimental resolution. The abscissa scale is affected
only by a scale error of ±80 keV. The result of this fit
is shown in Fig. 5(a).
The spectrum is not well reproduced, the result-

ing reduced χ2/d.o.f. is 3.8 (for 64 d.o.f.), and in
particular the region −10 MeV < −BΛ < −5 MeV
is poorly fitted. The capture rates for these differ-
ent contributions normalized to the ground state cap-
ture rate are reported in the second column of the
upper part of Table 1. A better χ2/d.o.f. = 2.3 is
obtained by adding a further contribution, and leav-
ing the positions of the seven levels free (57 d.o.f.).
Their values are reported in the second column of
the lower part of Table 1. The capture rates for these
different contributions are again normalized to the
capture rate for the 12ΛC ground state formation. The
result of the fit is shown in Fig. 5(b). A contribu-
tion from the quasi-free Λ-production, starting from
BΛ = 0 and properly smeared by taking into ac-
count the instrumental resolution, was included in both
fits.

Table 1
Results from −BΛ spectrum fits: the upper part of the table corresponds to a fit performed with the same peaks layout of E369 Experiment
[12], with 6 Gaussian functions. The lower part corresponds to a fit with 7 hypernuclear levels. The last column reports the capture rates
corresponding to each peak. The errors reported for peak (#2–#6) in the upper part and (#2–#7) in the lower part of the table do not include the
error on the 12ΛC ground state capture rate. The errors on the rates of peaks #6 and #7 take into account the error on the subtracted background

Peak number −BΛ (MeV)

(Fixed at E369 values)
Capture rate/(stopped K−)[×10−3]

1 −10.76 1.01± 0.11stat ± 0.10syst
2 −8.25 0.23± 0.05
3 −4.46 0.62± 0.08
4 −2.70 0.45± 0.07
5 −0.10 2.01± 0.14
6 1.61 0.57± 0.11

Peak number −BΛ (MeV) Capture rate/(stopped K−)[×10−3]
1 −10.94± 0.06 1.01± 0.11stat ± 0.10syst
2 −8.4± 0.2 0.21± 0.05
3 −5.9± 0.1 0.44± 0.07
4 −3.8± 0.1 0.56± 0.08
5 −1.6± 0.2 0.50± 0.08
6 0.27± 0.06 2.01± 0.17
7 2.1± 0.2 0.58± 0.18
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M.Agnello et al., PLB 622 (2005) 35  

KEK E369: 6 peaks 
1.45 MeV FWHM 



Hypernuclear Spectroscopy: p-shell 

absolute energy scale known at the level of 0.3 MeV 
(we know from the K+→µν – self calibrated apparatus) 
momentum resolution: 0.5-0.9% FWHM (σ(BΛ) = 0.4 MeV) 

M. Juric et al., NPB 52 (1973), 1 

H. Tamura et al. 
NPA 754 (2005) 58c O. Hashimoto, H. Tamura  

PPNP 57 (2006) 564 
(E336 data) 

Formation probability 
it is connected to the number of events in the peaks, 
calculated taking into account acceptances and efficiencies 
(K+→µν – rate calibrated apparatus) 

First world measurement of  
formation probability 

M.Agnello et al., PLB 698 (2011) 219  

12	
  

BΛ = M(AZ) + M(Λ) - Mhyp  

~4000 events 
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ered reaction. The hypernuclear formation probability Rhyp per K −

stopped inside the target can be extracted from the following re-
lation: nhyp = NK − · Rhyp · ϵD · ϵπ where nhyp is the number of
hypernuclei detected (number of events in the Gaussians of the
experimental data fit), NK − the number of detected K − stopped
inside the given target (of the order of 10 millions per target), ϵD
the efficiency in detecting the π− track (correlated to the detector
efficiencies) and ϵπ the efficiency in reconstructing the π− (cor-
related to the trigger bias, reconstruction algorithm and selection
cuts). The formation probability can thus be calculated with the
following formula:

Rhyp = nhyp

NK −
· 1
ϵD

· 1
ϵπ

(4)

While the number of pions nhyp and the number of stopped kaons
NK − come from counting the events with required features, the
evaluation of ϵD and ϵπ needs the help of Monte Carlo simulations
and of other experimental data.

The efficiency ϵπ has been calculated simulating the forma-
tion of hypernuclei, generating hypernuclear events with a fixed
known probability RMC

hyp along with background events with π−

momentum distribution similar to the experimental one. The data
have been then reconstructed assuming detector efficiencies of
100%. In this way ϵπ could be calculated using the relationship

ϵπ = nMC
hyp

NMC
K−

· 1
RMC

hyp
. A number of events similar to the experimental

one has been generated.
For the calculation of ϵD FINUDA could exploit the detected

µ+ coming from the Kµ2 decay process (K + → µ+νµ), whose
branching ratio is well known to be BR(Kµ2) = 63.55% [24]. This
decay provides a physical reference rate to which the unknown
hypernuclear rates can be referred. The number of detected and re-
constructed µ+ (nµ+ ) is correlated to the number of stopped K +

inside a target (NK + ) by the relationship nµ+ = NK + ·BR(Kµ2) ·ϵD ·
ϵµ , where ϵD is the detector efficiency and ϵµ , analogously to ϵπ ,
is the efficiency in reconstructing the µ+ . The value of ϵD has been
extracted from the experimental data counting how many muons
we were able to reconstruct for each stopped K + and account-
ing for the decay branching ratio: ϵD = nµ+

NK+ ·BR(Kµ2) · 1
ϵµ

. Since the
curvature of the positive muons and of the negative pions is the
opposite due to their charge, the path followed by µ+ and π−

when exiting a given target is different and it can intersect dif-
ferent set of detectors. This effect has been taken carefully into
account. Overall detector efficiencies from 45% to 65%, depending
on the target position, have been calculated.

Given the above formula (4), for each target, the value of for-
mation probability has been calculated for different sets of qual-
ity cuts, for different bin sizes (from 0.25 MeV to 1 MeV per
bin) and also for the event sample in which also the µ+ com-
ing from the K + decay was reconstructed. For this selection of
events, called µ-tag, the trigger could have been given with high
probability by the muon itself instead of the negative pion. This
helped to determine the systematic error in evaluating the trigger
efficiency.

The formation probability reported in the following is referred
to the average over all the different calculations (quality cuts, bin
sizes, trigger selection). Each value is presented with two errors.
The first one comes from a typical error propagation for the for-
mula (4) and is a combination of statistical and systematic errors.
The second one takes into account the difference between the av-
erage value of all the different calculations for the complete set
of events and for the µ-tag sub-sample. This systematic error
accounts for the uncertainties in simulating the FINUDA trigger.
While the first error changes from target to target, depending upon

Fig. 3. Binding energy distribution for the 7Li targets (see text for details of the fit).

the statistics, the detector efficiencies and the background shapes,
the second one, in percentage, is the same for all the targets and
amounts to 14%. This error is clearly needed when comparing a
single target result with other experiments or theoretical calcula-
tions, but should be ignored when using the formation probabil-
ities here reported to evaluate the A dependence or when using
the ratio between different targets. Indeed this error would move
all the values up or down by the same amount.

For what concerns the error in determining the position of the
Gaussian peaks, thus in measuring the hypernuclei binding en-
ergy, once again FINUDA has the big advantage of having a self-
calibrating system. The muons coming from the K + decay are
centered around the peak value of 235.6 MeV/c. In Fig. 1 the
momentum distribution of muons coming from a single target is
shown. The difference between the expected value and the mea-
sured one varies from target to target with an upper limit at about
0.3 MeV/c. We can thus state that the absolute energy scale is
known with a precision of ∼0.3 MeV. In addition when perform-
ing the fit of the hypernuclear peaks for the different sub-samples
(varying as said before quality cuts, bins, trigger requirement,
etc.), we also saw variations up to 0.3 MeV. Summing quadrati-
cally these two types of uncertainties an overall error of 0.4 MeV
has been calculated to affect our measurements of binding ener-
gies.

4. Results

In the following, results about the formation probability and the
binding energy will be presented target by target, as a function of
A: 7Li, 9Be, 13C and 16O. The number of Gaussians used to perform
each of the following fits was chosen taking into account the num-
ber of clear signals in the histograms, previous experimental data,
theoretical predictions and the χ2 of the fit.

4.1. Formation probability and binding energy for 7
ΛLi

The binding energy distribution in the bound region along
with the best fit is shown in Fig. 3. Even if no individual peaks
are present a clear enhancement is visible in the region around
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Table 1
Binding energy and formation probability for the 7

ΛLi states. E X , as for the following
tables, represents the excitation energy, that is the binding energy difference, with
respect to the ground state.

7Li BΛ

(MeV)
E X
(MeV)

Formation probability
per stopped K − (10−3)

1 5.8 ± 0.4 – 0.37 ± 0.04 ± 0.05
2 4.1 ± 0.4 1.7 0.46 ± 0.05 ± 0.06
3 2.6 ± 0.4 3.2 0.21 ± 0.03 ± 0.03

Fig. 4. Binding energy distribution for the 9Be targets (see text for details of the fit).

