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Introduction

Hypernuclear physics was born in 1953, when the Polish physicists M.

Danysz and J. Pniewski [1] observed, in a stack of photographic emulsions

exposed to cosmic rays at around 26 km above the ground, the first hyper-

nucleus through its decay. Since the strange quark is not a normal building

block of nucleons and nuclei, strangeness production is a powerful tool to

study properties of hadronic matter. As in the study of any complex system,

the inclusion of an “impurity” and the study of its subsequent propagation

provides us with a way to reveal configurations or states that can not be

reached otherways.

After the first evidence of hyperfragments in cosmic ray interactions with

nuclei, starting from the end of the Sixties, the installation of beams of K−

mesons at particle accelerators made it possible to study the formation of

hypernuclei in the laboratory. Starting from the Seventies, the study of

hypernuclei was continued with K− beams by means of counter techniques

with magnetic spectrometers and the introduction of new particle detectors

(multiwire proportional chambers and drift chambers). The identification of

well defined excited hypernuclear levels, by means of the kinematical anal-

ysis of the production reaction, was one of the most important results of a

first series of experiments started at CERN and continued at Brookhaven

(USA).

In the Eighties, a new technique for hypernucleus production was intro-

duced at the Brookhaven laboratory, by means of intense beams of high

energy π+. The interest in these new data has triggered the attention of the

nuclear physics community and, in the last few years, different laboratories

around the world have started a hypernuclear physics program: COSY at

5



6 CONTENTS

Jülich in Germany, TJNAF at Newport News in USA, Nuclotron in Dubna

(Russia). In particular the Italian hypernuclear project, the FINUDA exper-

iment (acronim of FIsica NUcleare a DAΦNE) at the Laboratori Nazionali

di Frascati of INFN has just concluded his second data taking.

FINUDA is the first example of a nuclear physics experiment, which is typi-

cally a fixed target experiment, carried out at a collider. The main purposes

of the experiment are the high resolution spectroscopy of Λ hypernuclei and

the study of their non mesonic weak decay.

Non Mesonic Weak Decay (NMWD) of hypernuclei provides the only practi-

cal tool of exploring the four fermion, strangeness-changing NΛ→ NN weak

interaction. Furthermore the large momentum transfer in the non mesonic

decay process suggests a way to probe short distance aspects of the interac-

tion, possibly revealing baryon substructure effects.

The study of the NMWD with the FINUDA data, collected during the first

and the second data taking, is the subject of this thesis. After a description

of the production method of Λ hypernuclei and an explanation of the impor-

tance of the NMWD process, the FINUDA experiment is briefly described.

Then I will describe the analysis tools employed in the data analysis thus

showing the experimental results I obtained. Finally a comparison with the

theoretical expectation and previous experimental results is presented.
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Chapter 1

Λ hypernuclei

1.1 Introduction

A hypernucleus is a nucleus in which one or more nucleons have been re-

placed by hyperons. Hyperons (Λ, Σ, Ω, Ξ) have lifetime of the order of

10−10 sec (apart from the Σ0, which decays into Λγ) and they decay weakly,

with a mean free path λ∼cτ=O(10cm).

The more known and studied hypernuclei from longtime (54 years) are Λ-

hypernuclei, in which one Λ hyperon replaces a nucleon of the nucleus; they

are indicated by the suffix Λ preceding the usual notation of nuclei: A
ΛZ.

Hypernuclei are stable at the nuclear time scale (10−23 s) since the Λ par-

ticle, the lightest of the hyperons, maintains its identity even if embedded

in a system of other nucleons; the only strong interaction which conserves

strangeness and is allowed is, in fact, elastic scattering. When a Λ hyperon

replaces one of the nucleons, the original nuclear structure changes to a sys-

tem composed by the hyperon and the core of the remaining nucleons. The

Λ-core system is rearranged in order to generate a bound state maximizing

the binding energy BΛ, so the depth of the Λ potential hole is different from

the one of a nucleon within the nuclear medium.

In Fig.1.1 the mass number dependence of measured values of BΛ is showed

thus revealing that the binding energy saturates at a value of 25 MeV. Once

a hypernucleus is formed, the Λ is not subject to Pauli principle: this is

due to the strangeness of the Λ particle, which gives it one degree of free-
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8 Λ hypernuclei

dom more and makes it distinguishable from the other nucleons; hence the

hyperon inside the hypernucleus can be used as a unique probe to investi-

gate the interior of the nucleus. The existence of hypernuclei gives a new

dimension to the traditional world of nuclei (states with new symmetries,

selection rules, etc). They represent the first kind of flavoured nuclei, in the

direction of other exotic systems (charmed nuclei and so on).

Figure 1.1: Mass number dependence of the Λ binding energy [2] .

1.2 Production of Λ hypernuclei

In the first stage of Hypernuclear Physics (1953-1972), experiments were

carried out with visualizing techniques and no special care was devoted to

the quality or the energy of the incident beam. The main requirement was

that the incident particle would have enough energy to produce a Λ, which

could eventually stick to one of the fragments of the nucleus disintegrated

by the projectile. This fact was also the reason for which Hypernuclei were

often called ”Hyperfragments”.

From 1972 two-body reactions producing Λ’s on a nuclear target were

8



1.2 Production of Λ hypernuclei 9

studied. The two-body reactions that led to practically all the present bulk

of experimental information are:

1. The “Strangeness Exchange” reaction:

K− + N → Λ + π (1.1)

exploited mainly in the K− + n → Λ + π− charge state, for evident

reasons of easiness for spectroscopizing the final state π. The reaction

can be seen as a transfer of the s-quark from the incident meson to

the struck baryon.

2. The “Associated Production” reaction

π+ + n → Λ + K+. (1.2)

This reaction can be seen as a creation of a (ss̄) pair by the incident meson.

From 1972 the major part of experimentalists involved in Strange Nuclei

Physics had a formation and an approach typical of Nuclear Physics. Quite

recently a third kind of reaction, the electroproduction of Strangeness on

protons in the very forward direction was exploited:

e + p → e′ + Λ + K+ (1.3)

In these kinematical condition the virtual photons associated to the reaction

(1.3) can be regarded as quasi-real and (1.3) is often rewritten as a two-body

photoproduction reaction:

γ + p → Λ + K+ (1.4)

It must be noticed that, whereas with reactions (1.1) and (1.2) it is

possibile to replace a neutron in the target nucleus by a Λ, with reaction

(1.3) a proton is replaced by a Λ, and the neutron-rich mirror Hypernucleus

is obtained out from the same nuclear target. Just for example, with reaction

(1.1) and (1.2) on a 12C target 12
Λ C is produced, with reaction (1.3) 12

Λ B.

Experiments performed with projectiles different than those needed for

reactions (1.1), (1.2) and (1.3), like protons [3], antiprotons [4] or relativistic

Ions were also performed, but they did not supply systematic series of results.

9



10 Λ hypernuclei

Each of the aforesaid reactions has its own characteristics in the elemen-

tary cross-section, internal quantum numbers transfer, momentum transfer,

absorptions of incoming and outcoming particles in nuclear matter.

Figure 1.2: Kinematics of the reactions (1.1), (1.2) and photoproduction for

forward Λ emission (θL=0◦).The momentum transferred to the hyperon is

plotted as a function of the incoming particle (K−, π+ or e) in the Labora-

tory system.

However, the most important parameter in determining the selectivity

of the different reactions is the momentum transfer. Fig. 1.2 shows the

momentum transferred to the Λ hyperon, qΛ, as a function of the momentum

of the projectile in the laboratory frame, pLab, for reactions (1.1) and (1.2),

as well as for photoproduction at θLab = 0◦.

A striking kinematical difference appears: for (1.1), which is exoenergetic,

there is a value of pLab (505 MeV/c, called also “the magic momentum” [5])

for which qΛ vanishes and recoilless production takes place; for (1.2), which

is endoenergetic, qΛ decreases monotonically with pLab, staying always at

values exceeding 200 MeV/c. A further degree of freedom in selecting qΛ

is given by the detection angle of the produced meson. It is also quite

interesting to notice that qΛ for (1.1) with K− at rest is of the same order

of magnitude as for (1.2).

In order to get insight on how the features of the elementary reaction

affect the production of Hypernuclei in well defined states the impulse ap-
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1.2 Production of Λ hypernuclei 11

proximation may be used. The two-body reaction t-matrix in the nuclear

medium is replaced by the free-space t-matrix at the same incident momen-

tum and the differential cross-section for the reaction:

K−

π+







+A Z →A
Λ Z +







π−

K+
(1.5)

may be written as

dσ(θ)/dΩL = ξ [dσ(θ)/dΩL]free Neff(i → f, θ). (1.6)

In (1.6) dσ(θ)/dΩL is the laboratory cross-section for the production of

the Hypernucleus A
ΛZ in a given final state f , ξ a kinematic factor arising from

two-body to many-body frame transformation, [dσ(θ)/dΩL]free the cross sec-

tion for the elementary (or free) reactions (1.1) and (1.2) and Neff(i → f, θ)

the so-called “effective nucleon number”.

Eq. (1.6), quite simple and understandable at first sight, was used by

Bonazzola et al. [6] for the first time to describe the production of Λ–

hypernuclei by the (K−, π−) reaction in flight. All the complications and

difficulties related to the many-body strong interaction system are obviously

contained in the term Neff(i → f, θ) (the Nuclear Physics “black box”).

In the simplest plane wave approximation (PWA) Neff(i → f, θ) can be

furthermore written as

Neff(i → f, θ) = (Clebsh − Gordan coefficients) × F (q), (1.7)

in which F (q) is a form factor. It is possible to see in the frame of the

Independent Particle Model that F (q) is related to q by simple relationships.

Eqs. (1.6), (1.7) provide the essential features of reactions like (1.5)

and corroborate the statement that the momentum transfer is the most

important parameter determining the Hypernuclei production.

PWA is only a rough approximation for describing Hypernuclei produc-

tion reactions and is unable to provide reliable values of the cross sections.

A better insight is given by the Distorted Wave Impulse Approximation

(DWIA). The K and π distorted waves are calculated separately by solving

the Klein-Gordon equation with the use of appropriate optical potentials.

11



12 Λ hypernuclei

The meson potentials are conventionally taken to be proportional to the

nucleon density. In its simplest form, DWIA is applied without inclusion of

spin, neglecting multi-step processes (such as intermediate Σ production),

and including off-shell effects. However, in order to apply DWIA, one must

have knowledge of the elementary amplitudes for hyperon production, which

is in general not well known.

DWIA calculations are quite successful in describing the shape of the an-

gular distribution as well as the absolute value of the cross section (within

∼ 25%) and are generally used to determine the spin of the produced Hy-

pernuclear final states. The DWIA approximates the production process,

assuming that an incident projectile interacts with a nucleon in a specific,

single-particle nuclear state, producing a hyperon which is then deposited in

a specific, single particle hyperon state. In this formalism both the produc-

tion and the spectra of hypernuclei can be considered in term of (particle,

hole) states. Here a ”hole” represents the removal of a nucleon from a nu-

clear states and is written as a ”hole” wave function coupled to the nuclear

core. The ”hole” has the quantum number of the nucleon which was re-

moved. This is a further explanation of the strong influence of the reaction

kinematic on the hypernuclear production.

Similar theoretical considerations may be applied also for describing the

electroproduction of Hypernuclei by means of the elementary reaction (1.3),

even though the relevant expressions are somehow complicated by the three-

body final state kinematics and by the dynamics described by the electro-

magnetic interaction. The relevant relationships can be found, e.g., in [7]

and [8].

It appears that, with the (K−,π−) reactions in flight, substitutional states of

the Hypernucleus in which a neutron of the target nucleus is converted into

a Λ hyperon in the same orbit with no orbital angular momentum transfer

are preferentially populated. On the other hand the (π+,K+) and (e,e’K+)

reactions, and also the (K−,π−) reaction at rest transfer a significant (200-

300 MeV/c) recoil momentum to the Hypernucleus, and then several high

spin hypernuclear states are simultaneously produced. This feature is of

paramount importance for Hypernuclear Spectroscopy studies and also for

investigations on the Weak Decay, which occurs mainly for Hypernuclei in

12



1.2 Production of Λ hypernuclei 13

the ground state. Furthermore, since the spin-flip amplitudes in reactions

(1.1) and (1.2) are generally small, they populate mainly non spin-flip states

of Hypernuclei. On the contrary, since the amplitude for reaction (1.3) has

a sizable spin-flip component even at zero degrees due to the spin 1 of the

photon, both spin-flip and non spin-flip final Hypernuclear states may be

populated in electroproduction. From the above considerations it appears

that in principle we have at disposal all the tools needed for a complete

study of all the Hypernuclei we wish to study. In practice the experimenters

have to face many other constraints in designing their detectors. They are:

1. the values of the cross sections for producing Hypernuclei with reac-

tions (1.1), (1.2) and (1.3)

2. the presence of physical backgrounds in which the signals due to Hy-

pernuclei’s formation could be blurred

3. the intensity and energy resolution of the beams of projectiles (K−,π+,

e)

4. the availability of the above beams at the different Laboratories, in

competition with other experiments in Nuclear and Particle Physics.

A simple answer to question 1 is given by Fig.1.3

It must be noticed that the production of Hypernuclei by means of the

(K−,π) reaction with K− at rest is reported too on a cross-section scale,

which is formally wrong since the production by particles at rest is defined

by a capture rate and not by a cross section. This information is inserted on

the plot, with a suitable normalization on similar reactions. Unfortunately

the intensities and the qualities of the beams scale inversely to the values

of the production cross-sections. The electron beams were always excellent

concerning the intensity and the energy resolution. Unfortunately in the

past years the duty cycle of the machines was very low, and the smallness of

the cross section joined to the need of measuring the e’ and K+ from (1.3)

in coincidence did not allow to study the production of Hypernuclei. Only

the advent of TJNAF, a machine with an excellent duty cycle, allowed the

13



14 Λ hypernuclei

Figure 1.3: Hypernuclear production cross section for typical reactions ver-

sus momentum transfer.
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1.2 Production of Λ hypernuclei 15

start up of experiments on Hypernuclei. The best projectiles for produc-

ing Hypernuclei, and in general Strange Nuclei, are K−. Unfortunately the

intensity of such secondary beams is quite low, and even worse the quality

(contamination by π−, energy spread). For these reasons the magnetic spec-

trometers that were designed were quite complicated and the running times

needed to obtain adequate statistics long. The poweful complex of machines

J-PARC, that will be operational in two years, and for which Strange Nuclei

and Atoms Physics will be one of the top priorities, will allow a real break-

through in this field. Production of Hypernuclei by pion beams is midway

concerning both the cross sections and the quality of the beams. For these

reasons experiments using reaction (1.2) performed mostly at KEK with the

SKS spectrometer produced the major part of experimental information in

the last ten years by means of advanced state-of-art technologies at an old

machine, the KEK 12 GeV ProtonSynchrotron. Overviews of the measure-

ments done with the SKS can be found in Ref. [8]. A special discussion

must be given in relation to the use of the (K−,π−) reaction at rest. This

method seems the easier to exploit, since no experimental information on

the momentum of the incoming particle is needed. Taking again as example

the production of 12
Λ C from a 12C target with reaction (1.1) with K− at rest:

K−
stop +12 C →12

Λ C + π− (1.8)

at first sight one could think that the simple spectroscopy of the π− coming

from the hypernucleus formation should be enough to get information on

the excitation spectrum of 12
Λ C. The fastest π− should be those related to

the formation of 12
Λ C in the ground state. Unfortunately other processes

following the capture of K− at rest produce π− with momenta even larger

than those from reactions like (1.8). The more dangerous for hypernuclear

spectroscopy is the capture of a K− by a correlated (np) pair in the nucleus:

K− + (np) → Σ− + p (1.9)

followed by the decay in flight of the Σ− into π−+n. This process leads

to the production of π− with a flat momentum spectrum extended beyond

the kinematical limit due to the two-body production of Hypernuclei. This

15



16 Λ hypernuclei

drawback was clearly understood in the first series of experiments on Hy-

pernuclei with K− at rest performed at KEK laboratory.

Figure 1.4: A schematic presentation of three strangeness producing reac-

tions used to study hypernuclei.

1.3 Strangeness exchange production

In the (K−, π−) production reaction the incident K− transforms the struck

neutron into a Λ or Σ and a π− is emitted with an energy spectrum which

is directly related to the populated hypernuclear levels. kaon absorption

generally leads to a Σ rather than a Λ hyperon, but the Σ and the Λ pro-

duction are clearly distinguishable due to the different momentum of the

emitted pion. The (K−,π0) reaction leads to neutral particles in the final

states, making the experimental observation really hard, so I will focus on

the (K−,π−) reaction. Depending on the momentun of the incident kaon we

can have the In-flight reaction production or the production with K− at rest.

These two processes differ both in branching ratio for hyperon production

and in kinematics.

