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Abstract

We have carried out the second data taking of the FINUDA (acronym for “FIsica NUcleare a
DA®NE”) experiment to study strangeness nuclear physics via the kaon absorption reaction
at rest on p-shell nuclei (°Li, "Li, °Be, '3C, and D-0), at a ¢-factory DA®NE (acronym for
“Double Annular ¢-factory for Nice Experiments”) in LNF-INFN (Laboratori Nazionali di
Frascati, Instituto Nazionale di Fisica Nucleare). The data taking started in November 2006,
and ended in June 2007. The total integrated luminosity reached 966 pb~!, which is about 5
times more than the first data taking in 2003-2004.

We have succeeded in observing pairs of An, X7 p as well as Ap in good statistics. They
showed a back-to-back angular correlation characteristic to the emission from two-nucleon
absorption. For these correlated pairs of An and X~ p, the energy sum distribution showed
an enhancement near the threshold. It suggests that the quasi-free two-nucleon absorption
process is existent, at least for An and X7 p pairs. The exclusive measurement of the hyperon-
nucleon pairs made it possible to evaluate the yield of each combination. The yield for An
and X~ p has been obtained as 2-3% and 0.2-1.1% per stopped K, depending on the target.
The contribution other than quasi-free two-nucleon absorption was also estimated for An,
and it was found to be ~ 2% per stopped K~ at most.

On the other hand, the energy sum of Ap pairs did not show an enhancement near the
threshold. The yield in the near-threshold region was only 0.2-0.4% per stopped K, much
smaller than the total yield of 0.9-2.4%. It was found that the strength in the near-threshold
region relative to the total was small, in contrast with the case of An. Thus, it indicates
a different production mechanism for the correlated Ap pairs from quasi-free two-nucleon
absorption.

In the previous data taking, we found the invariant mass of the Ap pairs distributed
much lower than the threshold of a kaon and two protons. The newly observed invariant
mass spectrum of Ap was consistent with the result of the previous data taking. There
was no significant difference of the spectra among the different targets. The strength in
the bound region may indicate the existence of K~ pp bound states, although there are no
realistic theoretical calculations on the production of K~ pp bound state in kaon absorption

to be compared.
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Chapter 1

Introduction

1.1 Antikaon-nuclear bound states

Strangeness nuclear physics is an extension of the traditional nuclear physics by adding the
strangeness degree of freedom. One of main subjects is related to hypernuclei, which include
hyperon(s), such as A, ¥ or Z. Spectroscopic study, such as formation spectroscopy and ~-ray
spectroscopy, will give an almost unique information on baryon-baryon interaction, since a
scattering experiment with a hyperon beam is difficult to be carried out because of the short
lifetime of hyperons.

Whereas a hypernucleus is a baryon system like a normal nucleus, an antikaon-nuclear
bound state, where an antikaon is the lightest meson with strangeness —1, has been ex-
tensively investigated both theoretically and experimentally in this decade. It can be con-
sidered as a highly excited (200-300 MeV) system, compared with a A-hypernucleus in the
strangeness —1 sector. The possible existence of such an exotic bound state is assisted by

the strong attraction between KN with isospin 0.

1.1.1 Antikaon-nucleon interaction

Low-energy antikaon-nucleon interaction has been investigated via two ways; KN scattering
and X-ray measurement of kaonic hydrogen.

Martin obtained the scattering length for isospin 0 and 1 from low-energy K ~p scattering
data as [1]:

a’= = —1.70 + 0.68i fm, (1.1)
a’=! = 0.37 + 0.60i fm. (1.2)

The measurement of the K, X-ray (2p — 1s transition) of kaonic hydrogen gives the shift
(AE = Ereasured _ pem) and width (I') of the ground state caused by strong interaction,

1
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compared with the pure electromagnetic value (E™). They are related with the K™ p
scattering length by the Deser relation:

T
AFE + iy = 2a3u2aK7p, (1.3)

where « is the fine structure constant and p is the reduced mass of the K ~-p system.

Because the scattering length for K ~p can be expressed in the isospin limit, as:

ap—p = %(a1:0+a1:1), (1.4)
ag-, was expected to be negative from Martin’s results, which means the repulsive shift of
the ground state of kaonic hydrogen. However, old measurements [2-4] showed attractive
shifts. It had been a long-standing puzzle on KN interaction.

Recently, the KEK-PS E228 (KpX) experiment successfully observed the K, peak clearly
in the repulsive region [5,6] and they obtained the shift and width as:

AE =-323+63+11eV , T =4074+208+100eV. (1.5)
The result after applying the Deser relation was:
ag—p = (—0.78 £0.15 4+ 0.03) + (0.49 £ 0.25 £ 0.12)i fm, (1.6)

which is in good agreement with Martin’s result. The negative shift was further confirmed
by the DEAR Collaboration [7] at the DA®NE collider with better statistical errors as:

AFE =-193+37+6eV , I'=249+111+30€V, (1.7)

although the KpX and DEAR results are slightly different from each other (see Fig. 1.1).

The SIDDHARTA Collaboration, which is the extension of the DEAR Collaboration,
is planning to start a very precise measurement of K, X-ray for kaonic hydrogen and first
measurement of K, X-ray for kaonic deuterium [8], which will enable them to get information
on isospin-dependent scattering lengths [9].

Recently, the attempt to understand both the atom data and low-energy scattering data
(elastic and inelastic) has been done with the coupled-channel model [10-16]. A result by
Cieply et al. is shown as an example in Fig. 1.2. All the calculations show the scattering
amplitude for I = 0 KN is negative at the threshold, and that the sign is changed to positive

in the subthreshold region because of the existence of the A(1405) resonance.

1.1.2 Antikaon-nucleus interaction

Antikaon-nucleus interaction has been studied by fitting experimental data of the shifts and

widths of various kinds of kaonic atom levels. The tp optical potential is widely used for
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Figure 1.1: Experimental data of the shift and width of kaonic hydrogen, including KpX (Ito
et al.) and DEAR data. The boundary of each box corresponds to the +1c¢ error. Note that
the definitions of AES"™ and AF in the text are sign-inverse. Theoretical calculations with
the input for scattering lengths are also shown. Filled circles are the results based on the
isospin limit, and empty dots include the effect of the unitary cusp. Filled squares take into

account the Coulomb corrections. Taken from [9].

hadron-nucleus interaction. Assuming the isovector component of a nucleus can be negligible,

the tp potential is described as:

2uVops(r) = a7 (14 2 1) o), (18)

where p is the reduced mass of the kaon and the nucleus, M is the mass of the nucleon
and p(r) is the nucleon density distribution normalized to the mass number A. A global
fit of the available experimental X-ray data results in a so-called “shallow” potential of
Re V(r =0) ~ —80MeV [17]. This solution is theoretically supported by chirally motivated
coupled-channel approach, which reproduces low-energy K~ p cross sections [10,11,18-24]. A
comparison of the calculated shifts and widths with data made by Hirenzaki et al. is shown
in Fig. 1.3.This approach reproduces the experimental data well.

Meanwhile, one can improve the fit by introducing a density-dependent (DD) potential,
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Figure 1.2: Calculations for K ~p scattering and reactions. The dashed lines show free-space
chiral-model coupled-channel calculations, and the solid lines show chiral-model coupled-

channel calculations with slightly varied parameters in order to fit also K ~-atom X-ray data.
Taken from [11].
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Figure 1.3: Calculated shifts and widths as functions of the nucleus atomic number for 2p,
3d, and 4f kaonic atoms states. Taken from [22].

substituting by in Eq. (1.8) by by + Bolp(r)/po]®, where by, By and a(> 0) are fit param-
eters. The best fit with this DD potential gives a “deep” potential with Re V(r = 0) ~
—(150-200) MeV [25-29].

Recently, a different approach starting from ¢p approximation has been suggested [28,29].
A multiplicative function F(r) is introduced so that F'(r) — 1 in the internal region and
1—F(r) — 1 in the external region. Thus, the behaviors in the internal and external regions
can be connected smoothly, by substituting by in Eq. (1.8) by BoF () +bo[1 — F(r)], where by
and By corresponds to K N interaction in the freespace and at the nuclear saturation density,
respectively. By using this F' potential, a similar deep potential as the DD one is obtained.

A model-independent Fourier-Bessel (FB) method is also applied in [29], where the poten-
tial is obtained by adding a FB series to the tp potential so as to reduce x2. The calculated
potential shapes for the four methods shown above (tp, DD, F, and FB) are compared in
Fig. 1.4.

It is still an open question whether the depth of an antikaon-nucleus potential is deep or
shallow. The reason of the uncertainty is that the kaonic atom data are sensitive in the low
density region of the nucleus because the overlapping of the negative kaon and the nucleus is

maximum around the nuclear surface [30].
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Figure 1.4: Real part of the K~-Ni optical potential for tp, DD, F, and FB models. The

numbers in the parentheses indicate x? for 65 data points. Taken from [29].

An alternative tool to investigate antikaon-nucleus interaction is to study the formation
spectrum of the in-flight (K, N) reaction. The spectra calculated with a shallow poten-
tial (chiral unitary approach) and a deep potential (phenomenological fit) are compared
in [31-33]. Experimentally, this reaction was proposed for producing kaon-nucleus bound
states [34], and was studied by the BNL-AGS E930 experiment [35,36] and the KEK-PS E548

experiment [37].

1.1.3 Antikaon in nuclear matter

The change of the effective mass of K~ (and K™) in dense nuclear matter or neutron matter
has been investigated with coupled-channel approach [24,38,39]. They found the effective
mass of K~ decreases as the density increases.It is motivated by the issue of kaon condensation

proposed by Kaplan and Nelson [40,41].

It is not straightforward to confirm these theories by an experiment. The KaoS Collab-
oration observed the in-medium effect of K+ by p + C and p + Au collisions, where kaons
are produced in a density near the normal nuclear density but with a finite temperature of
several tens MeV [42]. The ratio of the production cross section of K~ over K is enhanced
when in-medium KN potential is attractive, and the experimental data can be reproduced
by a transport model calculation of Boltzmann-Uhling-Uhlenbeck type when an attractive

potential of ~ —80MeV is assumed.
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Figure 1.5: KN and K-nucleus potentials for K~p, K pp, and K ppn systems. The X
and A7 thresholds are also shown. Taken from [46].

1.1.4 Prediction of K~ nuclear states

A possible existence of antikaon bound states with nucleons was pointed out by Nogami [43]

for the first time in 1963, when the A(1405) resonance had been already discovered but its
spin and parity had not been determined. He interpreted A(1405) was a s-wave bound state
of KN with total spin 1/2, and considered the possibility of the K NN bound state. His
conclusion was that when the isospin of NN system was 1 and the total isospin was 1/2, the
I = 0 component of KN pairs became the largest and the K NN system could be bound
below the threshold.

Even if a kaon can be bound deeply inside a nucleus, another question emerges whether
the bound state has a narrow decay width enough to be observed experimentally. A possible
mechanism of a narrow decay width was suggested by Wycech [44]. If antikaon-nucleus
interaction is strongly attractive, the bound state may become so deep (~ 100 MeV) that the
dominant decay channel KN — Y7 is closed energetically. Then, the total decay width can
be as narrow as 20 MeV.

After a better understanding of KN and KA interaction was developed in 1990’s as
shown in previous subsections, Akaishi and Yamazaki quantitatively predicted the existence

of nuclear K bound states in light nuclei [45]. They constructed a phenomenological KN
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potential, which reproduces the shift and width of the ground state of kaonic hydrogen [5, 6]
and Martin’s analysis of free KN scattering data [1]. They regarded A(1405) as a bound
state of KN with isospin 0, and the binding energy and decay width can be reproduced by
their potential.

They showed that the ?3H (= K*®3He+?0®3H) [K~ppn| state with isospin 0 has a large
binding energy of 108 MeV from the K~ 4 3He threshold, as shown in Fig. 1.5. The decay
width becomes as narrow as 20 MeV, because the state lies below the ¥ + 7 decay threshold.
The shrinkage of the core nucleus is taken into account, and it increases the total binding
energy further, overcoming the core excitation. They proposed to utilize the 4He(Ks_t0p,n)
reaction to produce K~ ppn states. They also proposed the (K, 7~ ) reaction to produce
proton-rich systems via A* doorways [46]. A proton-rich system may be deeply bound with
the aid of the strong attraction between a K~ and a proton.

Because of the extremely strong attraction of I = 0 KN pairs compared with I = 1
pairs, the implantation of a single antikaon is expected to deform the nuclear structure.
Antisymmetrized molecular dynamics (AMD), which does not require any assumption on the
structure of the system, was applied for kaonic nuclei [47,48]. They found the central density
can reach 10 times as large as the normal nuclear density.

On the other hand, there is a criticism against the Akaishi-Yamazaki prediction [49]. One
of the main problems discussed in the paper is about the K A potential as described in the
previous subsection; a “shallow” potential results in a kaon bound state with smaller binding
energy and much broader decay width. Moreover, according to the chiral approach, A(1405)
is a superposition of two resonances [50,51], in contrast to the assumption of a KN bound
state by Akaishi and Yamazaki. In addition, the drastic increase of two-body absorption such
as KTNN — NA, NX for a kaonic nuclear state with extremely high density was pointed
out.

It is an open question whether a kaonic nuclear state in a light nucleus exists and it has a
decay width narrow enough to be observed experimentally. This question is strongly related

with the strength of antikaon-nucleus interaction.

1.1.5 Previous experimental search
KEK-PS E471 and E549 experiment

Iwasaki et al. performed a missing-mass spectroscopy experiment (KEK-PS E471) with the
(K,

stops 1) Teaction using a liquid helium-4 target [52], motivated by the prediction by Akaishi
and Yamazaki [45]. Because of the necessity to reconstruct the stopping vertex of kaons, they

required one charged particle (p or %) from the vertex to be detected. Unexpectedly, they
observed a distinct peak in the semi-inclusive proton spectrum. It corresponded to a neutral

tribaryon system with the mass 3117.07 ;3 MeV/c? and the width less than 21 MeV /c? [53].
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Assuming the state to be a kaon bound state of K~ pnn, the binding energy from the K~ +
p+n+n threshold is about 193 MeV. They also claimed an indication of another peak in the
semi-inclusive neutron spectrum, which may correspond to K ~ppn states with the binding
energy of about 169 MeV [54,55].

The observed states were much more deeply bound than the first prediction for K~ ppn
states (118 MeV from the K~ +p+p-+n threshold) by Akaishi and Yamazaki [45]. Surprisingly,
the total isospin I = 1 states (K~ pnn) lie lower than the I = 0 states (K~ ppn), contrary to
their theoretical prediction. Theoretical improvements from the first prediction in order to
explain the more binding and inverse the two levels were discussed in [56].

On the experimental side, an upgraded experiment (KEK-PS E549) was carried out with
improved neutron detection efficiency and time-of-flight resolution. In order to investigate the
inclusive (Kszop, p) spectrum, the trigger condition was also modified. A pair of TOF counters
and drift chambers for emitted protons was installed. However, the observed inclusive proton
spectrum didn’t show any significant narrow peak structure. As for a narrow (< 40MeV)
tribaryon state, a formation rate as large as 1% per stopped K~ has been excluded [57].
The reason for the discrepancy between the two experiments was explained in [58]; a small
displacement after the slewing correction for TOF counters could deform the proton spectrum.
A proton around the peak momentum looses almost all of its kinetic energy in the TOF
counters, and the empirical formula for the slewing correction may not be very precise for
large energy deposits.

