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Abstract

We have recerlly measuredthe non-mesonicweak decay(NMWD) proton
spectrum of  hypernucleusat FINUDA. The main reactionis (K , )?C.
There are two decyy modesin the NMWD. Oneis + n! n+ n andthe
otheris + p! n+ p. The theoretical and experimertal ,= , ratio is not
same.To solwe this puzzle,FINUD A experimert wasperformed. BecauseE462
experimert's setup could detect the ewerts using coincidencemeasuremets,
we cangetthe ,= ,ratio without FSI e ects.
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Chapter 1

In tro duction

1.1 Overview

A hypernucleusis a many-body systemcomposedof convertional non-strange
nucleus(protons and neutrons) and one or more strange baryons(the , ,

). Because is the lightest strange baryon which consistsof u, d and s
quarks,a hypernucleusis the easiesthypernuclear systemto investigateand
its structure hasbeenstudied quite well. The presenceof this new strangeness
degreeof freedomin a hypernucleus adds a new dimensionto the ewlving
picture of nuclear physics.

1.2 Weak decay of hypernuclei

A hyperoncanbeusedasa unigue probeto investigateinterior of nuclei.

It penetratesdeepinside the nucleusbecausdat doesnot su er from the Pauli
exclusionprinciple due to the new degreeof freedom,\str angeness'

The hyperonproducedinside a nucleusvia areactionlike, ( *;K*) or
(K ; ), will de-exciteto a hypernuclearground state which is stable hadron-
ically and electromagneticallyand will evertually deca through a strangeness
changingweak interaction processwhich involve the emissionof pion or nucle-
ons[20].

A free hyperondecgs mostly into a nucleonand a pion via the mesonic



weak decy (
| p+ + 37.8MeV (63.9%)

' n+ %+ 411 MeV (35.8%)

with the life time of 2632 ps [21].

The branching ratios of two channels are 36% and 64% and it is well
matched with the simple calculation from the empirical | = 1=2 rule. The
energyreleasedn the free deca is about 40 MeV and the correspnding mo-
mertum of nucleonand pion in their c.m. frameis about 100MeV/c.

Whena isboundin the nucleus,the mesonicdeca channelis suppressed
exceptfor the very light nuclei becauseof Pauli blocking of the nal-sate nu-
cleon. The nucleon-induceddecg, socallednonmesonioveakdeca (NMWD),
becomesdominant which is not available to the free  [22].

+p ! ptn+1l76MeV,
+n | n+ n+ 176 MeV:

Thus, the total weak deca width( ) of a hypernucleus consists of
four partial deca widths:

8 (
_ ' p+
1 % m _8 0 I n+ ©
ot = — = 2 b +p! n+p (1.1)
HY % om = 0 +n! n+n

N +N+N! N+N+N(?)

where v is the lifetime of a hypernucleus and o Is the partial decy
width of  @-mesonicdecy and ) that of the proton(neutron)-induced
NMWD, respectively. The new decay mode of NMWD, two-nucleon (2N)
induced process( NN ! NNN), was suggestedby Alberico [23], where
the virtual pion emitted at the weak vertex is absorbed by pair of nucleons
which are correlated through the strong force. Ramos made a more realistic
calculationsand their calculationsshovedthat the cortribution of two nucleon
induced processis 20-30%o0f the free  width [24]. Howeer, so far we have
no experimertal evidenceof the 2N process.

The nucleon-rucleon (N N) interaction has beenextensiwely studied since
the 1930's based on a large amourt of NN scattering data and is fairly



well-establishedtheoretically. For uni ed understandingof extended"baryon-
baryon" interaction, there have beeninterestsin the hyperon-rucleon (Y N)
and the hyperon-hyperon (YY) interactions. The direct measuremenof YN
and Y'Y interactions by scattering experimert is di cult dueto the short life-
time and the low intensity of the hyperonbeam. Thus, thoseinteractions have
been studied in the hypernuclear experimerts. The studies of the mesonic
and NMWD of the  hypernucleus have brought fruitful knowledgeto the
understandingof the strong and weak N interactions.

Recen review article [25] described the details of the various models and
their resultson NMWD widths.