16



1.3 Strangeness exchange production 17

1.3.1 In flight production

The in-flight (K−,π−) reaction was not the first used for hypernuclear

production, but it was the reaction that introduced the modern era of

accelerator-based investigations using magnetic spectometers ad electronic

counters. In the early 1970’s it was recognized that the incident momentum

in the n(K−,π−)Λ reaction could be chosen so that the momentum trans-

fered to Λ could be zero and at the same time, separated beams of kaons

at approximately 750 MeV/c could provide a maximum on the elementary

cross-section. Thus a series of experiment using the in-flight (K−,π−) reac-

tion was initiated at CERN and then at BNL. The spectra of light hypernu-

clei show peaks for substitutonal states (a neutron replaced with a Λ with

the same quantum number) for states near the nuclear surface.

This occours because the strong nuclear absorption limits the K− penetra-

tion of the nucleus, and the reaction has approximately zero angular mo-

mentum transfer. Thus, as the nuclear radius increases, the excitation of the

core states decreases. In addition, the reaction yield to specific states also

decreases with A, because for a given target thickness in g/cm2 the number

of target nuclei decreases with the first power of A, while the cross-section

increases only as A2/3, resulting in an overall decrease in strenght of A1/3.

Since the Λ spin is 1/2, a substitutional state in which the hyperon simply

takes the place of the nucleon involved in the production reaction is the only

way to preserve the angular momentum. For this reason the production of

hypernuclei in the gronud state is pratically impossible with this method.

Some results obetained with this method [9] are shown in Fig.1.5. Kaons

momentum was (390± 8) MeV/c and π− were detected in the forward di-

rection ; the Λ was almost at rest (pΛ ≤ 80 MeV/c). The collected statistics

is very low, nevertheless these are still today the best published results con-

cerning the 27Al target.

1.3.2 Production with K
− at rest

Before separated beamlines, the (K−
stopped,π

−) reaction was extensively used

to produce hypernuclei. The stopped reaction proceeds when a kaon is ab-

sorbed from an atomic orbit into the nucleus. X-ray measurements of kaon

17



18 Λ hypernuclei

Figure 1.5: Excitation spectrum of 16
Λ O (on left) and 27

Λ Al (on right).

absorption on 12C, for example, indicate that 20% of all the kaons are cap-

tured from 3d orbits, while the remaining 80% are believed to be captured

from low angular momentum, l=0 or 1.

During capture, a Λ is produced by the reaction K−+N → Λ+π. Kaon ab-

sorption at rest provides momentum transfer approximately equal to Fermi

momentum of a bound Λ (250 MeV/c) allowing the production of hypernu-

clear states in which a large variation of the angular momentum is involved.

Furthermore that hypernucleus is formed without breaking the original nu-

cleus. The Λ hypernucleus binding energy BΛ can be defined as:

BΛ = mcore + mΛ − mhyp (1.10)

where

• mcore= m(A−1)Z : mass of the nuclear core

• mΛ :Λ hyperon mass

• mhyp =m(A−1)
Λ

Z
: measured mass of the produced hypernucleus

mcore and mΛ are known quantities, so we only need to measure mhyp.

If we consider the (K−
stop,π

−) reaction since both the kaons and the target

nucleus are at rest, by applying the energy conservation, we obtain the

following relation:

18



1.3 Strangeness exchange production 19

mtarg+mK− =
√

m2
hyp + p2

hyp+
√

m2
π−

+ p2
π−

=
√

m2
hyp + p2

π−
+Eπ−(1.11)

where

• mtarg =mAZ : mass of the target nucleus

• phyp =p(A−1)
Λ

Z
: momentum transferred to the produced hypernucleus

The momentum conservation implies that phyp = pπ− and

the hypernucleus mass can be evaluated directly form the π− momentum

mhyp =
√

(mtarg + mK− − Eπ−)2 − p2
π− (1.12)

The experimental measurement of pπ− is the result of the analysis of

the momentum spectrum of emitted π−, which is the convolution of several

spectra due to the different reactions. In fig.1.6 the expected inclusive π−

momentum spectrum from nuclear absorption of K− at rest is shown (taking

into account the contribution of each physical process).

Figure 1.6: Theoretical spectrum: momentum of emitted π− due to inter-

action between K−
stop and nucleus [10].

Most recently a theoretical study of the in-medium modification of the

KN interaction points out that the (K−
stop,π

−) reaction can be used to better

define the K− optical potential at threshold. As previously discussed, the

stopped reaction has higher momentum transfer than the in-flight reaction,

19



20 Λ hypernuclei

and is much less selective. In comparison the quasifree process is larger so

it becomes difficult to resolve states near BΛ = 0 due to this background.

So the effectiveness of the reaction, particularly for the higher energy levels,

is limited, even if the energy resolution is improved.

1.4 Associated production reaction

The (π+,K+) reaction was first exploited at the AGS in a series of investi-

gations providing spectra across a wide range of hypernuclei, with typical

resolution of 3-4 MeV. The reaction was then developed in detail at KEK

with a dedicated beamline using a high resolution spectrometer, SKS, specif-

ically built to detect the reaction kaons.

The associated production reaction has so far been the most productive of

all hypernuclear reaction. While the cross section is lower than (K−,π) reac-

tion, the higher intensities of pion beams can more then compesate for this

deficiency. More importantly, however, the selectivity of the reaction, and

the penetrability of the projectiles allow the excitation of selected, deeply

lying states. Counter experiments using magnetic spectrometers have gen-

erally provided hypernuclear spectra having energy resolutions ≥ 2 MeV

. This is due to the intrinsic resolutions of secondary mesonic beam-lines,

and to the target thickness required to obtain sufficient counting rates. The

first excitation spectrum for the 89Y was obtained at the AGS experiment

through the (π+,K+) reaction (Fig.1.7), with a 4 MeV (FWHM) energy

resolution.

A better result (Fig.1.8) was obtained at KEK by the E369 experiment. In

this case the energy resolution is 1.65 MeV (FWHM).

The bump structures correspond to the orbital angular momentum of the

major shells orbitals (s,p, d,f) in the bound region. The f orbital is split into

two peaks. The presence of splitted levels for the p and the d orbitals is also

suggested by this spectrum, due to the bumps width, which is significantly

wider than the experimental resolution [12].
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1.5 Photoproduction reaction 21

Figure 1.7: The excitation spectrum for the 89Y(π+, K+)89Λ Y reaction at

pπ = 1.05 GeV/c and θK = 10◦, from the AGS experiment. The curves

represent theoretical calculations. (From Ref. [11].)

1.5 Photoproduction reaction

Spectroscopy using electromagnetic probes is practical only by using the (e,

e’K+) reaction since the yield rates and mass resolution necessary for spec-

troscopy cannot be achieved with real photon beams. An electron interacts

with a target nucleus, emitting a virtual photon that hits a proton in the

target and a hyperon and a kaon are associatively produced. A Λ hypernu-

cleus is formed when the Λ hyperon is bound to the residual nuclear core

with charge. In order to determine the hypernuclear mass experimentally,

it is necessary to know the incident beam energy and to measure momenta

of both the scattered electron and the kaon in coincidence.

The hypernuclear production cross section for the (e, e’K+) reaction can

be expressed in terms of the elementary photo production process and the

virtual photon flux.

From the experimental point of view, an important advantage of the

(e, e’K+) reaction is that it has the potential to carry out hypernuclear

reaction spectroscopy with sub-MeV mass resolution. A resolution of a few

100 keV can be achieved and will have great impact on hypernuclear reaction
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22 Λ hypernuclei

Figure 1.8: The excitation spectrum for the 89Y(π+, K+)89Λ Y reaction ob-

tained at KEK by E369 experiment [12]

spectroscopy. The expected resolution is comparable to spreading widths of

hypernuclear states excited above the nucleon emission thresholds and to

the excitation energies of many core excited states. Therefore, it becomes

possible to identify a hyperon single-particle orbit more clearly, untangling

core excited states.

22



Chapter 2

Weak Decay modes of Λ

Hypernuclei

2.1 Introduction

A Λ hyperon, which carries out the ’strangeness’ degree of freedom, can be

used as a unique probe to investigate the interior of the nucleus since it does

not suffer from Pauli’s exclusion principle. In order to describe the structure

of the hypernuclei the knowledge of the elementary hyperon-nucleon (YN)

and hyperon-hyperon (YY) interactions is crucial.

Hyperon masses differ remarkably from the nucleonic mass, hence the flavour

SU(3) symmetry is broken. The amount of this breaking is a fundamen-

tal question in order to understand the baryon-baryon interaction in the

strangeness physics. Nowadays the knowledge of hypernuclear phenomena

is rather good, but some open problems still remain. The study of this field

may help in understanding some important question, related to:

• some aspects of the baryon-baryon weak interaction;

• the YN and YY strong interaction in the JP =1/2+ baryon octet;

• the possible existence of di-baryon particles;

• the renormalitation of hyperon and meson proprierties in the nuclear

medium;
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24 Weak Decay modes of Λ Hypernuclei

• the nuclear structure: for istance, the long standing question of the

origin of the spin-orbit interaction and other aspects of the many-body

nuclear dynamics;

• the role played by quark degrees of freedom, flavour symmetry and

chiral models in nuclear and hypernuclear phenomena.

In particular the first item and the last one can be discussed and under-

stood by investigating the hypernuclear weak decays.

The importance of such process was pointed out just at the first beginning

of Hypernuclear Physics. As a matter of fact, Cheston and Primakov gave

a quantitative discussion of the possibility that a Λ hyperon bound to nu-

cleons might undergo non mesonic decay in 1953 [25]. In a nucleus the Λ

can decay by emitting a nucleon and a pion (mesonic mode) as it happens

in free space, but its weak interaction with the nucleons opens new channels

indicated as non mesonic decay modes.

These are the dominant decay channels of medium-heavy nuclei (A ≥12),

where, on the contrary, the mesonic decay is disfavoured by Pauli blocking

effect on the outgoing nucleon. In particular, one can distinguish between

one-body and two-body induced decays, according whether the hyperon in-

teracts with a single nucleon or with a pair of correlated nucleons.

2.2 Weak decay modes of Λ-Hypernuclei

Typical lifetimes for strong and electromagnetic interactions are much smaller

than the ones for weak interaction, as shown in Tab. 2.1, then , even if a hy-

pernucleus is formed in an excited state, it usually reaches its ground state

by radiative processes before decaying through weak channels.

The two principal weak decay mechanisms inside a hypernucleus are [13]:

• The mesonic weak decay

• The non-mesonic weak decay (NMWD)
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2.2 Weak decay modes of Λ-Hypernuclei 25

Interaction Liftime (s)

Strong 10−24

Electromagnetic 10−16

Weak 10−10÷10−8

Table 2.1: Table of typical lifetimes for different interactions.

2.2.1 The mesonic decay

The mesonic mode is the main decay channel of a Λ in free space and it

occurs following the processes described by:

Λ → π−p (B.R. = 63.9 × 10−2) (2.1)

Λ → π0n (B.R. = 35.8 × 10−2) (2.2)

with a lifetime τ free
Λ

= h̄/ Γfree
Λ

=2.632 × 10−10 sec. Semi-leptonic and

weak radiative Λ decay modes have negligible branching ratios:

Λ → nγ (B.R. = 1.75 × 10−3) (2.3)

Λ → pπ−γ (B.R. = 8.4 × 10−4) (2.4)

Λ → pe−ν̄e (B.R. = 8.32 × 10−4) (2.5)

Λ → pµ−ν̄µ (B.R. = 1.57 × 10−4) (2.6)

and will not be considered here.

The Λ hyperon is an isospin singlet (IΛ = 0), while the πN system can

be either in I=1/2 or in I =3/2 isospin states. The customary angular

momentum coupling implies:
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(2.7)

|π0n〉 =
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〉

(2.8)

Hence the ratio of amplitudes for ∆I =1/2 transitions yields:
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Γfree
Λ→π−p

Γfree
Λ→π0n

≃
|〈π−p|T1/2,−1/2|Λ〉|

2

|〈π0n|T1/2,−1/2|Λ〉|2
=

∣

∣

∣

∣

√

2/3
√

1/3

∣

∣

∣

∣

2

= 2 (2.9)

while a ∆I =3/2 process should give:

Γfree
Λ→π−p

Γfree
Λ→π0n

≃
|〈π−p|T3/2,−1/2|Λ〉|

2

|〈π0n|T3/2,−1/2|Λ〉|2
=

∣

∣
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√
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∣
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2

=
1

2
(2.10)

Experimentally the above ratio turns out to be:

{Γfree
Λ→π−p

Γfree
Λ→π0n

}Exp

≃ 1.78 (2.11)

which is close to 2 and strongly suggests the ∆I =1/2 rule on the isospin

change. From the above considerations and from analysis of the Λ polar-

ization observables it follows that the measured ratio between ∆I =1/2 and

∆I =3/2 transition amplitudes is very large:

∣

∣

∣

∣

A1/2

A3/2

∣

∣

∣

∣

≃ 30. (2.12)

The ∆I =1/2 rule is based on experimental observations but its dynami-

cal origin is not yet understood on theoretical grounds. It is also valid for the

decay of the Σ hyperon and for pionic kaon decays (namely in non-leptonic

strangeness-changing processes).

Actually, this rule is slightly violated in the Λ free decay, and it is not clear

whether it is an universal characteristic of all non-leptonic processes with

∆S 6= 0. The Q-value for free Λ mesonic decay at rest is

QΛ ≃ mΛ − mN − mπ ≃ 40MeV. (2.13)

Then taking into account energy-momentum conservation one has

mΛ ≃
√

~p2
π + m2

π +
√

~p2
N + m2

N (2.14)
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2.2 Weak decay modes of Λ-Hypernuclei 27

in the center-of-mass system and the momentum of the final nucleons

turns out to be p≃ 100 MeV. Inside a hypernucleus, the binding energies of

the recoil nucleon and of the Λ tend to further decrease Q and hence p.

As a consequence, in nuclei the mesonic decay is disfavoured by the Pauli

principle, particularly in heavy systems. It is strictly forbidden in normal

infinite nuclear matter (where the Fermi momentum is k0
F ≃ 270MeV), while

in finite nuclei it can occur because of three important effects:

1. In nuclei the hyperon has a momentum distribution (being confined

in a limited spatial region) that allows larger momenta to be available

to the final nucleon;

2. The final pion feels an attraction by the medium such that for fixed

momentum q it has an energy smaller than the free one and conse-

quently, due to energy conservation, the final nucleon again has more

chance to come out above the Fermi surface.

Indeed it has been shown [14][15] that the pion distortion increases

the mesonic width by one or two orders of magnitude for very heavy

hypernuclei (A≃ 200) with respect to the value obtained without the

medium distortion;

3. At the nuclear surface the local Fermi momentum is considerably

smaller than k0
F, and the Pauli blocking is less effective in forbidding

the decay.

In any case the mesonic width rapidly decreases as the nuclear mass

number A of the hypernucleus increases.

Even though the Λ particle has a lifetime of the order of 10−10 s due to

its stability against strong interaction, it is still so difficult to perform ΛN

scattering experiments that the amount and accuracy of the data are lim-

ited. Therefore, to produce Λ hypernuclei and to investigate their structure

has been the most practical approach to study the Λ–N interaction.

In the calculation starting from the realistic ΛN two–body interaction, the

existence of a central repulsion in the hyperon–nucleus potential has been

discussed by many authors. The strenght of long–range attraction of the

YN interaction is much weaker than that of the NN interaction and it is
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28 Weak Decay modes of Λ Hypernuclei

almost counterbalanced by the short–range repulsion. Reflecting this situ-

ation, there remains inner repulsion also in the hyperon-nucleus potential

which is constructed from the YN interaction using the folding procedure.

This effect can be experimentally detected most distinctly in the case of very

light (A=4–5) hypernuclear systems. A hyperon is pushed outward from a

core nucleus due to this repulsion. Consequently, the overlap of the wave

function of the hyperon with the nucleus is considered to be much reduced.

The π–mesonic decay of hypernuclei, as said, undergoes Pauli suppression

and the mesonic decay rate is thus sensitive to the extent of the overlap be-

tween the wave functions of Λ and core nucleus, which reflects the potential

shape felt by Λ in nuclei. If the mesonic decay rate can be precisely mea-

sured, it is expected to be an essential complement of knowledge of the Λ

single particle potential, the shape of which cannot be investigated from the

Λ binding energy. Accurate measurements of the π–mesonic decay width of

light s–shell Λ hypernuclei were performed at KEK with the SKS spectrom-

eter in E462 experiment [20] and the existence of a inner repulsive core was

established [16]–[19] .