The analysis for the neutron spectrum is on-going [59].

Meanwhile, they reported the correlation of Ad pairs, whose invariant mass distributes
close to the threshold of mag, + mg- — my, [60]. They interpreted it as evidence of a
three-nucleon absorption process. A similar correlation was observed by the FINUDA Col-
laboration, for °Li target [61], but a different interpretation of a K~ ppn bound state with

small binding energy was suggested.

BNL-AGS E930 and KEK-PS E548 experiment

The in-flight (K, n) reaction was applied for the first time by Kishimoto et al. as a para-
site experiment of the BNL-AGS E930 experiment, which was to measure « rays from 1/6\0
hypernuclei with the (K, 7~ +) reaction (pg- = 930 MeV/c) [35,36]. The beam momentum
was suitable for the (K ~, n) reaction because the elastic scattering has the maximum cross
section there. They reported two bump structures at B - = 130 and 90 MeV.

They continued to study both the (K~, n) and (K ~, p) reactions for 2C and 160 targets
at KEK-PS [37]. The measured missing mass spectrum indicates that K-nuclear interaction
is strongly attractive. The depth of the potential, around —190MeV for the 2C(K~, n)
reaction and —160 MeV for the >?C(K~, p) reaction, was obtained by fitting with a spectrum

calculated with the Green’s function method. The difference was interpreted as the different
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number of KN pairs with isospin 0 in the K ~-nucleus systems produced in the two reactions.

GSI-FOPI experiment

Heavy ion collision of Ni + Ni at 1.934 GeV was studied at GSI-FOPI experiment. The
invariant mass distribution of Ad, which corresponds to a K~ ppn system, had an excess over
a combinatorial background around 3.16 GeV /c? [62].

Theoretically, a possibility to produce single-K or double-K nuclear clusters in heavy
ion collisions had been pointed out in [63]. In the model, an antikaon (or A*) produced
in a collision traps nucleons and forms a cluster. The invariant mass spectroscopy can be

performed by detecting all the decay particles from the cluster.

CERN-OBELIX experiment

The OBELIX experiment, which studied antiproton annihilation on *He at rest, reported Ap
and Ad narrow peak structures, in the pr~p and pr~d invariant mass spectra [64]. While A
or K g cannot be identified directly in the invariant mass spectrum of its decay particles (pm—
or 77 ) because of a poor resolution and a huge combinatorial background, they claimed
the data showed the backward correlation between A and proton, and between (Ap)-system
and Kg.

1.1.6 Search for deeply-bound kaonic nuclei in FINUDA experiment

The FINUDA (acronym for “FlIsica NUcleare a DA®NE”) experiment investigates deeply-
bound kaonic nuclei in the stopped K~ absorption reactions with both missing-mass spec-

troscopy and invariant-mass spectroscopy.

Missing-mass spectroscopy

As in the KEK-PS E471/E549 experiment, the missing-mass spectroscopy can be applied in
the FINUDA experiment. Inclusive neutron and proton spectra will be obtained. Moreover,
the FINUDA spectrometer has an advantage of a large acceptance, which allows to tag decay
particle(s) of deeply-bound kaonic nuclei such as a hyperon. This would improve the signal-
to-noise ratio in the inclusive missing mass spectra.

In the first data taking, a narrow peak around 500 MeV /c was observed in the proton
spectrum from %Li target [65]. It was found that the proton was strongly correlated with a fast
7~ in a backward direction, which was considered to originate from >~ decay. This means

that an almost monochromatic proton comes from the quasi-deuteron absorption process:

K™+ 4" — X +p, (1.9)
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where the “d” corresponds to a quasi-deuteron in a a + d cluster of 5Li.

If the decay width of the state (if exists) is large, it is not easy to search for a deeply-
bound kaonic state via missing-mass spectroscopy. The decay width strongly depends on the
coupling strength to the main decay channel of Y. In addition, non-mesonic decay would
enhance the decay width.

Moreover, in two-nucleon and multi-nucleon absorption processes, a nucleon and a hy-
peron are emitted. Therefore, it is hard to distinguish the formation of deeply-bound kaonic

nuclei from these absorption processes, even with tagging the hyperons.

Invariant-mass spectroscopy

If all the decay particles emitted from a kaon bound state could be detected, the invariant

mass is obtained. In particular, two-body decay modes such as:

K pp— A+p, (1.10)
K ppn — A +d, (1.11)
K ppnn — A+ ¢, (1.12)

are considered to be clean channels because the decay particles in the final state will be
emitted in back-to-back.

So far, in the FINUDA experiment we observed both Ap pairs [66] (discussed in Sec. 1.3)
and Ad pairs [61] in back-to-back correlation.

1.2 Stopped K~ absorption

The absorption of a negative kaon from an atomic orbit onto a nucleus had been intensely
investigated with the bubble chamber and nuclear emulsion technique [67,68]. A kaon is
principally absorbed by one nucleon at the nuclear surface, and a pair of a hyperon and a

pion is emitted:
K +“N’" =Y +m, (1.13)

where N and Y denotes a nucleon and a hyperon (A or X), respectively. For accuracy, a
nucleon bound in a nucleus is written as “N” in distinction from a free nucleon.

The interests at that time were mainly focused on this one nucleon absorption process, in
order to extract information on K N interaction at subthreshold. The proton/neutron density
distribution near the nuclear surface could be also studied, because the kaon absorption by
proton and neutron can be discriminated by detecting the final state particles in principle.

Katz et al. [67] studied the branching ratio of each absorption process in *He in detail

(Table 1.1). They reported non-pionic final states account for 16.5 + 2.6% per stopped K.
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Table 1.1: Branching ratios for K~ absorption for “He. Taken from [67].

Events/ (stopping X™)
%

Reaction
K~Het— Zrr~H? 9.3+2.3
= Zr~dn 1.940.7
— Ztr—pun 1.6::0.6
— Il nnn 3.2+1.0
—Zt nnn 1.0+0.4
Total Z+= (17.0£2.7)%
K—Het — Z—7+H? 42412
— Z rtdn 1.6+0.6
— 2 rtpnn 1.440.5
— 2770 He? 1.02:0.5
— Z7n0 pd 1.00.5
— 270 ppn 1.0+£04
-3 pd 1.60.6
—Z" ppn 2.00.7
Total == (13.8:1.8)%
K~Het— n~A He? 11.242.7
— 7 A pd 10.9+2.6
— 1A ppn 9.54+2.4
— 7 Z°He? 0.94-0.6
— 7720 (pd,ppn) 0.340.3
— 70 A (B (pnn) 22.5+4.2
— A (2% (pnn) 11.74+2.4
— 7tA (Z)nnn 2.140.7

Total A (%) = (69.246.6)%
Total=A+2 = (100_719)%,

This non-pionic absorption must involve at least two nucleons, such as,
K +“NN” —-Y + N. (1.14)

The total multi-nucleonic absorption rate was obtained for various kinds of nuclei by
subtracting the contribution of pionic absorption, as summarized in Table 1.2. Except for
deuterium target (only 1%), it is as large as ~ 20%, almost independent of the mass number.
Although various interpretations to this behavior were reviewed in [69], the mechanism of
the multi-nucleon absorption process is still not well-understood.

Experimentally, the bubble chamber or emulsion can detect only charged particles. Neu-
tral particles, such as 7’s (from X° or 7° decay) and neutrons, are not detected. Thus, the
A7® events in the reaction (1.13) can not be distinguished from the An events in the re-
action (1.14) as well as the ¥ events. Furthermore, some secondary effects such as pion
absorption in the same nucleus after the one-nucleon kaon absorption might contribute to
the multi-nucleon kaon absorption processes. Therefore, we need theoretical assistance to
completely sort out the events originated from the reaction (1.13) and reaction (1.14).

An exclusive detection of a pair of hyperon and nucleon would give a direct information
on two-nucleon absorption. However, the final state with only charged particles, such as
A+p — (p+ 7 )+ p, could be investigated in old experiments. For example, Davis et

al. mentioned in their paper [70],
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Table 1.2: Branching ratios for multi-nucleon absorption for various media. Taken from [68].

D He C
~0.01 0.16 = 0.03 0.19+0.02+0.03
Ne CFgBI‘—CgHg CFgBI‘
0.23+£0.03 0.26 = 0.03 ~ 0.26

“It is found that the sum of the energies of the A® and a single proton rarely
approaches the energy release appropriate to an interaction of the K~ on two

nucleons.”

Their finding was reconfirmed by the FINUDA experiment as described in the next section.
Unfortunately, there was no further information about this mode in the paper.

Except for helium, detail decay branching ratios of multi-nucleon absorptions are not
available and only the total non-pionic absorption rate has been obtained as a contribution
distinguished from the pionic absorption. An exclusive measurement of a final state will give

a new information on multi-nucleon absorption.

1.2.1 7~ two-nucleon absorption at rest

It would be instructive to review the 7~ two-nucleon absorption at rest for reference. They
are similar in that a negative meson in an atomic orbit is absorbed by two correlated nucleons,
and two particles are emitted in back-to-back.

In case of m~ absorption, the conservation law of energy and momentum forbids one-
nucleon absorption. Therefore, a negative pion is absorbed by at least two nucleons. Here,

the most dominant process of two-nucleon absorption:

T+ “pn” — n+n, (1.15)
T 4 “pp” — n+p, (1.16)

is considered.

The first observation indicating two-nucleon absorption was reported by Ozaki et al. [71],
by a coincidence measurement of outgoing nn pairs and np pairs with large kinetic energy.
Before then, there had been only single-particle measurements, and the picture of two-nucleon
absorption had not been established, although it had been realized that the kinetic energy
corresponding to the pion mass was shared only by a few nucleons. For example, an a-

absorption mechanism had been also suggested.
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Later, Bassalleck et al. carried out a series of coincidence measurements of two neutrons
for various kinds of p-shell nuclei [72-76]. In these papers, the excitation energy spectrum
of the residual nucleus for each target was obtained in a good energy resolution. Depending
on the transition strength, some specific states with favored AT (isospin) and AL (angular
momentum) were selectively populated. Especially, AT = 0 transitions, which mean the

absorption by quasi-free deuteron, were predominantly observed.

As for pp-absorption, the coincidence measurement of n 4+ p and n + n was studied by
Heusi et al. for °Li, "Li, 2C, and heavier nuclear targets [77]. For °Li target (Fig. 1.6, taken
from [77]), the spectrum for back-to-back neutron-neutron pairs showed an enhancement
between 118 and 153 MeV of the sum energy, which was attributed to the quasi-free absorption
by a neutron-proton pair in the p-shell (p-shell absorption). Another small enhancement was
seen between 82 and 118 MeV, and it can be interpreted as the absorption by two nucleons
of which at least one nucleon is in the s-shell. Note that the absorption by two nucleons,
one from the s-shell and the other from the p-shell, is expected to be suppressed, according
to a calculation by Golovanova and Zelenskaya [78]. With the same reason, the neutron-
proton pairs must comes from the pp pair absorption in s-shell, because a 5Li nucleus has
only one proton in the p-shell. The corresponding energy region is shown in the figure, but it
doesn’t show any clear enhancement. The energy spectrum of the proton seemed to indicate

a contamination of secondary particles after pn-absorption.

To the contrary, the absorption in'?C target, which has four neutrons and protons in the
p-shell, showed much different behaviors (Fig. 1.7, taken from [77]). The neutron-neutron
pairs are mainly from the p-shell absorption, which is indicated by the two lines in the
left figure. Similarly, the neutron-proton pairs have an enhancement in the p-shell absorption
region. This fact suggests that the quasi-free absorption by two protons in p-shell may be also
observed for 7~ absorption in other p-shell nuclei, except for Li in which p-shell absorption

is not possible.

From a theoretical point of view, the contribution of single-nucleon absorption with two-
nucleon correlation is too small to explain the reaction strength of two-nucleon absorption,
and a second order term of the rescattering process with an intermediate A was proposed.
One of theoretical interests was to reproduce an experimental observable, the ratio of I'(nn)
over I'(np), where I' denotes a partial reaction rate. Experimental results showed around
36, while theoretical calculations gave somewhat larger values. For instance, Shimizu and
Faessler [79] calculated s- and p-wave absorption in nuclear matter and the results were 9.3
for s-wave, 8.5 (7 + p exchange) and 15.0 (7 + p + 27 exchange) for p-wave. The difference

between experiment and theory may be due to some final state interaction.
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Figure 1.6: Two-dimensional energy spectra of neutron-neutron (left) and neutron-proton
(right) pairs for °Li target. Taken from Fig. 4 in [77].
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Figure 1.7: Two-dimensional energy spectra of neutron-neutron (left) and neutron-proton
(right) pairs for '2C target. Taken from Fig. 12 in [77)].
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Figure 1.8: Invariant mass of a A and a proton in back-to-back from light targets before the
acceptance correction. The inset shows the result after the acceptance correction. Taken

from [66].

1.3 Observation of K pp system in the first FINUDA data
taking

In the first data taking of the FINUDA experiment, we took the data of the stopped K~
absorption reactions on five kinds of targets: Li, "Li, 12C, 27Al, and °'V. From the analysis
of the events in which a A hyperon and a proton were in the final state, we reported the
invariant mass distribution of back-to-back A and proton pairs for light nuclei (°Li, “Li, and
12() in 2005 [66]. A pair of A and proton is expected to originate from the kaon absorption by
two protons inside a nucleus, but their invariant mass had a large deficit from the sum of the
mass of a kaon and two protons (2.370 GeV/c?), as shown in Fig. 1.8. It conflicts with a naive
expectation that it should distribute slightly below the threshold due to the binding of the
two protons, if the pair comes from so-called two-nucleon absorption (K~ + “pp” — A + p).

In Ref. [66], some possible interpretations to explain the observed distribution, assuming
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the existence of two-nucleon absorption process, were discussed. However, none of them can
explain the invariant mass spectrum and the observed angular correlation simultaneously.
Then, an interpretation, that a deeply-bound state of K~ pp from the K~ + p + p threshold
was produced after kaon absorption and it decays into A + p, was considered. Assuming
that the Ap pair comes from the decay of a K~ pp subsystem in a free space and the decay
particles do not suffer final state interaction, the binding energy (B) and decay width (I")

were obtained as:
B= 115J_rg(stat)fi(syst) MeV and T = 67ﬂ‘11(stat)f§(syst) MeV, (1.17)

from a global fit on the invariant mass distribution with a Lorentzian function.

The important statements in the paper are two-folded as follows.

First observation of Ap pairs in stopped K~ absorption
As described in the previous section, one-nucleon absorption, which emits a hyperon
and a pion in a low momentum, had been intensively studied in 1960’s and 1970’s. It
was also noticed that there were significant amount of hyperons which do not associate
any pions. However, a detailed discussion on multi-nucleon absorption processes was
difficult due to the limited experimental information. One of non-pionic absorption
modes of Ap pairs was directly observed with a good momentum resolution for the first

time, thanks to the large acceptance of the FINUDA spectrometer.

