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Note di presentazione
Good morning everyone

It is a great pleasure to be here and I am very grateful to the organizers for giving me the opportunity to present the last achievements  in experimental studies on the weak decay of Λ-hypernuclei carried out by the FINUDA Collaboration.
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Note di presentazione
Today, I would like to complete the work initiated in 2009 during Hyp ten in Tokai, where Elena Botta reviewed the situation about both the mesonic and the non-mesonic decay processes. At that time she was able to provide the first spin-parity assignment for Nitrogen fifteen Lambda and she presented the FINUDA determination for the two-nucleon induced decay width.

Three years later Stefania Bufalino presented the progress in the analysis of the proton spectra from NMWD of Lambda-hypernuclei with particular emphasis on the first experimental evidence of the two-nucleon induced non-mesonic weak decay.
 
Just the discussion started in Barcellona, triggered further studies on Lambda-hypernuclei non-mesonic decay channels and we achieved some new results, that I am going to present in next slides.

Actually this is the third time that the slot of this Conference allocated to this subject is dedicated to the results provided by the FINUDA experiment.
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Note di presentazione
This is the content of my talk.

I will just flash about the FINUDA apparatus, in order to stress that it was a spectrometer specifically designed for hypernuclear decay studies.

After briefly recalling the physics motivations which make so intriguing such studies,

I will show you the recent progress in the analysis of the proton spectra from NMWD of Lambda-hypernuclei and its impact on the evaluation of the partial width of the two-nucleon induced NMWD

Then I will show you the method that we developed in order to determine the partial decay width of the one-proton induced NMWD, without resorting to any Intra Nuclear Cascade calculation but using only the experimental data available in literature.

Thanks to this result it was possible to determine the full set of non-mesonic weak decay amplitudes for a couple of Λ-hypernuclei.

Finally, I will try to say few words about possible future perspectives in this field.
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For those that are not familiar with the FINUDA experiment, let me start by reminding that it was a complex magnetic spectrometer with the typical collider apparatus architecture.

It was installed on DAФNE, the Italian Ф–factory running in Frascati, near Rome.
As we can see in the following, both these facts are quite unconventional.

It was designed to exploit the low-energy kaons from Ф decays in order to produce a large variety of single Λ-hypernuclei.
The precise measurement of the π– from the formation reaction allowed us to determine the hypernuclear energy spectrum.

It offered as well the opportunity to study the hypernucleus decay modes by measuring in coincidence the decay products, both charged and neutral.


@) FINUDA key features
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I have no time to describe the FINUDA apparatus in details.

Anyway let me stress the main important features of the experiment:
we can use very thin target and this means that we can push down the momentum resolution on particles coming from the hypernucleus formation reaction and from its following decay; we were then in a good situation to perform high resolution hypernuclear spectroscopy;
we are able to measure with the same apparatus both the formation and the decay of the hypernuclei: so FINUDA represents an ideal tool to investigate the hypernucleus decay modes.
In addition to the intrinsic interest, the decay study represented a, to some extent, unexpected discovery tool.
We had the possibility of continuously monitor the absolute energy scale by looking, event by event, at the K+ decay.
last but not least we can arrange up to 8 different targets in the same data taking campaign: this way it was possible to develop the analysis strategy that allowed us to achieve the results that I am going to show you.
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… physics motivations to improve our knowledge about this process can be classified into two categories: intrinsic and «a posteriori», that is the possibility of using such a study as a discovery tool

This an incomplete list of the main physics motivations which testified the vivid interest and the discovery potential represented by the study of the decay process of Lambda-hypernuclei.
I will not go through all of them., but let me just mention the hot topic of the lifetime of light Lambda-hypernuclei. It will be the subject of the topical session of this afternoon.

By the way, today some of the issues have been clarified.

ΔI = ½ rule: we still do not have a convincing answer.
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For these reasons, the study of the hypernucleus decay modes was one of the most important topic in the FINUDA physics program and, more in general, in hypernuclear physics.

The strong interest in this subject is demonstrated by the fact that  a large fraction of the FINUDA scientific production is actually dedicated to the hypernucleus decay.

By the way this fact demonstrates as well the excellent instrumental performances of the apparatus in terms of both detector resolution and stability.
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Weak Interaction mediates the Λ-Hypernuclei (Hypernuclei in the following) decay to non-strange nuclear systems through different channels.

Let us have a close llok to the Lambda-hypernucleus weak decay process.

What one can naively can expect is that the Lambda behaves inside the nucleus like it does in free space.

This is only partially true.

Actually, the simplest process is the so-called Mesonic Weak Decay (MWD), which is closely related to the two main decay channels into Nπ of the constituent hyperon in free space.  