1.2.1 Mesonic weak decay

The releasedenergyin the mesonicdecy mode is Qf'®¢' 37 MeV, with
a releaseof kinetic energyof about 5 MeV to the nucleon, correspnding to a
nal momerntum of about 100MeV/c. Sincethe nucleonFermi momerium in
usualnucleiiskg ' 270MeV/c exceptfor light ones,the mesonicdecgy mode
is suppressedn heavier hypernuclei becauseof Pauli exclusionprinciple of the
nal-state nucleon.

Although the partial decay width is very small (lessthan 1%) [26], the
mesonicdecy is obsened in the nite nuclei. The momerium of in its
ground state is not zero, which givesthe nucleon chancesto have larger mo-
mertum than Fermi momertum. Furthermore, the local Fermi momertum be-
comessmaller near the nuclear surface,which alsogivesthe  more chances
to deca through the mesonicchannel. The pion properties are strongly re-
normalizedin the nuclearmatter. The mesonicdeca width with the distorted
pion wave function is larger than that without distortion e ect becauseof the
enhancemen of the high-momenum componert of the wave function in mo-
mertum space.Therefore,the partial decay width and the energydistribution
of the mesonicdecg would probe the theoretical modelsfor hyernuclear struc-
ture and pion propagationin the nuclear medium.

A further interesting prediction for the mesonicdecgs is the remarkable
shell e ect and charge dependenceof the deca width for p-shell and s-shell
hypernuclei. For example, the decy width is even wealer than the ©



decy width in caseof . Howeer, for , the  decg is four times asstrong as
the °deca. The calculated o= ratios of p-shelland sd-shellhypernuclei
vary from a minimum of 0:1to a maximum of 2:3[27].

1.2.2 | = 1=2 rule

Another physicsinterest is the empirical j 1] = 1=2 rule, which approxi-
mately hold well in the deca of hyperonsand kaons. A free  decyg via the
pionic channel:

(
, PT
- n + o
with the experimertal ratio of the relevant width, = o' 1.78. We note
that, sincethe nucleonand pion can only conbine to give total isotopic spin
| = % or % while the | -spin of the zero, therefore the | -spin cannot

be consered in this process. Gell-Mann suggestedhat the changein | -spin
would be the minimum possible,i.e.

We canwrite | -spin wave functionsfor (p ) and (n °) in terms of the | -spin
% and g wave function using the Clebsd-Gordan coe cien ts.

S _ S _
L 13 21
- R &)

S _ S _
jin % = gj§i+ }j}i:

32 32

The relations then give for the decy ratio

e | =

8
I p < 2:1 forl=
no © 1:2 forl=

! = (1.2)

NIw NI
NIW NI

e | =

A small correction for the slightly dierent phasespaceavailable in the two
decass changethe |l = % ratio from 2:1to 1.90:1to be comparedwith the exper-
imentally measuredl.78:1. Somefurther small correctionsfor electromagnetic
e ects bring the measuredand calculated numbersinto good agreemenh



This | = 1=2 enhancemeny known asthe " | = 1=2 rule", is not ex-
pectednaively in the standard model of the weak interaction. There hasbeen
a great deal of theoretical work attempting to identify the origin of this results
[28]. Howewer, the origin of this empirical rule is essetially not understood in
a fundamertal way.

Furthermore, it is not at all clearwhetherthe 1 = 1=2rule, which governs
the pionic decg of the , should play any role in the NMWD process.There
are someindications that it could be violated forthe N ! NN process.In
many referencesthe authors persistedthat they sav the violation of | = 1=2
in NMWD N ! NN process[29 30, 31].

1.2.3 Nonmesonic weak decay

The possibility of nonmesonicweak decgy (NMWD) in hypernuclear decgy
was suggestedfor the rst time in 1953[32] and interpreted in terms of the
freespace ! N decg, wherethe pion was consideredas virtual and then
absorked by a bound nucleon.

Although the free hyperon-rucleon interaction can be directly measured,
experimerts arereally di cult dueto the short lifetime and the low intensity
of the hyperon beam. The production and scattering should take placein the
sametarget. Angular distributions and polarizations have beenmeasuredat a
few energies particularly for the N system,but the statistics are very poor
and imprecise[28, 33]. Therefore, NMWD providesthe most practical means
to investigatethe four-fermion weakvertexand N ! NN weakinteraction
which occursonly in the nuclear medium.