Assignment of back-to-back Ap pairs to K pp decay
We attributed the decrease of the invariant mass from the threshold to the binding of
K~ into two protons, and we assumed the existence of K~ pp bound states. However,
the obtained binding energy was much larger than a theoretical prediction (48 MeV)
by Yamazaki and Akaishi in 2002 [46]. Also, the decay width was moderately large
although the binding energy was close to the main decay threshold of Y7 channel (see
Fig. 1.5). There were no other theoretical calculations, and our interpretation seemed

to somewhat deviatefrom the only one theoretical calculation at that time.

The invariant mass distributions of the Ap pairs did not exhibit the contribution from
“quasi-free” two-nucleon absorption. Here, a quasi-free absorption process is defined as an
absorption process with two nucleons, picked up from the nucleus without breaking up the
residual. This process is similar to the absorption with two nucleons in a free space except
for small effects due to the Fermi motion and the binding energy of the two nucleons. A
“deeply-bound” K ~pp state can not be formed with such a quasi-free process, because the
energy transfer of around 100 MeV, corresponding to the binding energy of K, is so large
that the residual nucleus must be involved in the formation process.

In this respect, there was a criticism; ” Why there were no quasi-free two-nucleon absorp-

tion observed in the FINUDA experiment ?” It is based on a prejudice that the large fraction
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of ~ 20% per stopped kaons for non-mesonic absorptions must come from the ”quasi-free”
two-nucleon absorption as naively expected. However, it should be noted that nobody had
ever kinematically identified the two-nucleon absorption and the absorption on pp pairs was
not the only absorption mode of two-nucleon absorptions. Nevertheless, such a model calcu-
lation to interpret the observed Ap pairs as a secondary product of the quasi-free two-nucleon
absorption was carried out [80]. In the model, the invariant mass distribution of the Ap pairs
is modified to a low mass side from the original near-threshold region and broadened because
of the rescattering of A or proton with the residual nucleus.

Two interpretations, the decay of K~ pp bound states and quasi-free two-nucleon absorp-
tion followed by secondary processes, could explain the observed invariant mass distribution
reasonably.The difference between two interpretations would be prominent in the angular cor-
relations between the A and proton. The interpretation based on the rescattering should have
a large mass-number dependence of the angular correlations, broadened for heavy systems.

Here, it should be noted that the rescattering interpretation predicts the quasi-free two-
nucleon absorption should not be observed in Li, C and heavier targets because of the strong
rescattering. While, the existence of K~ pp does not exclude the existence of the quasi-free

two-nucleon absorption in other absorption modes.

1.4 Motivation

It is known that the kaon absorption can occur with pn pairs as well as pp pairs.

If the observed Ap pairs are really from the decay of K~ pp bound states, kaon absorption
on a pn pair is expected to result in a different distribution. This is because the strong
binding of a K NN system is expected only for K pp, but not for K~d. In the FINUDA
experiment, two kinds of final states of An and X~ p pairs from the pn-absorption can be
investigated. They would be observed as quasi-free two-nucleon absorption processes.

On the other hand, based on the other interpretation of secondary processes for the
observed Ap pairs, this would be also the case for An and X~ p pairs from quasi-free two-
nucleon absorption. For example, the distributions of Ap and An pairs were expected to be
similar because the effect of final state interaction for proton and neutron would be almost
the same. Therefore, the quasi-free component is expected to be suppressed in observed
distributions of An and %~ p pairs as well as the Ap pairs, according to this interpretation.

In order to discriminate the two interpretations for and against the K~ pp bound states,
it would be a key feature whether quasi-free components are observed for the An and X7 p
pairs. However, the low detection efficiency of neutrons in the FINUDA experiment did not
allow such analyses with the limited statistics in the first data taking.

The target dependence of the invariant mass distribution and the angular correlation of

the Ap pairs will provide another information; the published spectrum was the sum for three
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different nuclei. If the rescattering interpretation is true, the invariant mass distributions
and the opening angle distributions should strongly depend on the targets. In contrast, a
target dependence inferred in the interpretation of K~ pp should be small. Thus, it is desired
that the target-by-target results be compared with each of interpretations. Unfortunately, we
could not show the invariant mass distributions target by target with the limited statistics
in the first data taking.

Therefore, we decided to have the second data taking with light targets of °Li, "Li, ?Be,
13C, and D90 with ~ 5 times more beam luminosity supplied. It would enable us to present
invariant mass distributions and opening angle distributions for Ap target by target, and the
comparison among them would be possible. If final state interaction changes the invariant
mass distribution, its shape might be different from lithium to oxygen. Furthermore, a
detailed analysis of An and ¥~ p would be possible with much higher statistics. It would give
us a key to investigate whether the quasi-free two-nucleon absorption process occurs for An
or X7 p pairs.

Through the analysis of three kinds of final state (Ap, An and ¥~ p) for each target, the
origin of Ap pairs far below the threshold will be investigated.

1.5 Thesis composition

The detail of the FINUDA experiment is described in Chapter 2. The analysis of a single
particle and a hyperon is shown in Chapter 3. The correlation between a hyperon and a
nucleon is depicted as a result in Chapter 4. Based on the result, several interpretations of

the observed correlations are discussed in Chapter 5. The conclusion is given in Chapter 6.






Chapter 2

FINUDA experiment

The FINUDA experiment [81-83] is a unique experiment which has two good features of
a collider experiment and a fized target experiment in common. The experiment has been
performed at a ¢-factory DA®NE (acronym for “Double Annular ¢-factory for Nice Exper-
iments”) in LNF-INFN;, Italy. The uniqueness of DA®NE is that the abundantly produced
¢ mesons in the ete™ collisions are used for the source of secondary mesons, such as K+,
Kg and K%. In case of the FINUDA experiment, the secondary charged kaons are stopped
inside thin fixed targets surrounding the DA®NE beampipe. Various nuclear reactions after

the absorption of stopped K~ in a nucleus have been studied.

2.1 Physics program

The FINUDA experiment has two main physics programs; hypernuclear physics and searches
for deeply-bound kaonic nuclei. Two kinds of spectroscopy, missing-mass spectroscopy and
invariant-mass spectroscopy, as already discussed in Sec. 1.1.6, are applied in searching for

deeply-bound kaonic nuclei.

2.1.1 First data taking

The first data taking was carried out from October 2003 to March 2004. In this data taking,
five kinds of nuclear targets (2 x 6Li, 1 x "Li, 3 x 12C, 1 x 27Al, 1 x ®V) were selected, mainly
for hypernuclear spectroscopy. We collected a total integrated luminosity of 250pb~!, of
which 33pb~! were used for the DA®NE tuning, and 10pb~! were used for debugging the
FINUDA detector system.

21
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2.1.2 Second data taking

In the first data taking, we needed to analyze the Ap events from light nuclear targets in
order to avoid the possible final state interactions for heavier nuclei. Thus, we decided to put
a different set of p-shell nuclear targets (2 x 9Li, 2 x "Li, 2 x ?Be, 1 x 13C, 1 x D0), for the
second data taking.

In order to improve the statistics, the total luminosity of 966 pb~! was accumulated from
October 2006 to June 2007, especially for non-mesonic weak decays of hypernuclei and for
deeply-bound kaonic nuclei. Thanks to the experience in the previous data taking, a stable
operation enabled us to obtain 5 times or more statistics in total. In this thesis, the data set

in the second data taking is analyzed.

2.2 The DA®NE collider

The DA®NE facility is an electron-positron collider with /s = 1020 MeV, corresponding to
the ¢ meson mass.

As shown in Figs. 2.1 and 2.2, two main rings for electrons and positrons, injected from
a LINAC, has two crossing points. The FINUDA spectrometer and KLOE spectrometer are
located in the opposite sides of the crossing points. For the second data taking, the crossing
angle (half of the angle between beams) is 25 mrad, which causes a small boost in the outward
direction of the main ring.

The main decay modes of a ¢ meson are [84],

¢ — K" K~ (B.R. = 49.3 £ 0.6%), (2.1)
— K9 K% (B.R. = 34.0 £ 0.5%), (2.2)
— atra? (pr)  (B.R. = 15.23 £+ 0.35%). (2.3)

The decay product of K* and Kg, Kg are used for various particle and nuclear physics
experiments. In the KLOE experiment Kg, Kg and K' are used to measure their decay
branching ratio. On the other hand, a negative kaon with initial kinetic energy of about
16 MeV is used in the FINUDA experiment. It knocks out an electron in an atom when it
stops to form a kaonic atom. The kaonic atom deexcites by emitting X-rays until a kaon
is absorbed by the nucleus due to strong interaction. The DEAR experiment measured
this atomic X-ray of kaonic hydrogen at DA®NE. The SIDDHARTA experiment is further
planned to measure the X-ray transitions of kaonic atoms (hydrogen and deuterium) with
newly developed silicon drift detectors.

The production rate of ¢ mesons is 440 Hz at the luminosity of 1032/cm?/s (equal to
8.64pb~!/day), corresponding to ~ 220 Hz for K™K~ pairs. Figure 2.3 is a summary of the
delivered luminosity in the second data taking from October 2006 to June 2007.
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Figure 2.1: Schematic layout of the DA®NE accelerator complex. Taken from [85].
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Figure 2.2: Schematic layout of the DA®NE main rings. Taken from [85].

[FINUDA Daily luminosity [nbarn-1]
10000-

8000
6000
4000
2000-

0_| 1
Peak logged _‘
31/10/06 daily value 9366 02/06/07

|FINUDA Integrated luminosity [pbarn-1]
1000+

800
600
400
200

O_I__-‘

31/10/06 Totalpbarin-1 \geg 02/06/07

acquired

Figure 2.3: Daily and integrated luminosity during the data taking.
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Table 2.1: Specifications of detectors.

TOFINO (plastic scintillator) ot ~ 330 ps (time difference between two slabs)
ISIM (silicon microstrip module) | o4 ~ 0, ~ 30 pm
(target)

OSIM (silicon microstrip module) | 0,4 ~ 0, ~ 30 um

DCH1 (low mass drift chamber) | 0,4 ~ 150 ym, o, ~ 1.5cm

DCH2 (low mass drift chamber) Orgy ~ 150 um, o, ~ 2.0cm

STRAW (straw tube) Orp ~ 200 pm, o, ~ 500 pum

TOFONE (plastic scintillator) o ~ 430 ps (time difference between two slabs)

2.3 The FINUDA spectrometer

Figure 2.4 is a global view of the FINUDA apparatus, together with a superconducting
solenoid which supplies a homogeneous magnetic field of 1.0 Tesla along the beam axis.

The KTK~ pairs emitted from the center of the spectrometer were stopped in targets,
after passing through a beam pipe, an array of plastic scintillator (TOFINO) and silicon
microstrip modules (ISIM) (see Fig. 2.5). The region inside the target is called “interac-
tion/target region”. The particles emitted from the targets were detected with the detectors
in the “tracking region” outside of the targets.

Table 2.1 summarizes specifications of the detectors installed in the spectrometer.

2.3.1 Interaction/target region

There were two kinds of detectors in the interaction/target region: TOFINO, ISIM, together
with targets. While OSIM is in the tracking region, it is discussed in this subsection because
the modules of ISIM and OSIM are common.

TOFINO

The K™K~ pairs were triggered and identified with an array of 12 plastic scintillator slabs
(TOFINO), located outside of the 500-um thick beam pipe made of beryllium.

Figure 2.6 is a picture of TOFINO assembled in a mechanical support flange. Each
scintillator (EJ-230) was 20-cm long, 3.1-cm wide and 1.8-mm thick, wound with the inner
radius of 5.8 cm. On both sides, photomultiplier tubes (R5505-70) which can be operated in
a magnetic field up to 1.0 Tesla, were connected.

The energy deposited in TOFINO for slow kaons from the ¢ decay is about 8 times

larger than that for minimum ionizing particles (MIP). Therefore, two levels of discrimination
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interaction/target region

(TOFONE)
superconducting coil

1cm

Figure 2.5: Interaction/target region of the FINUDA spectrometer. Note that the target

configuration is as for the first data taking.



27 CHAPTER 2. FINUDA EXPERIMENT

Figure 2.6: Assembled TOFINO detector system.

thresholds were created for the K™ K~ triggers and the eTe™ triggers from Bhabha scattering.

One of two signal outputs from each PMT was split into two, and the two pulses were inde-
pendently discriminated by two constant fraction discriminators (CFD) with a low threshold
and a high threshold, respectively. Then, the two corresponding TDC’s for each PMT were
recorded. The other signal output from a PMT was fed into ADC.

The charge distribution, obtained as a geometric mean of ADCs on both e- and p-sides,
was obtained as shown in Fig. 2.7. Kaon events were clearly identified by the requirement
above high threshold on both sides. By selecting the hits with only low-threshold TDC on
both sides, the MIPs were identified. The conversion from channel to photoelectron was
carried out so that the contribution of MIPs is normalized to be 50 photoelectrons for every
PMT. As expected, MIPs and kaons could be distinguished clearly. For example, a software
threshold of 400 photoelectrons was applied to select kaons for slab.

ISIM and OSIM

Two layers of vertex detectors, ISIM and OSIM, sandwich targets. ISIM was composed of 8
modules, and OSIM with 10 modules. Each module had an active surface of 196-mm length
and 52-mm width, consisting of three units of double-sided silicon detectors with 300-um

thickness. The pitch of the junction-side strips, for measuring the r¢ coordinate, was 25 pm.
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Table 2.2: Dimensions of targets used in the second data taking.

target | L x W x T [em?]
#1 (°Li) | 17.6 x 4.75 x 0.4
#2 ("Be) | 20.0 x 5.26 x 0.2
("TLi) | 17.6 x 4.75 x 0.4
#4 (13C) | 19.0 x 4.20 x 1.0
#5 (TLi) | 17.6 x 4.75 x 0.4

(

(

(

#6 (D20) | 19.0 x 4.66 x 0.3
#7 (“Be) | 20.0 x 5.26 x 0.2
#8 (OLi) | 17.6 x 4.75 x 0.4

Every second strip was connected to a readout strip by use of capacitive charge division, and
the readout pitch was 50 um. The ohmic-side strips, for measuring the z coordinate, had a
50 pm pitch, mutually separated by intermediate p-stop implants. Similarly, its readout pitch
was 100 gm. The module layout is shown in Fig. 2.8.

The readout electronics for one module consisted of three hybrids; one for ¢-side, and
two for z-side readout. A hybrid had eight cascaded VA1 integrated circuits, based on a
preamplifier followed by a pulse-shaping circuit and an analogue sample/hold circuit. The
analog signals were sent to VME flash-ADC cards.

The position resolution for each coordinate was around 30 um. The energy deposit was

utilized for particle identification, among pions, kaons, protons, and heavier particles.

Targets

Except for a '3C target, targets were as thin as 0.2-0.4cm, so as to minimize the energy
loss in the target for outgoing particles. The '3C target (compressed powder) had 1.0cm
thickness. The sizes of the targets are listed in Table 2.2.

2.3.2 Tracking region

In order to minimize multiple scattering, the tracking region was immersed in a helium
atmosphere. Two layers of low-mass drift chambers (LMDC) and straw tube detectors were
installed for tracking charged particles. In the outermost part, there was an array of 72
plastic scintillator slabs (TOFONE) for measuring the time-of-flight, as well as for triggering

purpose.
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Figure 2.9: Cross section of the drift cell. Note that the anode wire in the center is a doublet

of sense wires.