The so-called Non-MesonicWeak Decay (NMWD) channels are instead linked to the occurrence of Weak Interactions among the constituent Λ hyperon and one or more nucleons of the nuclear core of a Hypernucleus. The process ΛN→NN is the simplest one: usually it is referred to as proton-stimulated decay, in the case of the Λp → np elementary reaction, with a decay width Γp, or neutron-stimulated decay in the case of the Λn → nn interaction, with a corresponding Γn.

NMWD is recognized as an unique tool to achieve quantitative information on the ΛN→NN Weak Interaction, very hardly accessible in free space.  

This decay mode may be further split into the three branches corresponding to the three projections of the total Isospin of the NN pair. 
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Anatomy of NMWD p spectra
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Let me now move to the FINUDA experimental results.

Here you can see the proton kinetic energy spectra from the NMWD of Helium-five-Lambda and of some p-shell hypernuclei, obtained by the FINUDA Collaboration.

A first important thing to be noted is that the detection threshold is 15 MeV only.

A second remark is that all the distributions show some common features:
a main structure at 80 MeV, with a well defined shape on the high energy side and a more and more distorted low energy edge as A increases
a rise in the low-energy region, even for the lightest nuclei

These plots are up to now a unique data bank for p-shell Hypernuclei with A ranging from 5 to 16, from which several interesting considerations and conclusions were drawn.

Allow us to study the trend with A of the observed phenomena.
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Revisited analysis of the proton spectra

Attempt of improving the fits by shifting down the lower edge
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I will show you the results of the most recent analysis of the proton spectra from non-mesonic weak decay.

The starting point of the present work was that we realized that we had the opportunity to better describe our data.

More precisely we observed that we could improve the description of our data by shifting down the lower edge of the fitting range.

In the previous analysis it was 80 MeV; this time we tried 50, 60 and 70 MeV and on the basis of the chi square value we choose 70 MeV.

Then we got a refined determination of the two-nucleon induced NMWD partial width.


Alessandro Feliciello/ HYP2015 - 12" International Conference on Hypernuclaer and Strange Particle Physics, Sendai, Japan, September 7 - 12, 20@

y

NEN

{/

Refined determination of I,_, /I uwo
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It was shown that from the expression:

g E
260_—

'140

Ao (A) 1
R (A) = i
1( ) Alow (A) + Ahigh (A) *Lhm +

the ratio I', _,/I';, can be obtained
(under the assumption that it is constant in the range A = 5 =+ 16).

SSS
>

=

Q

=

20 40 G 80 100 120 14D 160 180 700
Kinetic Energy (MeV)

It was found (single particle spectra):
I, /T, =0.43 £ 0.25 (5., /Tymwwo = 0.24 = 0.10)

With the new values we find:

[rzw/rp = 0.50 + 0.24 (Tp., /Tpp = 0.25 + 0.12)]

& compatible with the previous one, within the errors.
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The central values of the fitting Gaussian were used to divide the full area of the proton spectrum in two regions. The red one is essentially populated by protons coming from the one-proton induced decay with a contamination due to the two-nucleon induced decay and, moreover, to the Final State Interactions. In the blue one we have three contributions: from one-proton induced and from two-nucleon induced decays and from protons who suffered some Final State Interactions.
We then defined this ratio of areas for each studied Lambda-hypernucleus and then it resulted a function of the mass number A. Under the assumption that the two-nucleon induced amplitude could be considered constant in the mass value range under study we got from the single particle spectra these values for Gamma-2N over Gamma-p and for Gamma-2N over the total non-mesonic decay width.

This is the current situation, after the new analysis. With the new mu values we obtained these values that are fully compatible with the previous ones, within the errors..
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By selecting (n,p) coincidence events we found:
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FINUDA Collaboration and G. Garbarino., PLB 701 (2011) 556.
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1_*ZN

F— = 036 i 014 H00 FZ

_“2N . _0.20+0.08_ "%

stat—0.04sys stat—0.02sys
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& fully compatible with the previous one, within the errors.

& M. Kim et al., PRL 103 (2009) 182502: 0.29 + 0.13.

& E. Bauer and G. Garbarino, PRC 81 (2010) 064315.
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We got a more precise value for the two-nucleon NMWD partial width by looking at the events in which it was possible to detect in coincidence both the proton and the neutron of the final state.

These are the former results and here there are the new ones.

Again the new values are in good agreement with the previous determination.

