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Abstract

A nucleus is a system of baryons which are composed of three valence quarks, and bound
by the strong interaction. We can understand the nuclear system and the origin of matter by
studying the strong interaction between baryons. The nucleon-nucleon (NN) interaction has
been studied with NN scattering data. However, the -nucleon ( N) interaction has a large
uncertainty due to the di culty of N scattering experiments. Therefore, the N interaction
has been mainly studied by spectroscopy of hypernuclei. The recoil which is produced in
a nucleus is known to interact with a nucleon in the nucleus (FSI), and the N interaction
can be studied by treating it as the N scattering problem. An nn is a neutral nucleus with
a , and the study of this structure provides the precious information of the n interaction.
However, the existence of thenn is not established at all. In 2013, HypHI collaboration at GSI
reported a possible bound state of thenn by measuring a nal state of + t. However, the
peak signi cance of the invariant mass of + t was not enough to establish the bound state
of nn . Theoretical calculations that reproduce the binding energies of light hypernuclei do
not support the existence of the boundnn state. On the other hand, a resonance state ofnn
may exist if the n interaction is strengthened by about 5% which is not contradict the existing
experimental data. Therefore, in order to search for thenn state, the experiment (E12-17-003)
was performed in 2018 at JLab Hall A by using the €;€K *) reaction which enabled a high
resolution spectroscopy of hypernuclei.

In this experiment, a 3H target with a thickness of 84.8 mg/cm? was irradiated with an electron
beam at a beam current of 22.5 A and with a beam energy of 4.3 GeV in order to measured
the missing mass ofn in the 3H(e;éK *)X reaction. A K* with a central momentum of 1.8
GeV/ c and a scattered electron with a central momentum of 2.2 GeV£t were measured by using
two HRS spectrometers which were set at angles ofex = 13:2 and e = 13:2.

In the missing mass spectrum on the®H(e; K *)X reaction, any clear peak was not ob-
served. However, there was on enhancement near then mass threshold (—-B ~ 0 MeV), and
the di erential cross section of it was evaluated by using an assumechn peak function with
(—B ;) =(0 :55;,4:7) MeV. It was obtained as 217 + 6:7(stat:) 4+ 5:2(syst) nb/sr by tting the
experimental data with this function, and the upper limit of the nn (CL90%) was estimated
as 36.5 nb/sr.

Since the di erential cross section of the -QF distribution was observed in this experiment
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included the enhancement due to the n FSI, it was necessary to take the n FSI into account
in the analysis. The di erential cross section including FSI can be obtained as the product of
the di erential cross section without FSI and the in uence factor (| (ke)) which depends on n
relative momentum (k.e). With the e ective range approximation, the in uence factor can be
written by using two  n potential parameters, scattering length (@) and e ective range (r). The
JLab standard simulation code, SIMC with the in uence factor, calculated the distribution of
the di erential cross section including the n FSI e ect. As a result of tting, the experimental
data with the SIMC spectrum including the nn peak and the n FSI e ect, the reduce chi-
square in the range of 0< —B < 60 MeV took the minimum value of 0.98 when the scattering
length (a) and the e ective range (r) were at (a;r) = ( —2:6;5:0) fm. The e ective range at
given a scattering length was constrained with this analysis. Assuming the scattering length is

-2.6 fm, the e ective range was obtained as 43 fm.
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Chapter 1 Introduction

\What is the fundamental principle to describe the world ?" This is the ultimate question for
many scientists. Today, the standard model, which is established from quantum chromodynamics
(QCD) and electroweak theory, is most widely supported as a rst principle theory. The standard
model predicts elementary particles, six quarks, six leptons, gauge bosons and higgs boson, all
of which are observed.

A hadron which is a multi quark system is classi ed into a baryon composed of three quarks
(ggq and a meson composed of a quark and an anti quarkgf)). Each of quark in the hadron was
bound by a strong interaction. The strong interaction between quarks and gluons is an e ect by
the medium of gluon with color charge and is described by the established QCD theory. In a high
energy region Q > qcp ), in which a perturbation approach calculation can be used, strong
interactions among quarks can be calculated by QCD with asymptotic freedom. However, the
baryon-baryon (BB) interaction in the low energy region cannot be described by the perturbation
calculation of QCD because of a large coupling constant. Therefore, the phenomenological
approach is necessary to understand BB interaction. The scattering experiment is a major
experimental method to derive BB interactions from, and succeeded in deriving well nucleon-
nucleon (NN) interaction.