As mertioned in Section1.2.1,the mesonicdecg in the nuclear medium
is strongly suppressedecauseof Pauli blocking e ect exceptfor the lightest
hypernuclei. The energyreleasedn the NMWD processis Qf'®¢' 176 MeV,
and the correspnding c.m. momernium of nal two nucleonsis about 400
MeV/c which is much higher than Fermi momerium. As a result, this decy
mode does not su er from Pauli suppressionso seriously and dominatesin
medium and heavy hypernuclei.

The NMWD is expected to cortain rich information about the baryon-
baryon weakinteraction sinceboth parity-conserving(PC) and parity-violating



Table 1.1: NMWD amplitude from N S-state.

Initial Final Amplitude Isospin| Parity
N NN p! np n' nn InN Change
1S ! 1S, ap an 1 no
! Po | B3( 1 20 W3(1 29 1 yes
35, ! 33, 5 G 0 no
I 3D, ngZslz(q) 0 no
b e (1 d 0 yes
! Py [ f,2( 1+ 29 fa2(1+ 2)g 1 yes

(PV) partial rates can be measured,whereasthe strong interaction masks
the PC signalsof the weak interaction in the nucleon-rucleon system. The
parity-conservingpart of the weak interaction is not obsenable becausat is
completelycoveredby the stronginteraction and only the parity-violating part
can be studied through the polarization study of interaction. In the caseof

N ! NN interaction, both the parity-conservingand parity-violating parts
are obsenable becausethe N ! NN is completely weak process.Because
the relative N momertum is fairly small, the N initial state is restricted
to S-state. Then, the possibletransitions are those listed in Table 1.1. All
amplitudes(a-f ) can cortribute to the proton-induced NMWD ( ,). Three
amplitudes(c,d and e) have isospinl = 0in the nal NN systemwhich give
no cortribution to the neutron-induceddeca process. Since proton-neutron
systemhasan isospineither 0 or 1, the six amplitudescortribute to the proton-
induced decey process.The decy widths , and | arewritten as

» = ErErGrdr gl
= @Rl

If the | = 1=2 rule holdsin the NMWD. the relations of the amplitudes of
p! npand n! nn are



Then, the ,= , ratio canbe written as,

no_ 2(1=1)
;T =0+ (1=1) (-3
When the | = 1=2 rule holds and if the initial state is the singlet spin

state 1Sy, then the ratio of neutron- to proton-induced transitions to nal
| = 1statesis (I = 1)= ,(I = 1) = 2. Therefore, by isolating the initial
singlet spin state 'Sy, which leadsto only | = 1 states, both in neutron- and
proton-induceddecas, the validity of the | = 1=2 rule in the NMWD could
be veri ed.



1.3 FINUD A Experiment

1.3.1 The measurement of .=,

Table 1.2shawvsthe di erence betweenexperimertal and theoretical result for

n= p. 10 sole this problem, we performedthe FINUD A experimert.
We simultaneously measuredtwo nucleons(n + p, n + n) from decg of

hypernucleus. The advantage of the coincidenceexperimert is that we can
remove both of the di cult y and uncertainty.
It shouldbe notedthat the ,= , ratio canbe determineddirectly without
any assumptionas follows.

N(np- pair coin) = N(C p! np) (p nJax n p (I Res)

N(Cn! nn) (n a2 @ Rg)

N(nn- pair coin.)

where( , nav:/( n n)av: and o/ , denoteaveragedacceptanceof decyy
courter for n-p/n-n pair and detection e ciencies of proton/neutron, respec-
tively. Res, standsfor the reduction factor due to the FSI. Then the ratio of
n= p IS expresseds;
n N(Cn! nn) N(n+ n-pair coin) D

5 N( p! np)  N(n+p-pair coin) , (1.4)

The FSI factor is canceledout due to the chargesymmetry betweenproton
and neutron. This experimert can preciselydeducethe ,= , ratio without
theoretical ambiguity of the FSI e ect.



Table1.2: Recen theoretical calculationsand experimertal resultsof ,= ra-
tio for .