Low mass drift chamber

Both inner and outer layers consisted of eight planar chambers. Their radii were 367 mm
and 649 mm. The active volumes for inner and outer chambers were 316 x 6 x 930 mm?® and
566 x 6 x 1570 mm?, respectively. The octagonal structures were rotated by ~ 11°, in order
to maximize the acceptance for negative pions with 270 MeV /¢ momentum, which come from
the formation of A-hypernuclei via the (Kg,,, 7~) reactions.

The key feature of the chamber was to reduce the amount of materials crossed by particles
as low as possible. Then, a helium-based gas mixture (62% helium and 38% isobutane) was
selected. Furthermore, each chamber had a single layer of sense wires with a diameter of
25 pm, as shown in Fig. 2.9. Despite of no redundancy in a chamber itself, the left-right

ambiguity was solved by a doublet of sense wires with 200 pm-separation. The doublets were
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Figure 2.10: Residual along the ¢ coordinate (left) and the z coordinate (right) for inner

chambers after alignment.

spaced by 50 mm, and a field wire was located in the center of two doublets. The distance
between two parallel layers of cathode wires was 6 mm, and the cathode wire spacing was
1mm. The voltage supplied to the cathode wires on one side was horizontally displaced from
the other, so as to compensate the Lorentz angle.

The space-time relationship for the chamber cell was estimated with the GARFIELD
code, because the drift velocity was not saturated at the operating condition of 1.5kV/cm
with the helium-based gas. The z coordinate along the sense wire could be also measured
with the charge division method. The difference of the resistances of the sense wires between
the avalanche point and both wire ends resulted in the different charges collected on both
ends.

A twin differential amplifier for both ends of each doublet was introduced, instead of two
single amplifiers. It added a true negative pulse on a wire and an induced positive pulse on
the other of the doublet with inverse polarity. The large induced signal around 80% of the
direct signal made it possible to improve the signal-to-noise ratio for uncorrelated noise, and
also the common noise was automatically cancelled. Hence, a better position resolution along
the wire was obtained. The analogue signals from a twin amplifier was fed into ADC and
TDC, after being discriminated.

Figure 2.10 shows the present residual distribution for the inner chambers after geomet-

rical alignment.

Straw tube detector

As shown in Fig. 2.11, the straw tube detector was composed of 2 axial- and 4 stereo-layers.
Each layer consists of 404 tubes with 15 mm diameter and ~ 2.55m length, filled with Argon-
Ethane (50%-50%) gas mixture. An anode wire had a diameter of 30 pm made of gold-plated
tungsten. The stereo tubes had a skew angle of ~ +12° against the beam axis. The drift
time was first converted into the drift length perpendicular to the wire. The z coordinate of

the trajectory of a particle was estimated from the crossing point of the fired axial tubes and
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Figure 2.11: Layout of straw tube detectors.

stereo tubes.

By this configuration, the resolution of 200 um in the r¢ plane and 500 pm along the z

coordinate was achieved.

TOFONE

The external scintillator barrel (TOFONE) consisted of 72 trapezoidal plastic scintillator
slabs with the length of 2550 mm, the outer width of 116 mm, the inner width of 107 mm,
and the thickness of 100 mm. The distance between the beam axis and the inner surface of
TOFONE slabs was 1270 mm. The scintillation light was guided to XP2020 photomultiplier
tubes, which was located outside the yoke, through a reflecting prism. Both analogue pulses

and the discriminator outputs were fed into ADC’s and TDC’s, respectively.

2.4 Trigger

The trigger logic was based on fast detectors of TOFINO and TOFONE. The bunch crossing
RF signal with 2.6 ns interval was not used. We have used three main trigger modes for event
selection (HYPE, BHABHA, and COSM) in the data taking.
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2.4.1 HYPE trigger

The HYPE trigger selected events with A-hypernuclear formation. The event is characterized

by a pair of K™K~ from the ¢ decay and a fast 7~ via the (Ks_top, 7~ ) reaction. The kaon
pairs were identified with the energy deposit in TOFINO. Because the energy deposits of
slow kaons were about 8 times larger than that of MIPs, the kaons can be easily selected
with high threshold discriminators. Due to the magnetic field, the event topology is not
completely back-to-back and each trajectory is bent toward the same direction. Therefore,
for a slab fired by a kaon, we allowed not only the opposite one but also the neighbor ones to
the opposite (called as extended back-to-back). The multiplicity > 2 was the requirement for
TOFINO, because an additional hit may be caused by an outgoing particle from the target.

For TOFONE, we required the multiplicity > 2. It is not severe for a hypernuclear event,
because a curved trajectory of emitted 7~ generally passes through more than 2 slabs. The
first hit in TOFONE within ~ 20ns after the TOFINO hit was accepted.

The trigger with TOFONE multiplicity > 1 can not be accepted because of the huge
background of Touschek effect caused by DA®NE in the order of 10° Hz, compared with a
few tens of Hz for hypernuclear events. A scattered electron or positron in a bunch caused by
this effect interacts with the beam pipe, and generate a shower. Some of them can still survive
even after the event selection with TOFINO. Because the most of the background events had
multiplicity 1, the requirement of the multiplicity > 2 reduced the Touschek background to
a negligible rate.

While the HYPE trigger was optimized for hypernuclear formation, it was also suitable
for two-nucleon absorption processes, since TOFONE multiplicity > 2 could be achieved by

two outgoing particles.

2.4.2 BHABHA trigger

Bhabha scattering events (ete™ — eTe™) were used for many purposes; the calibration of
the detectors with scattered particles, and the monitoring of DA®NE collider. Especially,
the beam luminosity was evaluated from the rate of the Bhabha events.

An extended back-to-back hits in TOFINO with multiplicity = 2 and more than 2 hits
in TOFONE within a time gate of ~ 10ns were required in the BHABHA trigger.

2.4.3 COSM trigger

We took the data for cosmic rays with and without magnetic field when the beam was
not circulating. They were used for calibration of the detectors. The straight trajectory
of cosmic rays without magnetic field was very important in geometrical alignment of the

tracking detectors.
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Figure 2.12: Layout of basic trigger selec- Figure 2.13: Trigger selections given by the
tions with TOFINO and TOFONE. programmable logic units (PLU) system.

For a cosmic-ray particle passing through all the layers of the apparatus, we required at
least one hit both in TOFINO and TOFONE.

2.4.4 'Trigger selection

Figure 2.12 shows the basic trigger selections using the meantimer (MT) signals of TOFINO
and TOFONE. Five basic triggers were built up using the low-threshold (LThr) and high-
threshold (HThr) MT’s from TOFINO, according to the back-to-back pattern (BTB 1-1 or
BTB 1-3). As described in Sec. 2.4.1, BTB 1-3 means that for a fired slab, one of the three
slabs in the opposite side is fired. Similarly, six basic triggers were built up using the MT’s
from TOFONE.

The trigger was constructed as a combination of TOFINO triggers and TOFONE triggers
by use of Programmable Logic Units (PLU) system, as shown in Fig. 2.13. All the TDC
modules were operated in Common Stop mode with the ORtofino signal.

For example, the HYPE trigger was defined by BTB-EL ® MULThyp, where BTB-EL is
the BTB 1-3 pattern of the HThr MT signals from TOFINO with additional hits allowed
(not exclusive), and MULThyp means the TOFONE multiplicity between 2 and 8.

2.5 Data acquisition and on-line monitoring system

The Front End Electronics (FEE) in each VME crate for GTS (global trigger supervisor),
STB (straw tubes), LMD (low-mass drift chambers), TOF (TOFINO and TOFONE), ISIM
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Figure 2.14: Schematic diagram of the data flow.

and OSIM, was read out in parallel by three computers. They were connected by a VME-PCI
bridge (CAEN V2718-A2818). Two other processes of Finuda Run Control (FRC) and Global
Event Building (GEB) were working on one of the three computers. The FRC program was
used for starting and stopping other processes.

Each process read the data and wrote it on a fiber channel disk storage when the FEE
received a trigger signal. GEB opened all the files for each of the detectors, and produced
a new file with complete events. It also provided the information on events via Ethernet to

monitoring processes and event display programs.

2.6 Summary of the data taking

We started the data taking from November 2006, and ended in June 2007. We collected the
integrated luminosity of 966 pb™?.

We have collected 210M events with the HYPE trigger, and 32.8M events with the
BHABHA trigger. We also took cosmic ray data of 8.8M without magnetic field and 3.7M
with magnetic field. The collected HYPE data were 7 times more than in the previous data

taking.






Chapter 3

Analysis

3.1 Event reconstruction

In this section, the procedure for event reconstruction is described. First, the stopping points
of K* are estimated after the identification of kaon pairs, by using the reconstructed hits
at detectors in the interaction/target region. If the stopping points are found inside targets,
pattern recognition for the hits in the tracking region is carried out for track finding. Once
the trajectories are found, the tracks are fitted with a helix curve. Neutrons are identified

after the tracking of all the charged particles.

3.1.1 KTK~ identification

The ¢ mesons were produced with some boost along the horizontal direction (defined as the
x-axis), perpendicular to the beam axis (the z-axis). The boost momentum was assumed to
be constant, determined by the crossing angle between the electron and positron beams. The
two kaons from the ¢ decay have different momenta because of the boost. However, they
are still kinematically constrained in a way so that they must be antiparallel with the same
momenta in the center-of-mass system. With these constraints and the hits in the vertex

detectors (ISIM), the following quantities were estimated:

e the ¢ vertex position,

e the directions and momenta of K and K~ at the ¢ vertex.

From an analysis of the Bhabha scattering (ete™ — ete™), the collision points spread
in a few mm in the x direction and a few cm in the z direction, as shown in Fig. 3.1. Since
the vertical spread is known to be negligibly small from the beam optics, we fixed the y
coordinate of the ¢ vertex to be zero. Figure 3.2 shows an example of the reconstructed

K™K~ pair from the ¢ decay near the center of the apparatus.

37
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Figure 3.1: ¢ vertex distribution, estimated from the center of the closest approach between

the trajectories of electron and positron from the Bhabha scattering.

3.1.2 Pattern recognition for outgoing particles

The spectrometer had five layers of tracking devices; ISIM, OSIM, inner LMDC (DCH1),
outer LMDC (DCH2) and straw tubes (STRAW). The hit information of each detector was
converted to spacial coordinates as described in Chapter 2. For straw tube detectors, the
clustering of the axial and stereo tubes with hits was done first, and a cluster was treated as
a single hit in STRAW like in other layers.

In the next step, the pattern recognition was carried out. It connects the hits along an

arc in the r¢ plane. The following six combinations of hit patterns were examined in order:

e STRAW-DCH2-DCH1-OSIM(-ISIM),
STRAW-DCH2-OSIM(-ISIM),
STRAW-DCH1-OSIM(-ISIM),
DCH2-DCH1-OSIM(-ISIM),
DCH2-OSIM-ISIM,

o OSIM-ISIM-ISIM,

where a hit in the detector is simply abbreviated as the detector name. For the first four
combinations, a hit in ISIM was connected if found, when the corresponding particle was
emitted inward from the target.

Among the six combinations shown above, two categories of tracks with STRAW-DCH2—
DCH1-OSIM(-ISIM) and DCH2-DCH1-OSIM(-ISIM) were used for the further analyses.

For simplicity, they are named as “long tracks” and “short tracks”, respectively.
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Figure 3.2: Example of reconstructed Kt (brown) and K~ (aqua), together with outgoing

particles (magenta). The dot near the cross in the center is the estimated ¢ vertex.
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Figure 3.3: Example of reconstructed outgoing particles for the same event as above. In this
event, three particles from the K~ vertex (pm~ from A decay, in a similar direction, and a
proton in the opposite direction) and one u* from the K vertex are reconstructed. The
broken lines in red (positive particles) and blue (negative particles) are the result of pattern

recognition.
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For example, the procedure for finding a long track is as follows. A circle which connects
STRAW-DCH2-DCHI1 was uniquely determined in the r¢ plane for any three hits. If there
were hits in OSIM and/or ISIM along the circle, these hits were connected to the circle.
Tracks without hits in OSIM were discarded at this stage. The hit in OSIM was required
because it was used for particle identification later.

The circle in the r¢ plane or the helix was validated as a trajectory, if all the hits were
also on the helix along the z direction. This was checked by a linear fit in the z¢ plane in
the local coordinate system of the helix, with the origin defined as the center of the circle. If
there was a TOFONE hit on the helix, it was also connected, but not used for the fitting.

After pattern recognition, the momentum and charge were obtained in the three-dimensional
fit with a helix. The energy loss in the interaction/target region or in the target was cor-
rected using the track information. The particle identification was done at this stage from
the energy deposit in OSIM, together with the measured momentum and charge.

Figure 3.3 shows a typical reconstructed event after the K™K~ reconstruction as zoomed
up in Fig. 3.2. Red and blue tracks correspond to the positive and negative particles, re-
spectively. Two long tracks (protons) and one short track (77) from a K~ stopping point,
and one long track (u") from a K stopping point are successfully reconstructed. Here, the
lower proton and the pion originated from a A particle decaying between the target and an
OSIM module. It is worth mentioning that the track multiplicity both from K~ and KT
was generally less than 3, and the event with multiplicity 4 (such as the event in Fig. 3.3)

accounts for only ~ 0.2% over the events with both kaons stopped inside targets.

3.2 Charged particles

Charged particles both from the K~ and K™ vertices were tracked simultaneously. While in
the stopped K~ absorption particles are emitted in a widely spread momentum due to the
Fermi motion of the interacting nucleon(s), particles from the Kt stopped in a target are

emitted just like in a free space with the following two-body decay modes [84]:

Kt —put+v,  (BR.=63.44+0.14%) (3.1)
Kt —77+7% (B.R.=20.92+0.12%) (3.2)

They produce u+ and 7 with the characteristic momenta.

3.2.1 Charged particles from K* vertices

The muons (236 MeV/c) from the K5 decay (Eq. (3.1)) and the pions (205MeV/c) from
Ko decay(Eq. (3.2)) can be observed as long tracks, as shown in Fig. 3.4. These monochro-
matic peaks were used for estimation of the accuracy of the absolute momentum, momentum

resolution and the number of stopped kaons.
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Figure 3.4: Momentum distribution of positive particles from K vertices.
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Figure 3.5: Same as Fig. 3.4, but a tight quality cut is applied.
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Figure 3.6: Energy deposit at OSIM versus particle momentum. The curves obtained from
the Bethe-Bloch formula for protons (up) and pions (down) are also shown. The dotted lines

mean the boundary for particle selection.

By imposing a quality cut on the tracks on the emission angles (relative to the normal line
of the target surface), x? and residuals, a better resolution was obtained (o, /p ~ 0.5%) as
shown in Fig. 3.5. In this thesis, no such cut was applied for the tracks, since the resolution

was enough to observe the signals such as A’s and X7 ’s in the invariant mass spectrum.

3.2.2 Charged particles from K~ vertices

As described in Sec. 1.2, the one-nucleon absorption process which emits a hyperon and a
pion is predominant (about 80% per stopped K ), whereas the rest (about 20% per stopped
K ™) has only hyperon and nucleons without pions in the final state.

The charged pions and protons mainly emitted from the K~ vertices were distinguished
with an array of silicon microstrip detectors (OSIM). Figure 3.6 shows a scatter plot of the
energy deposit (dE/dx) versus the particle momentum. The energy deposits for pions and
protons distribute along the mean values calculated from the Bethe-Bloch formula, and pions
and protons can be clearly distinguished.