2.2.2 The non mesonic decay

In hypernuclei the weak decay can occur through processes which involve a

weak interaction of the Λ with one or more nucleons. Sticking to the weak

hadronic vertex Λ → πN, when the emitted pion is virtual, then it will be

absorbed by the nuclear medium, resulting in a non-mesonic process of the

following type:

Λn → nn (Γn), (2.15)

Λp → np (Γp), (2.16)

ΛNN → nNN (Γ2), (2.17)

The total weak decay rate of a Λ-hypernucleus is then:

ΓT = ΓM + ΓNM (2.18)

where ΓM and ΓNM indicate, respectively, the mesonic and non mesonic

decay widths and can be written as:
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2.2 Weak decay modes of Λ-Hypernuclei 29

ΓM = Γπ− + Γπ0 (2.19)

ΓNM = Γ1 + Γ2 (2.20)

Γ1 = Γn + Γp (2.21)

and the lifetime is τ= h̄/ ΓT. The channel (2.17) can be interpreted by

assuming that the pion is absorbed by a pair of nucleons, correlated by the

strong interaction. This term, often referred as ”two-nucleon-induced decay”

has been proposed in addition to the two-body reaction Λ+N → N +N by

theoretical considerations [65], but a convincing experimental evidence has

not yet been put forward. Obviously, the non-mesonic processes can also be

mediated by the exchange of more massive mesons than the pion as shown

in Fig. 2.1

Figure 2.1: One nucleon (on left) and two-nucleons (on right) induced Λ

decay in nuclei

The non-mesonic mode is only possible in nuclei and, nowadays, the sys-

tematic study of the hypernuclear decay is the only practical way to get

information on the weak process ΛN → NN (which provides the first exten-

sion of the weak ∆S=0 NN → NN interaction to strange baryons), especially

on its parity-conserving part, which is masked by the strong interaction in

the weak NN → NN reaction.
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30 Weak Decay modes of Λ Hypernuclei

The final nucleons in the non-mesonic processes are emitted with large mo-

menta: disregarding the Λ and nucleon binding energies and assuming the

available energy Q = mΛ − mN≃ 176 MeV to be equally splitted among

the final nucleons, it turns out that pN≃ 420MeV for the one-nucleon in-

duced channels (Eqs 2.15 and 2.16) and pN≃ 340 MeV in the case of the

two-nucleon induced mechanism (Eq.2.17).

Therefore, the non-mesonic decay mode is not forbidden by the Pauli prin-

ciple: on the contrary, the final nucleons have great probability to escape

from the nucleus. The non-mesonic mechanism dominates over the mesonic

mode for all but the s-shell hypernuclei. Only for very light systems the two

decay modes are competitive.

2.3 Theoretical Models

Several theoretical models have been developed in order to explain the weak

decay mechanism of Λ hypernuclei ; the main differences between these mod-

els must be referred to the nature of the exchange potential.

The first calculations of the mesonic rate for light hypernuclei date at the

end of the 50’s [24]. The Pauli blocking effect for nuclear decay was esti-

mated and used in order to assign the spin to the ground state of s-shell

hypernuclei. As mentioned in Sec 2.1. the possibility of non-mesonic hyper-

nuclear decay was suggested for the first time in 1953 [25] and interpreted

in terms of the free space Λ → Nπ decay, where the pion was considered as

virtual and then absorbed by a bound nucleon.

In the 60’s Block and Dalitz [26] [27] developed a phenomenological model,

which has been more recently updated [28] [29]. Within this approach, some

important characteristics of the non-mesonic decays (for instance the valid-

ity of the ∆I =1/2 rule) of s-shell hypernuclei can be reproduced in terms of

elementary spin-dependent branching ratios for the Λn → nn and Λp → np

processes, by fitting the available experimental data.

After the first analysis by Block and Dalitz, microscopic models of the

ΛN → nN interaction began to be developed. The first of these models

was the One-Pion-Exchange (OPE) model. The OPE model is based on the
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2.3 Theoretical Models 31

ΛNπ weak vertex followed by the absorption of the virtual pion by a second

nucleon of the nuclear medium. The results of the decay width calculation

for the one nucleon induced NMWD were not realistic also because the em-

ployed ΛNπ coupling was too small to reproduce the Λ free lifetime.

Afterwards, in order to improve the OPE model, mesons heavier than the

pion were introduced as mediators of the ΛN → NN interaction. McKellar

and Gibson [30] evaluated the width for a Λ in nuclear matter, adding the

exchange of the ρ-meson and taking into account ΛN relative s–states only.

They calculated the ΛNρ weak vertex assuming the ∆I =1/2 rule and made

the calculation by using the two possible relative signs (being at the time

unknown and not fixed by their model) between the pion and ρ potentials.

It is important to note that for mesons heavier than the pion, no experimen-

tal indication supports the validity of the ∆I =1/2 rule for their couplings

with baryons [31]. Some years later, Nardulli [32] determined the relative

sign (-) between ρ and π exchange implementing the available information

from weak non-leptonic and radiative decays. Refs.[30] [32] obtained a non-

mesonic width in the (ρ+π) exchange model smaller than the OPE one.

In 1986 Dubach et al. [33] extended the OPE model to the more complete

OME (One Meson Exchange), in which different exchanged mesons (π, ρ,

K, K∗, ω and η ) were considered. For most of the OME calculation the

∆I =1/2 rule was assumed for the meson coupling with baryons. This as-

sumption is justified for the ΛNπ weak vertex, but there is no experimental

evidence to assume it for other vetices like ΛNρ which is not accessible ex-

perimentally.

Another theoretical approach to the short-range nature of the ΛN weak

interaction is the quark current interaction model. Cheung, Heddele and

Kisslinger [34][35] considered the hybrid quark hadron model for the non-

mesonic decay. In this model the decay is explained by two separate mech-

anism which have different interaction range: the long–range term (r ≥ 0.8

fm) was described by OPE with ∆I =1/2 rule, whereas the short range

interaction was described by a six-quark cluster model including both ∆I

=1/2 and ∆I =3/2 contribution.

More recently Inoue et al. calculated the non mesonic decay width with a

direct quark (DQ) model [36][37] where a four-quark interaction between
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32 Weak Decay modes of Λ Hypernuclei

the costituent quarks of baryons caused the transition without exchanging

mesons. The four-quark vertex was obtained from the low-energy effective

Hamiltonian in the perturbative QCD theory which contains both ∆I =1/2

and ∆I =3/2 transitions. Those authors stressed that the DQ mechanism

gives a significant ∆I =3/2 contribution in the l=0 channel. This model

was further extended to combine with the OME calculation [38] in order to

take into account the long-range interaction which is not included in the DQ

mechanism.

All these theoretical efforts done in the last years were devoted to the so-

lution of an important question concerning the weak decay rates. In fact

the study of the NMWD was characterized by a longstanding disagreement

between theoretical estimates and experimental determinations of the ratio

Γn/Γp between the neutron- and the proton-induced decay widths.

It is worth recalling here that, up to short time ago, all theoretical calcu-

lations appeared to strongly underestimate the available central data mea-

sured in several hypernuclei:

{

Γn

Γp

}Theory

≪

{

Γn

Γp

}Exp

, 0.5 ≤

{

Γn

Γp

}Exp

≤ 2 (2.22)

Nowadays it seems that hypernuclear physics is going toward a solution

of the Γn/Γp puzzle in the non mesonic weak decay thanks also to the

inclusion in the ΛN → nN transition potential of mesons heavier than the

pion, the inclusion of interaction terms that explicitly violate the ∆I =1/2

rule and the description of the short range baryon-baryon interaction in

terms of quark degrees of freedom, which automatically introduces ∆I =3/2

contributions.

In the next section the partial agreement obtained between the theoretical

predictions and the experimental data is described.

2.4 Experimental results

Since the non-mesonic channel is characterized by a large momentum trans-

fer, the details of the hypernuclear structure do not have a substantial in-

fluence (then providing useful information directly on the hadronic weak
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interaction). On the other hand, the NN and ΛN short range correlations

turn out to be very important.

In fact the large momentum transfer in non–mesonic decay processes implies

that they probe short distances and might, therefore, elucidate the rôle of

explicit quark/gluon substructure of the baryons. Furthermore, the funda-

mental question as to whether the ∆I = 1/2 rule, which governs pionic

decay, applies to the non–mesonic weak decays may also be addressed.

Recent review papers on this topic are due to Alberico and Garbarino [13]

and to Outa [21]. The first observable that can be measured is the lifetime

τΛ of a given hypernucleus for weak decay, otherwise referred as the lifetime

of Λ in nuclei. Recently measurements of τΛ of reasonable quality (errors of

∼ 10%) were performed [3] [63] [64] and the results are summarized by Fig

2.2 .

Figure 2.2: Lifetime of the Λ–hyperon as measured for several Λ–

hypernuclei.

It should be noticed that all the experimental data points show a smoothly

decreasing behaviour as a function of the mass number A, with the exception

of the value for 16O and that for the heavier targets (Bi, U). Whereas for

all the experiments in agreement the hypernuclei were produced by means

of reactions (1.1) and (1.2), the experiment on 16
Λ O was performed using a

beam of relativstic 16O ions and that on the heavier targets by means of
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34 Weak Decay modes of Λ Hypernuclei

delayed fission induced by protons.

The datum on 16
Λ O is very likely affected by some experimental drawback,

the datum for the heavy targets is quite recent and the experiment was care-

fully done. The conclusion is that for the medium A hypernuclei τΛ is about

80% that of the free Λ, falling at about 50% for the heaviest targets. Based

on the results of lifetime measurements and mesonic decay branching ratio

in the mass number range of 12 ≤ A ≤ 56, the mass number dependence of

the non–mesonic decay widhts is plotted in Fig. 2.3

Figure 2.3: Total non mesonic decay widths of Λ–hypernuclei. For details

see the text.

Closed circles are the data in E307 [45] and the open circles are previous

experimental data in which the hypernuclear production was explicitly iden-

tified. The open diamonds are experimental data of lifetimes measurements

for very heavy hypernuclei in the mass region of A∼200 with recoil shadow

method on p+ Bi and p+ U reactions at COSY in which the production of

strangeness was not explicitly identified. The plotted data around A∼200 in

Fig. 2.3 were the ones converted from the results of lifetimes measurements,

assuming that non mesonic decay occours in heavy Λ–hypernuclei.

The solid line is a calculation by Itonaga et al. [39]. The dash-dotted line

is a calculation by Ramos et al. [67] based on one-pion exchange potential

in which the vertex renormalization effect in the nuclear medium and the
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local density approximation are taken into account. Their results of the non

mesonic decay widths are much larger than the experimental results and do

not seem to saturate around A = 56. The dashed line is a calculation by

Alberico et al. [68] (1N-induced decay only included); they updated Ramos

calculation and obtained results closer to the present data by adjusting the

Landau-Migdal parameter, which controls the short-range part of the pion

potential. The open square shows a result with the direct quark exchange

model in nuclear medium by Sasaki et al. [38].

As said, up to very recent times, the main challenge of hypernuclear weak

decay studies has been to provide a theoretical explanation of the large ex-

perimental values for the ratio Γn/Γp between the neutron- and the proton-

induced decay widths. Until recently, the large uncertainties involved in the

extraction of the ratio from data did not allow to reach any definitive con-

clusion. The data were quite limited and not precise due to the difficulty of

detecting the products of the non–mesonic decays, especially the neutrons.

In Fig. 2.4 the Γn/Γp ratio of Λ–hypernuclei as function of the mass number

A is reported.

Figure 2.4: The Γn/Γp ratio of Λ–hypernuclei.

The closed and open circles are the results of the E307 experiment [45],

assuming the ”1N only” and ”1N and 2N” processes, respectively. The open

squares are previous experimental data by Szymanski et al. [42] and Noumi
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36 Weak Decay modes of Λ Hypernuclei

et al. [43]. The experimental data on 5
ΛHe were obtained with SKS spec-

trometer at E307 experiment [45].

Theoretical calculations by Itonaga [39], Parreno [95], Sasaki [38] and

Garbarino [100] are plotted in the same figure.

The direct quark current exchange model (DQ) was applied to explain the

very short-range part of the non mesonic decay in light Λ–hypernuclei and

nuclear matter, incorporating it with the contribution of π and K meson

exchanges. Systematic studies were performed about various combinations

of meson exchange potentials. It was also pointed out that two-nucleon in-

duced non mesonic decay could play an important role in the non mesonic

weak decay even if no experiment has so far explicitly measured the con-

tribution of the two-nucleon process. The results of the non mesonic decay

widths and the Γn/Γp ratios provide good criteria to test the short-range

nature of the non mesonic decay, which is essentially important to under-

stand its mechanism.

However, as shown in Fig. 2.3 and 2.4, there is no theoretical calculation

that explains both the nonmesonic decay width and the Γn/Γp ratio consis-

tently.

For instance, the quark-current exchange model gives the Γn/Γp ratio in nu-

clear matter comparable to the present experimental data, but overestimates

the nonmesonic decay width. The conventional meson exchange models, in

which the contribution of heavy mesons is included, provide larger Γn/Γp

ratios than those by the one-pion exchange model, though the results of

meson exchange models are still smaller than the experimental data.

As said among the mechanisms explored to remedy the puzzle, direct quark

model approaches have been adopted [38] and the results of these calcu-

lations, which yield a large violation of the ∆I = 1/2 rule, provide, on

the contrary, significant larger values for the ratio Γn/Γp ∼ 0.4. A similar

experimental value of 0.4, though still affected by considerably high errors

(∼ 20%), was reported by very recent measurements at KEK, in which nu-

cleon spectra in coincidence with the K+ corresponding to the formation

of the hypernucleus in the ground state produced by the (π+,K+) reaction

were reported. Impressive, for the quality of the data, not for the statistics,

are the data reported by Ref. [72] [73] and [74] for 5
ΛHe and 12

Λ C, in which
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the spectra of both nucleons in coincidence were measured, applying also an

angular correlation (quasi back–to–back) cut in order to eliminate events in

which one of the nucleons suffered a final state interaction. Fig 2.5 shows

the final experimental results for 5
ΛHe hypernucleus.

Figure 2.5: (a),(b): the yields of the np and nn coincidence events as a func-

tion of the energy sum of the pair nucleons. (c),(d): The upper panel shows

the yields of the NN coincidence events plotted as function of the opening

angle between the two nucleons. The lower panel depicts the normalized

yields of the np and nn coincidence per NMWD.

Errors are still very large and the threshold on detection for proton

is still quite high, avoiding a very precise comparison with theory. These

circumstances did not allow to determine the decay width of the two–body

process Γ2: Λ + (NN ) = n + N + N , which is predicted to amount up to

∼ 15% of the total decay width [13].

More puzzling is still the situation concerning the nucleon spectra emitted

in the non-mesonic weak decays, in particular those relative to the protons.

An interesting series of measurements was recently performed by the SKS

Collaboration [72] [74] [48], and the final results are summarised by Fig.

2.6. The proton spectra have a low energy cut at 35 MeV, due to the use
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Figure 2.6: Neutron (filled circle) and proton (open circle) energy spectra

per NMWD of (a) 5
ΛHe and (b) 12

Λ C with the neutron spectrum of (c) 89
Λ Y .

The errors are statistical. The dashed histogram in the top figure shows the

the neutron spectrum per NMWD calculated by Garbarino et al. [100] in

which FSI effect and the 2N-induced process were taken into account.

of quite thick targets in order to increase the counting rates. Obviously

the neutron spectra did not suffer from such a drawback. All the measured

nucleon spectra exhibit a smooth behaviour, without memory of an expected

enhancement around 80 MeV, the energy of the nucleons from NMWD.

This effect is visibile even for the light Hypernucleus 5
ΛHe. The experimental

spectrum does not agree with the spectrum calculated by Garbarino et al.

[100], who takes into account both Final State Interactions and two-nucleon

induced NMWDs. It is overlaid on the top of Fig.2.6 (dashed histogram) on

the same scale. The observed spectrum was significantly different from the
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calculated energy spectrum. The calculated spectrum still has its maximum

at about Q/2, whereas the experimental spectrum levels off in the region

from 20 to 80 MeV. The same authors calculate nucleon spectra emitted

from heavier Hypernuclei, like 12
Λ C, in which the memory of the peak at 80

MeV is lost, due to the overwhelming effect of FSI.

The discrepancy beetwen the theory and the experimental results on the

proton spectra from the non mesonic weak decay mechanism suggests a

more detailed study of this item and this is the subject of the present thesis.
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Chapter 3

The FINUDA experiment

3.1 The DAΦNE collider

DAΦNE is an electron-positron collider operating at 1020 MeV energy in the

centre of mass. The Φ meson (1.020 GeV) is produced by the annhilation of

electrons and positrons, with an energy of 510 MeV each, circulating inside

two separated rings which ovelap in two straight sections as it can be seen

in Fig.3.1. Electrons and positrons collide nearly head-on and the crossing

angle can be varied between 10 and 25 mrad. The Φ particle main decay

channels are:

φ → K+K− (49.1 ± 0.8)%. (3.1)

φ → KSKL (34.1 ± 0.6)%. (3.2)

φ → ρπ → π+π−π0 (15.5 ± 0.7)%. (3.3)

The DAΦNE collider design has been optimized in order to achieve high

luminosity. This parameter is a typical figure of merit of a collider since it is

proportional to the number of interactions available per unit of time. This

quantity is given by the following expression:

L = NL0 = Nf
n1n2

4πσxσy
. (3.4)

where L0 is the single bunch luminosity and N is the total number of the

stored bunches. n1 and n2 are the number of particles in the two bunchs
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which collides, f is the revolution frequency, and σx and σy are the bunch

geometrical cross sections.

Considering the cross section of the e+ e− →Φ process (∼ 3.2 µbarn) and a

typical integrated luminosity of 10pb−1/day, ∼170 (K+,K−) pairs per sec-

ond are expected. Since the Φ is produced at rest the kaons are caracterized

by low momentum (∼ 126 MeV/c) and high monochromaticity.