Theoretical results

Ref. n= p Model
Ramos-Bennhold[51] 0.19 OPE

0.27 OME
Parreno [52] 0.12 OPE

0.12 +
Dubadch [53 0.20 OPE

0.83 OME
Parreno [39 0.104 OPE

0.095 +

0.068 OME
Parreno [54] 0.68 OME

0.034-0.136 OME + | =3=2
Itonaga [56] 0.10 OPE

0.36 +2=+2=
Jun [57] 0.08 OPE

1.14 OPE + 4BPI
Jido [45] 0.12 OPE

0.52 + K

0.53 +K+2 +1
Parreno-Ramog40]  0.078-0.079 OPE
(correction of [39)) 0.205-0.343 + K

0.288-0.341 OME
Experimertal results
J. J. Szymanski[58  1:33"43:
H. Noumi [64] 1:879%¢

O. Hashimoto [60]

Y. Sato[59] 0:87 0:09 0:21(IN only)
0:60%:337%:23(1N and 2N)
J. H. Kim [63 0:51  0:15(1N)

. 0:09+0:20
ity

. :10+0:
0:96" 0:09 0:21

(IN and 2N)




Chapter 2
FINUD A experiment

The FINUDA (acronym for" Flsica NUcleare a DA NE") experimert is a
multi- purposeexperimert mainly focusedon hypernuclearphysics. The topics
to study in this experimert are listed below;

-h ypernuclear spectroscoly with the (K gi5neq; ) reaction,
Lifetime measuremenof -h ypernuclei,

Weak deca of -h ypernuclei,

Seart for rare decgs of *He intop + t ord + d,

Neutron-rich hypernuclear formation with the (K g,n5q; ) reaction,

Seart for -h ypernuclei with the (Kgy,p0eq; ) reaction.

The main idea [27-29]is to usealmost monochromatic slov K “sfrom the
decy of (1020),which is abundartly producedby the factory DA NE [30]
at LNF(Lab oratori Nazionalidi Frascati). They are sloved down while passing
through inner detectorsand targets until they stop inside the targets. When a
negative kaon stops, it is captured by an atomic orbit of a nucleus,cascading
down to lower orbitals, until absorked by one or more surfacenucleonsof the
nucleus. It is well known from the old bubble chamber data [31]that the main

10
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absorption process(80-85% per stopped K ) is the quasi-freeprocessK N
! andK N'! , while non-mesonicabsorption processesK NN !
()N, on multi-nucleonstake placewith a signi cant fraction of 15-20% in a
wide range of massnumber. Someof the -h ypernuclei as

KStopped + AZ ! AZ + (2-1)

The measuremeh of the momerium of the emitted pion givesus informa-
tion on the massof the formed hypernuclear states.
hypernuclei decay via weak interaction with the lifetime comparableto
that ofa hyperonin freespace(263 2 ps). It involvesone or more neigh-
boring nucleonsin its deca exceptfor light hypernuclei. The ratio between
neutron-induced( N ! NN ) and proton-induced( p! pp) decy widths,
denotedas ,= ,, imposesrestrictions on the baryon-baryon weakinteraction
models. Not only the direct formation of reaction (2.1), but also a fragmert
of hyper-nucleus(hyperfragmen) is producedsometimes.In particular, #Heis
abundartly producedwith a SLi target, sincelam is particle-unstable and de-
cays into °He + p, *He+ p + n, *He+ n + n and soon, accordingto the
excitation energyof lam. The speci ¢ non-mesonid¢wo-body decas of 4 Heinto
p+ tandd + d have not beenobsened yet. In the large-anglespectrometer
FINUDA we expect to obsene p + t or d + d pair in badk-to-back with a
good energyresolution. Simultaneously the FINUD A experimert suppliesus
information on the formation of neutron-rich hypernuclei (which have newer
been obsened with the stopped K method up to now) from the following
reaction:

KStopped + AZ | A(Z - 2) + 7 (2-2)

For example,®H, "H and *?B e canbe producedwith °Li, ’Li and 2C targets,
respectively. Another kind of hypernucleus,which includesone hyperon, is
also looked for, by tagging a particle emitted from in the strong corversion
processof N ! N.
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Figure 2.1: Sthematic layout of the DA NE acceleratorcomplex.
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energy 510MeV
designluminosity | 5 10*?/cm?/s
«(rms) 2.11mm
y(rms) 0.021mm
.(rms) 35mm
bunch length 30mm
crossingangle 13mrad
frequency(max) 368.25MHz
bunch/ring up to 120
particles/bunch 8.9 10
current/ring(max) 5.2A

Table 2.1: Operation parametersof the DA NE collider.