5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

ΛLi [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the (π+, K +) reaction [2].
For what concerns the ground state binding energy our value of
5.8 ± 0.4 MeV is higher than the E336 one at 5.22 ± 0.08 MeV. On
the other hand our value agrees within 1σ with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however difficult to affirm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) × 10−3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K −

of (1.04 ± 0.12 ± 0.14) × 10−3. Along with the FINUDA value re-
ported in [25] this represents the first measurement of formation
probability for 7

ΛLi.

Table 2
Binding energy and formation probability for the 9

ΛBe states.

9Be BΛ

(MeV)
E X
(MeV)

Formation probability
per stopped K − (10−3)

1 6.2 ± 0.4 – 0.16 ± 0.02 ± 0.02
2 3.7 ± 0.4 2.5 0.21 ± 0.02 ± 0.03

Fig. 5. Binding energy distribution for the 13C targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K − in-flight decay is reduced and the ground state
is more clearly visible.

4.2. Formation probability and binding energy for 9
ΛBe

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71 ± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision γ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)×10−3 and of (0.21±0.02±0.03)×10−3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37 ± 0.04 ± 0.05)× 10−3 of forming a 9

ΛBe when stopping
a K − . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

ΛBe.

4.3. Formation probability and binding energy for 13
ΛC

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K − decays, is shown in the inset. Even if
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5 MeV. The best fit was obtained with three Gaussians for a to-
tal number of reconstructed events of about 4000. The position
of the mean value along with the probability formation are sum-
marized in Table 1. The values are in agreement with a previous
FINUDA publication on 7

ΛLi [25], which was based on the data col-
lected during the first data taking period with a lower statistics.
These measurements can also be compared with KEK experiment
E336, that collected high statistics with the (π+, K +) reaction [2].
For what concerns the ground state binding energy our value of
5.8 ± 0.4 MeV is higher than the E336 one at 5.22 ± 0.08 MeV. On
the other hand our value agrees within 1σ with the accurate mea-
surements in emulsion experiments in the sixties and seventies
which reported an average value of 5.58 ± 0.03 [26]. For the ex-
cited states a comparison can be made with the very precise mea-
surements performed by the Hyperball experiments [27]. Given the
FINUDA experimental error on the binding energy measurements
(0.4 MeV) it is however difficult to affirm which of the states cor-
responds to the one observed in FINUDA. A reasonable hypothesis
is that the state at 5.8 MeV is the 1/2+ ground state. The sec-
ond peak could be attributed to the 5/2+ state at E X = 2.05 MeV
[27], while the third peak could represent the T = 1, 1/2+ state.
Assuming the first Gaussian contains only events from the ground
state a formation probability of (0.37 ± 0.04 ± 0.05) × 10−3 has
been calculated. The sum of the rates for all the Gaussians gives a
total probability of forming a bound hypernucleus per stopped K −

of (1.04 ± 0.12 ± 0.14) × 10−3. Along with the FINUDA value re-
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4.2. Formation probability and binding energy for 9
ΛBe

The binding energy distribution in the bound region for the
9Be targets is shown in Fig. 4. Two signals are clearly visible,
one centered at 6.2 MeV, the other at 3.7 MeV. Our background,
rising steeply above 0 MeV, doesn’t allow the ascertainment of
the existence of other exited states. The E336 experiment [2] on
the other hand reported the presence of eight states, the posi-
tion of the first two being in agreement with our measurement.
The binding energy of the ground state is somehow lower than
the value of 6.71 ± 0.04 MeV measured in emulsion data [26], but
still compatible within the errors. The excitation energy of the sec-
ond peak is compatible with high precision γ -spectroscopy mea-
surements reported in [28]. A total of about 1800 reconstructed
events have been found, corresponding to a formation probability
of (0.16±0.02±0.02)×10−3 and of (0.21±0.02±0.03)×10−3 for
the ground and the excited states respectively, for a total probabil-
ity of (0.37 ± 0.04 ± 0.05)× 10−3 of forming a 9

ΛBe when stopping
a K − . All the results are summarized in Table 2. This is the first
world measurement of formation probability for 9

ΛBe.

4.3. Formation probability and binding energy for 13
ΛC

The binding energy distribution for the 13C target is shown in
Fig. 5. Besides a clear peak above 0 MeV and a small peak around
7 MeV, no other hypernuclear state is visible. For this reason the
high quality backward tracks sample, that has much less back-
ground from in-flight K − decays, is shown in the inset. Even if
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Table 3
Binding energy and formation probability for the 13

ΛC states.

13C BΛ

(MeV)
E X
(MeV)

Formation probability
per stopped K − (10−3)

1 11.0 ± 0.4 – 0.10 ± 0.02 ± 0.01
2 6.4 ± 0.4 4.6 0.19 ± 0.02 ± 0.03
3 0.3 ± 0.4 10.7 0.16 ± 0.02 ± 0.02
4 −3.7 ± 0.4 14.7 0.47 ± 0.04 ± 0.07

the statistics is lower, four peaks are visible and the ground state
becomes cleaner. The overall fit has been performed with four
Gaussians as suggested by theoretical predictions [29] and by the
experimental distribution. A better χ2/NDF, 1.50 instead of 1.76
of Fig. 5, could be obtained with the use of 5 Gaussians, the addi-
tional peak positioning at E X = 7.6 MeV. The inclusion of this peak
does not change the measured formation probabilities reported
in Table 3 in any significant way. The peak at BΛ = −3.7 MeV
is assigned to an unbound 13

ΛC state decaying to 12C + Λ. For
what concerns the third peak it is sitting very close to 0 MeV.
Since the mean value is at 0.3 ± 0.4 MeV it will be considered
in the bound region. The results of the fit in terms of Gaus-
sians are reported in Table 3 for a total number of reconstructed
events of about 1100 for the first three peaks. A comparison can
be made with previous values by E336 [2]. While similar bind-
ing energies are reported for the ground state, the first excited
state and the state in the unbound region, they report the pres-
ence of two other peaks at E X = 9.73 and at E X = 11.75 MeV.
The only precise γ spectroscopy measurement revealed excited
states at 4.88 MeV and 11 MeV [30], compatible with our sec-
ond and third peaks. The ground state measured in an emulsion
experiment was found at 11.69 ± 0.12 MeV [26], value within 2σ
from our measurement. For what concerns the formation proba-
bilities the values are reported in Table 3. For the ground state
the value (0.10 ± 0.02 ± 0.01) × 10−3 is obtained, while sum-
ming over all the three states the total formation probability is
(0.45 ± 0.08 ± 0.09) × 10−3 per stopped K − . Also in this case this
is the first measurement of formation probability for 13

ΛC.

4.4. Formation probability and binding energy for 16
ΛO

The binding energy distribution for the D2O target is shown
in Fig. 6. In the inset the distribution for the backward tracks
sample is also shown, where the ground state is more clearly
visible. The overall distribution has been fitted to a total of six
Gaussians, needed for a good χ2 to be obtained. The first two
peaks are attributed to 16

ΛO states, while the others are attributed
to unbound 16

ΛO states decaying to 15
ΛN hyperfragment since the

particle stability threshold in 16
ΛO is at about 7.8 MeV [31]. As re-

ported in Table 4, the ground state has been found at 13.4 MeV,
while the first excited state lies 6.3 MeV below it. For what con-
cerns the ground state this value is in agreement with a previous
measurement with stopped K − [7] (12.9 ± 0.4 MeV), while it is
not compatible with the value of E336 [2] (12.42 ± 0.05 MeV).
Another measurement has been also reported using the electro-
production (e, e′K +) reaction on 16O leading to the formation of
16
ΛN (13.76 ± 0.16 MeV) [3], in agreement with our result. The
excitation energy of 6.3 MeV is in agreement with the high preci-
sion γ spectroscopy performed in Hyperball experiments [32] that
found a doublet at 6.562 and 6.786 MeV above the ground state.
The total number of reconstructed events in the first two peaks
amounts to about 750. The formation probability for the ground
state and the first excited state have been measured to be respec-
tively (0.10 ± 0.02 ± 0.01)× 10−3 and (0.26 ± 0.04 ± 0.04)× 10−3,
for a total hypernucleus formation of (0.36 ± 0.06 ± 0.05) × 10−3

Fig. 6. Binding energy distribution for the 16O targets (see text for details of the fit).
In the inset the binding energy distribution for backward tracks only is shown. In
this way the background from K − in-flight decay is reduced and the ground state
is more clearly visible.

Table 4
Binding energy and formation probability for the 16

ΛO states.