On the other hand, a hyperon including an s-quark decays with a short lifetime ( ~ 10 10
sec), so the hyperon nucleon (YN) scattering data is limited, and especially there is no scattering
data of n. A hypernucleus which is a bound hyperon in a nucleus was used to deduce the YN
interaction. A nn, a neutral system with a , is a good tool to deduce the n interaction
on which no scattering data exist. This article studied the n interaction with 3H(e; eX*)X
data measured at JLab. This section introduces the experimental method and the history for

studying Y N interactions, and the purpose of this study.

1.1 Hyperon

A baryon with an s quark with strangeness S = —1) is classi ed as a hyperon. Since the bare
masses of u, d and s quarks are less than energy scalgcp ~ 250 MeV, these quarks are approx-
imately treated in the avor SU(3) symmetry frame (SU(3) ;). The irreducible representation of

baryons in SU(3) is decomposed as :

3®3®3=10s®8v ®8u D 1a; (1.1)
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where subscripts ofS; A and M show parts of symmetry, asymmetry and mixed, respectively.
A baryon requires asymmetry in a wave function by Pauli exclusion principle. Therefore, in the
SU(3);, the octet and decuplet terms in Eq.[L. T satisfy the principle. Figure[L.Jand[I.2show the
baryon group classi ed as octet (spin parity, JP = 1=2*) and decuplet (J° = 3=2") in SU(3)s
frame. Both of and ©in Fig. TdareS = —1; |, =0, but they have di erent spins, singlet
| =0 and triplet | =1, respectively. The hyperons have heavier massesn(> 1:1156 GeV/c?)
than the nucleon mass ( 0:94 GeV/c?) and decay into a nucleon in a short lifetime ( ~ 10 1°

sec).

1.2 Historical study of Y N interaction

The irreducible representation of octets baryon-baryon (BB) interaction (8 ® 8) is decomposed
as follows,

828=1dm8s®27®8x ©10 10 : (1.2)

The rst three multiplets in Eq. [L.2 are symmetric and the others are anti-symmetric under a
avor exchange of two baryons. Combinations of NN, N, N systems in the isospin basis
are summarized in TableIl The NN interactions belong to the (10x) and (27) multiplets.
On the other hand, N interactions are written in the (10x), (27), 8s and 85 multiplets. The
8s; 84 multiplets are not included in NN interactions, so information of N interaction gives us

more expanded understanding the strong interaction.

1.2.1 Elastic scattering

An elastic scattering reaction conserves the kinetic energy of particles in the center of mass

frame, and these experiments were performed to derive the strength of NN interactions from a

© O ® 06 06 %

o 06 O
& 6

Figure 1.1: Baryon octet is group of baryons  Figyre 1.2: Baryon decuplet is group of barons
consisting of combinations of three u,d or s cympination consisting of combinations of three
quarks with a half of spin and a positive parity. u, d or s quarks with one and a half of spins and
Iz and S are shows _component of isospin and a positive parity. I, and S are shows component
strangeness, respectively. of isospin and strangeness, respectively.
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Table 1.1: The irreducible representation of the baryon-baryon potentials in the 8 ® 8) basis for NN ,
N and N interactions

B-B Isospin (I)  avor symmetric  avor anti-symmetric

NN =0 - (10)

NN =1 (27) -
N I=1/2 P((85) +3(27))  p5(—(8a) +(10))
N I =1/2 P==(3(8s) — (27)) P5((8a) +(10))
N | =3/2 (27) (10)

scattering cross section.
The mass of , which is the lightest in hyperons, is easy to be produced. Thus, many p

scattering experiments were performed in the world as a rst step to deduce ther N interaction.
Figure [I.3 shows the scattering cross section distribution depending on indicating center of
energy (/s). Blue points in Fig. .3 shows p elastic data which were summarized in Tab[I.2
The scattering data about the p is limited (about 1300 counts) because the decays to a

nucleon in a short lifetime ( ~ 260 ps). Therefore, the p interaction has a huge uncertainty

comparing with the NN interaction.

1.2.2 AN interaction in A hypernuclei

The two-body scattering experiment is a major method to derive the BB interactions, but the

N scattering data is limited. Hence, an attempt was made to derive the N interactions
from a investigation of the hypernuclei, in which a is bound in a nuclear system. On the
assumption that the wave function of the and that of the core nucleus in hypernuclei can
be treated independent by the Hamiltonian of the hypernucleus is described as

X
Hhyp = Hecore + thyp + VeN (1.3)

Table 1.2: The summary of existing data for p — p scattering.