21 DA NE

The factory DA NE, which is the acrorym for \the Double Annular Fac-
tory for Nice Experimert", is a positron-electroncollider whosebeamenergyis
0.510GeVsothat the certer-of-massenergycorrespndsto the (1020) mass.
The main decy modesof a mesonis K"K (49%), K Ks (34 %) and ©
+ 7 0 (15%).

The operation parametersare listed in Table 2.1. As shown in Fig. 2.1,
the DA NE collider hastwo colliding sections;onefor the KLOE experimert
on kaon decgss and the other for the FINUD A experimert.

2.2 FINUD A spectrometer

Figure 2.2 shavs a global view of the FINUD A spectrometer. mesonsare
producedby in the certer of this apparatus. A homogeneousnagnetic eld of
1.0T is applied along the beam pipe with a superconductingsolenoid.

The FINUD A spectrometeris composedof two regions: the internal target
region and external region.
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Figure 2.2: Global view of the FINUD A spectrometer.

2.2.1 Inner detectors

A K pair from the decy is detectedin the internal region, shovn in Fig.
2.3, with a barrel of 12 thin scirtillator slabs (TOFINO) and an octagonal
array of silicon microstrips (ISIM).

Theslov K areidentied with the largeenergydepositin ISIM, compared
to minimum ionizing particle, e.g. e , mainly coming from Bhabha scattering
(Fig. 2.4). The TOFINO is usedto make a trigger start timing. At this
stageof analysis,the timing resolutionof 610psis achived. Ead slab of the
TOFINO is 20cmlong, 3.1cmwide, and 2.3mm thick.

The K stopping points are estimated with the hits in ISIM. Here, the
decy topologyof ! K*™K isassumedor the trajectories. Each module of
ISIM hasan active surfaceof 196mm 52mmwith strips on both sides(z and

). The pitch betweenthe neighboring strips is 50 m. The presen resolution
is evaluatedto be 30 m
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Figure 2.3: Sdhematic view of the interaction/target region.
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Figure 2.4: Energy deposit in ISIM > MIP’s and kaonsare clearly separated.
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scintillator array (TOFOMNE)

siraw tube array

Figure 2.5: Front view of the FINUD A spectrometer.

2.2.2 Outer detectors

A front view of the spectrometeris shovn in Fig.2.5. Four sets of position
detector systemsare usedto track a particle from a target. First oneis a
decagonalarray of silicon microstrips (OSIM) which are the sameas ISIM,
then two layers of eight low massdrift chambers (DCH1, DCH2) are located.
The outermost one is a straw tube detector(STRW) consisting of six layers
longitudinal and stereotubes. The wholetracking volumeis lled with He gas
to reducethe e ect of multiple scattering.

DCH1 and DCH2 arerotated by 11 and the lateral sidesof the framesare
overlapped for a negative particle of 250MeV/c. They are lled with a gas
mixture of He : iso- C4Hi0 = 70 % : 30 % to reducethe radiation length.
The sensitiesareasfor DCH1 and DCH2 are 930mm  316mmand 1570mm

566mm,respectively. The sensewire pitch is 50mm. The spatial resolution
in the direction normal to the wire is assumedto be = 150 m, while the



17

resolution along the wire of 1% of the wire length can be obtained by charge
division.

The straw tube arrays are composed of one axial and two stereo (tilted
by 12 ) super-layers. Each super-layer cortains two layers of staggeredstraws.
The inner diameter of a straw is 15mmand the length is 2.55m. The resolution
along the drift is expected to be 100 m. To attain a good resolution for
z-direction, the z coordinate is ewaluated with the stereotubes. Then, the
resolution for z direction becomes 500 m.