16O BΛ

(MeV)
E X
(MeV)

Formation probability
per stopped K − (10−3)

1 13.4 ± 0.4 – 0.10 ± 0.02 ± 0.01
2 7.1 ± 0.4 6.3 0.26 ± 0.04 ± 0.04
3 4.3 ± 0.4 9.1 0.13 ± 0.03 ± 0.02
4 2.4 ± 0.4 11.0 0.15 ± 0.03 ± 0.02
5 −3.3 ± 0.4 16.7 0.55 ± 0.07 ± 0.08
6 −4.7 ± 0.4 18.1 0.28 ± 0.06 ± 0.04

per stopped K − . These values are compatible with those measured
previously [7].

5. Discussion of the results and conclusions

As discussed in the previous section, Ref. [7] reported measure-
ments of formation probability with stopped K − for three types
of target elements, 4He, 12C and 16O. Probabilities for the ground
state formation have been found to be (17.9±1.5)×10−3 for 4

ΛHe,
(0.98 ± 0.12) × 10−3 for 12

ΛC and (0.13 ± 0.04) × 10−3 for 16
ΛO. In

2005 FINUDA [9] reported a probability of (1.01 ± 0.11 ± 0.10) ×
10−3 for the ground state of 12

ΛC. Ref. [8] also measured the hyper-
nuclei formation probability in the (K −

stop,π
o) reaction using a 12C

target and reported a value of (0.28 ± 0.08) × 10−3 for the ground
state, calculated on a limited sample of 13.7 ± 4 events. Based on
isospin conservation, this value must be multiplied by two to be
compared with the previous ones measured in (K −

stop,π
−) produc-

tion experiments.
From these set of data, it appears that the formation probability

is a decreasing function of the atomic mass number A but the over-
all frame is not coherent, especially due to the difference between
the ground state formation probabilities measured by [7,9] and by
[8]. The new measurements reported here give a more complete
picture of the situation, since they report for the first time also

“backward” tracks to reduce background from Kà µν
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FSI & ΛNN contribution evaluation: systematics 
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W.Alberico and G.Garbarino,  
Phys. Rev. 369 (2002) 1. assumption Γ2N/ΓNMWD & Γn/Γp independent on A 
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systematics: all p-shell 

ΓNM 

Γ2 
= 

Γn/Γp+	
  1	
  +	
  Γ2/Γp	
  

Γ2/Γp	
   = 0.24 ± 0.10 

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

a + b A =	
  R(A) 	
  =	
  	
  
0.5 +	
  Γ2/Γp 

1 +	
  Γ2/Γp	
  
+ b A	
  

FSI linear on A up to A=16 

Assumption: Γ2/Γ1 and Γn/Γp not dependent 
on Aà supported by exp and theory 

Bauer et al., NPA 828 (2009) 29 
 
Bhang et al., EPJ A33 (2007) 259: ~ 0.4 12

ΛC 
M. Kim et al., PRL 103 (2009) 182502:  
                                       0.29 ± 0.13 12

ΛC 
J.D.Parker et al., PRC 76 (2007), 035501: 
                                  ≤ 0.24 (95% CL) 4ΛHe                                                         

N(Λp	
  →	
  np) + Alow + Ahigh 

Alow 
= 

0.5   N(Λp	
  →	
  np) + N(Λnp →nnp) + Np
FSI-low 

N(Λnp	
  →nnp) + Np
FSI-low + Np

FSI-high  
R =  

Γp	
  

Γ2	
  
= 1 – [R(A) – bA] 

[R(A) – bA] - 0.5 
= 0.43 ± 0.25 
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Γnp	
  
:	
  Γpp	
  

:	
  Γnn	
  =	
  0.83	
  :	
  0.12	
  :	
  0.04	
  Bauer et al., NPA 828 (2009) 29 
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NMWD: Γ2N  from (π-, p, n) events 
 

a + b A =	
  R(A) 	
  =	
  	
  
Γ2 

0.5 Γp	
  
+ b A          Γ2/Γp not dependent on A	
  

Np ( Ep>µ p single spectra fit) 

Nn  (cos θ ≥- 0.8,  Ep< µ-20 MeV)  
= 

N(Λnp→nnp) + NFSI 

0.5 N(Λp→np) + NFSI  
R(A) 	
  =	
  	
  

                 Γ2/Γp  
 0.39±0.16stat +0.04sys-0.03sys 	
  

                  Γ2/ΓNM  
 0.21±0.07stat+0.03sys -0.02sys 	
  

•  low statistics  
•  direct measurement (n, p) 
•  reduced error 

M. Kim et al., PRL 103 (2009) 182502:  
                                       0.29 ± 0.13 12

ΛC 
FINUDA Coll. et al., PLB 685 (2010) 247: 
                                         0.24± 0.10                                                         

M.Agnello et al., PLB 701 (2011) 556  
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Γnp	
  
:	
  Γpp	
  

:	
  Γnn	
  =	
  0.83	
  :	
  0.12	
  :	
  0.04	
  Bauer et al., NPA 828 (2009) 29 



3 fourfold coincidence (π-,n,n,p) events: 
1 exclusive 9ΛBe→6Li+p+n+n event 
2 exclusive Λnp→nnp 7ΛLi→4He+p+n+n decay events  

First direct experimental evidence of 2N-induced NMWD !! 

M
.A

gnello et al., N
PA

 881 (2012) 322 

NMWD: evidence for (π-, p, n, n) events 
 

 
p π- = 276.93 MeV/c  
Etot = 178.3 MeV   
Q-value = 167 MeV   
p miss = 216.6 MeV/c                                              
                                                  
E(n1) = 110.2 MeV                                                  
E(n2) = 16.9 MeV                                                 
E(p) = 51.0 MeV 
 
θ (n1 n2) = 95° 
θ (n1 p) = 102° 
θ (n2 p) = 154° 
no n-n or p/n scattering 
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Revisited analysis of the proton spectra 

Attempt of improving the fits by shifting down the lower edge 
for the fits to 50, 60 and 70 MeV: 
 

 better value of χ2/n = 1.33 when choosing the starting point at 70 MeV 

The
FIN
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Fig. 1. (Color online.) Proton kinetic energy spectra from the NMWD of (from left to right up and down rows): 5
ΛHe, 7

ΛLi, 9
ΛBe, 11

Λ B, 12
Λ C, 13

Λ C, 15
Λ N and 16

Λ O. The curves represent the new analysis gaussian fits to the spectra: the 
solid line part indicates the actual fit region, the dashed part indicates the one proton induced NMWD contribution to the lower energy spectrum part. The blue filled area is the higher energy half gaussian area, where the 
two-nucleon induced NMWD is negligible.
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on the basis of  Γ’s experimental values from FINUDA and KEK 
 
 
 
 
 
 
 

Γ2N   /Γp	
  = 0.36 ± 0.14 
Γn/Γp	
  = 0.45 ± 0.10 (5HeΛ)	
  	
  	
  	
  	
  	
  Γn/Γp	
  = 0.51 ± 0.15 (12CΛ)	
  
	
  

•  Γp/ΓΛ	
  = 0.22 ± 0.03 (5HeΛ)
•  Γp/ΓΛ	
  = 0.49 ± 0.06 (12CΛ)	
  

	
  	
   
	
  

•   α5(5)	
  	
  =	
  1.15	
  ±	
  0.26	
  	
  

•  α12(12)	
  =	
  2.48	
  ±	
  0.46	
  	
  	
  	
   	
  linear scaling with A: 
	
  

•   α5(12)	
  =	
  1.04	
  ±	
  0.19 	
   	
   	
    α5	
  =	
  1.08	
  ±	
  0.16	
  

•  α12(5)	
  	
  =	
  2.77	
  ±	
  0.63 	
   	
   	
  	
  α12	
  =	
  2.58	
  ±	
  0.37	
  

general expression: 
α(A) = (0.215 ± 0.031)A 

⎟
⎠
⎞

⎜
⎝
⎛
+α
α
2 “lost” protons FSI 

First determination of Γp / ΓΛ	
  for 8 Hypernuclei 

  J.J.	
  Szymanski	
  et	
  al.,	
  PRC	
  43	
  (1991)	
  849:	
  0.21	
  ±	
  0.07	
  

  H.	
  Noumi	
  et	
  al.,	
  PRC	
  52	
  (1995)	
  2936:	
  031	
  ±	
  0.07	
  
  H.	
  Bhang	
  	
  et	
  al.,	
  JKPS	
  59	
  (2011)	
  1461:	
  045±	
  0.10	
  

no	
  INC	
  calcula3on	
  

weighted average 
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b) there is an increase of the number of protons due not only to 
FSI of protons at higher energy in the spectrum, but also to FSI 
of higher energy neutrons from (4);

c) quantum-mechanical interference effects may occur among 
protons of the same energy from the different sources (pri-
mary from (3) and (5), secondary from FSI).

All these effects may be evaluated by appropriate and precise INC 
calculations, as done in [3] and in [11].