Reference beam production p [GeV/c] N i p [Counts]
Crawford et al:; [1] %p— KO 05-1.0 4
Alexanderet al:; (1961) [2] p — KO 0.4-1.0 14
Groves ] K N — 03-15 26
Beillere et al:; [4] K N — 03-15 86
Piekenbrock et al:; [5] K A— X 0.15-04 11
Sechi-Zornet al:; [6] K p— X 0.12-04 75
Vishnevksii et al:; [7] nA — X 09-47 12
Bassanoet al:; [8] K p—> X 1.0-5.0 68
Alexander et al:; (1968) 9] K p— X 0.1-0.3 378
Sechi-Zornet al:; (1968) [10] K p— X 0.1-0.3 224
Kadyk et al:; [11] K Pt— X 03-15 175
Anderson et al:; [12] pPt — X 1.0-17.0 109

Mount et al:; [13] pCu — X 0.5-24.0 71
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Figure 1.3: Cross sections of elastic scatterindll]. The horizontal and vertical axes indicate center of

energy(,/s) and cross section (mb), respectively. The blue and red dot points shows p elastic data

and total data which are including elastic and inelastic for p — p. Each of points of elastic data for
p — p has huge error because of limited data+{ 2000 events).

where H cgre, tHyp and P ve are a Hamiltonian of the core nucleus, the kinematic energy of
the hypernucleus and the e ective N potential, respectively. The e ective N potential takes
account of an e ect of the interaction between the core nucleus and the , and can be deduced
via the G-matrix method from N interaction in the free space [L5].

Table [1.3 shows results of the G-matrix calculations with each N potential model in envi-
ronment of nuclear density. The N interaction in the environment of free space is given by
one-boson exchange models such as Nijmen potential, extend soft core potential (ESC04 -08),
soft core potential (NSC97 e and f) models. By comparing experimental data with a cross sec-
tion or binding energy of hypernuclei deduced from Eq. [I.3, the N e ective potential can

be tested.

Table 1.3: Partial wave contributions to U ( o)

model 180 381 1P1 3P0 3P1 3P2 D sum

ESCO08a -127 -222 30 01 14 -36 -16 -356
ESC08b -123 -19.7 27 -02 15 -42 -17 -34.0
ESCO04a -13.7 -205 06 02 05 -45 -1.0 -385
ESCO04d -136 -266 32 -02 09 -64 -14 -441
ESCO06d -13.3 -30.7 35 -0.2 17 -43 -12 -445
ESCO6d* -11.8 -269 38 00 21 -34 -11 -37.2
NSC97e -127 -255 21 05 32 -12 -11 -34.7
NSCO7f -143 -224 24 05 40 -07 -12 -31.7
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1.2.3 Ap nal state interaction

A Y N nal state interaction ( Y N FSI) represents the interaction that occurs duringY N scatter-
ing after the hyperon production. Especially, p FSI was derived from a p inelastic scattering

or quasi free spectrum about 3H.

p nal state interaction with inelastic scattering

Experiments for deducing the p nal state interaction were performed with reactions of K+

d — +( p) [16(18, *d - K*+( pandp+p — K" +( p) [1927. An inelastic
scattering reaction dose not conserve the kinematic energy of the incident particle. The lost
energy is converted into excitation energy of the target or used for pair production ofss quarks
in a nucleon.

In the case of inelastic scattering by pp+ prar — K *+ + p) reaction, the pFSI can be derived
from a ( p) missing mass spectrum which is obtained with momenta of thek * and the injected
beam. Especially, the e ect of the p FSI expects to produce an enhance structure around the

p mass threshold because this mass region corresponds to the small relative momentum region
in the center of mass frame in p (Fig. [I.4). This structure can be treated as the two-body
scattering problem.

By treating this enhance structure as a two-body scattering problem, it can be calculated as
the scattering di erential cross section. The double di erential cross section can be deduced
from the scattering amplitude and enhancement factor() as,

deszp: 73 Is[Ms[? +31¢[M¢]? (1.4)
where 3, [Ms| and |[M¢| are phase space, and transition matrix elements in spin singlet and
triplet. On the e ective range approximation, the enhancement factor was written by Jost
function with a scattering length (a) and e ective range (r) parameters in a p potential. These