The DAΦNE collider consists of two almost circular rings that overlap in

two straight sections (two interaction regions); electrons and positrons com-

ing from the DAΦNE accumulator are injected separately in the two rings.

The machine was designed in order to work in multi–bunches mode with a

number of bunches up to 120. The geometrical parameters of the beam in

the FINUDA interaction region are:

σx: 2mm;

σy: 20µm;

σz: 30mm.

The lenght of each ring is L∼100 m and the duration of the single bunch

is ∆t∼ 0.1ns (corresponding to a bunch lenght ∆s∼ 3cm). The machine

duty-cycle is ∼ 36%. The maximum value for the beam crossing frequency,

set by the machine radiofrequency, is 368.25 MHz, then the minimum time

interval between two contiguous bunches is about 2.72 ns.

beam energy range (0.250 ÷ 0.750) GeV

θ/2 (crossing angle) (10 ÷ 25) mrad

single bunch luminosity 4 ·1030 cm−2 s−1

# of bunches per ring (1 ÷ 120)

# of particles per bunch 8.9·1010

maximum design luminosity 5 ·1032 cm−2 s−1

crossing frequency up to 368.25 MHz

Table 3.1: DAΦNE design values

The beam crossing angle leads to a boost outwards the main rings, thus

changing the momentum of the kaons (∼10% along the x axis).

During the first FINUDA data taking period (from October 14th,2003 to
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Figure 3.1: Geometrical design of the DAΦNE main rings (top view).

March 22th,2004) a 7·1031 cm−2 s−1 maximum luminosity was reached, with

100 bunches per ring. The average integrated luminosity per day was about

2 pb−1, and a total integrated luminosity of 250 pb−1 was collected. An

overall statistics of 3·107 events was collected (see Fig. 3.2). The second

FINUDA data taking started on October, 2006 and ended on June, 2007.

During the second data taking period an increased peak luminosity of 1.4

·1032 cm−2 s−1 wad reached. The average integrated luminosity per day was

about 7 pb−1, and a total integrated luminosity of 964 pb−1 was collected

(see Fig. 3.3).

Given the cross section for φ production in the e+e− reaction as σ = 3.26

µb, and the branching ratio for the φ → K+K− decay, 49.1%, the number

of K+,K− pairs collected integrating ∼ 1fb−1 is approximately:

NK+K− = L · σ · BR = 1.6 × 109. (3.5)

3.2 Experimental setup for the first data taking

The FINUDA spectometer was designed in order to operate into one of the

two interaction points of DAΦNE. The spectrometer can be described as

composed by three main regions as in Fig.3.4:
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44 The FINUDA experiment

Figure 3.2: DAΦNE statistics during the first FINUDA data taking.

1. Vertex region:

• Beam Pipe

• TOFINO (central cylindrical scintillators array)

• ISIM (Inner SIlicon Microstrips)

• Targets (8 targets and 5 different materials used for the first

data taking)

2. Tracking region:

• OSIM (Outer SIlicon Microstrips)

• Two layers of LMDs (Low Mass Drift Chamber)

• Six layers of stereo STBs (Straw tubes)

3. TOFONE (outer cylindrical scintillator array)

4. Magnet
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3.2 Experimental setup for the first data taking 45

Figure 3.3: DAΦNE statistics during the second FINUDA data taking.

All the components are installed in the FINUDA main mechanical structure,

called clepsydra.

3.2.1 The vertex region

This region of the spectrometer was designed in order to detect K+K− pairs,

identify hypernuclear events and the interesting physical processes occurring

within the beam interaction vertex (mainly Bhabha events and back-to-back

K+K− events).

The highly ionizing K+K− pairs are detected by a barrel of 12 thin scintil-

lator slabs (TOFINO), with a time resolution for a single mean timed slab

of σ ∼250 ps. The TOFINO detector is assembled just around the beam

pipe, that is a 500 µm thick beryllium cylinder. The TOFINO provides the

reference time for the electronics of the whole spectrometer, and its outputs

signals are used by the trigger logic, hence high time resolution and high

efficiency are required.

Target

In order to avoid the multiple scattering of particles produced by the inter-

action between the stopped K− and the target nucleus, kaons must stop as
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end cap
clepsydra

magnet yoke

beam pipe

TOFONE

superconducting coil

compensating magnets

LMDC

straw tubes

interaction/target region

Figure 3.4: Layout of the FINUDA apparatus.

close as possible to the external surface of the target.

During the first data taking three 12C targets were placed in different posi-

tions of the spectrometer in order to have calibration data to be compared

with those of other experiments. In fact the 12
Λ C is still the most extensively

studied hypenucleus and it is useful to improve the precision of the mea-

surement on all the observables for this hypernucleus.

Two 6Li targets and one 7Li target were used for the study of weak decays

and for hypernuclear spectroscopy. In particular the 6Li targets are really

useful for the observation of hyperfragments. In fact the 6
ΛLi is unstable for

proton emission and it decays in 10−22 s into 5
ΛHe+p or into the hyperfrag-

ments 4
ΛHe+p+n and 4

ΛH+p+p, via the Coulomb assisted mechanism.
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3.2 Experimental setup for the first data taking 47

Finally the 6Li target could offer the possibility to observe neutron-rich

hypernuclei, following the reaction K−
stop+

6Li→6
ΛHe+π+. In order to in-

spect medium-heavy hypernuclei, a 27Al target and a 51V target were added.

These targets were arranged around ISIM as shown in Fig.3.6.

x

y

z

OSIM

Be window

beam pipe

targets

ISIM

tofino

Figure 3.5: FINUDA vertex region.

ISIM

This detector is an array of eight double-sided silicon microstrip modules

mounted as the faces of an octogonal prism with an apothem of about 6.5 cm.

Each hit on one of these detectors is identified by its geometrical position;

the Main Reference System position can be easily computed by taking into

account the (x, y, z) position of the fired module.

Another information coming from the hit is the charge measured by the

ADC modules, wich is proportional to the energy deposited by the incident

particle inside each strip (∆E/∆x). Hence ISIM is used for the K+ and
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48 The FINUDA experiment

Figure 3.6: FINUDA target set-up used during the first data taking.

K− trajectories extrapolation, for the Particle IDentification, and for the

evaluation of the stopping point of each kaon.

3.2.2 The tracking region

OSIM

The OSIM microstrip array is composed by ten modules. These modules are

identical to those of ISIM, but they are used for different purposes: OSIM

is external to the FINUDA targets and it gives the first point for the recon-

struction of each track inside the spectrometer.

The energy loss information provided by OSIM, along with the spectrom-

eter momentum reconstruction, allows to discriminate pions, protons and

deuterons.

Low Mass Drift Chamber (LMDs)

In the middle of the FINUDA tracking region two layers of drift chambers

are installed. Each layer consists of eight LMDs forming an octogonal prism

[49]. The spatial resolution is 100 µm along the x local axis and less then

1% of the wire lenght along the z axis (the wire lenght is 930 mm for the
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3.2 Experimental setup for the first data taking 49

inner layer and 1570 mm for the outer layer).

The drift volume is delimited by two planes of cathodic wires; the same volt-

age is applied to the closing field wire and to the last cathodic wire of the

cell, while an increasing potential is applied to the other cathodic wires. The

evaluation of the z coordinate is performed by the charge division method

[50]; this led to the choice of resistive anodic wires (ρ ∼ 1900Ω/m). For what

concerne the choice of the gas mixture, our LMDs works with a mixture of

He - iC4H10(70% - 30%).

]

Figure 3.7: Garfield simulation results for LMDs drift cells.
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In fact the Helium gas is the best candidate to minimize the multiple

scattering and the degradation of used materials; moreover due to the low

Z it is less sensitive to the electromagnetic background. The drift velocity

corresponding to the chosen mixture is about 34 µm/ns. Each LMD was

designed in order to work within a 1 T magnetic field.

For this reason it was necessary to evaluate the effect of the magnetic field

on the Lorentz angle and the solution was found shifting the potential along

the x axis. Thanks to this tecnique it is possible to compensate the effect

of the magnetic field on the electrons drift path. The realibility of this

compensation method was tested with the Garfield software: results are

shown in Fig.3.7.

The straw tubes array (STB)

This is the most peripheral detector of the tracking region of the FINUDA

spectrometer and it consists of 2424 tubes (255 cm lenght) arranged in three

groups of two stereo layers [51],[52]. The radius of the cylindrical region

occupied by the STB array goes from 110 cm to 126 cm.

In each group each layer is rotated by 15o with respect to the contiguous

one, so that the crossing point of incident particles can be estrapolated by

the respective triplet of fired tubes.

In order to avoid eventual left-right ambiguities on the reconstructed point a

second triplet is needed and this is the reason why six layers of straw tubes

were installed. Thanks to this technique the z coordinate of the tracked

particle can be measured with ∼ 500µm resolution.

3.2.3 The outer scintillator array

The TOFONE consists of 72 scintillator barrels, 255 cm long and 10 cm

thick, wich are placed in order to form a 127 cm radius cylinder coaxial to

the beam. The detector is very important for the evaluation of the Time

Of Flight of tracked particles and for the detection of neutrons. The design

time resolution is 700 ps (FWHM) and the neutron detection efficiency is

about 10% for a neutron energy range over an interval [40 ÷150MeV ].
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3.3 FINUDA Experimental setup for 2006/2007 data taking 51

3.2.4 The Magnet

The FINUDA magnet is a superconducting solenoid designed to provide

a 1.T magnetic field with the magnetic axis parallel to the DAΦNE beam.

The solenoid wraps the whole experimental apparatus. The superconducting

material used for the coil wire is NbTi/Cu, isolated by a glass fiber tape.

The main features of the magnet are summarized below.

Parameter Value

Maximum Magnetic field 1.1 T

Total lenght 3800 mm

Total height 4200 mm

Iron yoke weight 230 tonn

Cryostat and coil weight 7.7 tonn

Cryostat internal radius 1385 mm

Cryostat external radius 1700 mm

Coil internal radius 1460 mm

Coil external radius 1490 mm

Coil wire total lenght ∼ 6.1Km

Total number of loops 1700 mm

Circulating current (1 T field) 2786 A

Discharge (quench)time 20 s

Integral field 2.67 T·m

Table 3.2: FINUDA magnet main features

3.3 FINUDA Experimental setup for 2006/2007

data taking

The difference in the experimental setup of FINUDA for 2006 data taking

stands only in the inner region, where a new target assembly was inserted

to substitute the older one, and a new odoscope for time-of-flight measure-

ments (TOFINO) was placed, with thinner slabs and different light collection
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system.

A scheme of the present shape of the FINUDA internal region is shown

in Fig. 3.8.

x

y

 1 cm 

Figure 3.8: Layout of FINUDA internal region: coaxial to the beam axis

(perpendicular to the picture) several layers of sensitive detectors are lo-

cated. From the center outwards: beryllium beam pipe, TOFINO (12-slab

thin scintillator array), Si microstrip modules inner array (ISIM), targets,

Si microstrips outer array (OSIM). The labels close to the targets indicate

their composition.

The TOFINO hodoscope consists always of 12 slabs, as in the FINUDA

first data taking. However, its thickness was reduced to 1.8 mm, to be

compared with the 2.3 mm of the old detector. The older TOFINO needed

to be substituted because of the aging of the HPD’s used for light collection

in the first data taking. The decision to resort to ordinary Hamamatsu PM’s

instead allowed to reshape the detector to a more flexible geometry and to

employ thinner scintillator slabs, assuring a better response and efficiency

and less energy and reflection losses.

Due to the presence of the boost which affects the φ momentum as a

consequence of the crossing angle between the beams, the internal basket

containing the targets and the vertex detectors can be conventionally divided

into two halves. The φ boost is directed in the direction of the positive

abscissas: the left half of the basket is addressed as ”boost side”, the left
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3.3 FINUDA Experimental setup for 2006/2007 data taking 53

half, on the other hand, is the ”antiboost” one . The K− produced in the φ

decay along the direction of the φ acquire about 13 MeV/c of momentum,

while for those emitted in the opposite emisphere this momentum must be

subtracted from the nominal one they would have were they coming from

a decay at rest. The thickness of the targets in the boost half must be

accurately evaluated so to allow maximum stopping of slightly faster kaons.

The 6Li and 7Li targets have the same structure as in the previous FIN-

UDA data taking: they are made of Lithium tiles, 17.6 cm long, 4.75 cm

wide and 4 mm thick, vacuum-sealed by aluminized composite poly films in

order to prevent the contact of Lithium with air, and its prompt oxydation,

and to offer mechanical stiffness. The poly foils are constituted by three film

layers, the first of polyesther (12 µm thick), the second of aluminum (10 µm),

the third of polypropylene (75 µm), glued together to form a unique foil, for

a total thickness of ∼ 110 µm. The lithium core is wrapped once in a poly

bag, and two more poly foils screen the rear part for the target, to allow

for optimum vacuum sealing. An aluminum frame gives lateral mechanical

support to this bag. Two more poly foils wrap the frame and lithium bag

to improve the sealing.

The Lithium targets whose position was chosen in the φ-boost direction

(namely, the two 7Li ones) are moreover screened by a mylar degrader,

whose thickness was properly evaluated in order to slow down kaons before

they cross the target, to allow for the interaction in the material volume of

the largest part of the impinging kaon beam. The optimum thickness was

evaluated to be 420 µm. For Lithium targets placed on the antiboost side

the presence of the degrader is not necessary, as the kaons are slow enough

to be stopped, mainly, in the target volume (as well as, for about the 10%,

in the ISIM silicon modules).

The Beryllium targets are stiff enough and do not to require a container

or a rigid support to sustain them. However, as the material is poisonous,

accidental contacts with it must be avoided, therefore two aluminum sup-

ports are used to screw the tiles to the internal flange. The Beryllium tiles

are 2 mm thick, with a length of 20 cm and a width of 5.26 cm.

The position of the two 9Be targets, as well as of the 6Li ones, symmetric

with respect to the horizontal axial plane of the inner region basket, on the

53



54 The FINUDA experiment

anti-boost side, was chosen in order to allow for maximum homogeneity, as

far as the boost contribution is concerned, for the kaons impinging to two

homologous targets.

The deuterated water target is placed in the downmost position in order

to minimize possible damages to the silicon detectors in the case of water

leaks. The water is contained in two contiguous 3 mm thick vessels consti-

tuted by aluminum frames closed by 110 µm poly walls. The whole length

of the target is 19 cm, and its width 4.66 cm.

The 13C target was assembled by filling with 13C powder a vessel fea-

turing the same structure of the water container, namely two contiguous

aluminum frames with 110 µm poly closing windows. The target is 1 cm

thick (allowing 2 mm tolerance at the center due to gravitational deforma-

tion of the soft content), 19 cm long in total and 4.2 cm wide. The density

of the 13C powder was measured to be 0.350 g/cm3. The target is placed

in the boost side of the inner basket to exploit the possibility to measure

K+N charge-exchange interactions on 13C with kaons having over-threshold

momentum.
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Chapter 4

Offline software and

simulation method

This chapter is dedicated to the description of the analysis tools employed

to carry out the study of the NMWD with the FINUDA spectrometer.

The analysis was performed for three different hypernuclei (5ΛHe, 7
ΛLi and

12
Λ C) studying respectively the data collected for the 6Li, 7Li and 12C targets.

In particular the search of the NMWD events implyies the following requests:

• study of the π− momentum spectrum for the identification of the mo-

mentum region corresponding to the hypernucleus formation;

• selection of the NMWD events in which a π− and a proton are emitted

from the same K− vertex; this means that a π− and a proton are

emitted in coincidence;

• study of the energy spectra of the protons detected in coincidence with

a π− in the momentum region corresponding to the formation of the

hypernucleus in its ground state;

• search of the possible background sources to the π− momentum spec-

trum looking for the competitive reactions that can occur when a K−

is absorbed at rest;

• acceptance correction of the proton spectra due to the geometrical

acceptance of the FINUDA spectrometer and to the algorithm used
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for the data reconstruction.

In order to fulfill these requirements I tooke advantange of the FINUDA

reconstruction program and FINUDA MonteCarlo simulation.

4.1 The FINUDA Off-line software

4.1.1 General framework and tools

The offline software of the FINUDA experiment may be divided into two

main logical parts, which also correspond to two separate program modules:

the FINUDA Monte Carlo simulation program “fidamc” and the FINUDA

Reconstruction Program “fidarc”.

Most part of the offline code is written in FORTRAN77 language, apart

from a few dedicated routines devoted to special tasks as the input-output

of the data and the access to the Data Base or some particular applica-

tions aimed at detector calibration or alignment, which are written in C++

language.

The Monte Carlo simulation program is based on the simulation pack-

age GEANT3.21 [55] developed at CERN for the simulation of high energy

physics experiments.