We try to evaluate the effect of the FSI on our spectra with-
out using INC calculations but exploiting only experimental data 
and simple hypotheses. If we consider the portions of the spec-
tra above the µ1 values (blue areas in Fig. 1), the importance of 
the effect b) may be safely neglected, following [3]. The contribu-
tion of the decay (5) above 70 MeV is not larger than 5% of ΓNMWD
[3], and, considering our determination (11), the total amount of 
primary protons from (5) would not be larger than 2% of those 
from (3). Then also the interference effect c) may be neglected.

We parametrize then the effect a) by means of the following 
relationship:

Γp

ΓΛ
= ΓT

ΓΛ
BR(p) = ΓT

ΓΛ

2(Np − N2N) + α(Np − N2N)

Nhyp
(13)

where BR(p) is the branching ratio of (3), Np is the number of pro-
tons in the higher energy half part of the fitting Gaussian, N2N the 
number of protons from (5) (about 2%), Nhyp the number of pro-
duced Hypernuclei, the factor 2 takes into account the total area 
of the Gaussians and α is a coefficient to be determined, which 
accounts for the number of protons moved below µ1 due to FSI. 
More precisely α/(2 +α) is the fraction of protons affected by FSI.

To calculate α for the considered Hypernuclei, Γp/ΓΛ values 
for 5

ΛHe and 12
Λ C are considered and a linear scaling law with A is 

assumed for the FSI contribution, and consequently for α. Γp/ΓΛ

for 5
ΛHe and 12

Λ C can be evaluated from (7), explicitly:

ΓT

ΓΛ
= Γπ−

ΓΛ
+ Γπ0

ΓΛ
+ Γp

ΓΛ
+ Γn

Γp
· Γp

ΓΛ
+ Γ2N

Γp
· Γp

ΓΛ
, (14)

by means of the value of Γ2N/Γp given by (11) and other ex-
perimental values existing in the literature. More precisely for 
5
ΛHe, by substituting the experimental values of ΓT /ΓΛ = 0.96 ±
0.03 (w.a. of [4,18]), Γn/Γp = 0.45 ± 0.11 ± 0.03 [19], Γ2N/Γp =
0.36 ± 0.14stat

+0.05sys
−0.04sys

(11), Γπ−/ΓΛ = 0.34 ± 0.02 (w.a. of [4,18,
21]), Γπ0/ΓΛ = 0.20 ± 0.01 (w.a. of [4,22]), we obtain Γp/ΓΛ =
0.22 ± 0.03, to be compared with 0.21 ± 0.07 given in [4].

For 12
Λ C we use ΓT /ΓΛ = 1.22 ± 0.04 (w.a. of [18,23]), Γn/Γp =

0.51 ± 0.13 ± 0.05 [10], Γ2N/Γp = 0.36 ± 0.14stat
+0.05sys
−0.04sys

(11), 
Γπ−/ΓΛ = 0.12 ± 0.01 (w.a. of [4,5,24,25]), Γπ0/ΓΛ = 0.17 ± 0.01
(w.a. of [22,26]), and we obtain Γp/ΓΛ = 0.49 ± 0.06, to be com-
pared with the values 0.31 ± 0.07 given in [5] and 0.45 ± 0.10
given in [10,25].

For the sake of clarity, it must be observed that the available 
experimental determinations of Γp/ΓΛ for 5

ΛHe [4] and 12
Λ C [5,10,

25] were not used directly in (13) to calculate the FSI correction 
factor α: those values, in fact, were obtained treating FSI with the 
help of INC calculations or simulations and could increase the sys-
tematic errors in our FSI effect evaluation.

With the indirect values of Γp/ΓΛ for 5
ΛHe and 12

Λ C we may ob-
tain from (13) two evaluations for α, by using the above reported 
values of ΓT /ΓΛ and the experimental values of Np (70 MeV fit) 
and Nhyp .

We find α5(
5
ΛHe) = 1.15 ± 0.26 for 5

ΛHe (indicated as sub-
script) from 5

ΛHe measurements (indicated between parentheses) 

Table 2
First column: hypernucleus; second column: total decay width ΓT in units of the 
free Λ decay width ΓΛ; third column: α factor; fourth column: present evaluation 
of Γp/ΓΛ; fifth column: previous measurements; sixth column: recent theoretical 
calculation of Γp/ΓΛ [27].

ΓT /ΓΛ αA Γp/ΓΛ Γp/ΓΛ Γp/ΓΛ

this work previous 
works

[27]

5
ΛHe 0.96 ± 0.03 1.08 ± 0.16 0.22 ± 0.05 0.21 ± 0.07 0.237

[4,18] [4]
7
ΛLi 1.12 ± 0.12 1.51 ± 0.22 0.28 ± 0.07 0.297
9
ΛBe 1.15 ± 0.13 1.94 ± 0.28 0.30 ± 0.07 0.401
11
Λ B 1.28 ± 0.10 2.37 ± 0.34 0.47 ± 0.11 0.30 ± 0.07 0.444

[5]
12
Λ C 1.242 ± 0.042 2.58 ± 0.37 0.65 ± 0.19 0.31 ± 0.07 0.535

[18,23] [5]
0.45 ± 0.10
[25]

13
Λ C 1.21 ± 0.16 2.80 ± 0.40 0.60 ± 0.14 0.495
15
Λ N 1.26 ± 0.18 3.23 ± 0.47 0.49 ± 0.11 0.555
16
Λ O 1.28 ± 0.19 3.44 ± 0.50 0.44 ± 0.12 0.586

and α12(
12
Λ C) = 2.48 ± 0.46 for 12

Λ C from 12
Λ C measurements. By as-

suming that α scales linearly with A, it is straightforward to obtain 
the crossed evaluations: α5(

12
Λ C) = 1.04 ± 0.19 and α12(

5
ΛHe) =

2.77 ± 0.63. The w.a. of the two evaluations are α5 = 1.08 ± 0.16
and α12 = 2.58 ± 0.37. We adopt finally the general expression 
for αA :

αA = α5

5
· A = α12

12
· A = (0.215 ± 0.031) · A (15)

where the statistical error comes from the errors on the quanti-
ties used to evaluate α. A systematic error can be evaluated by 
taking into account the difference between α5(5

ΛHe) and α5(
12
Λ C)

for 5
ΛHe and between α12(

12
Λ C) and α12(

5
ΛHe) for 12

Λ C: this er-
ror amounts to 6%. It is also worth to observe that in [9] and 
[15] the assumption Γ2N ≃ Γnp was made, which gives a sys-
tematic underestimation of Γ2N/Γp of ∼16% (much smaller than 
the experimental errors): we remind, indeed, that following [20]
Γnp : Γpp : Γ nn = 0.83 : 0.12 : 0.04. If this systematic effect is taken 
into account in the calculation of α from (14) and (13), a de-
crease of (9–5)% arises which gives a further systematic error on 
α(A = 5–16), for a total of (10–7)%.

We remark that the hypothesis that FSI effects are to a first 
approximation proportional to A was already adopted in [9,15]. 
With (15) we find that 35% of the primary protons from NMWD 
are lost (moved below µ1) for FSI in 5

ΛHe and 63% in 16
Λ O.

We are thus able to determine with Eq. (13) the values of 
Γp/ΓΛ for 5

ΛHe and all studied p-shell Hypernuclei. They are given 
in Table 2, which reports also the experimental values of ΓT /ΓΛ

we used, when available; for the other Hypernuclei we adopt the 
parametrization ΓT /ΓΛ(A) = (0.990 ± 0.094) + (0.018 ± 0.010) · A
proposed in [21]. The errors on Γp/ΓΛ are calculated by consid-
ering statistical errors for Np and Nhyp , the errors reported in 
column two for ΓT /ΓΛ(A) and the statistical error for αA , which 
is the largest one (15%). Table 2 reports, in the sixth column, the 
theoretical values of Γp/ΓΛ calculated recently in [27].

It is interesting to note that the new evaluation, following the 
determination of αA given by (15), and the former indirect cal-
culation for both 5

ΛHe and 12
Λ C from (14) are compatible within 

the error: thus it appears that the method used to evaluate αA
does not introduce any systematic error in the Γp/ΓΛ value. On 
the other hand, a systematic error on Γp/ΓΛ can be estimated by 
repeating all the previous procedure with the fits from 60 MeV 
and from 80 MeV: it corresponds to 5–6% for 5

ΛHe, 7
ΛLi, 9

ΛBe, 16
Λ O 

and 9–10% for 11
Λ B, 12

Λ C, 13
Λ C and 15

Λ N. Another systematic error 
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b) there is an increase of the number of protons due not only to 
FSI of protons at higher energy in the spectrum, but also to FSI 
of higher energy neutrons from (4);

c) quantum-mechanical interference effects may occur among 
protons of the same energy from the different sources (pri-
mary from (3) and (5), secondary from FSI).

All these effects may be evaluated by appropriate and precise INC 
calculations, as done in [3] and in [11].

We try to evaluate the effect of the FSI on our spectra with-
out using INC calculations but exploiting only experimental data 
and simple hypotheses. If we consider the portions of the spec-
tra above the µ1 values (blue areas in Fig. 1), the importance of 
the effect b) may be safely neglected, following [3]. The contribu-
tion of the decay (5) above 70 MeV is not larger than 5% of ΓNMWD
[3], and, considering our determination (11), the total amount of 
primary protons from (5) would not be larger than 2% of those 
from (3). Then also the interference effect c) may be neglected.