parameters can be determined by tting experimental data (Fig. [L.4) with Eq. [L4

FSI study with quasi free production

A nucleon in a nucleus has a momentum. In the Fermi gas model, the Fermi momentum
(ke) in the nucleus is calculated aske = (3 2 )Y with the nuclear density ( ) which is
obtained by a quasi-elastic scattering experiment. The particles produced in the reaction with
nucleons having a momentum distribution are observed as a continuous energy states (Quasi-
free (QF) distribution). Figure [.5 shows the missing mass distribution in the3He(e; €K *)X

reaction. The peak around 2.99 GeV is a bound state otH, and the other events represent -QF
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Figure 1.4: Double dierential cross section of missing mass with thep+ p — K* ( p) reaction at
Tp = 1:953 GeV and k¢ =0 [28. The bottom and top horizontal axes show missing mass from
p+ p — K*( p) and the c.m. momentum q of the p system. Solid line shows tting result with
six-parameters (Eq.[I.4). Dashed line isp+ p — K* ( p) phase space distribution.

production [29). The black dot points shows the missing mass spectrum of théHe(e; €K *)X
reaction. The hatched magenta area shows the missing mass spectrum obtained by Monte Carlo
simulation (SIMC) which is JLab standard simulation code, and the hatched blue area shows the
missing mass spectrum including the FSI e ects. The FSI e ect was introduced in MC simulation
by solving two-body scattering problem (discussed in SedI.Z.3. The scattering amplitude of
FSI was obtained by tting the missing mass spectrum obtained from MC simulation including
FSI.

1.3 A production reactions

hypernuclei were produced from the reactions suchasK ; ),( *;K*)and (e;éK™*). The
schematic drawing of these reactions are shown in FigL8 In the (K ; ) reaction process,
( uds) is produced by exchanging an s-quark inK (su) with a u-quark in a neutron in the
target (K (su)+ n(udd) —  (du)+ ( uds)). Hence, the cross section of hypernuclei is mb/sr

order which is larger than the other reactions, because the strange exchange reaction such as



Chapter 1 Introduction

2500 |-

Counts/2MeV
g 8

:

299 3 301 3.02 303 304 305 3.6
M, (GeV)

Figure 1.5: A 3He(e; €K *)X missing mass spectrumiZ9. The horizontal axis is missing mass and the
vertical axis. The black dot point shows missing mass distribution in the 3He(e; €K * )X reaction. The
red hatched area shows H events. The blue and magenta hatched areas indicated calculation of the
QF with FSI and without FSI, respectively. The simulation spectrum with FSI successfully reproduced
the enhancement of the experimental data in the range between 3.01 and 3.05 Geb/.

the (K ; ) reaction can easily produced a than ss pair production process. Additionally,
the (K ; ) reaction has characteristic of a low momentum transfer. In the case oK beam
momentum at 500 MeV/c (Magic momentum), the reaction gives no momentum transfer to
(Fig. ). The reactions of ( *;K*) and (e;eK *) produce a with the ss pair production
process. They are endothermic reaction so beam energies need to be higher than an energy
threshold of production (900 MeV/ c). These reactions give high momentum transfer to

( ~ 400 MeV/c) so these reactions is suitable for the study of the excited state of heavy
hypernuclei or deep bound states. The cross section for hypernuclear production by the { ; K *)

and (e; €K *) reactions are of the order of 10 b/sr and 100 nb/sr, respectively.

1.3.1 Historical background

In 1960’s, light hypernuclei ( A < 16) were observed by using K ; ) reaction and
emulsion stack in CERNY and BNLEZ,  hypernuclei in ground state were produced from
AZ(K : )A(Z — 1) reaction process, and were identi ed by measured vertex from the tracking
of week decayed particles in emulsion stack. The tracking was appeared by an energy deposit
of a charged patrticle in emulsion so the momentum of decayed particles were precisely deduced
from tracking lengths. Owing to emulsion experiment, the strength of N potential is known
as two third of NN potential. However, emulsion experiment cannot study of excited state of

hypernuclei. In 1970s, the experiments using counter with K ; ) reaction were established

*1 European organization for Nuclear Research
*2 Brookhaven National Laboratory
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Figure 1.6: The schematic gures of basic elementary reactions for production.

at CERN or BNL, and this experimental method enabled to measure an excited state of
hypernuclei. The p-shell state of hypernuclei were able to be observed by counter experiments,
the spin orbit splittings were known to be small comparing with nucleus [[30]. The (K ; )
experiment brought about many achievements to hypernuclear physics, but the intensity and
quality of K beam are low so the yield of hypernuclei is small. Thereafter, KEK established

-ray spectroscopy method, and transition energies from excited state were able to be measured
with high resolution at a few MeV in FWHM [ [37].