Indeed, an appropriate procedure triggered at the installation time, pro-

duces a geometry file containing all the information concerning the geometri-

cal description of the apparatus, the material composition and properties of

the different volumes, the elementary particle properties, the detector defi-

nitions as well as several graphical pictures of cross sections of the apparatus

at different scales in the format of an RZFILE. In the Monte Carlo program

a number of different tasks were accomplished:

• the detailed description of the geometrical structure of the apparatus

with material composition and properties;

• the generation of simulated physical events or interactions: Bhabha

events (e+e− elastic and anelastic scattering), φ(1020) decays account-

ing for the e+e− colliding beam properties, the hypernucleus formation
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with emission of π−, the hypernucleus mesonic and non-mesonic de-

cays and cosmic rays;

• tracking of the produced particles in the apparatus accounting for

the geometry of the different detectors and supporting structures, the

mapped magnetic field produced by the superconducting solenoid, the

physical interactions both electromagnetic and hadronic with the con-

stituent materials, the particles decay;

• the simulation and digitization of the response of the different detectors

with appropriate resolutions to particle hits;

• production of a simulated Raw Data Tape to submit as input to the

Reconstruction Program

The Simulation program has been used for performing calculations at dif-

ferent stages of the apparatus development and data analysis:

• calculation of main performances of the apparatus, acceptance, reso-

lutions, rates, at the stage of the mechanical and general design of the

experiment. Optimization of the design after several tests of different

possible configurations;

• calculation of trigger efficiencies, rejections and rates;

• production of a simulated Raw Data Tape (together with generated

quantities) for different types of events: cosmic rays, Bhabha events,

hypernuclear events to be used in the Reconstruction Program to de-

velop and test the reconstruction algorithms;

• production of populations of events simulating physical processes and

backgrounds to compute apparatus efficiencies.

The Reconstruction Program must be able to process different types of

events selected by the FINUDA trigger conditions:

• Cosmic rays with and without magnetic field are used for detector cal-

ibration, for example for checking the calculated drift cell structure

for the LMDC and for the Straw tubes or for the calculation of the
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reference time (T-bar) for the Straw Tube drift cells, and for the me-

chanical alignment of the apparatus. Cospicuous data takings with

cosmic rays are performed at the beginning and at the end of a long

period of run to monitor also the stability of the apparatus.

• Bhabha events recorded at the commissioning of the machine and dur-

ing the data taking are used to monitor the machine parameters, to

evaluate the machine istantaneous Luminosity and to monitor the ap-

paratus performances.

• The hypernuclear events which are used for the analysis on the Physics

Program items. The hypernuclear trigger selects events where a K−

has stopped inside a target and a prompt track has crossed the spec-

trometer within the coincidence time.

These different types of events are recognized, inside the Reconstruction

Program, by the appropriate trigger pattern unit code, with very little con-

taminations due to their very different topologies, and they are processed

by separated Pattern Recognition procedures.

4.1.2 General Event Reconstruction procedures.

Data input Data are read-in into the program from three different sources.

Simulated data from the Monte Carlo program, real data from the RDT pro-

duced by the data-acquisition on disk and real data from a socket of the data

stream produced on-line for on-line monitoring of the data taking.

In the initialisation phase, the program reads in the geometry file pro-

duced by the Monte Carlo program in a dedicated procedure, which contains

all the initialisation banks of GEANT: materials, tracking media, volumes,

rotation matrices, detector’s sets, particles, drawing banks. In this way,

the geometrical and physical structure of the apparatus, as described in the

Monte Carlo program, are reproduced inside the Reconstruction Program,

making directly available all the GEANT tools for reference system change

and (back)tracking in the event reconstruction in the apparatus geometry. In

particular, the GEANE trasport package can be linked and used for tracking

and backtracking of tracks and for vertex reconstruction. In the following
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I will describe briefly the reconstruction procedure for hypernuclear events

only.

Pattern Recognition for K+K− pairs and Vertex Determination.

The hypernuclear events are triggered by requiring two fired slabs in TOFINO,

with signal amplitude above an energy threshold accounting for the high ion-

ization of kaons, together with a fast coincidence within a narrow time gate

on TOFONE (≤ 10 ns).

The Pattern Recognition procedure for hypernuclear events starts with

the recognition of the K+K− pair generated by the φ decay. The recognition

is based on the presence of two hits on the internal microstrip (ISIM) slabs,

whose dE/dX values are compatible with the energy release of a kaon, inside

the azimuthal angle sectors covered by the TOFINO slabs and with signal

amplitudes above the threshold which discriminate MIPS and Kaons. When

two such signals are found in the triggered event, they may correspond to

the crossing points on ISIM of the K+K− pair.

Using only the geometrical positions of these two high ionization sig-

nals on ISIM, a procedure for the reconstruction of the φ decay point is

applyed. As said before, due to the beam crossing angle (∼12.5 mrad) at

the interaction point, the φ meson is not produced at rest, but with a boost

momentum of the order of 10% of the momentum of the emitted charged

kaons from its decay, i.e. 12.3 MeV/c. Due to the boost, the K+/K− from

the φ decay (B.R. = 49.2%) have different momenta, therefore the helices

of their trajectories in the magnetic field have different curvature radii. The

importance of knowing exactly the momentum of each of the emitted kaons

stands in the fact that they are subsequently tracked down to the target,

and here the stopping point is evaluated by means of an algorithm based on

the calculation of the energy loss of the particle in the traversed medium.

It’s clear that the position of the stopping point, in this calculation, depends

crucially on the entrance momentum vector of the kaon in the target. The

exact localization of the stopping point is mandatory to get a reliable de-

termination of the momentum of the tracks emitted from this vertex, upon

which most of the physics analyses of the processes following a kaon cap-

ture are based. Besides the a priori knowledge of the boost magnitude and
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direction (both of which can be considered as fixed in each event), the only

piece of information to get insight on the momentum of the kaons and on

the location of the decay vertex is the position of the kaon hits on the ISIM

modules facing the TOFINO slab whose firing, beyond a given energy loss

threshold, gave part of the trigger signal. For each pair of ISIM hits on the

correct ISIM moduli, a solution for the kinematic problem of determining

the momenta of the kaons, whose trajectories are helices passing through

these points, can be found. The problem has a kinematical constraint, since

the sum of the two momenta in the laboratory should be equal, at the decay

vertex, to the φ boost momentum.

Once the kaon starting points and their momenta and directions are

known, using a forward tracking procedure based on GEANE, each kaon is

tracked toward the target through the different interposed volumes, beril-

lyum beam pipe, TOFINO slab, ISIM slab, taking into account the energy

loss in the different materials and the presence of the magnetic field, in

order to evaluate whether the kaon has stopped inside a target, or inside

the ISIM slab or in other volumes. This procedure allows to calculate the

position of its stopping point. The measured positions of the ISIM hits are

appropriately taken into account. The accuracy of the procedure has been

tested by Monte Carlo calculations and tuned by comparison with the ex-

perimental data; it amounts, on average, on some hundreds of microns in

the radial direction for the position of the stopping vertices of K+ and K−.

The efficiency of the K+/K− reconstruction algorithm is around 95±3%.

Pattern Recognition for tracks in hypernuclear events Event by

event all the hits in the FINUDA apparatus are inspected trying to connect

them each other in order to construct the trajectories of the tracked particles.

The track pattern recognition procedure is based on nested loops on hits on

the different layers of detectors. A circle connecting three hits in x,y plane

is searched for using information from:

1. STRAW - DCH2 - DCH1

2. STRAW - DCH2 - OSIM

3. STRAW - DCH1 - OSIM
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4. DCH2 - OSIM - ISIM

5. OSIM - ISIM - ISIM

within selected spatial tolerances. The following step in the procedure is

the association of the K− or K+ vertex to the track. The xy distance

between the K+/K− vertices and the center of the circle is calculated and

its compatibility with the circle’s radius is checked. A linear fit is done and

the fit goodness is checked to verify the zeta alignement. If both vertices

are consistent with the track origin, the zeta alignement check is done and

the vertex associated with the better fit is accepted. A raw helix track

fitting procedure is then started using the connected hits. After that the

assignment of the right kaon vertex is done again calculating the distance

between fitted helix and the vertex. Possible hit connection ambiguities on

OSIM/DCH1/DCH2 are solved by the iteration of the procedure and by the

dE/dx check. The connection of additional I/OSIM hits in the case (1) or

ISIM hits in the (2) and (3) cases is then checked. After all these procedure

the track charge is assigned on the basis of the track curvature and the

ETOF hits (if any) are connected to the track using the helix crossing point

in TOFONE slabs.

These procedure allows to find tracks with at least three points.

The Four hits patterns are composed by the following combinations:

1. ISIM-DCH1-DCH2-STRAW

2. ISIM-OSIM-DCH1-DCH2

3. OSIM-DCH1-DCH2-STRAW

4. ISIM-OSIM-DCH1-STRAW

5. ISIM-OSIM-DCH2-STRAW

6. ISIM-ISIM-OSIM–STRAW

The Three hits patterns:

1. ISIM-DCH1-DCH2
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2. ISIM-OSIM-DCH1

3. ISIM-OSIM-DCH2

4. OSIM-DCH1-DCH2

5. OSIM-DCH1-STRAW

6. OSIM-DCH2-STRAW

7. ISIM-ISIM-OSIM

We can define two different type of tracks according to their length. Short

tracks are the particle trajectories which do not reach the straw tubes layers

because they have escaped the tracking volume acceptance or spiralize inside

the spectrometer.

A typical hypernuclear event reconstructed as short tracks is reported in

Fig. 4.1. In this figure the tracks hits on the detectors are highlighted in

red and the fired wires of the drift chambers are green.

Figure 4.1: An event in which a short track is reconstructed in the FINUDA

spectrometer using the track pattern recognition with 3 points.

Long tracks, instead, are tracks in which a hit on straw tubes layers is

present and in Fig4.2 a long track candidate is showed with one hit on both

the two layers of drift chambers (blue coloured) and one hit on the straw

tube detector (yellow coloured).
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Figure 4.2: A typical long track reconstructed in the FINUDA spectrometer

using the track pattern recognition with 4 points.

The longer tracks with four points exploit the best resolution. The tracks

reconstructed with 3 points only have a worse resolution but increase the

apparatus acceptance and the efficiency of the reconstruction algorithm.

Track fitting procedures. Owing to the high transparency of the appa-

ratus the momentum of the particle can be considered constant and a spline

track fitting method [56] can successfully be employed. However, the spline

track fitting method requires the knowledge of the coordinates of points in

the space with their uncertainties, which is the case only for the I/OSIM

microstrip. For DCH1 and DCH2 chambers, the crossing point of the track

trajectory on the intermediate plane of the chamber, in the (ρ, φ) plane

projection, can only be reconstructed using the measured drift time, the

time-space relationships for the drift cell calculated by GARFIELD and an

estimation of the angle of the track direction relative to the chamber plane.

The z coordinate of the measured point along the wires can be obtained,

with a rough precision of about 1 cm, with the charge division method.

For the ST detector the spatial information produced is very different

from a simple three coordinate spatial point. The information on the hit

position in the z coordinate along the ST longitudinal wires cannot be pro-

vided by charge or time division, but must be obtained by exploiting the
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timing information of the skewed superlayers of straw tubes. In principle,

the skew angle of ±12o allows for a precision in the z coordinates of about

0.5 mm.

The particular features of the FINUDA layers of detectors requires an

iterative procedure to perform the best fitting of tracks. The FIRST FIT

is done using information of the connected hits. For long tracks, using the

results of this first fitting, the L/R ambiguity on Longitudinal straw tubes

(LOST) is solved (when possible) using multiple hits on the LOST. In both

the long and short cases the points on the chambers (if any) are adjusted

following the track crossing angle. Then a SECOND FIT is performed using

the adjusted informations. An ITERATIVE fitting procedure is performed

to find the best fitting value. At each iteration the (x,y) points on the

chambers(if any) are adjusted and for long tracks the value of the zeta

coordinate at LOST using the information from stereo tubes is determined

too.

A mass recognition procedure based on dE/dX in OSIM (if any) is done.

If the fitting procedure is successfull and the kaon stopping point is in ISIM

or TARGET the backtracking (with the GEANE package) is performed to

the plane containing the kaon vertex and parallel to the target surface.

This procedure allows to correct the value of the track momentum in the

spectrometer (extrapolated tracks).

4.2 The FINUDA MonteCarlo simulation

The MonteCarlo simulation of the FINUDA experiment was conceived, as

said, in order to simulate all the physical channel opened when a K− is

absorbed at rest on a target: Λ hypernuclei formation and decay, Σ hyper-

nuclei production and the background reactions related to the interaction

between the K−
stop and the target nucleus.

All these reactions do not form hypernuclei but involve a K−
stop and nucleons

such as to form π+ or π− in the final state. All the reactions coded in the

program and producing a π± in the final states are the following:

• Production of quasi-free Λ:
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K− + p → Λ + π0 (4.1)

Λ → p + π−

K− + n → Λ + π− (4.2)

Λ → p + π−

• Production of quasi-free Σ+ and Σ0:

K− + p → Σ+ + π− (4.3)

Σ+ → n + π+

K− + p → Σ0 + π0 (4.4)

Σ0 → Λ + γ

Λ → p + π−

K− + n → Σ0 + π− (4.5)

Σ0 → Λ + γ

Λ → p + π−

• Production of quasi-free Σ−:

K− + p → Σ− + π+ (4.6)

Σ− → n + π−

K− + n → Σ− + π0 (4.7)

Σ− → n + π−
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• Production of quasi-free Σ−or Σ0 or Σ+ following the absorption of

K− on two nucleons :

K− + np → Σ− + p (4.8)

K− + nn → Σ− + n

Σ− → n + π−

K− + pp → Σ+ + n (4.9)

Σ+ → n + π+

K− + np → Σ0 + n (4.10)

K− + np → Σ0 + p

Σ0 →Λ + γ

Λ → p+π−

Fig.4.3 shows the result of the phase space distribution of the negative

pions directly emitted from the hyperons produced through the reactions

listed above when a K− is stopped in a 12C target.

In Fig. 4.3 the different background contributions are characterized by

different colors and suggest that in the π− momentum spectrum we can

dinstiguish three different components: the lower momentum region (pπ−

≤ 150MeV/c) is dominated by the π− from the decay of quasi-free Λ; in

the region from 150 MeV/c to 250 MeV/c the larger contribution is given

by negative pions associated to the production of Σ+ or Σ−; instead in the

higher momentum region (pπ− ≥ 250MeV/c) the dominating contribution

is given by π− from the quasi-free production of Λ’s and from the in-flight

decay of the Σ−.

The momentum distribution of the π−, coming from the Σ− decay, is the
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Figure 4.3: Simulated π− inclusive spectrum for background reactions oc-

curring at the K−
stop vertex.

broadest one, due to the bigger Σ− momentum and it extends from 250

MeV/c until 300 MeV/c, where the π− coming from hypernuclear formation

are expected to lie.

4.3 FINUDA acceptance calculation

As said in the introduction of this chapter a part of the analysis performed

for the study of the NMWD consists in the calculation of the proton accep-

tance of the FINUDA spectrometer to correct the energy proton spectra.

For this purpose 40 millions of events were simulated; the simulation

code was conceived in order that for each K− stopped in a target a proton

is generated. The protons are emitted isotropically in the FINUDA spec-

trometer and with a momentum extending from 100 MeV/c to 600 MeV/c.

This range was chosen to calculate a correction for all the momentum range

involved in the data analysis of the proton spectra and it corresponds to an

energy range which extends until a maximum energy value of 180 MeV.

In Fig.4.4 the injected proton momentum spectrum is shown for one target

of 6Li and in Figs 4.5 and 4.6 the momentum spectra (on the left) and the

energy spectra (on the right) filtered by the FINUDA reconstruction pro-
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Figure 4.4: Injected proton momentum spectrum for the proton acceptance

calculation of the FINUDA spectrometer.

gram are reported. The spectra were recostructed and analized using the

same track selection criteria that will be used for the analysis of the real

data.

The track types used for the acceptance calculation and in all the analysis

that will be described in the following include both the short tracks and the

long tracks. In particular they are:

• Four hits pattern:

ISIM-OSIM-DCH1-DCH2

OSIM-DCH1-DCH2-STRAW

ISIM-OSIM-DCH1-STRAW

ISIM-OSIM-DCH2-STRAW

• Three hits pattern:

OSIM-DCH1-DCH2

ISIM-OSIM-DCH1

ISIM-OSIM-DCH2

The shown spectra are referred to a 6Li target and a 7Li target employed

in the second data taking and the same procedure of acceptance calculation

was followed for the 12C targets of the first data taking.

The acceptance function η depends on:
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Figure 4.5: Reconstructed spectra (momentum on the left and energy on

the right) of the simulated protons for the target 1 (6Li).
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Figure 4.6: Reconstructed spectra (momentum on the left and energy on

the right) of the simulated protons for the target 5 (7Li).

1. geometrical effects

2. efficency of the FINUDA pattern recognition

3. trigger request and quality cuts.

and it is defined as the ratio between the number of generated events Ng

in each energy bin and the number of reconstructed events Nrec for the same

bin after having applied the same trigger request and quality cuts applied

to the real events (R=Nrec/Ng).

The acceptance functions for a 6Li target (target 1) and a 7Li target (target
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5) are reported in the Figs.4.7 and 4.8 and they are normalized to one in the

momentum region where the acceptance is basically costant. It is possible

to notice that the acceptance is costant from 80 MeV while the correction

becomes bigger for the lowest energy values; this is due to the fact that in

the low energy momentum the number of reconstructed events is very low

respect to the generated ones.
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Figure 4.7: Results of the FINUDA acceptance calculation for target 1. The

same criteria have been used for all the other targets employed in the data

analysis.
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Figure 4.8: Results of the FINUDA acceptance calculation for target 5.