We parametrize then the effect a) by means of the following 
relationship:

Γp

ΓΛ
= ΓT

ΓΛ
BR(p) = ΓT

ΓΛ

2(Np − N2N) + α(Np − N2N)

Nhyp
(13)

where BR(p) is the branching ratio of (3), Np is the number of pro-
tons in the higher energy half part of the fitting Gaussian, N2N the 
number of protons from (5) (about 2%), Nhyp the number of pro-
duced Hypernuclei, the factor 2 takes into account the total area 
of the Gaussians and α is a coefficient to be determined, which 
accounts for the number of protons moved below µ1 due to FSI. 
More precisely α/(2 +α) is the fraction of protons affected by FSI.

To calculate α for the considered Hypernuclei, Γp/ΓΛ values 
for 5

ΛHe and 12
Λ C are considered and a linear scaling law with A is 

assumed for the FSI contribution, and consequently for α. Γp/ΓΛ

for 5
ΛHe and 12

Λ C can be evaluated from (7), explicitly:

ΓT

ΓΛ
= Γπ−

ΓΛ
+ Γπ0

ΓΛ
+ Γp

ΓΛ
+ Γn

Γp
· Γp

ΓΛ
+ Γ2N

Γp
· Γp

ΓΛ
, (14)

by means of the value of Γ2N/Γp given by (11) and other ex-
perimental values existing in the literature. More precisely for 
5
ΛHe, by substituting the experimental values of ΓT /ΓΛ = 0.96 ±
0.03 (w.a. of [4,18]), Γn/Γp = 0.45 ± 0.11 ± 0.03 [19], Γ2N/Γp =
0.36 ± 0.14stat

+0.05sys
−0.04sys

(11), Γπ−/ΓΛ = 0.34 ± 0.02 (w.a. of [4,18,
21]), Γπ0/ΓΛ = 0.20 ± 0.01 (w.a. of [4,22]), we obtain Γp/ΓΛ =
0.22 ± 0.03, to be compared with 0.21 ± 0.07 given in [4].

For 12
Λ C we use ΓT /ΓΛ = 1.22 ± 0.04 (w.a. of [18,23]), Γn/Γp =

0.51 ± 0.13 ± 0.05 [10], Γ2N/Γp = 0.36 ± 0.14stat
+0.05sys
−0.04sys

(11), 
Γπ−/ΓΛ = 0.12 ± 0.01 (w.a. of [4,5,24,25]), Γπ0/ΓΛ = 0.17 ± 0.01
(w.a. of [22,26]), and we obtain Γp/ΓΛ = 0.49 ± 0.06, to be com-
pared with the values 0.31 ± 0.07 given in [5] and 0.45 ± 0.10
given in [10,25].

For the sake of clarity, it must be observed that the available 
experimental determinations of Γp/ΓΛ for 5

ΛHe [4] and 12
Λ C [5,10,

25] were not used directly in (13) to calculate the FSI correction 
factor α: those values, in fact, were obtained treating FSI with the 
help of INC calculations or simulations and could increase the sys-
tematic errors in our FSI effect evaluation.

With the indirect values of Γp/ΓΛ for 5
ΛHe and 12

Λ C we may ob-
tain from (13) two evaluations for α, by using the above reported 
values of ΓT /ΓΛ and the experimental values of Np (70 MeV fit) 
and Nhyp .

We find α5(
5
ΛHe) = 1.15 ± 0.26 for 5

ΛHe (indicated as sub-
script) from 5

ΛHe measurements (indicated between parentheses) 

Table 2
First column: hypernucleus; second column: total decay width ΓT in units of the 
free Λ decay width ΓΛ; third column: α factor; fourth column: present evaluation 
of Γp/ΓΛ; fifth column: previous measurements; sixth column: recent theoretical 
calculation of Γp/ΓΛ [27].

ΓT /ΓΛ αA Γp/ΓΛ Γp/ΓΛ Γp/ΓΛ

this work previous 
works

[27]

5
ΛHe 0.96 ± 0.03 1.08 ± 0.16 0.22 ± 0.05 0.21 ± 0.07 0.237

[4,18] [4]
7
ΛLi 1.12 ± 0.12 1.51 ± 0.22 0.28 ± 0.07 0.297
9
ΛBe 1.15 ± 0.13 1.94 ± 0.28 0.30 ± 0.07 0.401
11
Λ B 1.28 ± 0.10 2.37 ± 0.34 0.47 ± 0.11 0.30 ± 0.07 0.444

[5]
12
Λ C 1.242 ± 0.042 2.58 ± 0.37 0.65 ± 0.19 0.31 ± 0.07 0.535

[18,23] [5]
0.45 ± 0.10
[25]

13
Λ C 1.21 ± 0.16 2.80 ± 0.40 0.60 ± 0.14 0.495
15
Λ N 1.26 ± 0.18 3.23 ± 0.47 0.49 ± 0.11 0.555
16
Λ O 1.28 ± 0.19 3.44 ± 0.50 0.44 ± 0.12 0.586

and α12(
12
Λ C) = 2.48 ± 0.46 for 12

Λ C from 12
Λ C measurements. By as-

suming that α scales linearly with A, it is straightforward to obtain 
the crossed evaluations: α5(

12
Λ C) = 1.04 ± 0.19 and α12(

5
ΛHe) =

2.77 ± 0.63. The w.a. of the two evaluations are α5 = 1.08 ± 0.16
and α12 = 2.58 ± 0.37. We adopt finally the general expression 
for αA :

αA = α5

5
· A = α12

12
· A = (0.215 ± 0.031) · A (15)

where the statistical error comes from the errors on the quanti-
ties used to evaluate α. A systematic error can be evaluated by 
taking into account the difference between α5(5

ΛHe) and α5(
12
Λ C)

for 5
ΛHe and between α12(

12
Λ C) and α12(

5
ΛHe) for 12

Λ C: this er-
ror amounts to 6%. It is also worth to observe that in [9] and 
[15] the assumption Γ2N ≃ Γnp was made, which gives a sys-
tematic underestimation of Γ2N/Γp of ∼16% (much smaller than 
the experimental errors): we remind, indeed, that following [20]
Γnp : Γpp : Γ nn = 0.83 : 0.12 : 0.04. If this systematic effect is taken 
into account in the calculation of α from (14) and (13), a de-
crease of (9–5)% arises which gives a further systematic error on 
α(A = 5–16), for a total of (10–7)%.

We remark that the hypothesis that FSI effects are to a first 
approximation proportional to A was already adopted in [9,15]. 
With (15) we find that 35% of the primary protons from NMWD 
are lost (moved below µ1) for FSI in 5

ΛHe and 63% in 16
Λ O.

We are thus able to determine with Eq. (13) the values of 
Γp/ΓΛ for 5

ΛHe and all studied p-shell Hypernuclei. They are given 
in Table 2, which reports also the experimental values of ΓT /ΓΛ

we used, when available; for the other Hypernuclei we adopt the 
parametrization ΓT /ΓΛ(A) = (0.990 ± 0.094) + (0.018 ± 0.010) · A
proposed in [21]. The errors on Γp/ΓΛ are calculated by consid-
ering statistical errors for Np and Nhyp , the errors reported in 
column two for ΓT /ΓΛ(A) and the statistical error for αA , which 
is the largest one (15%). Table 2 reports, in the sixth column, the 
theoretical values of Γp/ΓΛ calculated recently in [27].

It is interesting to note that the new evaluation, following the 
determination of αA given by (15), and the former indirect cal-
culation for both 5

ΛHe and 12
Λ C from (14) are compatible within 

the error: thus it appears that the method used to evaluate αA
does not introduce any systematic error in the Γp/ΓΛ value. On 
the other hand, a systematic error on Γp/ΓΛ can be estimated by 
repeating all the previous procedure with the fits from 60 MeV 
and from 80 MeV: it corresponds to 5–6% for 5

ΛHe, 7
ΛLi, 9

ΛBe, 16
Λ O 

and 9–10% for 11
Λ B, 12

Λ C, 13
Λ C and 15

Λ N. Another systematic error 
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mentum spectra of the selected π+ are shown in Fig. 2. The
spectra are not corrected for acceptance. This influences their
shape mainly in the momentum region 180–220 MeV/c, due to
the kinematic cut of the spectrometer. In the same figure a resid-
ual 236 MeV/c peak, due to Kµ2 decay contamination, coming
from a few K+/K− misidentified events and not completely
removed by TOF selection, can be seen. No significant struc-
tures are observed in the BΛ region (0 < BΛ < 10 MeV) as can
be seen in the inset of Fig. 2.