In Figs. 3.7 and 3.8, the inclusive momentum distributions for 7= and proton in the
HYPE trigger are shown for all the targets.

For a reference, the (K 77) spectrum on '2C target obtained by Tamura et al. [86]

stop?
is shown in Fig. 3.9. Roughly speaking, slow 77 ’s, observed as short tracks, come from the
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Figure 3.7: Momentum distribution of 7~ from K~ vertices. The black and green histograms
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tograms.
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Figure 3.9: (K,,, 7 ) spectrum on 2C target. Thin lines show the result of the decompo-

stop?
sition into each process, (a) L7~ and X7~ productions, (b) A7~ production, (c-1), (c-2)
Y~ — nn~ decay ((c-2) corresponds to ¥ produced by two nucleon absorption of K ), (d)

A — pr~ decay. Taken from Fig. 2 in [86].

decay of A or the quasi-free ¥ production, and fast m~’s detected as long tracks originate

from the decay of ¥~ or the quasi-free A production.

Acceptance and momentum resolution

The geometrical acceptance for pions and protons was estimated with a Monte Carlo sim-
ulation based on the GEANT3 package. It generates a pair of KT as the decay product
of a ¢ meson in the center of the spectrometer, and particle(s) from the stopping point of
K~ isotropically. When a particle passed through a detector, its hit information was stored
after digitization. The reconstruction program for a simulation is almost the same as for
the real data, but the hit position and timing was smeared out with its intrinsic resolution
(Table 2.1). Then, the reconstruction efficiency was automatically taken into account. In the
simulation, the detection efficiency of each detector was not considered, as all the detectors
were assumed to be always active.

The overall detection efficiency was estimated from the data in the next subsubsection. As
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Figure 3.10: Azimuth angle distribution of x4 from the K decay for the real data (left) and
a simulation (right).

an example, the distributions of the azimuth angle in the r¢ plane of the emitted y* from the
K™ decay are shown in Fig. 3.10. In the real data, the detection efficiency had a dependence
on the azimuth angle, mainly because the eight chambers in a layer had a different detection
efficiency. However, it would be averaged in the analysis because a particle from the K+

vertices is emitted isotropically.

The Monte Carlo results are shown in Figs. 3.11 and 3.12. The detection threshold for
long tracks was found to be around 180 MeV /¢ for pions and 220 MeV /¢ for protons. Since
the energy loss for protons is much larger than that of pions (cf. Fig. 3.6), a higher momentum
is required for a proton to be detected. While this pion threshold momentum is low enough
for hypernuclear spectroscopy, the pions from the A decay are almost below the threshold
(cf. Fig. 3.9 and Fig. 3.21). Therefore, a short-track pion was also included for detection of
a A. The difference of the acceptance between 7 and 7~ comes from the geometrical design
of the mechanical supports of DCH1 and DCH2. The acceptance of 7~ was higher because

the tracking device was optimized for the detection of 7~ as described in Sec. 2.3.2.

The momentum and kinetic energy resolution for pions and protons obtained from the
simulation are shown in Figs. 3.13 and 3.14. The observed resolution (o, = 1.5-1.7MeV /c)

for the monochromatic p* peak from the K, decay was consistent with this simulation.
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Figure 3.13: Momentum (left) and kinetic energy (right) resolution for charged pions. The

usage of markers is the same as in Fig. 3.11.
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Figure 3.14: Momentum (left) and kinetic energy (right) resolution for protons.

Overall detection efficiency

The overall detection efficiency for a particle, which is the product of the efficiency of each
detector where the particle crossed, was estimated in the following way.

In order to avoid the ambiguity on the trigger efficiency, events with pion(s) from K~
satisfying the multiplicity of TOFONE > 2 were used for estimating the detection efficiency
of a long-track p* from K*. The ratio of N(u")/N(Kg,,) was compared for the real
data and the simulation. Then, the detection efficiency for a long track was obtained as
elone) = 0.555 £ 0.023.

For the detection efficiency for a short track (e®P™)), it was assumed that the detection
efficiency of STRAW is written as eSTRAW — ¢(long) /e(Short). Then, taking into account
that a long track in a simulation is regarded as a short track with the probability of (1 —

eSTRAW)e(Short), the following relationship was obtained:

N(MC) ('u+ (long) ) (1 _ 6STRA\7\/)6(short) + N(MC) (M+(short))€(short) N(M+ (short)) 23
N(MC)(K+) - N(K+) ) ( . )

where NMC) is the number obtained from the Monte Carlo simulation. Substituting STRAW =

ellong) /e(short) - ¢(short) — () 680 4+ 0.041 was obtained.
3.3 Neutral particles

A neutron was identified with an isolated hit in TOFONE, unconnected to any tracks of
charged particles. The straw tube detectors, within 34 cm from the hit point in TOFONE,
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serve as a veto counter for charged particles.

A neutron can be detected with plastic scintillator slabs of TOFONE. Because a charged
particle generally enters a slab at an inclined angle and fires adjacent slabs due to the cur-
vature of the trajectory, a neutron entering almost perpendicularly to the surface can be
identified by an isolated hit.

The time-of-flight (TOF) of a neutron was defined as the time difference between TOFINO
and TOFONE. Here, the hit in TOFINO was caused by a K~ before entering the target.
The momentum of the kaon depends on the emission angle, because the ¢ meson is produced
with p, ~ 15MeV /c due to the finite crossing angle between the electron and positron beams.
Therefore, the stopping time of kaons after passing through TOFINO is different target by
target. It was calibrated by using the timing of prompt +’s, which are expected to be emitted
soon after the K~ absorption.

The flight path (L) was obtained from the distance between a K~ vertex and a hit position
in TOFONE. The hit position in the r¢ plane was defined as the center of the fired slab, and
the z-coordinate was estimated from the time difference between PMTs on both ends of the
slab.

Figure 3.16 shows 1/ spectra for all the targets after correcting the peak of prompt
v’s to be centered at 1/8 = 1. The 1/ resolution estimated from the peak was ~ 0.12,
as summarized in Table 3.1. The obtained momentum distribution for each target is shown
in Fig. 3.17. Neutrons with momentum larger than 200 MeV /c were used for the further
analyses. The calculated energy/momentum resolutions are plotted in Fig. 3.18 as functions
of neutron energy.

The detection efficiency was estimated using a hadronic interaction model of the GFMFIN
(FLUKA for neutrons above 20 MeV and MICAP for neutrons below 20 MeV) simulation in
the GEANT3 package. A pair of proton and neutron in back-to-back (cosf = —1) was
generated from the K~ vertex in the simulation so as to reduce background hits not caused
by the generated neutron. In order to avoid the contribution from the KT decay mentioned
later, the decay particles from K+ were not generated. The detection efficiency was obtained
by selecting back-to-back pn pairs (cosf(pn) < —0.999 or 6(pn) > 177.4°). The result is
shown in Fig. 3.15. Here, the average threshold for each PMT was 3MeVee!, which was
estimated from the obtained ADC spectrum.

Not only neutral particles from K~ vertices but also v’s from K vertices can fire a slab
of TOFONE. Since the lifetime of Kt (12.4ns) is much longer than the time-of-flight of a
photon, 7 — 2v from KT decay (such as Eq. (3.2)) can make a continuous background.
Figure 3.19 shows the distribution of TOF — L/c for all neutral particles in coincidence with
7T or uT from the KT vertex, where L is the flight length and c is the speed of light. In

case of a photon, it should be the time when the photon is emitted. The distribution is

11 MeVee (MeV electron equivalent) corresponds to the light output by an 1MeV electron.
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Figure 3.15: Detection efficiency of neu- #38 0.121

trons.

normalized by the total number of muons or pions observed. Clearly, the distribution with
7t coincidence (associated with 70 — 27) has an excess over that with x* coincidence. The
difference between two distributions rises up at ~ 0ns and decreases slowly. This excess can
be attributed to the delayed ~’s originating from the decay of K.

This excess is also seen in the momentum distribution, as shown in Fig. 3.20. It overlaps
with the signal in the momentum region of interest (0.2-0.7GeV/c). Since delayed 7’s are
emitted randomly and irrelevant to particles from stopped K~ absorption, it is effective to
apply an angular cut in back-to-back for a final state including neutrons, such as An or X7 p

pairs, as discussed in Chapter 4.

3.4 Estimation of number of stopped kaons

Because both KT and K~ are produced simultaneously from the ¢ decay, the number of
stopped K ~’s can be assumed to be almost the same as that of stopped K*’s. The total
number of stopped K™’s can be estimated by using the number of p*’s emitted from the
stopped K1’s. Tt is described as N(K;op) = N(Obs')(u;g)/e(ugig), where N(Obs‘)(,u:rrig) is
the number of observed u*’s with TOFONE multiplicity > 2 2, and e(,u;;ig) is the detection
efficiency of ,uj;ig per stopped K*. N(Kg,,
by DA®NE, but the reconstruction efficiency of K™K~ pairs with TOFINO and ISIM is

) is not the number of stopped K™’s supplied

?Hereafter, a ut with TOFONE multiplicity > 2 is called as ,u;:ig. A single ,uttig is enough to satisfy the
trigger condition of TOFONE multiplicity without any other particles from the K~ vertex.
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Figure 3.17: Momentum distribution of neutral particles for each target.
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Table 3.2: Estimation of the number of stopped K*’s.

target N(Obs')(,uttig) e(uttig) N(stopped KT) | N(stopped K™)

#1 1.77 x 105 | 5.40 x 1072 3.16 x 107 3.16 £ 0.41) x 107
#2 1.78 x 10 | 3.96 x 1072 4.49 x 107 4.49 +0.58) x 107
#3 1.54 x 10% | 5.28 x 1072 2.92 x 107 2.92 £+ 0.99) x 107
#4 2.02 x 105 | 5.40 x 1072 3.74 x 107 3.74 +0.49) x 107
#5 1.09 x 105 | 5.36 x 1072 2.03 x 107 2.03 £ 0.26) x 107

)

)

)

#6 1.68 x 106 | 5.28 x 1072 3.17 x 107 3.17 4+ 0.41) x 107
H#7 1.55 x 10 | 5.05 x 1072 3.07 x 107 3.07 4 0.40) x 107
#8 1.18 x 105 | 5.15 x 1072 3.44 x 107 3.44 4 0.45) x 107

AAAA,_\,_\/_\/_\

multiplied. In other words, it is the number of reconstructed K*’s stopping inside targets if

the trigger condition in regard to TOFONE is removed.

The detection efficiency of ,uttig was not estimated from the total number of observed
u,:;ig’s, but the coincidence with at least one 7+ from a K~ vertex is required, so as to satisfy
the trigger condition of TOFONE multiplicity, regardless of the existence of ,u,;tig. e(,u;g)
was evaluated from the relationship e(u;ig) =N (Obs')(u;gwi) [N (©Ds) (£,

The estimated numbers of stopped K*’s, together with N(Obs')(,u:;ig) and e(,uttig), are
summarized in Table 3.2. While the numbers of stopped K™’s and K~ ’s in the same target
are expected to be more or less similar, the recorded number was consistent within the error
of +13%, except for target #3 (34%). This is partially because both K+ and K~ are involved
in the trigger conditions, and the distribution of secondary particles depends on the material
where the K~ stopped. In addition, some of K*’s can decay in flight before they stop.
Therefore, the systematic error was estimated as +13% except for target #3 and +34% for
target #3.

It is worthwhile to mention the capture rate of deuterium in heavy water target. According
to the Fermi-Teller Z-law [87], the relative capture probability by an atom in the compound
is proportional to its atomic number Z. On the contrary, a bubble chamber experiment
measured the fraction of free hydrogen capture to be 3.2 + 0.4% for propane (CsHg) [88],
far from the prediction by the Z-law (~ 20%). A crude scaling leads the estimation of free
deuterium absorption of ~ 2% for heavy water. This uncertainty is not considered in later
discussions in deducing a branching ratio normalized to stopped K~ in 'O, instead of heavy
water, because it is much smaller than the systematic error on the number of stopped K~

in the target.
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3.5 Hyperon reconstruction

Hyperons were identified by reconstructing the invariant mass of its decay particles. Hyperons

decay as [84]

A—p+n, (BR.=63940.5%) (3.4)
—n+7n° (B.R.=358+0.5%) (3.5)

> —p+a° (B.R.=5157=+0.30%) (3.6)
—n+7", (B.R.=48.3140.30%) (3.7)

¥ 5 A4y, (BR.=100%) (3.8)
Y~ —n+47. (BR.=99.848 +0.005%) (3.9)

Because the FINUDA spectrometer can detect charged particles and neutrons, a A was iden-
tified in the decay mode of Eq. (3.4), in which all the decay particles are charged. A X% can
be recognized by detecting a neutron and a 7 in the decay mode of Eq. (3.7) and (3.9). A
30, which decays in electromagnetic interaction (Eq. (3.8)), cannot be distinguished from a

A in this approach.

3.5.1 Detection of A hyperons

A particles are to be emitted after either one-nucleon absorption (K~ 4 “N” — A(X%) + )
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Figure 3.23: A momentum distribution from quasi-free one-nucleon absorption, estimated by

a simulation.

or two-nucleon absorption (K~ + “NN” — A(X%) + N). The momentum (py) of the emitted
A distributes in two different regions; py < 400 MeV/c for the former (see Fig. 3.23) and
400MeV /e < pa S 700 MeV /e for the latter (Fig. 4.22).

As seen in Fig. 3.21, the pions from the A decay are slower than 200 MeV /¢, and they
were mainly detected as “short tracks” in the FINUDA spectrometer. The protons from the
A decay were detected as “long tracks” in coincidence with “short track” 7w, except for those
emitted from very slow A’s below about 300 MeV /c. Please note that the proton momentum
is very close to the original A momentum because of the decay kinematics (cf. Fig. 3.21).

In this analysis, only the proton with a long track was used, while the pion can be either a
long or short track, in order to have a good resolution of the invariant mass IM(p7~) and the
momentum pp, As a result, we have less sensitivity for the A’s from one-nucleon absorption
due to the momentum threshold ~ 300 MeV /¢, while we have good sensitivity for the A’s

from the two-nucleon absorption.

Invariant mass distribution and momentum distribution of A

The invariant mass distributions for all the detected pm™ pairs from stopped K~ vertices
are shown for all the targets in Fig. 3.24. The peaks centered at the right A mass (my) are
clearly seen. The signal region was defined as |[IM(pr~) — ma| < 4MeV /c?, where IM(pr™)

is the invariant mass of a pm™ pair.
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For selected pr~ pairs, the A momentum distribution for each target is shown in Fig. 3.25.
A combinatorial background of pmr~ pairs was estimated by selecting the events in the side-
band region 5 MeV /c? < [IM(pr~) —myp| < 9MeV /c?. The background subtracted spectrum

is also shown in Fig. 3.25 in red.

Mass resolution, geometrical acceptance and momentum resolution

The mass resolution, geometrical acceptance, and momentum resolution for A were estimated
with a Monte Carlo simulation, which takes accounts of all the detector geometry, track
reconstruction, and momentum resolutions for pions and protons as described in Sec. 3.2.2.
Figure 3.26 shows the obtained invariant mass resolution (in o) of pr~ pairs as a function
of A momentum. It is almost constant (~ 2MeV/c?), in this A momentum range, and is
consistent with the observed resolution of 1.9 MeV /¢

The geometrical acceptance of A is shown in Fig. 3.27. It is an increasing function of the
A momentum, rising from 300 MeV /c.