The statistical error on the acceptance calculation for each bin was esti-

mated taking into account the number of simulated events and the number

of reconstructed events applying the following formula:
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σ(R) =

(

1

Ng

)

√

Nrec

(

1 −
Nrec

Ng

)

(4.11)

4.4 FINUDA Particle IDentification

In order to analize the energy spectra of the protons coming from the Non

Mesonic Weak Decay the clearest proton identification is necessary.

In Figs. 4.9 the scatter plot of the specific energy loss (dE/dx in arbitrary

units) in the OSIM detector is shown, measured by means of the charge am-

plitude information from the double-sided microstrip detectors versus the

momentum calculated in the spectrometer. The energy release in the OSIM

detector is evaluated by the arithmetic mean of the charge amplitude infor-

mation read at the two ends of the detector.

Figure 4.9: Energy loss of the particle crossing the first layer of the FINUDA

silicon microstrips (OSIM).

In the plot only positive particles were selected; the red curve represents

the Bethe-Bloch curve calculated for a particle having the proton mass, in-
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stead the yellow curves indicate the lower and the upper limits of the region

selected to identify protons.

The same measurement can also be performed, though with less precision,

using the information from the drift chambers layers.
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Figure 4.10: Energy loss of the particle crossing the inner layer of FINUDA

Low Mass Drift Chamber.

The information on dE/dx on the three sensitive layers can therefore be

matched to refine the proton selection.

In Figs. 4.10 and 4.11 the scatter plot of the energy release, measured

respectively in the inner and outer layer of drift chamber is shown. It is

evaluated by the geometrical mean of the charge amplitude information read

at the two ends of the anode wire of each cell of the chamber as function of

the momentum calculated in the spectrometer. The red curve is the Bethe-

Bloch function for the proton while the yellow one allows MIPs from the

NON-MIPs to be separated.

Concerning the data analysis, that will be presented in the next chapter,

the proton identification was performed asking the coincidence of protons

identified by the outer layer of the vertex detector (OSIM) and at least by

one of the two layers of drift chambers.
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Figure 4.11: Energy loss of the particle crossing the outer layer of FINUDA

Low Mass Drift Chamber.
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Chapter 5

Data Analysis

The study of the Non Mesonic Weak Decay of Λ-Hypernuclei is one of the

main purposes of the FINUDA experiment and, as stressed before, it is

nowadays, one of the more interesting items of Hypernuclear Physics. In

the following I will describe the analysis performed to study the proton–

induced NMWD of three different hypernuclei: 5
ΛHe, 7

ΛLi and 12
Λ C.

In particular the study of 12
Λ C was performed by analyzing the data collected

in the first FINUDA data taking, whereas the results obtained for the 5
ΛHe

and the 7
ΛLi were achieved by analyzing the data collected in the second

data taking period.

The first step of the analysis of NMWD is the identification of the ground

state of the studied hypernucleus. The ground state is defined as the hyper-

nuclear state in which the (A-1) nucleons are in their lowest energy config-

uration and the hyperon Λ is in the 1s state.

In the production of hypernuclei, the populated states may be highly ex-

cited, above one or more threshold energies for nucleon or heavier nucleon

clusters (d, α) decays. These states are mainly unstable with respect to the

emission of a hyperon, of photons and nucleons. The spectroscopic studies of

strong and electromagnetic de–excitations give information on the hypernu-

clear structure which are complementary to those from excitation functions

and angular distribution studies.

When the hypernucleus in its ground state (g.s.) it is stable with respect to

electromagnetic and strong processes. In this configuration the Λ particle
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can only decay via a strangeness-changing weak interaction.

In FINUDA the hypernucleus is formed, as already mentioned, through the

strangeness exchange reaction with K−
stopped with the emission of a prompt

π−. The decay of the hyperon can then follow.

In this way a proton induced NMWD event with the FINUDA spectrometer

can be identified ”looking for” a π− coming out from the target, where K−

stops, in coincidence with the emission of a positive track identified as a

proton and coming from the same K− vertex. The prompt π− of the pro-

duction reaction, has a defined momentum value which corresponds to the

formation of the hypernucleus in its ground states.

According to the well known formula of the two-body reaction kinematics,

the π− momentum pπ− can be calculated as a function of the hypernucleus

mass as follows:

pπ− =

√

√

√

√









(mK− + mA)2 + m2
hyp − m2

π−

2(mK− + mA)









2

−m2
hyp (5.1)

where mhyp is given by the equation (1.12), mπ− is the negative pion

mass and (mK− + mA) is the sum of the K− and the target nucleus mass

corresponding to the energy of the A+K− system at rest. The analysis

was performed for 6Li, 7Li and 12C targets and in particular when a K− is

stopped in a 6Li nucleus it forms a 6
ΛLi hypernucleus; this hypernucleus has

the peculiar feature of being unstable by nucleon emission.

In fact the 6
ΛLi g.s. is proton unbound and it immediately decays according

to

6
ΛLi →5

Λ He + p (5.2)

This means that after the identification of the 6
ΛLi ground state formation

we can extract information about the NMWD of the 5
ΛHe.

The π− momentum values calculated by Eq 5.1 for each of the studied target,

and the corresponding Λ binding energy of the hypernucleus g.s. are listed

in Tab. 5.1

The ground state of a hypernucleus gives a signature in the overall π−

momentum spectrum corresponding usually to the peak at highest momen-

tum. Of course one has to keep in mind that the FINUDA spectrometer was
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Target Hypernucleus BΛ π− momentum

material (MeV) (MeV/c)

12C 12
Λ C 10.8 272.72

6Li 5
ΛHe 4.3 275.15

7Li 7
ΛLi 5.4 276.81

Table 5.1: π− momentum corresponding to the Λ binding energy (BΛ) of

the hypernucleus ground state. The BΛ values have been calculated or

extrapolated from experimental values ([57] and [58]).

designed for the study of Λ-Hypernuclei production and decay optimizing

the detection and the reconstruction of negative tracks with a momentum

of about 270 MeV/c. The NMWD events which we are interested in were

selected applying the following general requirements:

• identification of a K+ K− pair produced from the φ decay;

• K− stopped in the target;

• at least two tracks coming from the K− vertex;

• tracks with a successfull fitting and extrapolation to the target.

5.1 First analysis of 12
Λ C

In this section the analysis of the data collected during the first data taking

for the three carbon targets will be described. The analysis started with a

study of the excitation energy spectrum of all the 12C targets and performed

requiring:

1. a negative track (negative pion candidate) connected to the K− stop-

ping point;

2. track reconstructed by fitting 4 points measured in the spectrometer:

long tacks;

3. strict requirement of a good χ2 out of the track fitting procedure.
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The π− momentum spectrum obtained under these conditions is shown

in Fig. 5.1.
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Figure 5.1: Inclusive momentum spectrum of π− emitted from 12C targets.

The spectrum is the sum of the data collected from the three 12C targets

employed in the first data taking.

Figure 5.2: Level scheme of the 12
Λ C bound state.

One can note a physical background extending beyond the kinematical

limit of the reaction (273 MeV/c) which is due to the K− absorption reac-

tion described in the section 4.2 and there are two peaks which correspond,

respectively, to the formation of the (11Λ B + p) (262 MeV/c) in its ground

state and of the ground state of the 12
Λ C hypernucleus ( 272.7 MeV/c).
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The scheme of the energy levels, obtained from experimental results, for 12
Λ C

is presented in the Fig.5.2. In Fig. 5.3 the π− spectrum is shown, with the

additional requirement of a proton in coincidence. The spectrum filled in

grey in Fig. 5.3 is the π− spectrum obtained from the simulation of the

reaction K− + np → Σ− + p followed by the in-flight decay Σ− → n+π−

filtered through the same selection criteria as used for the real data and

fitted to the tail shape beyond 275 MeV/c.

As showed in Fig. 4.3, the K− absorption process from a np pair is the only

background channel for this momentum region. The agreement beetwen the

data and the simulation in the overlap region is quite good: the χ2 test gives

a value χ2/d.o.f= 1.2.

The area filled in black correspond to the momentum region identified as

the ground state (g.s.) of the 12
Λ C and it extends from 270 MeV/c to 275

MeV/c.
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Figure 5.3: Momentum spectrum of the π− whith the additional requirement

of a proton in coincidence. The grey spectrum represents the π− spectrum

from K− absorption by two nucleons. The black area of the peak at 273

MeV/c represents the 12
Λ C g.s.

The spectrum of the proton from the 12
Λ C NMWD has been obtained se-

lecting events in the black region of Fig. 5.3 and requiring the identification

of an additional proton. In the spectrum all the proton tracks identified as

long were included, summing the events from the three 12C targets. The

result, after the acceptance correction, is presented in Fig.5.4.
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Figure 5.4: Energy spectrum, acceptance corrected, of the protons emitted

in coincidence with a π− in 12
Λ C g.s. region.

Figure 5.5: Dots: energy spectrum of the protons emitted in coincidence

with a π− in 12
Λ C g.s. region. Squares : energy spectrum of the protons,

from the K− absorption by two nucleons, emitted in coincidence with pions

of the g.s.

The proton spectrum is characterized by a bump around an energy value

of 80 MeV which is half of the Q value of the NMWD reaction (∼ 150 MeV)

and by a tail beyond 100 MeV that is due to the contribution of the back-

ground protons.

In order to subtract the background from the real data energy spectrum

a MonteCarlo simulation of the K−np absorption reaction was done, and
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events with a π− of momentum corresponding to the 12
Λ C g.s. region was

selected: the spectrum of the proton detected in coincidence with these π−’s

was then used to model the background contribution.

In Fig.5.5 the real data energy spectrum (dots) and the simulated one

(squares) are reported; Fig. 5.6 shows the result of the subtraction. The

simulated spectrum was normalized to the experimental one fitting the tail

beyond 100 MeV and it was acceptance corrected.

The latter is as the proton spectrum expected from a simple Λn → np

weak decay reaction in nuclear matter. The bell shaped spectrum, centered

around 80 MeV is well explained by the Fermi momentum of the interacting

baryons in the nucleus giving a spread of ∼ 60 MeV. The errors for each

bin are statistical only and they were calculated taking into account both

the statistical error on the data and the statistical error on the MonteCarlo

Simulation. 4 × 106 events were simulated and the simulated events were

selected with the same criteria of the real data in order to have for the sim-

ulated spectrum an error of one order of magnitude lower than those on the

measured spectrum.
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Figure 5.6: Difference of the two spectra of Fig.5.5

The low energy rise can be explained both by the Final State Interaction

(FSI) due to the proton rescattering in the nucleus and by the opening of

the two nucleon induced NMWD channel (Λnp → nnp) . For this reason it
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is interesting to notice that FINUDA, thanks to the use of very thin targets,

has lowered the proton energy threshold down to ∼ 20 MeV, as compared

with 40 MeV at least of previous experiments, thus providing more informa-

tion about the influence of the FSI in the NMWD process and giving us the

possibility to have a cleaner comparison with the theoretical calculations.

This last point will be discussed in the next chapter togheter with a com-

parison with other experimental results obtained at KEK laboratory. The

results about the study of the proton weak decay of the 12
Λ C g.s., described

above, has been presented at the HYP2006 Conference in Mainz and they

have been published on September, 2007 [59] .

5.2 NMWD of the 7
ΛLi

In order to study the NMWD of the 7
ΛLi hypernucleus all the data collected

during the second FINUDA data taking for the two 7Li targets were ana-

lyzed.

In the analysis of the π− momentum spectra the same requirements de-

scribed for the 12C targets were adopted with the addition of a cut on the

distance beetwen the π− extrapolated track point and the K− vertex.

This last requirement has been adopted in order to select only the nega-

tive pions that come from the primary vertex, thus optimizing the signal to

background ratio of the spectrum.

In fact, as already underlined, the main background contribution to the π−

momentum distribution in the g.s. region comes from Σ− in-flight decay.

Due to the Σ− mean life time of (1.479 ± 0.011)× 10−10 s, the π− can be

produced several mm apart from the K− stopping point. On the contrary

the π− following the Λ-Hypernuclei formation is produced at the same point

in which the K− is absorbed at rest.

As already stressed in Chapter 4, the reconstruction algorithm extrapolates

the tracks from the hit on ISIM/OSIM to the vertex of the stopped K−,

which determines the pion origin point. In order to have the better compro-

mise between the bigger fraction of signal and the smaller one of background

all that events with a distance beetwen the π− extrapolated track point and

the K− vertex less than 0.3 cm were included in the analysis thus increasing
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the signal–to–backgroud ratio of a factor 2. In Fig.5.7 the inclusive π− mo-

mentum spectrum is reported obtained summing the two different targets

of 7Li. The spectrum is characterized by a peak centered at a momentum

value of ∼ 275 MeV/c that corresponds to the formation of the 7
ΛLi hyper-

nucleus in its ground state. This value is in agreement with the calculated

one, reported in Tab.5.1. The red selection range extends from 272 MeV/c

to 278 MeV/c and it corresponds to the interval that I chosen for g.s. region

of the 7
ΛLi formation.
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Figure 5.7: Inclusive momentum spectrum of π− emitted from 7Li targets.

The spectrum is the sum of the data collected from the two 7Li targets

employed in the first data taking.
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Figure 5.8: Momentum distribution of negative pions detected in coincidence

with a proton. The red region corresponds to the7
ΛLi g.s..
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Figure 5.9: Level scheme of the 7
ΛLi bound state. Corresponding level of 6Li

are also shown.From [77]

After the experimental identification of the g.s., for each K− stopped

inside the two 7Li targets a proton was required in coincidence. The π− are

long tracks only, while the protons were identified asking:

1. a positive track (proton candidate) connected to the K− vertex in the

target

2. reconstructed tracks by fitting at least 3 points in the spectrometer

(short and long tacks)

3. particle identification of the proton through the method described in

Sec. 4.4.

The π− tracks are long tracks only because π− identified as short tracks

have a momentum lower than 200 MeV/c and this means that their inclu-

sion in the π− spectrum analysis does not improve the statistic in the g.s.

momentum region which we are interested in. Fig. 5.8 shows the momen-

tum spectrum of the π− for the events with an additional proton. Close to

the 7
ΛLi g.s. peak (red region), a second peak appears at a lower momentum

centered at ∼ 269 MeV/c. In the inset of the figure a zoomed view of the

spectrum region in which the blue peak is selected is shown.

Since this second unexpected peak appears just asking for the proton co-

incidence, the source of this signal in the π− spectrum was investigated

searching all the possible hypernuclear systems which can be a source of
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proton decay in the 7Li target.

The hypernuclear systems that can be produced, stopping a K− in a 7Li

target, are the following : 7
ΛLi, (6ΛHe + p), (5ΛHe + d), (4ΛHe + t), (4ΛH

+3
ΛHe), (3ΛH + α) and all the others channels in which d may be replaced

by p+n, t by d+n or p+p+n and so on. Apart from the 7
ΛLi, with a mass

m7
Λ

Li= 6711,60 MeV, the lowest hypernuclear mass is found for the (5ΛHe +

d) system with m5
Λ

He+d=6715,57 MeV. Therefore the ”blue” peak can be

assigned to the following reaction:

K−
stop +7 Li →5

Λ He + d + π− (5.3)

The maximum momentum of the π− emitted in the reaction (5.3) was

evaluated considering the case in which the π− is emitted in a back-to-back

configuration respect to the system 5
ΛHe + d. Using the formula (5.1), a

momentum value equal to pπ−=272,67 MeV/c was found.

Looking to the inset of the Fig. 5.8 the end point of this second peak is

at 272 MeV/c. Furthermore, calculating the difference, in binding energy,

beetwen the (5ΛHe + d) and 7
ΛLi formation with the emission of a π− which

has respectively 269 MeV/c and 275 MeV/c of momentum (central values

of the two peaks in the experimental spectrum) a value ∆BΛ=3.98 MeV

was obtained. This value is fully consistent with the one experimentally

measured [88] and reported in Fig. 5.9. This means that studying the spec-

trum of the protons emitted in coincidence with the pion belonging to the

momentum region of the ”blue” peak we have the chance to analyze the

proton weak decay of 5
ΛHe. In Fig.5.10 (left) the energy spectrum of the

protons detected in coincidence with a π− of the 7
ΛLi g.s. and coming from

the NMWD of the 7
ΛLig.s. is shown.

This spectrum is the sum of the contributions of the two 7Li targets and it

is not acceptance corrected yet. It presents, as expected, a peak around 80

MeV and a tail to higher energy values due to the K−np absorption process.

The inclusion of tracks obtained by fitting three mesaured points only,

namely the short tracks (without hits on straws), allows the spectrum to

extend down to 15 MeV, a region never studied before.

Using the MonteCarlo acceptance calculation described in Sec.4.3 the
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Figure 5.10: Left: Energy spectrum, not acceptance corrected, of the protons

emitted in coincidence with a π− in 7
ΛLi g.s. region; right: energy spectrum

obtained after the acceptance correction for the 7
ΛLig.s.

spectrum was acceptance corrected thus obtaining the result shown in Fig.