The bulk of the spectrum is due to π+ coming from Σ+

decay, produced in the following two quasi-free reactions [16]:

K− + p → Σ+ + π−

(6)→n + π+ (∼130 < pπ+ < ∼250 MeV/c),

K− + pp → Σ+ + n

(7)
→n + π+ (∼100 < pπ+ < ∼320 MeV/c).

In particular, the π+ counts in the momentum region of interest
are mostly due to reaction (7), to some Kµ2 in-flight decay con-
tamination and a small contribution from the high momentum
tail of reaction (6).

In order to reduce the contribution of the above events to the
π+ counts in the momentum region of interest, further event
selections can be applied, taking advantage of the tracking ca-
pabilities of the FINUDA spectrometer. To this purpose, we
focused on the distance between the K− absorption point and
the π+ origin point, estimated by the reconstruction algorithm
as the point of closest approach between the two extrapolated
tracks beyond ISIM and back from OSIM respectively, towards
a plane in the target volume. A cut on the value of this dis-
tance can reduce the contribution from in-flight Σ+ decay of
reactions (6) and (7) and from in-flight contamination; in fact,
the π+ or µ+ coming from these decays can be reconstructed
some millimeters apart from the K− stopping point (whereas,
the π+ following the hypernuclear formation is produced at the
same point in which the K− is absorbed at rest). Using two
distinct simulations, one for the background and one for the
signal, a 2 mm cut (in the following referred to as “hard” cut)
in such a distance selects almost 50% of pions coming from
the hypernuclear formation and 10% of background. Therefore,
this selection improves the signal-to-noise ratio by a factor ∼ 5.
Applying this cut, any contributions in the high momentum tail
due to in-flight decays, is greatly reduced (see Fig. 3, to be com-
pared with Fig. 2). The Kµ2 contamination at 236 MeV/c pro-
duced in the misidentified vertex is not affected by the “hard”
cut, as expected. From the inset of Fig. 3 for 6Li, there is an
indication for a peak at ∼ 254 MeV/c, corresponding to a BΛ

of ∼ 5.6 MeV. We studied the statistical significance for such a
signal with three different hypothesis on the background, due to
the reactions (6) and (7), that has been parametrized as in [13]
but we found that the C.L. is < 90%. Therefore an upper limit
at 90% C.L. for the experimental production rate of the neutron
rich Λ-hypernuclei 6

ΛH and 7
ΛH is evaluated.

To this purpose the maximum number of π+ counts to be
ascribed to neutron rich Λ-hypernuclei formation has to be es-
timated. Therefore a region of interest (ROI) is defined in each

Fig. 3. Inclusive π+ momentum spectra after the background reduction carried
out as described in the text. ROIs are highlighted and enlarged views of the
same spectra around the ROIs, with the Λ binding energy axis, are shown in
the insets.

spectrum, centered at the π+ momentum value corresponding
to the predicted BΛ. The ROI widths have been set to ±2σp ,
where σp is the standard deviation of the peak momentum
resolution (0.9% FWHM). This value is estimated using the
monochromatic µ+ peak at 236 MeV/c using the track selec-
tion conditions of the present analysis. We do not require high
quality tracks, in order to have as much statistics as possible to
study such rare events.

4. Production rates and upper limit evaluation

The π+ production rate R per stopped K− is given by the
ratio of the number of the π+ produced by any concurrent re-
action following the K− stopping in the target and the number
of the stopped K− (N(K−

stop)) considered in the analysis. The
number of produced π+ is given by the number (Nπ+ ) of mea-
sured π+ weighted by the intrinsic detector efficiency εD (π+)

and the global efficiency εG (π+) in the ROI. Hence:

(8)R = Nπ+

N(K−
stop) · εD(π+) · εG(π+)

,

where εG (π+) takes into account the trigger efficiency, the
apparatus geometrical acceptance and the efficiency of the re-
construction algorithm.

Instead of measuring directly these efficiencies we exploit
the FINUDA unique feature of being able to detect back-to-
back (K−,K+) pairs, to relate them to the µ+ particles as
follows. The number of measured µ+ (Nµ+ ) coming from Kµ2
decay and emerging from the same target (i.e. a different sam-
ple of data) can be entered in the following Branching Ratio

background subtracted spectra 
not acceptance corrected	
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  π+ (~252 MeV/c, 4.1 MeV) 
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  π+	
  	
  (~246 MeV/c, 5.2 MeV) 
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statistics reduced (0.2) 
shape only slightly modified 
 
 
statistical significance 
       C.L. < 90%: U.L. 
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The first experimental attempt to produce neutron-rich hypernuclei by the reaction (1) with
K− at rest was carried out at KEK [6]. Upper limits were obtained for the production of
9
ΛHe, 12

ΛBe and 16
ΛC hypernuclei (on 9Be, 12C and 16O targets respectively) in the range of

(0.6–2.0) · 10−4/K−
stop, while the theoretical predictions for 12

ΛBe and 16
ΛC [7] lie in the interval

(10−6–10−7)/K−
stop, which is at least one order of magnitude lower than the experimental upper

limits and three orders of magnitude smaller than the standard one-step (K−
stop,π

−) reaction rates
on the same targets (10−3/K−

stop).
Another KEK experiment [8] reported the observation of 10

ΛLi in the (π−,K+) reaction on
a 10B target with a 1.2 GeV/c π− beam. A production cross section of 11.3 ± 1.9 nb/sr was
evaluated; the result, however, is not directly comparable with theoretical calculations [9] since
no discrete structure was observed and the production cross section was integrated over the whole
bound region (0 < BΛ < 20 MeV).

A further attempt to observe neutron-rich hypernuclei by means of the reaction (1), with
K− at rest, was made at the DA#NE collider at LNF by the FINUDA experiment [10], on 6Li
and 7Li targets. The limited data sample collected during the first run period of the experiment
was used to estimate the production rates per stopped K− of 6

ΛH and 7
ΛH. The inclusive π+

spectra from 6Li and 7Li targets were analyzed in momentum regions corresponding, through
momentum and energy conservation, to BΛ values discussed in the literature. Because of the
dominant contribution of the reactions

K−
stop + p → Σ+ + π−

↪→ n + π+ (∼ 130 < pπ+ < 250 MeV/c) (3)

and

K−
stop + pp → Σ+ + n

↪→ n + π+ (∼ 100 < pπ+ < 320 MeV/c), (4)

which give the main component of the inclusive π+ spectra for absorption of stopped K− mesons
on nuclei, and owing to a limited statistics, only upper limits could be evaluated for Λ hypernu-
clear production:

Rπ+
( 6
ΛH

)
<

(
2.5 ± 0.4stat

+0.4
−0.1syst

)
· 10−5/K−

stop, (5)

Rπ+
( 7
ΛH

)
<

(
4.5 ± 0.9stat

+0.4
−0.1syst

)
· 10−5/K−

stop, (6)

in addition to an upper limit determined in 12C:

Rπ+
(12

ΛBe
)
<

(
2.0 ± 0.4stat

+0.3
−0.1syst

)
· 10−5/K−

stop, (7)

lowering by a factor ∼ 3 the previous KEK determination [6].
In this article we present the analysis of the total data sample of the FINUDA experiment,

collected from 2003 to 2007 and corresponding to a total integrated luminosity of 1156 pb−1,
aiming at assessing the existence of 6

ΛH and determining the production rate by means of the
(K−

stop,π
+) reaction on 6Li targets. A preliminary account of the results, reporting three clear

events of 6
ΛH, appeared in [11].

The binding energy of 6
ΛH with respect to the unstable 5H core was estimated in Refs. [1,3]

as BΛ = 4.2 MeV, making 6
ΛH particle stable with respect to its 4

ΛH + 2n lowest threshold, as
shown in Fig. 1. We recall that the binding energy BΛ of hypernucleus A

ΛZ is defined as:
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  (end point ~282 MeV/c) 

               0.16±0.07 ev. 
	
  
• 	
  K-

stop + 6Li →	
  4ΛH	
  + n + n + π+	
  	
  	
   	
   	
  	
   	
  (end point ~252MeV/c) 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4He +	
  π-­‐	
  	
   	
   	
   	
   	
  (p(π-) = 133 MeV/c)           

                negligible 
	
  

6
ΛH/K-

stop production rate 
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Background sources: Σ+ production and decay 

K-
stop + 6Li →	
  Σ+	
  +	
  π-­‐	
  + 4He + n 	
  

	
  n	
  +	
  π+	
  	
  
•  quasi free approach: 0.743 ± 0.019 
•  4-body interaction: 0.257 ± 0.017    χ2/ndf = 40.0/39  
•  4He + n  and “5He” final state 
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16130–220 MeV  
χ2/ndf increases of ∼ 3.8  
fractions change <0.025 (1.3–1.5σ) 
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Li6_nr_2d

Ttot = 206 MeV 

 200 MeV 

 202  204 

•  pure quasi free approach 
~ 2.2 107 K-

stop MC events 
3 ev. → 0.15±0.09 ev. 

•  pure 4-body interaction 
~ 2.7 107 K-

stop MC events  
5 ev. → 0.20±0.11 ev. 