The resolution of the A momentum, obtained by the vector sum of the momentum of
the proton and the pion, is shown in Fig. 3.28. Generally, the resolution of a pion with a
“short track” is worse than that of a proton with a “long track”, and it dominates the overall
resolution. As plotted in Fig. 3.29, the kinetic energy resolution is almost independent of the

A momentum, and is around 4 MeV.

A vertex cut

A A vertex was first defined as the crossing point of proton and pion tracks in the r¢-
plane. Then, the z coordinate for each track at this A vertex is obtained. Figure 3.30 shows
a distribution of distance in z direction between two z coordinates. The tolerance for A
candidate (|[IM(pm~) — mp| < 2MeV /c?) is very close to 0, while that for an irrelevant pair
(JIM(pr—) — mp| > 10MeV/c?) is broadly distributed. Hereafter, the z-tolerance between
1mm is accepted for the A vertex cut, in order to improve the signal-to-noise ratio. The

survival rate after the A vertex cut was estimated to be 0.6 above 400 MeV /c from Fig. 3.27.

3.5.2 Detection of >~ hyperons

A fast 37 (~ 500 MeV/c) is to be emitted from the following two-nucleon absorption process:
K™+ “pn” — X7 +p. (3.10)

with a proton with a similar momentum in back-to-back. The ¥~ was detected through the
decay into n + 7w~ . Different from the A detection via p + 7, we need to take accounts of
neutron background as already discussed in Sec. 3.3. A selection of back-to-back pairs of a

>~ and a proton would reduce accidental neutron backgrounds.
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Invariant mass distribution of ¥~

Figure 3.31 shows the target-by-target invariant mass spectra for nm~ pairs, in coincidence
with fast protons (> 400MeV /c) in the opposite direction to the pair (cosf(pX~) < —0.9).
The X~ peaks are clearly observed around its PDG mass (1.197 GeV /c?). The mass resolution
was evaluated for a histogram summed over all the targets (Fig. 3.32) as o = 3.440.3 MeV /2.

Mass resolution, geometrical acceptance and momentum resolution

The mass resolution, geometrical acceptance, and momentum resolution for ¥~ were esti-
mated with the same Monte Carlo simulation as for A. In order to identify ¥~ hyperons
with as less background as possible, completely back-to-back pairs of a ¥~ and a proton were
generated. Then, the direction of a %~ candidate, as a pair of a neutron and a negative pion,
could be restricted very tightly (cos (X7 p) < —0.998 or 6 > 176.4°).

After the angular cut, the invariant mass resolution was obtained as shown in Fig. 3.33 as
a function of ¥~ momentum. It should be noted that it is just slightly worse than that for A.
This is because the neutrons from ¥~ are moderately slow (see Fig. 3.22), and the resolution
for a slow neutron is much better than that for a fast neutron. The geometrical acceptance

of X7 hyperons, taking into account the detection efficiency of neutrons by TOFONE and
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the reconstruction efficiency of pions, is shown in Fig. 3.34. The momentum resolution and

kinetic energy resolution are also shown in Figs. 3.35 and 3.36.
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Chapter 4

Results

4.1 Fast A hyperon from kaon absorption

As shown in Sec. 3.5.1, A’s above ~ 300 MeV /¢ could be detected. The acceptance-corrected
momentum distribution can be obtained by dividing the number of observed A’s by the
acceptance at the corresponding momentum. In order to avoid the ambiguity on the trigger
efficiency, which strongly depends on the existence of other particles both from K~ and KT
vertices, the u:;ig coincidence was required. Then, the yield as a function of momentum py

is described as: N (o)
Apigy; PA
R(pa) = s

| (4.1)
€A (pA ) 6]()long) 6Ersilort) Nuz;ig

where N, g (pa) is the number of A’s with the momentum py in coincidence with ,ug;ig, €A

is the geometrical acceptance discussed in Sec. 3.5.1, and Nu+ is the number of observed
trig

lu:;ig’s'

From the momentum distribution in coincidence with pu* (Fig. 4.1), the acceptance-
corrected distribution was obtained as shown in Fig. 4.2. The yield above py > 400 MeV/c
for each target is summarized in Table 4.1. The yield, together with the yields of Ap and An,
is discussed in Sec. 4.5.

They can be compared with the bubble chamber data for *He by Katz et al. [67] (Ta-
ble. 1.1), where the branching ratio of the final states A(pnn)! and X°(pnn) was measured to
be 11.7 4 2.4%. They also showed the A momentum distribution for the A(pnn) or X°(pnn)
final state, as shown in Fig. 4.3. Although the statistics was poor, the histogram shows
that only the half (11/22) of observed A’s was above 400 MeV /c. The yield of fast A’s in the
present FINUDA experiment is consistent with their result. While the absolute calibration of
a yield with a well-known process is difficult in case of the FINUDA experiment, the validity
of the calibration could be checked by comparison with the *He data.

!(pnn) indicates the three particles are either bound (d + n or t) or unbound (p + n + n).

67
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Figure 4.2: Acceptance-corrected momentum distribution of A.
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Table 4.1: Yield of A from K~ absorption above 400 MeV /c.

target yield (%)
OLi | 3.9 £ 0.4ga & 0.34yst
"Li | 4.3 4 0.56ar £ 0.35yst
9Be | 5.8 4 0.4gtat & 0.45yst
13C | 5.6 £ 0.5gtat = 0.4syst
160 | 5.5 4 0.5¢at & 0.4syst
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Figure 4.3: A momentum distribution for 7’A(pnn) (white) and A(pnn) (hatched) final state

after kaon absorption in *He. Taken from [67].

4.2 Observation of correlated YN pairs

As shown in the previous section, a number of A’s with their momenta larger than 400 MeV /¢
were observed. It is hard to assume that they would come from one-nucleon absorption
(K~ 4+ “N” = Y 4+ 7), whose @ value is only ~ 170 MeV for Y = A, and ~ 100 MeV for
Y = 3. Then it is naturally explained if they would originate from non-mesonic absorption
with the @ value increased by the mass of a pion. As described in Chapter 1, the existence of
such non-mesonic absorption had been known in 1960’s, with the branching ratio of ~ 20%,
almost constant for various kinds of nuclei.

The simplest process among non-mesonic absorption would be two-nucleon absorption,
where a kaon is absorbed by a pair of nucleons in a nucleus. This process yields a characteristic
back-to-back pair of hyperon and nucleon with high momenta. There may exist three-nucleon

(or more) absorption processes. In this case, the emitted hyperon shares kinetic energy with
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many nucleons, and a hyperon and a nucleon in the final state may show a weaker back-to-
back correlation.

Three kinds of final states from the following absorption processes were investigated in
this thesis:

K™ +7pp” — A+p, (4.2)
K +7pn” — A+ n, (4.3)
K +7"pn” — X7 +p. (4.4)

4.2.1 Correlation between hyperon and nucleon

Angular correlations between a hyperon and a nucleon were analyzed first. A back-to-back
correlation was expected for the YN pairs (X~ p, An, and Ap) from two-nucleon absorption.
Next, the kinematics of quasi-free two-nucleon absorption (QF-TNA) was examined. The

energy conservation law for the QF-TNA:
K +4Z Y+ N+4727, (4.5)
where Z' = Z — 2 for Ap pairs, and Z’ = Z — 1 for An or X~ p pairs, can be expressed as
M(K™)® +M(12)® = By + Ex + E(*7%2"). (4.6)

Since the momentum of the recoil nucleus is very small (a few hundred MeV /¢, see Fig. 4.19,
4.20, and 4.21), its kinetic energy can be neglected. Then, the following relationship should
be hold:

Ey + Ex ~ M(K7 )+ M(A2)® — M(A22")¢?
= M(K™)?+ M(NN)? — Syn(12) — Ex(A722), (4.7)

where NN denotes two protons (a proton and a neutron) for Ap (An or X~ p) pairs, Syn
means the separation energy of two nucleons, and Ex is the excitation energy of the residual
nucleus. The energy sum Fgu, = Fy + Ey is largest when the residual nucleus is in the
ground state. The kinematical threshold is listed for each nucleus in Table 4.2.

In this thesis, the energy sum region between 2.30 and 2.38 GeV/c is regarded as “quasi-
free”, independent of the target and the final state.

4.3 Correlated Ap pairs

First of all the three combinations, the correlation of Ap pairs was investigated.
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Table 4.2: Kinematical threshold for energy sum of hyperon and nucleon.

A+p A4+nand X~ +p

target | residual | threshold | residual | threshold
nucleus | nucleus [GeV] nucleus [GeV]
611 ‘H 2.345 ‘He 2.368
Li °H 2.335 SHe 2.360
9Be "He 2.342 "Li 2.353
BC HBe 2.340 Hp 2.351
160 ¢ 2.349 14N 2.349

4.3.1 Opening angle distribution

Figure 4.4 shows the opening angle distribution between observed pairs of A and proton. A
back-to-back component was found to be dominant for every target, with a very few non-back-
to-back events. Back-to-back events with cos §(Ap) < —0.80 were selected for the correlated
Ap pairs. For comparison, the dependence of the angular cut was studied by changing the
cut as cosf(Ap) < —0.90 and —0.95, which are applied for ¥~ p and An pairs as described

later.

4.3.2 Energy sum distribution and momentum distribution

The energy sum distribution for the correlated Ap pairs is shown in Fig. 4.5. The distribution
does not show any narrow peak structure near the threshold. Because the energy resolution
is as good as ~ 5 MeV, a narrow enhancement is expected to be observed experimentally if
exists.

The present data are consistent with the results of the first data taking, and the energy
sum distribution does not exhibit an apparent contribution of QF-TNA as a narrow peak.

The momentum correlation of A and proton (Fig. 4.6) is also distributed broadly. No
concentration in the region of QF-TNA, indicated by two dashed lines (Ex + E, = 2.30,
2.38 GeV), is seen.

4.3.3 Acceptance-corrected energy sum distribution

The acceptance correction was carried out event by event. The acceptance of each Ap pair
was estimated from a Monte Carlo simulation where a pair of Ap with the same momenta
and opening angle from the K~ vertex was generated isotropically.

The corrected energy sum distribution is shown in Fig. 4.7. A further constraint of
pp > 300MeV /e, ppn > 400 MeV /¢, in addition to the angular cut of cos §(Ap) < —0.80, was
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Figure 4.7: Energy sum distribution of back-to-back Ap pairs, corrected for acceptance.
Events with p, > 300 MeV /¢, pp > 400 MeV /¢, and cos 0(Ap) < —0.80 are selected.

applied to reduce the systematic error.

Table 4.3 summarizes the integrated yield for the back-to-back Ap events with the event
selection shown above. The yield in the near-threshold region between 2.30 and 2.38 GeV is

also shown and are compared with those for An and X" p in Sec. 4.4.5.

The energy sum distribution for a different opening angular cut has been examined, in
order to check whether the distribution has a strong dependence on the cut or not. Figure 4.8
shows the energy sum distributions for cosf < —0.90 and —0.95. While an event with a
smaller recoil is enhanced by a tight angular cut, the observed energy sum distribution does
not exhibit a remarkable difference from Fig. 4.7. The integrated yield was also estimated in
the same way, as summarized in Tables 4.4 and 4.5. It also shows the ratio of the yield in
the near-threshold region to the total yield is almost constant within errors, independent of
the angular cut. Note that the systematic error on the ratio is almost cancelled out, because
that for a yield is related to the normalization, mainly from the uncertainty of the number

of stopped K~ ’s.

It was also found that the energy sum distribution and the ratio of the near-threshold
yield (Rqr/Riotal) have little A-dependence.
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Table 4.4: Yield of correlated Ap events within the event selection (cosf < —0.90).

target | total yield (Riota1) (%) | yield near threshold (Rqr)(%) | Rqr/Riotal
6Li 1.2 4 0.1gpat £ 0.24yst 0.28 & 0.05tat &= 0.04syst 0.23 4+ 0.05
"Li 0.6 & 0.1stat & 0. Lsyst 0.16 %+ 0.045¢at & 0.045yst 0.26 & 0.08
9Be 1.0 £ 0.1gat £ 0.15yst 0.23 & 0.04stat & 0.035yst 0.24 4 0.05
BC | 1.1 40260 £ 0.2yt 0.29 =+ 0.07sgat £ 0.05gyst 0.26 £ 0.07
160 1.6 £ 0.3gtat £ 0.3syst 0.36 =+ 0.07sgat £ 0.064yst 0.23 4+ 0.06

Table 4.5: Yield of correlated Ap events within the event selection (cosf < —0.95).

target | total yield (Riota1) (%) | yield near threshold (Rqr)(%) | Rqr/Riotal
OLi | 0.72 £ 0.11a¢ £ 0.10syst 0.18 & 0.04stat & 0.035yst 0.25 4+ 0.07
"Li | 0.43 £ 0.09¢at + 0.10sys; 0.13 & 0.04stat & 0.035yst 0.30 +£0.11
9Be | 0.51 £ 0.07stat £ 0.07syst 0.15 & 0.03stat & 0.0245yst 0.29 +0.07
13C | 0.55 & 0.10gtat &= 0.095yst 0.15 & 0.05tat &= 0.024yst 0.27 4 0.10
160 | 0.86 £ 0.215¢a + 0.14gyst 0.17 =+ 0.055¢a¢ £ 0.035yst 0.19 £ 0.08
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Table 4.3: Yield of correlated Ap events within the event selection (cosf < —0.80).

target | total yield (Ryiota1) (%) | yield near threshold (Rqr)(%) | Rqr/Riotal
OLi | 1.8 % 0.24tat & 0.24yst 0.36 & 0.065tat &= 0.05yst 0.20 & 0.04
Li | 0.9 0.1ga £ 0. 24y 0.20 & 0.05tat &= 0.055yst 0.22 4 0.06
9Be | 1.4+ 0.5t & 0.24ys 0.28 & 0.04stat &= 0.045yst 0.20 4 0.04
BC | 1.6 £ 0.25a1 £ 0.35yst 0.43 =+ 0.095¢at £ 0.07syst 0.25 £ 0.06
160 | 2.4 4 0.3 £ 0.4syst 0.43 =+ 0.08ggat £ 0.07syst 0.18 +£0.04

4.4 > p and An pairs

4.4.1 X" p pairs
Opening angle distribution

Figure 4.9 shows the opening angle distribution of ¥ "p pairs for each target, together with
the sideband contribution (15MeV/c? < [IM(n7~) — M(X7)| < 25MeV/c?). A clear back-
to-back correlation is observed, while the sideband spectra show a very weak back-to-back
correlation.

The back-to-back region of cos (X7 p) < —0.90 was selected as the correlated ¥~ p pairs

in the following analysis.

