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1. Motivation

Our work is inspired by the possibility to identify hyperfragments in the reaction (e,¢’K™). In
the near future two experiments at JLab [[] and at Mainz [@] will provide a systematic study of the
fragments from the primary p-shell hypernuclei. It is an important extension of the very successful
experiments investigated discrete part of hypernuclear spectra [B].

The Proposal [0] intends to use high precision monochromatic 7~ ’s from the unique two-body
mesonic weak decay of hypernuclei to investigate light A-hypernuclei with variety of (Z,A) com-
binations through identification of hyperfragments from strongly produced hypernuclear con-
tinuum in (e,¢’K™) electro-production. A collection of hypernuclei: neutron-rich hypernuclei,
neutron drip line hypernuclei (including [6\H) and mirror pairs of hypernuclei can be observed.

The experiment will take a phase approach for the three different targets: ’Li, °Be, and '*C.

2. Introduction

In this contribution, we discuss the potential of A-hypernuclear physics. The subject involves
many fields of modern theoretical and experimental physics, from nuclear structure to the fun-
damental constituents of matter and their interactions. The peculiar behavior of matter containing
strange quarks has raised in recent years many interesting problems, one of which being the physics
of hypernuclei. Hypernuclear physics was born in 1952, when the first hypernucleus was observed
through its decays [H]. Since then, it has been characterized by more and more new challenging
questions and answers. The interest was further raised by the great advances made in the last years.
Moreover, the existence of hypernuclei gives a new dimension to the traditional world of nuclei
(states with new symmetries, selection rules, etc). They represent the first kind of flavored nuclei,
in the direction of other exotic systems (e.g. charmed nuclei).

With the advent of the relativistic ion beams, they were used also for production of hypernu-
clei [B, B], see below. Heavy ion collisions experiments at moderated energies will be performed
at FAIR by the Compressed Baryonic Matter (CBM) Collaboration to study the nature of the tran-
sition between hadronic and quark matter. The very interesting result was announced recently by
the STAR Collaboration at RHIC [[]: the production of /3\H and antimatter hypernucleus /3\7H
(= i+p+A) was observed in Au + Au collisions.

Hypernuclei not only bring a strangeness to nuclear physics, they provide a convenient labo-
ratory for obtaining information about the hyperon-nucleon (YN) interaction and explore the full
SU(3) symmetry breaking baryon-baryon interaction strong and weak. In fact, the existing data
on AN and XN strong interaction are extremely sparse and imprecise: production and scattering
in the same target are required due to low hyperon beam intensities and short lifetimes. There are
several realistic models for the free YN interactions, based on boson exchanges. Well-known are
YN potentials of the Jiilich group [B] constructed along the same guidelines as used in the Bonn
NN potential. The Nijmegen group [H] for many years has developed several one-boson exchange
potential models. They use SU(3) constrains on the coupling constants to fit about 4300 pp+np
data on cross sections and variety of spin correlation together with 35 scattering AN and XN data
at low energies. Since the empirical information on YN scattering consists almost exclusively on
spin-averaged quantities like total and differential cross sections, the spin structure of the free YN
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interaction is essentially unknown. Therefore, various models for the YN interaction, which differ
widely in their spin (and isospin) dependence, are able to describe the same scattering data. The
only way to obtain low-momentum data is from hypernuclear spectroscopy: the results of hyper-
nuclear structure calculations are sensitive to the spin dependence of the YN interaction and the
finite-nuclei YN G-matrix provide a useful tool for testing the spin structure of the various YN
interactions. Several authors [, ] have analyzed the AN effective interaction for p-shell nuclei
in terms of five phenomenological parameters V, A, Sa, SN, and T. High precision data on light
hypernuclei are of vital importance for the accurate determination of the missing parts of the YN
interaction. Currently, there exists not only reliable methods for identification phenomenological
strong interaction AN, but also first attempts to relate it to modern Lattice QCD techniques [[].