In 1980s, the ( *;K*) reaction experiment was developed at BNLBZ]. Additionally, High
energy accelerator research organization (KEK) were successful in a high resolution spectroscopy

owing to Superconducting Kaon Spectrometer(SKS)[33,134].

1.3.2 A hypernuclear experiment with the (e,e’K™*) reaction

The (e; &K *) reaction was thought was not suitable for hypernuclei measurement because
the cross section about the €; K *) reaction is 10 2 times smaller than other reactions and
much background derived from bremsstrahlung was expected to contaminate at forward angle
between incoming and scattered electrons e ~ 0 ). However, in 2000, the rst hypernuclei
experiment with (e; €K *) reaction was performed at JLab Hall C, and succeeded in achieved sub
MeV (FWHM) resolution (Fig. [1.8) because electron beam using the reaction can be accelerated
directory and controlled with small energy spread ( E=E ~ 10 4) and beam size ( ~ 0:1 mm).
Moreover, high current electron beam (85 A) compensates for low cross section so thinner target
~ 0:1 g=cm? comparing with other experiment ( ~ g=cm?) can be used. Hence, the systematical

error coming from energy loss and straggling e ects can be reduced.
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Figure 1.7: The momentum transfer to depending on beam momenta. There show nine lines combina-
tions of three reactions (red :(K ; ), blue:( *;K*) and black:(e; €K *)) and three di erential opening
angles( ) between beam and recoil (0 :solid line, 10 :dashed line and 20: dotted line). ( *;K™*) and
(e; €K *) reaction have production threshold because of endothermic reactions. In the K ; ) re-
action, there are local minimum value. Especially, at the forward angle (0) between beam and in
(K ; ) reaction, the magic momentum which is beam momentum where the recoil momentum is
zero, is exist (~ 500 MeV/c).

1.4 nnA state problem

The p interaction was determined from the p (elastic and inelastic) scattering data and
binding energies of hypernuclei. On the other hand, the n interaction was evaluated with

p scattering data on the assumption of charge symmetries because there is nan scattering
data. Additionally, it is di cult to be derived from the e ective n interaction obtained from
spectroscopy of a hypernuclei which are complex systems with protons. Thenn system is
no charged and simple system so it is ideal to study the n interaction. However, nn was
believed not to be bound and no one observed it before the publication about than by the
HypHI collaboration at GSI. In the A=3 hypernuclear system (Fig. [I.9), only 3H (I = 0)
was observed and the binding energy ofB = 0:134 0:05 MeV was measured by emulsion
experiment [36]. Considering that a of 2H is bound shallowing, the isospin triplet (I = 1) in
the A=3 hypernuclear system (H; 3He; 3n) are thought not to be bound.

In 1959, R.H. Dalitz calculated three-body hypernuclei with the variational method [ [37].
The wave function in this model was described with a trial function with six free parameters.
As a result of calculation, this theoretical model suggested that the existence of bound states

for T = 1 systems of the NN is unrealistic. Afterwards, K. Miyagawa calculated the NN
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Figure 1.8: A 2C(e; &K *)12B missing mass spectrum with energy resolution of 0.9 MeV (FWHM) B5].

Figure 1.9: A level scheme of hypernuclear system in A=3

system with Faddeev equations[B8]. This theoretical calculation used Nijmegen potential for
the N interaction and the realistic NN interactions including the conversion e ect which is
attractive force. This theoretical model with parameters, which were adjusted to reproduce the
binding energy of 3H inthe T = 0 system, suggests thatT = 1 systems of NN are unbound.
Based on such a historical background, thenn system was thought not to be bound.
In 2013, HypHI collaboration at GSI published the paper that they measuredt + from
nn —t+ channels [B9. However, theoretical calculations cannot reproduce the bound

state of nn , and the result of the GSI experiment does not have enough peak signi cance to



Chapter 1 Introduction

establish the bound state ofnn . In this section, more detail of the experimental result at GSI

(Sec.[I.4.3) and theoretical discussion onnn (Sec. [1.4.2) will be explained.