Energy sum distribution

The energy sum distribution for the correlated ¥~ p pairs is shown in Fig. 4.10 for each target.
A prominent enhancement is seen around the kinematical threshold, while the sideband
contribution is distributed in a wide region. The enhancement suggests the contribution
from QF-TNA. The resolution for the energy sum is dependent slightly on the momentum of
a X~ and a proton. For example, the resolution of a back-to-back pair of a ¥~ and a proton
(500 MeV /c), whose energy sum is 2.361 GeV, is

0 (Bamn) = \/0(Bx-)? + 0(E,)? ~ 5MeV. (4.8)
The observed peak is rather broader than the detector resolution. This is probably because
the residue can be not only in the ground state but also in excited states.
Momentum correlation between >~ and proton

The momentum distribution of ¥~ and proton, whose energy sum is in the near-threshold
region (between 2.30 GeV and 2.38 GeV), are shown in Fig. 4.11. A two-dimensional plot
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is also shown in Fig. 4.12. The distributions for both ¥~ and proton are centered at ~

500 MeV /e, and the shapes are similar to each other.

4.4.2 An pairs
Opening angle distribution

The opening angle distribution for An pairs for each target is shown in Fig. 4.13. While the
contribution of background neutrons is seen as an almost flat component, a narrow back-to-
back component is prominent. A tight cut of cosf(An) < —0.95 was applied to select the
correlated An pairs. A small enhancement near cos# = 1 may be attributed to a fake neutron
hit associated with the decay particles of the A itself.

A level of contamination of background neutrons was estimated in the region between
—0.50 and 40.50 in cos 8(An).

Energy sum distribution

The energy sum distribution for the correlated An pairs is shown in Fig. 4.14 for each target.
The energy resolution is much poorer for the An pairs compared with the % 7p pairs. For
example, the resolution for a pair with both momenta at 580 MeV /¢, corresponding to the

energy sum of 2.362 GeV, was estimated as:

0(Esum) = V/o(Er)2 + 0(E,)2 ~ 27T MeV. (4.9)

If the resolution is taken into account, it can be concluded that an enhancement around the

kinematical threshold is seen in Fig. 4.14.

Momentum correlation between A and neutron

Figure 4.15 is the momentum distributions of A and neutron in the near-threshold region, in
the same way as for the X7 p pairs. A two-dimensional plot of momenta of A and neutron is

shown in Fig. 4.16.

4.4.3 An and X7 p pairs from QF-TNA

Assuming both An and X~ p pairs are the products of the kaon absorption with a pn-pair,
their energy sum distribution should be almost the same. The observed spectra are consistent
with this expectation.

The yield (R) of back-to-back An and ¥7p in the near-threshold region (QF-TNA) was
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Figure 4.16: Momentum correlation for back-to-back A and neutron pairs. The solid line is
the threshold, and the dashed lines corresponds to the energy sum of 2.30 and 2.38 GeV.
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estimated from the following relationship:

n) — N(An)
R(A ) E(An)ez()long) EErSElOI‘t)N(KS—tOp> ’ (410)
o N(Z7p)
R(X7p) = m&;ﬁn—)PN(Ks}@)’ (4.11)

where €(Y N) is the averaged acceptance of hyperon and nucleon. Here, in order to deduce
€, the momentum distribution of hyperon and nucleon was derived from a model simulation
by assuming a recoil momentum distribution as described in Sec. 4.4.4. This is because the
statistics of the observed pairs was not enough large to determine the actual distribution

precisely, and the momentum resolution of a fast neutron was poor.

4.4.4 Toy model simulation with two-nucleon absorption model

We assume a kaon at zero momentum is absorbed by a quasi-deuteron inside a '2C nucleus.
The quasi-deuteron mass is artificially decreased from the deuteron mass, to satisfy the energy
conservation law for the reaction K~ + 2C — Y + N + OB, where the residual nucleus is
assumed to be in its ground state. Three kinds of quasi-deuteron momentum distribution
in 12C are used as inputs: Hulthén wavefunction, cluster model calculation, and Fermi gas

model.

Hulthén wavefunction
The Hulthén wavefunction for quasi-deuteron is expressed in the momentum space as

a simple Gaussian,
p(p) o< exp(—=p?/7?), (4.12)

where p is the momentum of quasi-deuteron, v is a parameter. Here, v = 160 MeV /c

was taken from [77].

Cluster model calculation
Yamazaki and Akaishi calculated the quasi-deuteron momentum distribution in a d-core
cluster model with the orthogonality condition for “He, 5Li and '2C [89]. The momen-
tum distribution has two components. The component below (above) ~ 200 MeV /¢
corresponds to the deuteron in the p-shell (s-shell). While the reaction rate for each
component is assumed to be equal in this toy model simulation, the back-to-back pair
of hyperon and nucleon are mainly attributed to slow quasi-deuterons in the lower

component.

Fermi gas model
In a simple Fermi gas model, a nucleon is uniformly distributed in a Fermi sphere in

its momentum space. Picking up two nucleons randomly in the Fermi sphere with the
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radius pp = 221 MeV /c for '2C, the momentum of a quasi-deuteron is assumed to be

described as the sum of the momenta of the two nucleons.

Figure 4.17 shows the quasi-deuteron momentum distribution for each model.

For two kinds of reactions:

K™ +7d — A+n, (4.13)
K™ +7d - S +p, (4.14)

the opening angle distributions are shown in Fig. 4.18. As expected, they have a back-
to-back correlation. However, the tail distribution depends on the assumed quasi-deuteron
momentum distribution. The quasi-deuteron momentum distribution after the same angular
cut as that for the real data, is overlaid in Fig. 4.17. A slower quasi-deuteron momentum
component is likely to result in strongly back-to-back pairs.

For comparison, the observed recoil momentum distributions for ¥~ p and An pairs are
shown in Figs. 4.19 and 4.20%. In this model, the recoil momentum corresponds to the quasi-
deuteron momentum. Each of the quasi-deuteron momentum distributions introduced above
resembles the data, and it is hard to distinguish the models with the present statistics and
resolution.

The calculated momentum distributions for An and X7 p pairs with the angular cut are
shown in Figs. 4.22 and 4.23, respectively. The momentum distribution for each of An (X7 p)
is centered at ~ 560 MeV /c (~ 480 MeV/c), independent of the quasi-deuteron momentum
distribution. The momentum distributions of hyperon and nucleon are broadly distributed.

For other channels, such as:

K™+ “pp” — A+, (4.15)
K=+ “pp” — 29 4 p, (4.16)
K™+ “pp” = ¥1 +n, (4.17)
K=+ “pn” = X% +n, (4.18)
K™+ “nn” — X7 +n, (4.19)

similar momentum distributions are anticipated as far as the same assumption (e.g. the

correlated two-nucleon momentum distribution) is applied.

4.4.5 Yield of QF-TNA An and X p pairs

From three kinds of momentum distributions of hyperon and nucleon, ¢(An) and (X~ p)
were estimated to be (0.915 £ 0.065) x 10~* and (0.866 4 0.052) x 1073, respectively. Then,

2The recoil momentum distribution for back-to-back Ap pairs (Fig. 4.21) is broader than those of An and

37 p pairs. It is related to the different angular cuts among them. When a stronger cut is applied for Ap pairs,

events with larger recoil momentum are reduced.
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Table 4.6: Yield of back-to-back An and ¥~ p events near the kinematical threshold.

target An yield (%) Y p yield (%)
OLi | 2.3 £ 0.3gpat £ 0.3gyst | 1.07 £ 0.09gta¢ & 0.184yst
"Li | 1.9 £ 0.3s¢at £ 0.4syst | 0.64 & 0.09gtat £ 0.165ys
9Be | 2.6 & 0.35¢at & 0.45yst | 0.68 £ 0.07sgar & 0.115yst
13C | 1.9 £ 0.4stat £ 0.35yst | 0.22 & 0.07gtat + 0.045yst
160 | 2.4 4 0.55ar £ 0.4gyst | 0.60 & 0.10g¢a¢ == 0.11 5yt

the obtained yields are summarized in Table 4.6. Note that the total yield for each pair from
two-nucleon absorption could be larger than the values in Table 4.6 for QF-TNA defined in
this analysis, because some tail parts, cut away from the selection, are strongly dependent
on the model of the quasi-deuteron momentum distribution and the reaction mechanism of

the two-nucleon absorption process.

4.5 Summary of the observed hyperon-nucleon pairs

Figure 4.24 is the summary of the obtained yields of QF-TNA hyperon-nucleon pairs, the
integrated yield of Ap pairs, together with the fast A’s above 400 MeV /¢ (Table 4.1).

The yield of fast A’s (black line) is about 1/4 of that of multi-nucleon absorption (Ta-
ble 1.2). A large part of them were found to be associated with a proton or a neutron in
back-to-back (magenta line for Ap and green line for An). Most of the Ap pairs have the
energy sum below the near-threshold region, and only ~ 1/5 of the Ap pairs (red line) are in
the near-threshold region.

On the other hand, the yield of QF-TNA An pairs is as large as the yield of Ap pairs.
Comparing with the QF-TNA vyield for the An pairs, it indicates that the An pairs from
QF-TNA dominates over the Ap pairs from QF-TNA by the factor of > 5.

Recently, the KEK-PS E549 experiment studied the AN correlation from stopped K~
absorption on *He, and reported the yield of “quasi-free”® Ap and An pairs as ~ 0.2% and
~ 2%, respectively [90]. Similar results in the two experiments infer a small A-dependence
of the yield.

3Their definition of “quasi-free” is different from this thesis. They define the missing mass of 4He(K;Op,
AN) to be less than 2m, 4+ 40MeV /c* for Ap pairs and mg 4+ 25 MeV /c? for An pairs, where m,, and mg are
the neutron mass and the deuteron mass, respectively. However, the energy sum for an event satisfying this

criterion almost distributes above 2.30 GeV, which is the definition of “quasi-free” in this thesis.
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4.5.1 Yield of An pairs below near-threshold region

The estimation of the yield of An pairs below the near-threshold region was difficult because

of the poor statistics and the contamination of background neutrons. Nevertheless, its con-
tribution could be estimated by the comparison of the yield of fast A’s (black line) and the
sum of the yield of Ap pairs and QF-TNA An pairs (orange line). Because the A in a AN
pair, whose yield was already obtained, has a momentum above 400 MeV /¢, the difference of
< 2% gives an upper limit of a pair of fast A and neutron below the near-threshold region.
It is comparable at most to the yield of quasi-free An pairs, or even smaller. In other words,
the ratio of QF-TNA An pairs to the total AN pairs (Rqr/Riotal) is at least 1/2, compared
with that for Ap pairs as shown in Table 4.3.






Chapter 5

Discussion

While the QF-TNA components are apparently seen for the correlated An and X7 p, the domi-
nant component in the correlated Ap pairs is far below the threshold, not in the near-threshold
region. In this chapter, interpretations of the different distributions for pn-absorption (into

Y 7p and An) and pp-absorption (into Ap) are discussed.

5.1 Two-nucleon absorption in kaon absorption

As already discussed in Chapter 4, the energy sum of the correlated An and X7 p pairs
distribute in the near-threshold regions, and they can be attributed to the QF-TNA, like
pion absorption by a pn pair. On the other hand, a QF-TNA component of the correlated
Ap pairs was not observed in the energy sum distribution for any of the targets from °Li to
160, contrary to pion absorption.

Figure 5.1 is a kinetic energy spectrum for correlated hyperon-nucleon pairs for Li, ?Be,
and 00 targets. The corresponding momentum spectra are also shown in Fig. 5.2. The near-
threshold enhancement of the X7 p pairs is seen for the three targets, and can be understood as
quasi-free pn-absorption. Moreover, the An distribution looks to have a similar enhancement,
which is reinforced by the assumption that both ¥~ p and An pairs have the same origin of
(quasi-free) pn-absorption. On the contrary, the Ap distribution is broadly distributed, even
for a heavier target, reminded that pion quasi-free pp-absorption was observed for 2C target
(Fig. 1.7).

The following three features need to be explained.

(A) channel dependence among the three modes (especially between An and Ap
pairs)
The An and ¥~ p pairs from pn-absorption have an enhancement in the near-threshold
region. For the An pairs, the contribution below this region was found to be small

compared with that in the region, as discussed in Sec. 4.5.1. On the contrary, the

99
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energy sum of the Ap pairs are broadly distributed, and the yield in the near-threshold
region is only about 1/5 of the total yield.

(B) little QF-TNA contribution in the observed Ap pairs
As described just above, only ~ 1/5 of the Ap pairs in the event selection (py >
400 MeV/c and p, > 300 MeV) are populated in the near-threshold region, where a Ap
pair from QF-TNA is expected to distribute. It can never be explained by a simple

assumption of QF-TNA without any further secondary process.

(C) small A-dependence in the correlation of the Ap pairs
The energy sum distribution of the Ap pair for different targets resembles each other,
as shown in Sec. 4.3. The momentum distribution of the two particles is broadly

distributed for every target.

In the following sections, we will examine several possible interpretations with respect to

these three features.

5.2 Assumption of K pp bound states

As described in Sec. 1.3, we gave an interpretation that the observed Ap pair was the decay
product of K~ pp bound state, in the analysis of the first data taking. In this section, this
interpretation is reconsidered with the new information obtained for one order of magnitude

more statistics in the second data taking.

This interpretation brings strong channel dependence [(A) and (B)] because of strong
isospin dependence of KN interaction: while the K ~pp system may be deeply bound below
the K~ + p+ p threshold, the K~ d system is not expected to be bound, around A(1405) +n
at most [46]. This is because the fraction of a strongly attractive KN pair with isospin 0 is
much smaller in the K ~d system than that in the K ~pp system'. Therefore, the K~ + “pp”

system is notable as an entrance channel to form a bound state.

After the FINUDA Collaboration reported the invariant mass distribution of back-to-back
Ap pairs in 2005 [66], few-body calculations with various methods have been carried out for

the K~ pp system. Here, some of them are briefly described.

'If the NN isospin is a good quantum number, a K NN system with the NN isospin 0 (K~ d, for instance)
has 1/2 isospin-0 K N pair and 3/2 isospin-1 KN pairs. To the contrary, a K NN system with the NN isospin
1 and the total isospin 1/2 (K ~pp, for instance) has 3/2 isospin-0 KN pairs and 1/2 isospin-1 KN pair.
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Figure 5.1: Two-dimensional energy spectra of correlated ¥~ p (left), An (middle), and Ap
(right) pairs, for SLi (top), °Be (middle), and 60 targets (bottom). The kinematical thresh-
old and the near-threshold region are shown in red lines.
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threshold and the near-threshold region are shown in red lines.
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5.2.1 Few-body calculation on the K pp system
ATMS method

Yamazaki and Akaishi applied a variational ATMS method and obtained the binding energy
(B) of 48 MeV and the decay width (I') of 61 MeV [46] (see Fig. 1.5). The average distance

between the nucleons is 1.90 fm, which is much smaller than that for a deuteron (3.90 fm).

Phenomenological model

A phenomenological model using oscillator wave functions, whose frequencies were defined
so as to reproduce the experimental mass and width of A(1405) in the same framework, was
used for the calculation. According to their calculation, the binding energy is B = 118 MeV,
and the partial width of non-pionic decay channels is T(*on—pion) — 58 MeV [91].

Coupled-channel approach

Shevchenko et al. [92,93] performed a coupled-channel Faddeev calculation of K NN-7XN. A
quasibound state was found in the range of B ~ 55-70 MeV and I' ~ 90-110 MeV, depending
on the scattering length of K~ p interaction.

Similarly, Tkeda et al. [94] obtained the energy of the K NN resonance by the K NN-7Y N
coupled-channel Faddeev calculation, both in non-relativistic and relativistic models. Again,
the result is strongly dependent especially on I = 0 K N-7¥ interaction; the binding energy
is 60-95MeV and the width is 45-80 MeV in case of the relativistic one.