There are an external barrel of 72 scirtillator slabs (TOFONE) in the
outermost, usedfor the rst level trigger together witho TOFINO. The time-
of- ight betweenTOFINO and TOFONE is usedfor the particle identi cation
for chargedparticles and the detection of neutrons. Each slab is 255cm long
and 10 cm thick. The sectionis shaped as a trapezoid with the upper base
of 12 cm and the lower baseof 11 cm. The time resolution is estimated to
be 770psat presen, by timing alignmert using cosmicrays and Bhabha
scattering data.

2.2.3 Particle identi cation

We have to idertify */p/d for positive particles. We have information on the
energy deposit at OSIM and the time-of- ight. Figure 2.6 shows the scatter
plot betweenthe momerntum and the energydeposit; *, p andd are separated
very clearly.

2.2.4 Targets

In the rst run in 2003and 2004, we used v e kinds of targets (2 °Li, “Li,
3 12C, ?27Al and V). Ead target hasits thicknessof 200-300mg/cm?. Each
target hasthe following purposes.

®Li: The hypernucleuslam is particle-unstable and decgs into *He, or
“He. The study on weak decy for °He and the two-body rare decy for
and *He is possible. Furthermore, a neutron-rich hypernucleus is possibly
producedand even if no signalis obsened we will determine the upper limit
on the formation rate.
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Figure 2.6: Energydeposit at OSIM versusparticle momernium. Pions, protons
and deuteronsare clearly separated.

Li: The level schemeof am is well known by the high-resolution spec-
troscopy. The groun state doublet will be resohed in the missing-massspec-
troscopy for the rst time. The weak decg of this hypernucleuscan be mea-
sured. The possibleexistenceof ’ Li (theoretically most promising except for
4He, which was obsened already) and neutron-rich hypernucleus’ He,canbe
surveyed.

12C: 12C hasbeenstudied most extensiwely up to now, with the (K ; )
and ( ";K™) reactions. We can usethe previous spectra for calibration, and
also we will have a spectrum with the best resolution (0.75MeV FWHM),
comparedto the presen record of 1.45MeV FWHM at the KEK-PS E369
experimert.

27Al: and 5V No distinct hypernuclear state has been obsened heavier
than 180 with stoppedK . The capturerate for 2’Al and >V will be measured.
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Figure 2.7: (a) Schematic view of the interaction/target region. (b) Scatter-
plot of the reconstructedy vs x coordinatesof the K stopping points.

2.2.5 Trigger

For the (Kgoppea:  re€action, we make a trigger as follows.

Asa decy selection,we requiretwo \extended" bad-to-bad hists fo the
TOFINO slabswith the ADC's over the kaon threshold. \Extended" means
that one hit is just opposite or adjacert to the opposite. This is becausethe
magnetic eld bendsthe kaon trajectories. We also require more than two
hits in the TOFONE slabs,of which the rst hit is within the time gate(18ns)
after the hits in TOFINO. Most of the pionsfrom hypernucleusformation pass
through more than two slabsin TOFONE becauseof the curvature of the pion
track.

For the luminosity monitor, we have a Bhabha trigger. It is produced as
in the deca selectionbut with the small pulse heights in TOFINO.
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2.3 Acceptance of charged particles

We have the acceptancefor charged particles as shovn in Fig.2.7. Sincethe
spectrometeris optimized for the ~ from hypernucleusformation (260 - 280
MeV/c), negative particles have a larger detection acceptancethan positive
ones. The framesof drift chambers are rotated betweenthe inner and outer
layers, sothat the ine ciency for a negative particle is reduced. A track with
four hits in detectors(OSIM-DCH1-DCH2-STRW), calleda long track hasan
acceptancein 150 MeV/c, and a short track with three hits in detector
(OSIM-DCH1-DCH2) hasan acceptancen  120MeV/c.
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Figure 2.8: Geometrical acceptancefor short track(blue) and long track(red)
of *.
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Figure 2.9: Geometrical acceptancefor short track(blue) and long track(red)
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Figure 2.10: Geometricalacceptancdor short track(blue) and long track(red)
of proton in momerium scale.
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Figure 2.11: Geometricalacceptancdor short track(blue) and long track(red)

of proton in energyscale.