1.4.1 Search for evidence of nnA at GSI

GSI Helmholtzzentrum fir Schwerionenforschung GmbH (GSI) is a heavy ion accelerator facility
in Germany. The HypHI collaboration performed HypHI Phase0 experiment, which measured
nal state of + tand + dfrom SLi beam on the 1°C target. In 2013, they reported that
candidate of the nn bound state was measured by lifetime and invariant mass of a nal state
of the  +t. Figure[Ll.I0shows that at + invariant mass spectrum measured at GSI. There
are some events on thewn mass threshold (mon+ = 2:9948 GeV/c?) whose mean value was
obtained by tting at ( m = 2:9943+1:1+2:2) GeV/ ¢?. Additionally, as the result of ight length
measurement of the nucleus before+  decay, these lifetime was obtained as = 190*% +36
ps which is comparable with a typical lifetime of hypernucleus ( ~ 200 ps). Hence, the result

suggests thatt + events were originating from the weak decay of the bound state ofin .
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Figure 1.10: Invariant mass distribution of t + . The horizontal axis shows invariant mass oft +

observed by the HypHI collaboration at GSI [39]. The black lled circles shows the experimental data.
There is structure around nn threshold (2.99 GeV) on background (open triangle), which was obtained
by the mixed events analysis. The hatched orange region represents one standard deviation of the tted
model centered at the solid blue line of the total best t.
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1.4.2 Theoretical discussion

The HypHI collaboration observed a possible bound state ofin . On the other hand, theoretical

calculations cannot reproduce the bound state ohn .

E. Hiyama et al., (2014) [/40]

The binding energy of three and four body hypernuclei,3;4H and *He, were reproduced by
theoretical calculation with the Gaussian expansion method 40]. The theoretical model used
the NSC97f potential including the N — N e ects and the AV8 potential for the N and
NN interactions, respectively. Figure [I.11 shows results of Gaussian expansion calculation
for binding energies of3H and nn. The ( 3vJ | ) is tensor term for the N interaction.
Figure [L. 11 (i), which is optimized for binding energies of¥*H and 4 He, reproduces the energy
of the 1=2" state of *H. On the other hand, nn was suggested to be unbound state. When the
term of (3] | ) increases 20% (Fig[LI1 (ii)), the nn is bound shallowly, but 1 =2* state
of 3H is bound too deeply. Therefore, the theoretical calculation suggests that the bound state

of nn system is hardly understood.

Figure 1.11: The binding energy calculation with Gaussian expansion method fof H and nn with (i)
Vg N xLO0and (i) vy | x1:2[40Q. The3V] L istensorterm of the Y N interaction which
is used for scattering phase shifts given by NSC97f wittN  — N coupling e ect. In the case of (i)
Vg \ x 10, calculation of binding energy in the 3H system is comparable with experimental result
within experimental error. However, the nn indicates unbound state. In the case of (i) 3VJ | x1:2,
nn is bound shallowly, but the calculation of binding energy in the 2H system indicates over bound
(—-B = —0:43 MeV) comparing with experimental results. This result implied bound state of nn is
unrealistic.
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I.R. Afnan et al., (2015) [41]

On the one hand, Faddeev calculation with the separable potential suggests thatn could be
resonance state when a potential of n is 5% deeper than that of p [41]. Figure [I.12 shows
the resonance pole trajectories on second Riemann sheets with four di erent n potentials,
Nijimeden model D (Mod D), Chiral ( = 600) (Chiral), Nijmegen NSC97f (NSC97f) and
Julich one bosson exchange potential (llichO4). The horizontal and vertical axes are real and
imaginary parts of binding energy for nn , and the resonance poles are plotted with increasing

every 2.5% ( s = 0:025) of strength for the n potential from the p potential (s = 1). In

case of increasing n interaction more than 5 % every potential models, resonance poles locate

in R(E) > 0 which indicates that nn is resonance state. Moreover, when the n interaction
is increased more than 25%, thenn is expected to be bound state for all potential models.
Considering no n scattering data exists, the 5 % di erence ( s ~ 5%) of the n potential from
strength of p potential is within the systematical error so this theoretical calculation suggests

that there is some possibility of the nn resonance state.

V.B. Belyaev et al., (2008) [43]

Belyaev searched for a resonance state afn by calculating the zeros of a three-body Jost

function. As the NN potential, the Minnesota potential model was used, which accurately

0.0 |
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= 0.6 |
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Figure 1.12: Trajectory of the resonance poles in thean system as one varies the strength of the n
interaction [41]. There are four curves with di erent n potentials correspond to Yamaguchi ts: Mod D
for Nijmegen model D, Chiral for chiral ( = 600), NSC97f for Nijmegen NSC97f and dulich04 for dilich
one boson exchange potential. These models were used the same potential [42).
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reproduces the radii and binding energies of few-nucleon systems such 4s; 3H; 3He and“He.
The N interaction was constructed produced by using the NN potential model (Minnesota
model), since the N potential is considered to be similar to theNN potential due to th