In addition, this number is in good agreement with another experimental result and with the quite recent theoretical prediction by Bauer and Garbarino.
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First determination of I, /T, for 8 Hypernuclei

Some information can be extracted by the proton spectra, but
how it is possible to extract the “true” number of protons from NMWD.
Spectra are severely distorted by several FSI effects
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These results were the starting point to try to provide a determination of the Gamma-proton decay width for the eight Lambda-hypernuclei that we produced in the FINUDA experiment.

The crucial point of this analysis is that this time the number of protons caming from decay process must be known as precisely as possible or, if you want, you have to know how many protons are lost due to FSI effect.

There are at least three effects that modify the shape of the spectrum and then the count for the number of protons…

Fortunately, in our situation in the blue part of the spectrum the effects b) and c) are negligible.

Then, we started to think about how to estimate the number of lost protons, remaining faithful to the general philosophy of resorting essentially to experimental data, without using any sophisticated INC calculation.

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 spectra above the μ1 values (blue areas in Fig.1), the importance of the effect b) may be safely neglected, following [3]. The contribution 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.



First determination of I, /T, for 8 HypernucleiJ
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We started by writing this equation for Gamma-proton over Gamma-Lambda where
Np is the number of protons in the higher energy half part of the fitting Gaussian, N2N the number of protons from (5) (about 2%), Nhyp the number of produced 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.

By using the measured quantities available in literature, we obtained this value in the case of Helium-five-Lambda and this one for Carbon-12-Lambda.
In this case the obtained value is in good agreement with the experimental result by Szymanski and collaborators. In the second case the obtained value is definitively larger than the one published by Noumi and collaborators, while is again in good agreement with the results obtained more recently by Bhang.

This way it was possible to obtain a value for alpha for the two hypernuclei. Under the hypothesis that alpha scales linearly with A we get the crossed evaluation as well.

Finally by evaluating the weighted average for alpha we got this expression for alpha and then we were able to determine with this equation the values of Gamma p/Gamma  Lambda for all studied p-shell Hypernuclei.
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First determination of 7, /T, for 8 Hypernuclel
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The blue stars are the values we evaluates for the eight studied Lambda-hypernuclei.

On this plot I reported also other experimental points: the brown circle is the precise measurement on He-five-Lambda performed by Szymanski at BNL; these two green points are the output of the measurements performed by Noumi and collaborators at KEK on Boron-eleven-Lambda and on Carbon-twelve-Lambda; finally the orange marker indicates the result for Carbon-12-Lambda obtained by Bhang again at KEK.

The magenta line is the result of theorethical calculations performed by Itonaga-san and Motoba-san.

A general good agreement between our data and the theoretical prediction is evident, even though the experimental errors are quite large, with the exception of 9BeΛ, which is lower by 1.5σ and of 16OΛ which is lower by 1.3σ. 
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Note di presentazione
In this picture I reported the average 

This is the comparison between the Gamma-proton over Gamma-Lambda world average of the experimental data and the already mentioned calculation by Itonaga and Motoba.

In evaluating the world average it was decided to exclude the Noumi result because it was nor corrected for Final State Interaction effect.




Alessandro Feliciello/ HYP2015 - 12" International Conference on Hypernuclaer and Strange Particle Physics, Sendai, Japan, September 7 - 12, 20@

-
INFN

First determination of 7, /T, for 8 Hypernuclel

I'y/Tyand I';./ I,

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

® T, /I', world average
K. Itonaga, T. Motoba
+ I', /T, world average

1He
| | | |

7y 9 %
ALi ABe.”

K. Itonaga, T. Motoba, Progr. Theor. Phys. Suppl. 185 (2010) 252.

=
£
n
— ]
11 12 13 15 16
A B A C A C A N A 0

0

4
1 |
4
7

|
4 5 6 7 89 10 11 12 13 14 15 16 17

’

R

|

strong nuclear structure effects }

mass number (A)



Relatore
Note di presentazione
This is the situation when you take into account the mesonic decay width.

Also in this case the blue crosses are the values obtained by averaging all the experimental information available in literature.

To my knowledge is the first time that we have a clear indication of the complementarity of the trend of mesonic and non-mesonic decay channels.

Here it is also evident the modulation effect on the Gamma-pi-minus trend due to strong nuclear structure effects.

Similar effects are expected for the one-proton induced decay. They are less evident due to the the larger momentum of the final state particles (∼400 MeV/c instead of ∼100 MeV/c). In any case, the errors are still too large in order to appreciate the modulation effect.
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Note di presentazione

This determination of the partial decay widths for the one-proton and the two-nucleon induced Non-Mesonic Weak Decay of Λ-Hypernuclei in the A=5–16 range permitted to reconstruct the full pattern of decay widths for 5He and 11B.