Chapter 3

Data Analysis

In this chapter, proceduresof data analysisfrom the raw data aredescrited.The
analysisstageis divided into two parts:  spectrafrom the (K y,,,.4;  )reaction
and \decay product part"to obtain the proton energyspectra of hypernuclei
in the meha of two tracks coincidence.

3.1 hyp ernuclear pro duction

3.1.1 Primary Beam

When e' beams(510MeV)ollidee beams(510MeV), (1020)mesonsare pro-
ducedat arate 4.4 10’s '. The (1020)decags with ead brandc ratio as
shown.

I K*K  (49%)

I KsKL (34%)

! + F 0 (15%)

Sincethe is produced almost at rest, DA NE is a sourceof 2.2
10P°K*K pairs/s, collinear, badkground free and of very low energy(16MeV).
The low energy of the kaonsis the key-feature for performing hypernuclear
physicsexperimerts at the DA NE  -factory.
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3.1.2

The mainideaof FINUD A is to slov down to restthe negative kaonsfrom the
decy in thin solid target, soasto study the following formation and
deca of hypernuclei producedby the strangenesexdangereation. Especially

I K*K

in K absorption at rest

we choosethe carbon targets(1,5,8)

K Stopped

1000000
FIE0Y

000 0,00

D7 IREHRE [ 0,00

[ - 0.0

wxmin VS, wyrin

Figure 3.1: K stopping point in Carbon targets(1,5,8)
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Figure 3.1shavsa K stopping points in Carbon targets. And in stopping
point are generatedby ead reaction.

Kstoppea + P! + (3.2)
Kstoppea + N1 0+ (3.3)
Kswoppea * N!  + (3.4)

Kstopped * P! + *, ! n+ (3.5)
Kstoppea (NN) N, ' ' n+ (3.6)

The analysisof the data started with a study of the excitation energyspec-
trum 12C, trying to maximizethe instrumental resolutionon the measuremen
ofthe  momerta. To that purposethe following requiremers were adopted
in the condition of a negative track (negative pion candidate) connectedth the
K stopping point and quality cut on the track tting.
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Figure 3.2: Inclusive momenum spectrum of from 2C targets obtained
using more relaxed selectioncriteria.
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3.2 Decay product part

From the NMWD of hypernuclei, protons and neutrons are produced. For
the deca particle analysis, it is important to idertify charged product and
neutral product.

In the next section, charged product, proton analysiswill be described in
the method of two track coincidence.

3.2.1 two trac k coincidence

Two track coincidencemeansthat during gate time (18ns) both (+)c harged
particles and (-)charged particles are tracked at the stopping point. Figure
3.3shows ead (+) charged particle and (-) charged particle trace at the K
stopping point.

Figure 3.3: tracking two di erent charged patrticle at the stopping point.
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Figure 3.4: Momertum spectrum of of g. 3.2 with the additional re-
quiremert of a proton in coincidence.blue areasare ground state of  (270-
277)MeV

Figure 3.5: (+)c harged particle pid.
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3.2.2 Proton spectra from '°C ground state decay

+ 12C I 12C +

+p ! p+tn+ 176MeV:

K Stopped

The ground state  are formed by releaseof 270-277 momertum. Fig 3.6
show 4-point raw proton spectrum from non-mesonicweak decg of ground
state. Event numbersare 404. Fig 3.7 included short track. Thereforeproton
ewvent detectedat the low energy

Figure 3.6: 4-point raw proton energyspectrum at the ground state with
coincidence(270-277gate).
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Figure 3.7: 3 or 4 point raw proton energyspectrum at the ground state with
coincidence(270-277gate).



Chapter 4

Results

In this chapter, we'll discussabout proton energy spectra after nonmesonic
weakdeca of . In orderto NMWD proton spectra, we estmatedbadkground
region and corrected geometrical acceptance. And then we obtained proton
energyspectra per NMWD assumingthe total numbers of hypernuclues.

4.1 Proton energy spectra

From Fig 3.7, we have obtained proton spectra including long track and short
track.

4.1.1 Background estimation

In order to obtain badkground, we assumedthat badkground in the 270-
277(MeV) (ground states) is averagebetween 265-270(MeV) and 277-282
(MeV) . The number of 265-270(MeV) are 199. The number of 277-
282 (MeV) are 315. we obtained 347 badkground numbersthrough tting
method 1 polynomial and 2 gaussian.Thereforetotal badground everts from
both side bin were normalizedby 347 ewerts.