5.10 (right). Also after the acceptance correction the peak at around 80

MeV is clearly visible and a further enhancement appears in the low energy

region (below ∼ 40 MeV) due to the proton rescattering effect inside the

7Li target (Final State Interaction in the following) and/or to the multi-

nucleon induced processes, among which the most sizeable contribution at

low energy is given by the two nucleons induced non mesonic decay.

The errors were calculated taking into account the statistical error on the

data, on the Monte Carlo simulation and the corresponding statistical error

on the acceptance calculation. The error evaluation on the acceptance was

carried out as described in Sec 4.3. The very low energy part of the proton

energy spectrum has a very limited acceptance therefore the errors on the

first bins are quite sizeable.

After the acceptance correction the background contribution to the energy

spectrum was evaluated. Since in the momentum region beyond the bound

states (that corresponds to momentum values larger than 278 MeV/c), as

said before, only the K−+np → Σ−+p absorption reaction is effective (with

the subsequent Σ− decay and/or conversion) a MonteCarlo simulation of this

reaction also for the two 7Li targets was performed.

In the simulation the K− is assumed to interact on a np correlated pair in
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7Li nucleus. The 7Li nucleus is assumed at rest, while to the nucleons a

momentum according to the Fermi distribution is assigned. The simulated

data were selected applying the same criteria and cuts used for the real

data. Fig. 5.11 shows in red the background contribution fitted to the π−

momentum tail beyond 278 MeV/c.
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Figure 5.11: π− momentum spectrum for events with an additional proton

track and superimposed (red histogram) the contribution to the spectrum

of the K−np channel, normalized to the spectrum tail.

Considering the overlap region of the two distribution I have evaluated

the agreement beetwen the data and the simulation founding a χ2/d.o.f value

equal to 1.3, thus revealing a quite good evaluation of the background con-

tribution to the data. The background subtraction from the proton energy

spectrum is therefore possible selecting the protons in coincidence with a π−

coming from the np absorption mechanism. The background subtraction is

performed for the events whose π− momentum falls in the fixed ground state

interval. In Fig. 5.12 the comparison beetwen the real data proton spectrum

and the protons coming from the simulation is shown and the result of the

background subtraction can be seen. Looking to this last spectrum we can

observe the rise of the spectrum in the low energy region as demonstration

of FSI effectes, an enhancement at around 80 MeV and beyond this energy

value a rapid fall. It seems that the FSI contribute to the proton induced

NMWD but its contribution is not so strong to eliminate the signal at 80

MeV.
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Figure 5.12: Left: (blue points) protons coming from the weak decay of

7
ΛLig.s.; red points: energy spectrum of the protons coming from the back-

ground reaction emitted in corrispondence of the g.s.. Right: proton spec-

trum from the NMWD of the 7
ΛLig.s. after the subtraction of the background

contribution

5.3 NMWD of 5
ΛHe

5.3.1 Proton weak decay of 5
ΛHe from 7Li targets

A first analysis of the proton weak decay of 5
ΛHe was carried out extract-

ing the energy spectrum of the protons emitted in coincidence with a π−

belonging to the momentum region selected in blue in Fig.5.8. The proton

spectrum, thus obtained, is shown in Fig 5.13 (on the left) together with

the result of the acceptance correction of the energy proton spectrum (on

the right). The energy spectrum looks quite different from the one obtained

for the 7
ΛLig.s. and this difference is probably due to the contribution of the

deuteron in the system (5ΛHe + d). The background source of the proton

spectrum is the same described for the 7
ΛLig.s. case and its contribution has

been evaluated performing the same simulation study done for 7
ΛLi. Fig 5.14

shows (on the left) the acceptance corrected proton spectrum of 5
ΛHe in blue

and the protons coming from the simulation of the K− absorption process

in red; on the right of the figure the result of the background subtraction is

reported.

This last proton spectrum is characterized by a bump around 80 MeV
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Figure 5.13: Left:energy spectrum, non acceptance corrected, of the protons

emitted in coincidence with a π− emitted after the formation of the 5
ΛHe

with the 7Li target; right: result of the acceptance correction of the proton

spectrum shown on the left of this figure.

that does not appears so clearly in the proton energy spectrum of the 7
ΛLig.s.

and the contribution of the FSI is always present. The next step in the study

of the proton-induced NMWD of 5
ΛHe is the analysis of the two 6Li targets

and the comparison of the energy spectrum thus obtained with the one

extracted from the analysis of the 7Li targets.

5.3.2 Proton weak decay of 5
ΛHe from 6Li targets

In the following the analysis of the NMWD of the 5
ΛHe hypernucleus pro-

duced in the two 6Li targets employed in the second run will be described.

The starting point of the analysis is the study of the inclusive momentum

proton spectrum for 6Li (two targets) and the comparison of this spectrum

with the one obtained for the 7Li (two targets). This comparison is useful

in order to see if any difference appears in the proton spectrum when a K−

is captured in a 7Li or a 6Li due to the fact that the 6Li can be considered

as a (d + α) cluster.

The events included in the two spectra, reported in Fig. 5.15, were selected

applying for the proton identification and selection the same criteria adopted

in the proton spectrum analysis of 7
ΛLi.

The proton momentum spectra are not acceptance corrected. The ac-
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Figure 5.14: Left: proton spectrum coming from the background absorption

process (red dots) superimposed to the acceptance corrected proton spec-

trum obtained from the data (blue dots); right: proton energy spectrum of

5
ΛHe after the background subtraction

ceptance correction is effective only in the low momentum region, where it

is a monotonic rising function, and does not affect the region beyond 400

MeV/c, where it is almost costant. The spectrum in Fig 5.15 for 7Li (on

the right) shows a distribution with a lower cut at 150 MeV/c due to the

momentum acceptance for proton identified as short tacks and the peak

emerging at about 370 MeV/c is due to the quasi-free reaction K−n → Λπ−

and other spurious dips emerge in the spectrum as a consequence of the

shadowing effect of some apparatus mechanical supports.

The spectrum of 6Li shows, in addition, a prominent structure peaked at

about 500 MeV/c. This peak is the signature of a two nucleon K− absorp-

tion, with Σ−p in the final state [90]. The signature is more evident in 6Li

nucleus and this suggests that the K− absorption may occour more easily

on 4He or, most probably, on a deuteron inside the nucleus (therefore with

its own Fermi momentum). The two-cluster structure of 6Li is a well known

feature and it emerges by the (π+, 2p) reactions in flight [89] [91] and (π+,

2n) reactions at rest [92] [93]. The same behavior holds also for 4He, wich

can be understood as a cluster of two deuterons. This evidence is extremily

important in order to better understand the 6Li proton spectrum of NMWD

and above all to evaluate the background contribution to the proton energy
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Figure 5.15: Inclusive proton spectra measured following the K− capture at

rest from 6Li (left) and 7Li (right).

spectrum.

As for the 7Li case, the first step of the proton-induced NMWD analysis

is the study of the π− momentum inclusive spectra measured for the two
6Li targets and the experimental identification of the 5

ΛHe formation. The

events included in the π− momentum inclusive spectra were selected using

the same criteria chosen for the analysis of 7Li and the result of the sum of

the two 6Li targets contribution is shown in Fig. 5.16.

Figure 5.16: Total π− inclusive spectrum obtained as the sum of the two
6Li targets contribution .

The inclusive π− spectrum shows a knee at a momentum value of 275

MeV/c. This value corresponds to the formation of the 5
ΛHe and it is fully
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consistent with the value reported in Tab.5.1. The region selected in red in

Fig.5.16 goes from 272 MeV/c to 278 MeV/c and it evidences the interval

choosen for the g.s. region identification. Furthermore, it is important to

notice that using, in the selection of the events, the cut on the distance

beetwen the K− interaction vertex and the extrapolated π− track point

requiring a distance less than 0.3 cm the signal to background ratio was

increased of a factor 3.

Requiring for all the events a positive track, identified as a proton in the

spectrometer, emitted from the same vertex of the negative pion the spec-

trum in Fig.5.17 is obtained.
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Figure 5.17: π− spectrum for events with an additional proton track, from

the two 6Li targets.

By the request of an additional proton a clear peak can be observed

in the bound region of the π− momentum spectrum correponding to the

formation of the 5
ΛHe hypernucleus (red area), which subsequently decays

following the non-mesonic decay mode.

The energy spectrum, not acceptance corrected, of the protons coming from

the NMWD of 5
ΛHe is shown in Fig. 5.18 (top); the spectrum is the sum of

the protons coming from the two 6Li targets and shows a camel-back double

humped structure, with a second maximum around 120 MeV. About 370

events populate the spectrum.

After the acceptance correction one gets the spectrum of Fig. 5.18 (bottom):

the signal at ∼ 80 MeV emerges and the region in the 20-40 MeV interval

rises considerably, as a consequence of the FSI and of the two-nucleons

92



5.3 NMWD of 5
ΛHe 93

induced non mesonic weak decay process.

proton energy (MeV)
0 20 40 60 80 100 120 140 160 180 200

co
u

n
ts

/ (
10

 M
eV

)

0

5

10

15

20

25

30

35

40

45

proton energy (MeV)
0 20 40 60 80 100 120 140 160 180 200

co
u

n
ts

/(
10

 M
eV

)

0

10

20

30

40

50

60

70

80

90

Figure 5.18: Top: energy spectrum, non acceptance corrected, of the protons

emitted in coincidence with a π− emitted after the formation of the 5
ΛHe

with the 6Li target; bottom: energy spectrum, acceptance corrected, of the

protons coming from the NMWD of the 5
ΛHe.

Comparing the proton spectra obtained for the 7
ΛLig.s. and the 5

ΛHe one

realizes that the background shapes for the two proton spectra may be very

different. This difference can be addressed to the different absorption reac-

tions which can occur, in the 6Li case, on a cluster substructure.

Taking into account this last remark, for the background evaluation it was

necessary to simulate the stopped K−np absorption process taking into ac-

count the peculiar cluster (α-d) structure of the 6Li nucleus.

In fact, by simply using the MonteCarlo calculation of the interaction of a

K− stopped with an uncorrelated np pair it is not possible to reproduce the

background shape of the spectrum in Fig 5.17.

The study of the background was carried out implementing, in the FIN-
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Figure 5.19: Momentum distribution of a quasi-d in typical light

nuclei:4He,6Li and 12C. The binding energy of quasi-d in these nuclei and

the rms momenta are shown in the inset. This calculation is taken from [94].

UDA simulation code, a MonteCarlo generator that takes into account the

momentum distribution of a deuteron inside a 6Li nucleus. The nucleus is

assumed to be at rest and the direction of the deuteron is chosen randomly,

while the deuteron momentum is extracted sampling the function reported

in Fig.5.19. From the picture one sees that in the case of the 6Li nucleus

the momentum distribution of a deuteron cluster has two peaks: one at low

momentum (≤ 100 MeV/c) due to a single deuteron, and another at higher

momentum (∼ 300 MeV/c) detemined by the ”quasi”-deuteron contained

in the α cluster (”quasi” here indicates a few-nucleon cluster in a composite

mucleus). The events simulated using this MonteCarlo generator were fil-

tered through the FINUDA reconstruction program and analyzed with the

same criteria applyed to the data. The result achieved in this way is showed

in Fig. 5.20. The spectrum of Fig.5.20 represents the comparison beetwen

tha data (black) and the simulation (red). The red momentum distribution

was obtained normalizing as always on the spectrum tail beyond the selected

g.s. region of the 5
ΛHe (pπ− ≥ 278 MeV/c).

Extracting the spectrum of the protons emitted in coincidence with a π−

from the simulation data we can evaluate the background contribution to

the proton spectrum; the two proton spectra obtained from the data anal-

ysis and the simulation, superimposed, are showed in Fig. 5.21. They are
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acceptance corrected and the errors are calculated as statistical only. In par-

ticular, using the simulation for the background evaluation and simulating

a number of events (4 millions) which is very much higher than the events

that populates the data spectrum, a very small error on the determination

of the events in each bin is obtained.
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Figure 5.20: π− momentum spectrum for events with an additional proton

track (in black) and superimposed (red histogram) the contribution to the

spectrum from the K−np channel.
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Figure 5.21: Energy spectrum of the protons coming from the background

absorption process (red dots) superimposed to the acceptance corrected pro-

ton spectrum obtained from the data (blue dots) for the 5
ΛHe.

Subtracting the red proton spectrum from the blue one we obtain the

spectrum of Fig. 5.22. A further step of the analysis was the test of the
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compatibility between the proton energy spectrum of 5
ΛHe obtained from

7Li targets analysis (on right of Fig.5.14) and the last one obtained with the

analysis of 6Li targets (Fig. 5.22) in order to verify if the two spectra can

be added. The two 5
ΛHe proton spectra were normalized to area beyond 15

MeV in order to have spectra normalized per proton-induced decays and to

test their agreement in shape. The result of the normalization is reported in

Fig. 5.23, where the blue dots represent the proton energy spectrum coming

from 7Li targets and the red squares indicate the proton spectrum obtained

from 6Li targets.
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Figure 5.22: Proton energy spectrum coming from the NMWD of 5
ΛHe after

the background subtraction.

In order to estimate the compatibility of the spectra of Fig. 5.23 the

Kolmogorov-Smirnov test was applyed to the data. This test is used to

determine whether two one-dimensional distributions differ and it is one

of the most useful and general nonparametric methods for comparing two

samples, as it is sensitive to differences in both location and shape of the

compared distributions. The application of this test returns a probability of

compatibilty between the two histograms. A value close to one indicates very

similar histograms and a value near to zero means that it is very unlikely

that the two arose from the same parent distribution.

The Kolmogorov-Smirnov test applied to the data shown in Fig.5.23 gives

a value of probability P=0.89 at a confidence level of 95% and this means

that the two 5
ΛHe proton spactra are fully compatible and they can be added.
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Figure 5.23: Proton energy spectrum of 5
ΛHe obtained from 7Li targets anal-

ysis ( blue dots ) and the one obtained with the analysis of 6Li targets (red

squares). The two spectra are normalized to area beyond 15 MeV.

The sum of the two spectra is shown in Fig. 5.24.
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Figure 5.24: Total proton energy spectrum of 5
ΛHe obtained adding the

spectrum obtained from 7Li targets analysis (on right of Fig.5.14) and the

one obtained with the analysis of 6Li targets (Fig. 5.22).

5.4 New analysis of 12
Λ C

The analysis of the data collected during the second FINUDA data taking

was carried out using the analysis tools described in the Cap.4 and developed

after the period in which I analyzed the 12
Λ C reaching the results described

in Sec. 5.1. In particular the main differences between the two analyses are:
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• the new pattern recognition for tracks that do not reach the straw

tubes crown (the so-called short tracks); this implementation gives the

opportunity to improve the acceptance of the spectrometer, as well as

the efficiency of the reconstruction algorithm;

• a more precise Particle IDentification method for the proton selection

(described in Sec. 4.4);

• the introduction of the quality cut on the distance beetwen the π− ex-

trapolated track point and the K− vertex; in particular in the analysis

described in the following for the 12C targets all the events in which the

distance is less than 0.3 cm were selected obtaining an improvement

of the signal to background ratio of a factor 3.

Using the new selection criteria listed above the inclusive π− momentum

spectrum of each 12C target of the first data taking was analyzed in order

to identify the momentum region related to the g.s. formation of the 12
Λ C.

Figure 5.25: Total π− inclusive momentum spectrum obtained as the sum

of the three 12C; the red region corresponds to the 12
Λ Cg.s. .

In Fig. 5.25 the sum of the three 12C is shown; in the π− spectrum two

peaks corresponding to the formation of the 11
Λ B (262 MeV/c) in its ground

state and of the ground state of the 12
Λ C ( 272.7 MeV/c) appear clearly. Fur-

themore it is possible to notice that there is a low background contribution

in the region beyond the kinematical limit of the 12
Λ C formation reaction (be-

yond 276 MeV/c) and this is the effect of the cut on the distance beetwen
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Figure 5.26: 12
Λ C momentum spectrum for the events in which a π− is

detected in coincidence wih a proton from the same K− vertex. Red

region:12Λ Cg.s. momentum interval.

the π− extrapolated track point and the K− vertex . The red region of

the π− momentum spectrum corresponds to the momentum interval chosen

for the 12
Λ Cg.s. and it extends from 270 MeV/c to 276 MeV/c. Then for the

events in the selected region (g.s.) a proton was required for each K− vertex

in the target. As for 7Li and 6Li analysis the π− are long tracks only, while

the protons can be either long or short tracks.
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Figure 5.27: Left:energy spectrum, non acceptance corrected, of the protons

emitted in coincidence with a π− coming from the 12
Λ C . s.; right: result of

the acceptance correction applied to the proton energy spectrum showed on

the left of this figure.
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The spectrum of Fig. 5.26 shows the π− momentum spectrum after the

coincidence requirement and it correspondes to the sum of the three 12C

targets data.