By merging the information on ΓT/ΓΛ, Γπ−/ΓΛ and Γπ0/ΓΛ provided by other experiments it was possible to derive by difference Γn/ΓΛ, even though with large error.

A consistency check on 12C decay widths confirms the validity of the adopted method.
An overall agreement within the errors is apparent and provides support for the validity of the method.

They are compatible with the outcome of accurate theoretical calculations by Itonaga and Motoba, which predicted nuclear structure effects as large as 10% in 1N induced NMWD of p-shell Hypernuclei. Strong nuclear structure effects were expected (and they were actually observed) for MWD and at a much lower extent for 1N induced NMWD, due to the damping caused by the larger momentum of the final state particles (∼400 MeV/c instead of ∼100 MeV/c).

It would be very interesting to have a complete map of the partial decay widths for s- and p-shell hypernuclei with a precision on each channel better than or of the order of 5%.

This means to have or better to look for the opportunity of collecting large sample of good quality experimental data.
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—— A | AR L ] - T~ one order of magnitude
55 P F \ | more efficient data collection

expected
with respect to K1.8 beam line

- A

Ea Beam lin Kis K1SBR
— Beam momentum 1.5 GeV/c 1.1 GeV/e
Beam intensity 0.5 x 10%/spill 1.2 x 10%/spill
de (1 Li(3/2%).0 = 10°) 7.1ub/sr 17ub/3
Relative ~-ray yield 1 5.7
K /m ratio < 0.9
~-ray peak broadening 8.2% 6.1%

old (2008) conservative (?) perspective

(‘ H. Sugimura et al., PLB 729 (2014) 39.

E10 published data: = 1 x 107 n*/spill
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Note di presentazione
To my knowledge, at present there are no plans for carrying on a similar experimental program.

In the remaining time I would like to briefly discuss the opportunity that could be offered by the construction of the new K1.1 line in the J-PARC Hadron Hall.

K1.1 is a mass-separated charged particle beam under construction.
The maximum momentum is 1.1 GeV/c, which is the same as K1.8BR. However better mass-separation is expected due to the double-stage mass separators. SKS at K1.8 beam line is planned to be moved to this beam line near future.

Significant improvement: in addition the better performance of the soon available new beam line, will make possible a much more efficient data collection.
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A possible apparatus concept layout
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(K1.8BR spectrometer)

essential requirements

@ magnetic analysis of decay products
@ |large detection solid angle (—2n)
@ low detection threshold (K1.8 spectrometer)
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Note di presentazione
By exploiting the main existing experimental facilities, a possible concept layout could be the smart combination of a four-pi detector system, like for instance the CDS spectrometer, and a one-arm magnetic spectrometer, like the historical SKS or the brand-new S-2S one. 

Important prerequisites are: 
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Note di presentazione
The purpose is that of obtaining the full pattern of the decay widths for Helium-five-Lambda, Litium-seven-Lambda, Beryllium-nine-Lambda, Boron-eleven-Lambda, Carbon-twelve-Lambda, Nitrogen-fifteen-Lambda and Oxygen-sixteen-Lambda in a single run.

Actually, only four nuclear targets will be necessary.

Each target slab should not be thicker than 2 mm and tilted by 15-20 degrees with respect to the beam axis in order to maximize the thickness seen by the beam particles and minimize that seen by the charged particles emitted in the decay.

A possible arrangement foresees to divide each target in three thin slices interleaved with 1 mm thick plastic scintillator, acting as active Carbon-twelve target elements.

This Venetian blind arrangement of targets should be no longer than 40 cm, that is half of the CDC length.



Expected rates (rough estimate)
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required beam time: 10 days '
E18 request:

4 x 1012 g+ on target(s)

. ~10% p from 104"— 1% on T /T, ['1/T,
e ~4 x103p from 20/ > 2% on I',_ /T,

. ~10% —3% on I'-/T",

e ~4 x 102 n° — 5% on I o/T,
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Note di presentazione
We assume furthermore a beam intensity of 108 pi+/spill, which looks a realistic guess of the improvements of the machine in the forthcomings years from the present value of some 107 pi+/spill.

Statistical precision (s.p.)
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Conclusions

& First systematic determination of I';/ I', for p-shell Hypernuclei

& experimental data agree with the latest calculations by Itonaga & Motoba,
(even though the errors are quite large...)

K. Itonaga, T. Motoba, Progr. Theor. Phys. Suppl. 185 (2010) 252.

& First experimental verification of the complementary
between MWD and NMWD, at least for charged channels

& Completion of °He, and *'B, NMWD pattern

. Looking forward for new opportunities at J-PARC...
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