Ttot = 206 MeV 

 200 MeV 

 202  204 

momentum  
cut: π+ 

momentum  
cut: π- 

BΛ=6.5 MeV 

BΛ=1.9 MeV 

BΛ=2.7 MeV 7.7 MeV 

momentum  
cut: π+ 

momentum  
cut: π- 

BΛ=6.5 MeV 

BΛ=1.9 MeV 

BΛ=2.7 MeV 7.7 MeV 

•  data: ~ 2.7 107 K-
stop events 

•  BR(K-
stop + p →Σ+ + π-) on nuclei 

•  Σ+ + n →	
  Λ + p conv. probability 
•  BR(Σ+ → n + π+) 



	
  
	
  

Background sources: 
	
  
• 	
  K-

stop + 6Li →	
  4ΛH	
  + n + n + π+	
  	
  	
   	
   	
   	
  (end point ~252MeV/c) 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4He +	
  π-­‐	
  	
   	
  	
   	
   	
  (p(π-) = 133 MeV/c)           negligible 
(p(π+) cut: phase space  strong reduction)      P ~ (2.8±0.5)�10-8 
 
 

•  K-
stop + 6Li →	
  Σ+	
  +	
  3H + d + π-­‐	
                (p(π-) < 165 MeV/c)  

 (p(π+) < 250 MeV/c)  
 
 

•  K-
stop + 6Li →	
  3ΛH + 3n + π+	
                    (p(π+) < 242 MeV/c)  
      3He +	
  π-­‐	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
    (p(π-) ~ 115 MeV/c) 

 
 
•  K-

stop + 6Li →	
  Λ +	
  3H + 2n + π+	
                (p(π+) < 247 MeV/c)   
                            p + π-     (p(π-) < 195 MeV/c) 
 
 

•  K-
stop + 6Li →	
  6ΛHe + π0	
                         (p(π0) ~ 280 MeV/c) 

                               6Li + π-­‐                   (p(π-) ~ 108 MeV/c)  
   π0	
  + 6Li →	
  6He + π+	
                               (p(π+) ~ 280 MeV/c forw. dir.)                	
  

	
  
 

	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  n	
  +	
  π+	
  	
  



6
ΛH/K-

stop production rate 
 
Total background: BGD1 + BGD2 = 0.43 ± 0.28 events on 6Li   
 
Poisson statistics: 3 events DO NOT belong to pure background: C.L.= 
99% (S=3.9) 

	
  
R * BR(π-) = (3 – BGD1 – BGD2) (ε(π-))-1 (ε(π+)) -1  / (n. K-

stop on 6Li) 
 

Corrections: 6Li targets purity, ±0.77 σ T(π+)+T(π-) cut, decay in flight 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
     90%         0.5588                          10%  	
   	
   	
  	
  	
  
	
  

	
   	
   	
  R * BR(π-) =  (2.9 ± 2.0) 10-6/K-
stop 

	
   	
   	
   	
   	
  	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  R = (5.9 ± 4.0) 10-6/K-

stop      
 

                     Agnello et al., PLB 64(2006) 145  
           U.L. 90%: (2.5 ± 0.4+0.4

-0.1) 10-5/K-
stop 

           

FINUDA Coll. and A. Gal, PRL 108 (2012) 042501, NPA 881 (2012) 269	
  

H. Tamura, et al.,  
PRC 40 (1989) R479 
BR(π-) 4ΛH = 0.49 

H. Tamura, et al.,  
PRC 40 (1989) R479 
4
ΛH on 7Li = 0.2 



kinematics 
Ttot  
(MeV) 

p(π+)  
(MeV/c) 

p(π-)  
(MeV/c) 

M(6
ΛH) 

formation 
(MeV/c2) 

M(6
ΛH)  

decay 
(MeV/c2) 

ΔM (6
ΛH) 

(MeV) 

202.5±1.3 251.3±1.1 135.1±1.2 5802.33±0.96 5801.41±0.84 0.92±1.28 

202.7±1.3 250.0±1.1 136.9±1.2 5803.45±0.96 5802.73±0.84 0.71±1.28 

202.1±1.3 253.8±1.1 131.2±1.2 5799.97±0.96 5798.66±0.84 1.31±1.28 

FINUDA Coll. and A. Gal, PRL 108 (2012) 042501,  
         NPA 881 (2012) 269	
  

first evidence of 6ΛH based on 3 events that 
cannot be attributed to pure instrumental and 
physical background 

ü  BΛ determination 
ü  formation – decay mass difference  



4.
4	
  

6
ΛH binding energy 

 

L. Majling, NPA 585 (1995) 211c 
-  binding energy 
-  prod. rate ~ 10-2 * hyp. prod. rate in (K-

stop, π-­‐) 
	
  

Y. Akaishi et al., AIP Conf. Proc. 1011 (2008) 277 
K.S. Myint, et al., Few Body Sys. Suppl. 12 (2000) 383 
Y. Akaishi et al., Frascati Phys. Series XVI (1999) 16 
 
“coherent” Λ-Σ coupling in 0+ states  
→  ΛNN three body force:  
BΛNN = 1.4 MeV, ΔE(0+

g.s. – 1+) = 2.4 MeV 
model originally developed for 4ΛH  and 4ΛHe 
	
  

4.2 MeV 

Dalitz et al., N. Cim. 30 (1963) 489 (binding energy 4.2 MeV) 
5.8 M

eV 
(N+Y)/Z=5	
  



mass mean value = 5801.4±1.1 
	
  
BΛ	
  = 4.0±1.1 MeV (5He + Λ)	
   	
   	
  B	
  = 0.3±1.1 MeV (4ΛH + 2n)	
  	
  
	
  	
  	
  	
  	
  	
  	
  
BΛ= 5.8 MeV  (5He + Λ) 	
  	
  	
  
ΛNN force: 1.4 MeV      
	
  

BΛ(6ΛH) determination 
 

(0+) 	
   [3] 5799.64

[1] 5801.24
H + n + n4
Λ 5801.70

ΛH + 2n + 3 5803.74

ΛH + 5 5805.44 MeV [2]

5801.43
MeV

H6
Λ	
  	
  	
  	
  	
  Akaishi	
  

Dalitz,	
  Majling 0+    5800.9 MeV 

1+    5801.9 MeV 

BΛ interval 

formation – decay = 0.98±0.74 MeV 

5803.94 

5799.44 



formation – decay ∆M  

Spin flip is forbidden in production at rest:  
 
K−

stop+ 6Li (Li=0, S=1) → 6ΛH(Lf, S=1) + π+ 

 
Lf = 0 → 6ΛH(1+

exc.) followed by : 
(i)  6

ΛH(1+ exc.) → γ + 6ΛH(0+ g.s.) (∼ 10−13 s)        M1 
(ii) 6ΛH(0+ g.s.) → π− + 6He(0+ g.s.) (∼ 10−10 s)   
(6

ΛH(1+ exc.) → 4ΛH(0+ g.s.) + n + n: p-wave&spin-flip) 

	
  → BΛ(6
ΛH) = (4.5 ± 1.2) MeV vs 5He+Λ from decay mass only 

little neutron-excess effect compared to BΛ(6
ΛHe) = (4.18 ± 0.10) MeV 

 
Excitation energy of the 1+ spin-flip state from a systematic 
difference ∆M = 0.98 ± 0.74 MeV between values of 6

ΛH mass derived 
separately from production and from decay.  
1+ particle stable? 0+ particle stable? 
 
J-PARC E10  
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Fig. 3. Mass squared vs. momentum plot of the scattered particles measured by the
SKS spectrometer in the 6Li(π−, K +) reaction. Two curves in the figure show the
momentum-dependent 2σ cut for the kaon selection.

−0.79 MeV/c at 0.8, 1.0, and 1.2 GeV/c, respectively. From these
values, the systematic uncertainty is estimated to be ±1.34 MeV/c.

We performed the measurement of the 6Li(π−, K +) reaction at
the beam momentum of 1.2 GeV/c. We used high intensity beams
of 1.2–1.4 × 107 pion/spill and the effective total number of beam
pions on the target was 1.4 × 1012 taking into account the DAQ ef-
ficiency. Since the (π−, K +) reaction has no physical background
and the cross section of the reaction is very small, contaminations
from the miss-identification of π+ and proton are the source of
the backgrounds. Fig. 3 shows the mass squared vs. momentum
plot of the particles measured by the SKS spectrometer. We se-
lected kaons by a momentum-dependent cut at ±2σ of the mass
squared resolution as indicated with curves in the figure. The con-
tamination of protons in the K + cut region is at 1% level in the
momentum range of 0.68–1.2 GeV/c, and the contamination of π+

is negligibly small.
For quantitative discussions of the 6Li(π−, K +) reaction, the

double differential cross section is derived from the following
equation,

d2σ

dΩ dM
= A

NAρx
nK

Nbeam%Ω%Mϵ
, (1)

where nK is the number of detected kaons in the missing-mass
interval %M . NA is the Avogadro number, and A and ρx are the
atomic mass and the thickness in g/cm2 of the target, respectively.
Nbeam is the effective number of beam pions on the target in-
cluding the DAQ efficiency. %Ω is the angular acceptance of the
SKS spectrometer. An acceptance map of SKS in the 2-dimensional
space of the momentum and the emission angle of K + is esti-
mated by a Monte Carlo simulation calculation based on geant4
package [28]. ϵ is the overall efficiency comes from detector and
analysis efficiencies estimated from experimental data. The differ-
ential cross section is also derived as follows,

dσ

dΩ
= A

NAρx
NK

Nbeam%Ωϵ
, (2)

where NK is the number of detected kaons, and NK = ∑
nK where

the summation runs over a spectral shape of signal events in the
missing-mass spectrum.