31
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Figure 4.1: badkground estimation the region of 265-270and 277-282MeV
momertum

Figure 4.2: badkground proton spectrum with coincidence265-270and 277-282
MeV momertum
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Figure 4.3: estimate badkground number,1-p2polynominal and 2-gaussiant-
ting

Figure 4.4: 347-ba&ground proton energyspectrum
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4.1.2 Normalization and background subtraction

Fig 4.5 are subtracted raw proton spectrum. The error bars are the statistical
errors. Fig 4.6 are proton spectrum after geometrical acceptancecorrection.
The error calculation are as follow.

Error of a Dierence: u= x -y

§= Xty - 2c0(xy)

Error or a Ratio: u = xly
S1uwr= ZxZ+ Jly? -2con(x.y)ixy

Figure 4.5: proton spectra after subtraction of the badkground.



35

Figure 4.6: proton spectra after geometricalacceptancecorrection. The error
bars are the statistical errors.
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Table4.1: Summaryofthe , and NMWD branding ratios of in the E508.

Ref.
b 0.099 0.011 0.004 [59
bo | 0.133 0.005 0.003 [85
bhm | 0.768 0.012 0.005 [85

4.1.3 Nonmesonic weak decay branc hing ratio

To convert the yield of the obtained nucleon energy spectra into the unit
per NMWD, oneneedto know the absolutebranch width of the NMWD. The
NMWD width can be obtained by subtracting mesonicweak decg widths
( = and o= )from as m = (ot o, sothat the NMWD
branding ratio can be extractedfromby,, =1 bo b . Therefore,we also
needto know the chargedpion branch width aswell. We took the data of this
branch width from other analysisof E508[84,85]for exceptfor branching
ratio. The brandhing ratios of , ° and NMWD branching ratios can be
summarizedin Table 4.1.

4.1.4 Proton energy spectra per NMWD

From the g 4.8, we have obtained the proton energy spectra per NMWD.
The number of (270-277MeV)from formation of the  are 1387 through
tting method. From the table 4.1 applying the NMWd branch ratio, 0.768
the number of non-mesonichypernucleusare 1065.



Figure 4.7: assuminghypernucluesfrom tting

Figure 4.8: Proton energyspectra per NMWD of 2C
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Chapter 5

Summary

In this thesis, | introduced the FINUDA experimert. In order to get the

n= p ratio from non-mesonioveak decsy, | have analyzedthe proton energy
spectrum from the non-mesonioveak decgy of 12, hypernucleusproducedvia
(Ksiop, ) reactionat FINUDA experimert.
| have obtained the proton yieldsin the low energyregionbelon 30-40MeVfor
the rst time. This waspossibledueto the thin target and better resolution of
the FINUD A detector. The spectrum, courts per non-mesonichypernucleus
show a consisten yield in most of the energyregionwith that of the previous
KEK-508 experimert exceptin the low energyregionof 20-60MeV. In orderto
improve the statistics, | have included the low energyshort track evernts(98) in
addition th those4-point track(404). The spectrum shows the rapidly increas-
ing yields as the proton energy decreases.cortrasting the E508 experimert
The reasonis acceptanceat the low energy Therefore. | have obtained the
acceptanceof chargedparticle. The e ciency determination of the low energy
proton is important.

In order to improve the statistics, we included the short track data in

addition to the long-point data.

My resultis di erent Benussi sresult dueto badground subtraction. Whereas

Berussi'sbadkground is peak at 110MeV with Monte Carlo simulation, | ob-
tained 80Mev peak from side bin(265-270,277-282)real data. Fig ?? is com-
pared E508 and Finuda results.
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Figure 5.1: comparisonbetweenthe Finuda(bladk) and E508(red)proton spec-
trum per NMWD
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Figure 5.2: comparisonbadkground betweenBenussiMC(red square)and side
bin data(bladk cross)
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Figure 5.3: comparisonamongthe Berussi(blak) and E508(greysquare)and
YongJin(red) proton spectrum at a.u.
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