Skyrme model

The bound kaon approach has been used for describing hyperons and A(1405) in the Skyrme
model [95]. In this approach, two Skyrmions are fixed and the kaon field is fluctuating around
them. By changing the relative distance between two Skyrmions, they found the s-wave K~
has stronger binding than p-wave K~ and the numerical result of the binding energy is
more than 200 MeV even if the distance between two protons is rather large (~ 2.0 fm). An
updated calculation taking into account the radial motions of two protons shows the total

binding energy of ~ 126 MeV, with the mean square radius of two protons ~ 1.6 fm [96].

AMD calculation

Doté et al. applied Antisymmetrized Molecular Dynamics (AMD) calculation, with s- and p-
wave K N interactions. p-wave interaction may assist further binding because of the existence

of the ¥(1385) resonance. A preliminary result is shown in Ref. [97].
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A(1405)-hypernuclei

Arai et al. assumed “kaon bound states” as A*-hypernuclear states and investigated A*N
interaction in one-boson exchange picture [98]. Then, the K pp system was regarded as
the two-body A*N system. The coupling constant ga«p+, was taken as a free parameter
since there is no experimental information about it. The o-exchange potential is attractive
in medium range, cancelling the repulsion of the w-exchange one. In the short range, the
w-exchange potential is strongly attractive, especially for the spin triplet. Therefore, the
lowest A*N state has its spin 1, while the assumption of K~ pp naturally gives a different

result of the spin 0 because of the strong attraction in I = 0 KN pairs.

5.2.2 Production of K pp subsystem via kaon absorption

Figure 5.3 shows the invariant mass distribution, corrected for acceptance event by event, as

described in the previous section. The invariant mass of a A and a proton is expressed as:
M = \/(Ex+ E)? — (B + )™ (5.1)

where p denotes the three-dimensional momentum of each particle. The distribution obtained

for each target of a A and a proton is consistent with that obtained in the first data taking
(°Li+"Li+'2C) [66], and an obvious difference among five targets was not observed. However,
it is not possible to definitely conclude whether the distribution is target-dependent or not
with the present statistics. If the main contribution in the bound region is the two-body
decay of K pp into Ap, the distribution should be independent of the target. The small
A-dependence of the distribution (C) infers the production of K~ pp subsystem.

Even if we assume the existence of the K~ pp bound state, the fitting to this invariant
mass distribution is not simple. Since the invariant mass distribution crosses the X7 decay
threshold, the distribution may not be a simple Breit-Wigner form [99]. Moreover, if there
exists another decay mode of K pp — X'p, it would modify the Ap invariant mass distri-
bution, because the FINUDA spectrometer can not discriminate the A from X% — Ay with
the directly produced A. If we know the branching ratio into Ap and X%, we could estimate
this effect. However, at this moment we have no experimental and theoretical information,
except for a phenomenological model by Ivanov et al. [91]. Nevertheless, the strength in the
bound region is significantly larger than the near-threshold region, and the interpretation of
a K~ pp state with Bz = 50MeV and moderately large decay width, as indicated by several

theoretical calculations, does not contradict the experimental result.

5.3 Alternative interpretations of correlated Ap pairs

Several alternative interpretations against the existence of K~ pp bound state are proposed

such as
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Figure 5.3: Invariant mass distribution of back-to-back Ap pairs, corrected for acceptance.
Events with p, > 300 MeV /¢, pp > 400 MeV /¢, and cos 0(Ap) < —0.80 are selected.

e final state interaction, followed by quasi-free two-nucleon absorption,
e dominance of X0 + p channel over A + p channel for quasi-free two-proton absorption,
e X N-AN conversion for ¥ hyperon produced with two-nucleon absorption,

e non-mesonic decay of heavier kaonic nuclei.

In the following, I will discuss whether these interpretations are consistent with the observa-

tions obtained for An and X~ p, and Ap pairs.

5.3.1 Final state interaction

Magas et al. pointed out that the invariant mass spectrum of the back-to-back Ap pairs
could be explained by assuming final state interaction (FSI) after QF-TNA [80,100]. The
rescattering of hyperons and /or nucleons with the residual nucleus changes their directions as
well as their momenta. Due to this momentum loss, the invariant mass of the Ap is reduced
as shown in Fig. 5.4. Their calculation also suggests a weaker back-to-back correlation of A
and proton due to final state interaction (Fig. 5.5).

Of course, final state interaction should exist with a certain fraction and distort the in-
variant mass spectrum partially. However, the “survival probability”, defined in [80], which
is the probability that both A and proton escape from the daughter nucleus (in the ground

state) without any collision, is definitively important in discussing the whole structure. They
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respectively. Taken from Fig. 8 in [80].

estimated the probability as ~ 0.4 for 12C, for example. However, in order to explain the ex-
perimental result, they, at the end, fitted the whole spectrum with the distribution assuming
one or more collisions. It means the survived probability is negligibly small, which seems to

be unrealistic.

In their paper they discussed only the final state of A and proton. However, their model
should be applied to the An pairs, resulting in a similar result, because the cross sections of

pN — p/ N and nN — n/N’ are almost the same.

The energy sum of the back-to-back An pairs has an enhancement near the kinematical
threshold, as shown in Fig. 4.14. This enhancement together with the strong back-to-back
correlation were well reproduced with a toy model of QF-TNA without any final state inter-

action. Therefore, the effect of the final state interaction seems to be negligible.

As for X7 p pairs, either a proton and a ¥~ should looses its momentum after secondary
collisions in their model. However, the momentum distributions are centered at the right
momentum expected for the QF-TNA simulation as shown in Fig. 4.23. The strong angular
correlation shown in Fig. 4.9, which is consistent to the simulation (Fig. 4.18), reinforces the

interpretation that the contribution of final state interaction is not significantly large.



107 CHAPTER 5. DISCUSSION

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06¢
0.04
0.02

L L L L L L B B

\

v momentum [GeV/c]

. \
N\ \ \
R N \\ \ \
‘ . AN \ \\‘ \
- ~ \\ \ \
\\ \ .\\
,=0.0GeV/c 0.1 \ \-\ \
02 \ \
03 \0 4 \ \
: 0.5 A \
06

0.7

0O 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
A momentum [GeV/c]

Figure 5.6: Momentum correlation for £ — A 4 7 decay with pyo = 0.0,0.1,...,0.7GeV /c.

Back again to the Ap pairs, it seems to be unrealistic that almost all the Ap pairs are
suffered from the final state interaction after QF-TNA, while almost all the An and % 7p
pairs are not suffered from the final state interaction after QF-TNA. The observed channel

dependence (A) can be hardly explained by the FSI assumption.

5.3.2 Dominance of X% channel

The final state of a (quasi-free) two-proton absorption process can be Ap or ¥%. Because a
¥ hyperon decay into A 4 v with electromagnetic interaction, the final states are observed
as Ap pairs for both. The energy sum of Ap is decreased from that of X% by the energy of
missing . As shown in Fig. 5.6, the energy of v from the decay of 500 MeV /c X°, which
is expected to be emitted from QF-TNA, distributes between ~ 50 MeV and ~ 110 MeV.
If we assume that the X% final state dominates over the Ap final state after the quasi-free
two-nucleon absorption, the energy sum distribution may be explained qualitatively.
Nevertheless, this assumption contradicts an old experimental result of kaon absorption
in “He by Katz et al. [67] They obtained the branching ratios of non-pionic £+ and ¥~ events
as 1.0+0.4% and (1.6 +0.6) + (2.0+0.7)% per stopped K. Assuming the isospin symmetry,
the branching ratio of non-pionic X° events was estimated as 2.3+ 1.0%. To the contrary, the
branching ratio of non-pionic A or X9 events was found to be 11.7 & 2.4%. By subtraction,
the non-pionic A fraction was deduced as 9.4 + 2.6%. It means the dominance of A over

0. However, it is uncertain whether we can trust the isospin symmetry for two-nucleon
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absorption processes.

Recently, Oset and Toki recalculated the X0 yield without assuming the isospin symme-
try [49]. They assumed the ¥°-to-A ratio for quasi-free absorption or for in-flight reaction
(pr- = 100MeV /c) to be the same also as that for two-nucleon absorption. They obtained
two corresponding results; 3.7% for Xp and 3.1% for Ap with the former case, and 4.88% and
1.95% with the latter case. Here, ¥ indicates not only X° but also ¥~. Reminded of the
experimental ¥~ fraction of 3.6%, their result also shows the A dominance over X9 by factor
of more than 2 [80].

Therefore, it is not reasonable to assume the branching ratio into % is much larger than
that into Ap. In other words, so as to explain the channel dependence (A), the fraction of 3°

contribution over A contribution must be extremely different between Ap and An.

5.3.3 YXN-AN conversion

It is known that most of slow ¥’s (S 300MeV/c) produced with quasi-free one-nucleon
absorption undergo so-called X N-AN conversion. For *He, a conversion probability as large
as 50 + 10% was estimated [67]. This is because of a large cross section of the elementary
reaction XN — AN in this momentum range. For faster ¥ (~ 500 MeV/c) from two-nucleon
absorption, the measured cross section of ¥~ + p — A 4+ n [101] indicates somewhat lower
probability. Magas et al. estimated the conversion probability for 12C to be 37% [80]. As
discussed in their paper, this conversion breaks the angular correlation between hyperon and
nucleon.

If the forward cross section in the laboratory system is predominantly large, the back-to-
back correlation may be held as before. The difference of the energy sum after the conversion

is defined as:
AE = (EZ+EN)—(EA/+EN) = FBy — Ey, (5.2)

where A’ indicates the converted A. Assuming the reaction is uniformly distributed in the
center-of-mass system, the correlation between the scattering angle and the energy difference
was obtained as Fig. 5.7. This result shows a forward scattering (cos #™*P(XA) ~ 1) causes
a small shift (< 50 MeV). If the initial state 3N distributes near the threshold, the energy
sum of the converted A and N distributes still near the threshold. Therefore, it is difficult
to explain the back-to-back correlation and the decrease of the energy sum for Ap pairs
simultaneously.

Furthermore, if the X N-AN conversion is important in the observed Ap pairs, the same
should hold for the observed An pairs. The conversion itself does not explain the difference

between observed distributions for the Ap and An pairs (A).
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5.3.4 Decay of heavier kaon bound states

Mares et al. suggested a different interpretation from QF-TNA [28]. According to their
interpretation, A and proton are the decay products of heavier kaon bound states produced
with the (Kg,,, N) reaction. Similar to non-mesonic weak decay of A-hypernuclei (A +
N — N + N), a back-to-back correlation between A and proton from a non-mesonic decay
(K~ +pp — A+ p) is expected in the center-of-mass system of the bound state.

The binding energy of the kaon inside a bound state of A[Z — 1](= 4Z ® K~) can be

related to the energy sum:

Er+Ey+ M(A2(Z = 2)) +T(*%Z - 2)") = M(*Z) + M(K™) — Bg- +T(2[Z — 1)),
(5.3)

where T is the kinetic energy. Then, the binding energy is expressed as:

Br- = {M(K7)*+2M (p)c* —Sop (1 Z) = Ex(A 2 Z -2))+T (A2 -1))-T(*2(Z2—2)*)}
—(Bx+E,). (5.4)

Because the kinetic energy of the initial state or the residue is small if Z is large enough

and they cancel each other, the binding energy is approximately the same as the difference
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between the kinematical threshold and the energy sum. In this picture, the acceptance-
corrected energy sum distribution (Fig. 4.7) should exhibit the strength in the bound region.

The distribution may be dependent on the target, because the produced kaon bound
states are different from each other. However, a clear target dependence was not observed
(C). Moreover, it may be difficult to explain the observed difference in the shapes of angular
correlation and energy sum distribution between the Ap and An pairs (A), as far as the decay

modes of both Ap and An occur.
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Conclusion

We performed the second data taking of the FINUDA experiment at the ¢-factory DA®NE
to investigate the kaon absorption processes on p-shell nuclei (°Li, "Li, °Be, 3C, and 1°0).
The total integrated luminosity of 966 pb~! was accumulated, and about 10 times better
statistics of data with the main trigger mode were obtained compared with that in the first
data taking.

Non-mesonic absorption reactions of K~ at rest were studied by observing high momen-
tum hyperons with their momenta = 400 MeV /c. The hyperons, A and X7, were identified
with their invariant mass of a proton and a 7~ for A, and a neutron and a 7~ for X7. It was
found that these hyperons are emitted with a correlated nucleon in the opposite direction.
We observed, for the first time, these correlated hyperon-nucleon pairs in three combinations:
a An pair and ¥~ p pair which comes from K~ absorption on a pn pair, and a Ap pair which
comes from K~ absorption on a pp pair. The exclusive measurement of hyperon-nucleon
pairs with the large-acceptance spectrometer allowed us to evaluate their yields directly.

For the K~ absorption on a pp pair, we found no enhancement of the energy sum distri-
bution of Ap pairs near the energy threshold. The total yield of events with py > 400 MeV /c,
pp > 300MeV/c and cosf(Ap) < —0.80 was 0.9-2.4%. If we selected the energy sum be-
tween 2.30 and 2.38 GeV as a near-threshold region, the yield in the near-threshold region
was estimated to be 0.2-0.4%, which is about 1/5 of the total yield, almost independent of
the target.

On the other hand, for the K~ absorption on a pn pair, the energy sum and the angular
correlation of two particles show the distributions consistent with a simple quasi-free K~
absorption on a quasi-deuteron in a target nucleus. The yields of the quasi-free two-nucleon
absorption, by selecting the energy sum region between 2.30 and 2.38 GeV and the back-to-
back region of cos@(An) < —0.95 and cosf(X"p) < —0.90, were obtained to be 2-3% per
stopped K~ for An and 0.2-1.1% for ¥~ p, slightly depending on the targets. The yield below
the near-threshold region was estimated by using the inclusive yield of A’s above 400 MeV /c,
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and it is ~ 2% per stopped K~ at most.

From the obtained yields of Ap and An, it was found that their energy sum distributions
are largely different in the concentration in the near-threshold region. The energy sum of the
Ap pairs mainly distribute far below the threshold, which is common to all the targets. It
indicates a small A-dependence of the distribution.

As an explanation to the emission of the Ap pairs, a K~ pp bound state formation in the
K~ two-nucleon absorption on a pp pair was examined. The angular correlations and the
invariant mass spectra of the Ap pairs were obtained target by target. We found a small
target dependence of the distributions, and they agree with those obtained in the first data
taking for light nuclei (°Li+"Li+'2C). This is consistent with the K ~pp assumption. Various
alternative interpretations were discussed; for example, final state interaction, %9 decay, or
YN-AN conversion, after the quasi-free two-nucleon absorption, and the existence of heavier
kaonic nuclei. However, none of them could hardly explain the experimental observation,
especially the channel dependence between the Ap and An pairs.

In conclusion, the energy sum distribution of the Ap pairs might be possible evidence of the
formation of antikaon-nuclear bound states K~ pp, in the stopped K~ absorption reactions
for p-shell nuclei. It would be extended to an experiment with a light nuclear target, such as
liquid helium-3 or helium-4, by which an exclusive measurement of all the final state particles
might be possible. Not only stopped K~ absorption but also the in-flight K~ reaction might
be applicable to produce the light kaon bound states.
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