Selecting the protons emitted in coincidence with a π− from the g.s. region

the spectrum on the left of Fig 5.27 is obtained and after the acceptance

correction I got for the three 12C targets the spectrum on the left of Fig

5.27. The spectrum carried out with this second analysis, performed using

a new pattern recognition code, gives as result a proton energy spectrum

in which the signal at 80 MeV is always present and the rise of the lower

proton energy part appears as consequence of the FSI and multinucleons

induced effects. The errors reported in the spectrum are statistical only and

determined taking into account the contribution of the statistical errors on

the data and the error due to the acceptance evaluation. The shape of the

spectrum is more similar to that of the 7
ΛLig.s. than that of the 5

ΛHe.

pion momentum (MeV/c)
150 200 250 300 350 400

co
u

n
ts

/1
 M

eV
/c

0

20

40

60

80

100

120

140

160

180

200

220

Figure 5.28: 12
Λ C momentum spectrum for π− detected in coincidence with

a proton (black) and in (red) the simulated spectrum of the Knp ansorption

reaction.

The evaluation of the background was performed, like for all other analy-

ses, performing a MonteCarlo simulation of the K−+np → Σ−+p absorption

reaction using the same program used for the reconstruction of the data. In

the simulation one assumes that the K− interacts on a np pair extracted,

with Fermi momentum, out of a 12C nucleus at rest. In Fig. 5.28 we find,

in black, the momentum spectrum of the π− detected in coincidence with a
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proton and in red, superimposed, the π− simulated spectrum obtained after

the application of the same selection criteria adopted for the real data and

normalized beyond 276 MeV/c.
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Figure 5.29: Blue dots: proton energy spectrum, acceptance corrected, of

12
Λ C g.s.; red dots: proton energy spectrum from simulation of the K− ab-

sorption by two nucleons, emitted in coincidence with pions in the g.s. range

(270 MeV/c–276 MeV/c)

proton energy (MeV)
0 20 40 60 80 100 120 140 160 180 200

co
u

n
ts

/(
10

 M
eV

)

0

20

40

60

80

100

120

Figure 5.30: Energy spectrum of the protons coming from the NMWD of

12
Λ C in its g.s. after the background subtraction.

The background subtraction from the proton energy spectrum of Fig.

5.27 is performed selecting the protons in coincidence with a π−, coming

from the np absorption mechanism evaluated by the MonteCarlo simulation.

In Fig. 5.29 the comparison beetwen the proton data and the simulated

protons is shown, while in Fig 5.30 the result of the background subtraction
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is reported.
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Chapter 6

Results and comparisons

The first part of this last chapter is dedicated to the calculation of the ratio

Rp of the total number of protons with energy larger than 15 MeV to the

total number of produced Hypernuclei for the 5
ΛHe, 7

ΛLi and 12
Λ C hypernuclei

with a comparison of the Γp values determined by other experiments and

calculated by the theoreticians. After this calculation a comparison of the

FINUDA proton spectra with the theoretical expectations and the KEK

spectra is presented in order to draw my conclusions.

6.1 Rp calculation

The evaluation of the ratio Rp of the total number of protons with energy

larger than 15 MeV to the total number of produced Hypernuclei comes out

as follows:

• definition of the region of interest in each inclusive π− spectrum;

• evaluation of the number of hypernuclei produced in the region of

interest;

• extraction of the number of protons emitted in the NMWD and de-

tected in coincidence with a π− coming from the hypernucleus forma-

tion;

The regions of interest in each inclusive π− spectrum of the three studied

hypernuclei was defined as the momentum interval corresponding to the
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formation of the hypernucleus in its g.s.. The regions of interest chosen for

each target and employed in the analysis of this thesis are listed in Tab. 6.1.

Target Hypernucleus region of interest

material (MeV/c)

12C 12
Λ C 270-276

6Li 5
ΛHe 272-278

7Li 7
ΛLi 272-278

Table 6.1: Momentum interval corresponding to the formation of the studied

hypernuclei.

Integrating the number of π−, detected in the momentum regions re-

ported in Tab.6.1, it is possible to estimate the number of produced hyper-

nuclei. For the subtraction of the background contribution to the g.s. I took

advantange of the simulation of the K−np absorption process performed for

each studied target and widely discussed in the data analysis chapter. The

result of this calculation is reported in Tab. 6.2.

Target Hypernucleus Number of π−

material

12C 12
Λ C 1274 ± 40

6Li 5
ΛHe 1848 ± 46

7Li 7
ΛLi 1176 ± 36

7Li 5
ΛHe 1176 ± 36

Table 6.2: Number of π− detected in the region of the g.s. of each studied

hypernucleus; the statistical errors are also reported.

Finally the number of protons coming from the the NMWD was evalu-

ated considering the total number of protons detected in coincidence with

a π− coming from the defined region of interest and subtracting the contri-

bution due to the background reaction.

The protons coming from the background reaction were extracted from the
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MonteCarlo simulation done for each hypernucleus and also used for the

evaluation of the π− background. The values thus estimated are shown in

Tab. 6.3.

Target Hypernucleus Number of protons

material

12C 12
Λ C 217± 16

6Li 5
ΛHe 164 ± 14

7Li 7
ΛLi 159 ± 14

7Li 5
ΛHe 90± 11

Table 6.3: Number of proton coming from the NMWD of the different stud-

ied hypernuclei when they are in their g.s.

Taking into account the previous calculations it is possible to estimate

the ratio Rp using the following relation:

Rp =
NNMWD

p

Nhyp
(6.1)

where NNMWD
p indicates the number of protons coming from the NMWD

and Nhyp is the total number of hypernuclei produced. These two quantities

are deduced respectively from the following equations:

NNMWD
p =

Ndetected
p

ǫ′p
(6.2)

Nhyp =
Ndetected

hyp

ǫπ−

(6.3)

Ndetected
p and Ndetected

hyp indicate respectively the number of protons and

hypernuclei derived from the experimental spectra and reported, respec-

tively in Tab.6.3 and Tab.6.2; ǫ
′

p is the global acceptance of the FINUDA

apparatus for the protons detected in coincidence with a π− and conse-

quentely can be written as the product of the proton acceptance and the

negative pion acceptance ǫ
′

p=ǫpǫπ− . The relations (6.2) and (6.3) can be

inserted in the equation 6.1 thus obtaining:
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Rp =
Ndetected

p

(Ndetected
hyp )(ǫp)

(6.4)

the value of ǫp was estimated by means of the Monte Carlo simulation,

described in Sec 4.3, followed by the reconconstruction of the simulated

events using the same reconstruction algorithm used for the real data. The

results obtained for the estimation of Rp are listed in Tab. 6.4. The Rp

values of 5
ΛHe, obtained studying the NMWD for 6Li and 7Li targets, are

compatible within the errors. In the last row of Tab. 6.4 a single value of

Rp for 5
ΛHe is reported and it is the weighted mean of the two values of Rp

found for the 6Li and 7Li targets.

Target Hypernucleus p

material (energy≥15 MeV)

12C 12
Λ C 0.43±0.07

6Li 5
ΛHe 0.28±0.09

7Li 7
ΛLi 0.37±0.09

7Li 5
ΛHe 0.21±0.12

weighted mean

of 6Li and 7Li 5
ΛHe 0.25±0.07

Table 6.4: Rp values calculated by means the relation (6.4) for the proton

induced NMWD of the studied hypernuclei. The errors reported in the table

are statistical only.

Concerning the value of Rp found for the 7
ΛLi hypernucleus this is the

first absolute measurement ever done before. Furthemore it is important to

notice that the values mesaured for the 5
ΛHe analyzing both the 7Li target

and the 6Li target are fully compatible within the statistical errors.

These values of Rp are a guess of the Γp decay rate which can be determined

only when FSI and two–nucleon induced weak decays contribution can be

completely neglected. Due to the fact that the proton spectra from NMWD

of 5
ΛHe, 7

ΛLi, and 12
Λ C, show a low energy rise, due to the final state inter-

actions (FSI) and/or to two nucleon induced weak decays it is possible to

calculate the number of proton emitted respect to the produced hypernuclei
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(Rp). The values of Rp can be compared with some theoretical evalua-

tion and experimental results published in [95] and listed in Tab.6.5. The

theoretical values were calculated by the authors in the framework of the

one-meson-exchange (OME) model including the π, π+K and all mesons

contributions. In each calculation different values of the NNK coupling

costants are implemented through the NSC97a [96] and NSC97f [96] model,

indicated in Tab.6.5 respectively as a and f.

5
ΛHe Γp

a f

π 0.390 0.391

π + K 0.211 0.157

all 0.317 0.218

exp 0.21±0.07 [97]

12
Λ C Γp

a f

π 0.707 0.696

π + K 0.403 0.308

all 0.564 0.414

exp 0.31+0.18
−0.11[98]

Table 6.5: Previous theoretical and experimental evaluation of the Γp value

considered in order to have a comparison for the FINUDA experimental

mesaurements.

Comparing the experimental values, achieved for Rp, for 12
Λ C and 5

ΛHe,

with the theoretical values of Γp listed in 6.5 the suggestion is that the

FINUDA experimental values are well estimated including in the calculation

the contribution of all the meson and using the NSC97f model.

6.2 Experiments vs Theory

The more recent experimental results concerning the study of the NMWD

of Λ-hypernuclei have been achieved in various experiments performed at
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the KEK laboratory with the SKS spectrometer.

In particular, in a recent paper Okada et al. [99] published high statistics

proton spectra for the 12
Λ C and 5

ΛHe. In Fig. 6.1 the comparison between the

FINUDA spectrum obtained for 12
Λ Cg.s. (red squares) and the KEK proton

spectrum (blue dots) is shown, while in Fig. 6.2 the comparison for 5
ΛHe is

reported. The FINUDA 5
ΛHe proton spectrum is the sum of the 5

ΛHe proton

spectra extracted from the analysis of 7Li and 6Li targets (total spectrum

of Fig. 5.24).

Concerning the results obtained for the 7
ΛLi there is no possibility of mak-

ing a comparison with other experimental spectra because the spectrum

reported in this thesis is the first one mesaured for this hypernucleus.
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Figure 6.1: Red dots: FINUDA proton spectrum from proton–induced

NMWD for 12
Λ Cg.s.; blue dots: result achieved for the 12

Λ Cg.s. at the KEK

experiment; the two spectra are normalized to area beyond 35 MeV.

The proton spectra of Figs. 6.1 and 6.2 were carried out normalizing the

spectra to area beyond 35 MeV and it is possible to notice two main differ-

ences : first of all 12
Λ Cg.s. proton spectra obtained at KEK is quite flat in the

region where one expects the maximum (∼ 80 MeV) and on the contrary the

FINUDA spectrum shows the bulk of the signal around 80 MeV, moreover

both the KEK proton spectra have a high kinetic energy proton threshold

of ∼ 35 MeV due to the use of thick target and the energy loss inside the
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Figure 6.2: Red dots: FINUDA proton spectrum from proton–induced

NMWD for 5
ΛHe; blue dots: result achieved for the 5

ΛHe at the KEK ex-

periment; the two spectra are normalized to area beyond 35 MeV.

detector that prevent to do realistic consideration about the contribution

of the FSI to the NMWD process. At the contrary the FINUDA proton

spectra have a very low proton energy threshold (∼ 15 MeV) thus giving

the possibility to explore experimentally, for the first time, the contribution

of the FSI in the low energy region of the proton spectra.

In order to estimate the compatibility between FINUDA and KEK pro-

ton spectra coming from the one-proton induced NMWD the Kolmogorov-

Smirnov (K-S) test was applyed to the data. For the 12
Λ Cg.s. the K-S test

gives a confidence level of 20%, while for the 5
ΛHe I found a value of confi-

dence level of 75%.

These results indicate that there is a higher compatibility between the KEK

5
ΛHe data and the 5

ΛHe spectra obtained from the analysis described in this

work respect to the 12
Λ Cg.s. proton spectra.

In the last years, besides a big effort on the experimental side, the study of

NMWD was characterized by a lot of activity also on the theoretical side.

In a quite recent review Garbarino et al. [100] presented a systematic study

of the non mesonic weak decay of 12
Λ Cg.s. and 5

ΛHe. This theoretical work is

based on a nuclear matter formalism extended to finite nuclei via the local

density approximation (LDA) and on the one-meson exchange (OME) weak
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transition potential to describe both the one- and two-nucleon induced de-

cays.

In addition the contribution of the FSI was considered through an inter-

nuclear cascade simulation in order to have an estimation of the nucleon

propagation inside the residual nucleus.
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Figure 6.3: proton kinetic energy spectra corresponding to the decay of 5
ΛHe

(continuous line) and 12
Λ C (dashed line) obtained without the contribution

of the FSI.

Fig. 6.3 shows the proton kinetic energy spectra corresponding to the

decay of 5
ΛHe (continuous line) and 12

Λ C (dashed line) obtained when the FSI

is not implemented in the calculation; the distribution of the one-nucleon

induced primary protons shows a peak around 80 MeV mainly due to the

kinematics of the weak decay protons, without any distortion in the low

energy part of the spectrum.

The inclusion, in the calculation, of nucleon FSI provide the results given

in Figs. 6.4 and 6.5. In these figures the theoretical calculations compared

with the FINUDA experimental results is reported (red dots).

The dotted lines of Figs. 6.4 and 6.5 correspond to the theoretical calculation

of the one nucleon induced NMWD, once the two-nucleon induced channel

is also included. The curves were normalized beyond 35 MeV.

For what concerne the 12
Λ C proton spectrum (Fig. 6.4) from the compar-

ison with the theoretical calculation one deduces that in the region beyond
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Figure 6.4: Red dots: experimental proton spectra of 12
Λ C normalized per

p-induced non mesonic weak decay; Black curve: theoretical calculation for

the proton energy spectrum of 12
Λ C performed with the addition of the FSI

contribution.

∼ 70 MeV the shape of the experimental data is not reproduced and in the

low energy region, where the FSI becomes competitive it seems that the

contribution of this process is too large to reproduce the data.

In fact, even if the data show, below 40 MeV, a smearing of the distribution

due to the FSI and to the two-nucleons induced NMWD process, the com-

parison suggests that this smearing is not so evident like it appears from the

theoretical expectations. The K-S test for the comparison between the data

and the theoretical calculation of 12
Λ C provides a value of confidence level of

5% that indicate a really low compatibility. If we look to the comparison

reported in Fig.6.5 for the 5
ΛHe proton spectrum we found that the shape of

the experimental data distribution differs from the theoretical curves.

In particular it looks that for the low energy part of the spectrum the rise

is more evindent in the proton data respect to the theoretical calculation

while for the higher energy bins (≥ 90 MeV) the theoretical spectrum is

wider than the experimental one and the bump around 80 MeV is less pro-

nounced.

The K-S test applyed to the 5
ΛHe data gives a value of confidence level of

80%. One of the explanation of this difference in the shape for 5
ΛHe proton
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Figure 6.5: Red dots: experimental proton spectra of 5
ΛHe normalized per

p-induced non mesonic weak decay; Black curve: theoretical calculation for

the proton energy spectrum of 5
ΛHe performed with the addition of the FSI

contribution.

spectrum is reported in [100] by the authors. They, in fact assert that ac-

counting for nucleon final state interactions effects in light residual nuclei (as

those required to treat 5
ΛHe) through Monte Carlo tecniques is questionable

and for this reason the theoretical calculation presented for 5
ΛHe should be

considered less realistic than the corresponding ones for 12
Λ C.

It emerges that further experimental and theoretical confirmations are needed

and that the FINUDA experimental results, unlike the KEK data, give more

complete information about the proton spectra of the NMWD, thanks to the

low proton energy threshold.

Moreover the disagreement with the theoretical calculation is not too strong

for 5
ΛHe and very strong for 12

Λ C thus suggesting a deeper study of this phys-

ical channel and the need of both experimental and theoretical efforts in

order to reach a full consistency beetwen the experimental data and the

theoretical predictions.
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Chapter 7

Conclusions

The study of the proton spectra from hypernuclear non mesonic weak decay

has been performed analyzing the data collected during the first and the

second FINUDA data taking period. In particular the analysis has been

carried out for three different hypernuclei: 5
ΛHe, 7

ΛLi and 12
Λ C.

The proton spectra obtained from the analysis of the FINUDA data have

a very low energy threshold of 15 MeV giving the possibility to study a

proton energy range never studied before and to make comparison with the

theoretical expectation on the FSI contribution to the proton spectra. It is

important to recall that the previous spectra obtained from the KEK data,

collected at SKS spectrometer, show a higher energy cut at 35 MeV, due to

the use of quite thick targets and to the energy loss in the detectors.

The ratio Rp of the total number of protons with energy larger than 15

MeV to the total number of produced Hypernuclei reported for 5
ΛHe and

12
Λ C represent the first experimental measurement for these two hypernuclei.

Moreover the value of Rp calculated for 7
ΛLi has been measured for the first

time.

Furthemore the results achieved in this thesis for the 5
ΛHe and the 12

Λ C have

been compared with the previous KEK experimental results. From this

comparison a discrepancy emerges for the 12
Λ C proton spectrum, while the

proton spectra of 5
ΛHe seem to be more compatible.

Concerning the amount of FSI, a comparison of the FINUDA data with the

theoretical expectations has been done. From this comparison it emerges
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that the FSI contribution introduced in the theoretical calculations is too

large to reproduce the experimental data.
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