To confirm the validity of the procedure of the cross section
calculation, we estimated the cross section of the p(π−, K +)Σ−

reaction with the same method. Fig. 4 shows the estimated dif-
ferential cross section, dσcm/dΩ , in the center of mass frame (full

Fig. 4. Differential cross section of the p(π−, K +)Σ− reaction in the center of mass
frame as a function of the beam momentum. The open circles and the open box are
the cross sections reported by Good et al. [29] and Dahl et al. [30], respectively. The
full circle shows the present result.

Fig. 5. Missing-mass spectrum of the 6Li(π−, K +) reaction at 1.2 GeV/c. The ordi-
nate shows the double differential cross section averaged over the angular range
from 2 to 14 degrees. A magnified view around the Λ bound region is shown
in the inset. The arrow labeled as 4

ΛH + 2n shows the particle decay threshold
(5801.7 MeV/c2).

circle) in the angular range of cos θcm = 0.8–1.0 together with the
cross sections reported by Good and Kofler [29] (open circles) and
Dahl et al. [30] (open box). The differential cross sections gradu-
ally decrease with the increase of the beam momentum, and the
present result is consistent with the general trend.

Fig. 5 shows the missing-mass spectrum of the 6Li(π−, K +) re-
action. The vertical axis shows the double differential cross section
in the laboratory frame averaged over the scattering angle from
2◦ to 14◦ , d2σ̄lab/dΩ/dM in a unit of nb/sr/(MeV/c2). The es-
timation of the spectrometer acceptance has small ambiguity in
the selected angular range. The uncertainty of the missing-mass
scale is ±1.26 MeV/c2 which is estimated from the beam mo-
mentum uncertainty ±1.34 MeV/c. The continuum of the unbound
Λ formation reaction and the component of the Σ− quasi-free
production reaction are observed in the missing-mass regions of
5810–5880 MeV/c2 and above 5880 MeV/c2, respectively. A mag-
nified view in the missing-mass range of 5795–5830 MeV/c2 is
shown in the inset. Around the 4

ΛH + 2n particle decay threshold

(π-, K+) 
H.Sugimura et al., PLB 729 (2014) 39 
 
 
 
 
J-PARC K1.8 beamline pπ- = 1.2 GeV/c 
 
no peak structure in the MM spectrum  
 
6
ΛH (6Li) dσ/dΩ: U.L.  1.2 nb/sr 90% C.L. 

Recent searches: J-PARC – E10 



HeΛ
9

+1/20.0
(MeV)

+, 5/2+3/23.1
He + nΛ

83.9

He + 2nΛ
74.9

He + 3nΛ
68.3

He + 4nΛ
5

8.5

9
ΛHe search with FINUDA 

Majling, NPA 585 (1995) 211c 
binding energy = 8.5 MeV 

8He+Λ	
  

 5 MeV 	
  

10 MeV 	
  

ü  (N+Y)/Z = 3.5 
ü  stable nuclear core 
ü  n-halo 

investigated  
BΛ interval 

Finuda Coll. and A. Gal,  
PRC 86 (2012) 057301. 



K-
stop + 9Be → 9ΛHe	
  +	
  π+ 

	
  

9
ΛHe	
  → 9Li + π-  

(τ(9Li)~178 ms) 	
  
	
  
	
  
	
  
	
  	
  	
  	
  M(K-) + 5 M(n) + 4 M(p) – B(9Be) = M(9ΛHe) + T(9

ΛHe) + M(π+) + T(π+) 
	
  
M(9

ΛHe) = 6 M(n) + 3M(p) – B(9Li) + T(9Li) + M(π-) + T(π-) 
	
  
	
  
	
  
	
  
	
  
T(π+)	
  + T(π-) =  

	
  M(K-) + M(p) – M(n) – B(9Be) + B(9Li) –T(9Li) – T(9
ΛHe) – M(π+)	
  – M(π-­‐)	
  

	
  	
  
	
  = 195.8 ± 1.3 MeV  (195.8÷195.7 MeV with BΛ= 0÷10 MeV) 

	
  
	
  	
  	
  	
  	
  	
  

	
  	
  cut on  T(π+) + T(π-): 194.5÷197.5 MeV    
  
	
  

9
ΛHe search with FINUDA 

€ 

M 2(9Li) + p2(π−) −M(9Li)

€ 

M 2(9ΛHe) + p2(π +) −M(9ΛHe)

M(9ΛHe) = M(8He) + M(Λ) − B(Λ)

independent 2-body reactions:  
decay at rest 
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Finuda Coll. and A. Gal,  
PRC 86 (2012) 057301. 
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253.5÷259 MeV/c	
  (σp= 1.1 MeV/c) 
	
  
114.5÷122MeV/c (σp= 1.2 MeV/c) 
 
BΛ = 5÷10 MeV 
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BΛ ~ 1 MeV 
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Finuda Coll. and A. Gal,  
PRC 86 (2012) 057301. 



9
ΛHe/K-

stop production rate 
 

upper limit evaluation 
 

ü   0 observed events 
ü    ε(π-), ε(π+)    
ü   n. K-

stop on 9Be (2.5 107 K-
stop events) 

 
R * BR(π-) < (2.3±1.9)�10-6 / (n. K-

stop on 9Be) (90% C.L.) 
	
  	
   	
  	
   	
  	
   

	
  
  Γ(9

ΛHegs	
  → 9Ligs + π-) = 0.261 ΓΛ 
 

	
  	
  
	
  

	
  R < 1.6 10-5 / (n. K-
stop on 9Be) (90% C.L.) 

K.Kubota et al, NPA 602 (1996) 327. 
9
ΛHe	
  (9Be) U.L.=2.3 10-4/K-

stop 

from A. Gal, Nucl. Phys. A 828, 72 (2009) 

 PRC 86 (2012) 057301	
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target hypernucleus 2-b MWD 
daughter  
nucleus 

lifetime MWD 
‘model’  

MWD ‘model’ BR(π-)                         
R*BR(π-) 

6Li 6
ΛH 

 
6He 801 ms 4

ΛH 0.49 
H. Tamura, et al., PRC 40 (1989) R479 

7Li 7
ΛH 7He unstable 4

ΛH 0.49 
H. Tamura, et al., PRC 40 (1989) R479 

9Be 9
ΛHe 9Li 178 ms 9

ΛHe 0.261 
A. Gal, Nucl. Phys. A 828, 72 (2009) 

12C 12
ΛBe 12B 20 ms 9

ΛBe 0.154 
FINUDA PLB 681 (2009) 139 

13C 13
ΛBe 13B 17.3 ms 9

ΛBe 0.154 
FINUDA PLB 681 (2009) 139 

16O 16
ΛC 16N 7.13 s 12

ΛC 0.099  
Y.Sato et al., PRC 71 (2005) 025203 

… coincidence method limits 

2-body processes 
production&decay 

decreasing MWD BR production and decay  
from the same energy level 



Overview of n-rich 
(K-

stop, π+) production rate vs A 
FINUDA: inclusive spectra 
 
FINUDA: coincidence 
9
ΛHe: R < 1.6 10-5 / (n. K-

stop on 9Be)  
(90% C.L.),  PRC 86 (2012) 057301 
 
KEK K.Kubota et al, NPA 602 (1996) 327 
 
full bars:  U.L.,  90% C.L. 
 
theoretical interest for 6ΛH 
E. Hiyama et al., NPA 908 (2013) 29 
D.J. Millener, NPA 881 (2012) 298 
A.Gal, D.J.Millener, PLB 725 (2013) 445 
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6
ΛH	
  

7
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9
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12
ΛBe	
  

16
ΛC	
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… inheritance 
- different targets in the same run ➥ high degree of flexibility 

-  simultaneous tracking of µ+ from the K+ decay ➥ energy and rate calibration 

  

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

- coincidence measurement with large acceptance ➥ decay mode study


 

Spectroscopy 

 
Decay: MWD & NMWD  

 
n-rich hypernuclei 

•  low statistics  
•  lifetime measurement 
•  (K+, π+π-) method 
 
indications for new, high statistics measurements with “complete” apparatuses 

-  systematic study of p-shell nuclei 