3. Research in Europe

Few years ago an European collaboration platform SPHERE (Strange Particles in Hadronic
Environment Research in Europe) was established, to coordinate studies of hypernuclei at FIN-
UDA (Frascati), KAOS (Mainz), HypHI (Darmstadt) and PANDA @FAIR. Now, it includes J-
PARC (Tokai) and CEBAF (JLab) also. FINUDA is still processing data from series of experi-
ments exploring the production single hypernuclei with tagged stopped kaons [[3]. The KAOS/A1
Collaboration at MAMI-C (Mainz) will produce hypernuclei by electron scattering [@]. The HypHI
experiment will investigate exotic hypernuclei which are produced by nuclear collision with stable
heavy ion beams and rare isotope beams at GSI and FAIR [[d]. Similar experiments are envisaged
at Nuclotron [[3]. The FLAIR - Collaboration at FAIR plans to produce strange nuclear systems
by stopped antiprotons. Thanks to the use of p beams and the skillful combinations of experimen-
tal techniques, copious production of double A hypernuclei is expected at the PANDA experiment
which will enable high precision y spectroscopy for the first time [[I8].

The hypernuclear physics made an impressive progress in the last 40 years. First of all, the
quest of hypernuclei production was solved partially: in one-step direct reactions such as
AZ (K~,m7) 4Z [ and “Z(n",K")AZ [IB] A-hyperon replaces one neutron.
Recently, reaction 4Z (e, 'K *)?\(Z — 1), when proton is replaced by A has been explored at JLab
for the production of hypernuclei [[@]. The excellent resolution of 0.67 MeV was attained.

The systematic study of excitation energy spectra were conducted for all p-shell hypernuclei,
for some medium-heavy e.g. f\l V, §\9Y as well as for iOSPb. The A single particle energies form a
textbook example of single-particle behavior [20].

Recently, Tamura [l] solved the huge technical problems and constructed "Hyperball", a
large acceptance Ge detector array dedicated to hypernuclear gamma-ray spectroscopy. A series
of experiments on p-shell targets has been carried out at KEK and BNL using (z#,K*y) and
(K~, ™ y) reactions, respectively [Z0].

Since the experiments performed to date used targets of stable nuclei, our knowledge is still
limited to a small number of hypernuclei on/near the f3-stability line.

On the chart of light p-shell nuclei and hypernuclei, Fig. [, we can see, that there exists much
more hypernuclei than ordinary nuclei. A hyperon stabilizes nuclear cores, acting as a glue. There
are many particle-stable hypernuclei with unstable cores: ?\He, Z\Be, f\He, 2 Be. Many other hyper-
nuclei with neutron excess may exist: e.g. ?\H, f\H, XLi.
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Figure 1: Chart of light p-shell nuclei and hypernuclei. In squares are already recognized hypernuclei;
in the circles are resonances (unstable nuclei) with their instability in keV. Stable nuclei are marked by ®.

1H

In the last thirty years a new branch of nuclear physics, namely physics of nuclei in the vicinity
of the neutron drip line has been constituted [Z2]. Hypernuclear Physics could be used in the studies
of the loosely bound nuclear systems, such are nuclei with neutron halo.

The hypernuclear facility FINUDA at the ¢-factory DAPNE (Frascati) [[3] opened unprece-
dented possibilities and initiated great expectations. Very low energy of kaons from the ¢ decay
allow the use of very thin solid stopping targets. The detector is designed to register both the ™
from the formation reaction and charge products from the hypernuclear decay. We suggested [4]
to study there strangeness and double exchange (S&DCX) reaction (K, "), which opens way to
the production of neutron-rich hypernuclei. There are two paths how to arrive at the An p~2 states:

either by the pion charge exchange: K p—An°, ’p—nrt
or through the XN — AN conversion: K p—natx, X" p— An.

Unfortunately, both protons have to be in the same target nucleus, so cross sections are inevitably
low. Nevertheless, the search for neutron-rich A hypernuclei was one of the items on the FINUDA’s
list [23] and recently they succeeded.

The lightest unstable—core hypernucleus f’\H could be used as example, to demonstrate several
different approaches and techniques that are actually used. It was predicted by Dalitz and Levi
Setti [ZA], and has attracted attention even at "emulsion era" of hypernuclear physics. It could be
formed in Li- "Li-loaded emulsion: K~ + °Li ("Li) — 7" + QH +p (d). The three body decay
mode 16\H — T~ 41t +t was searched for in [I] but no decay at all was found.

The first attempt to observe f’\H (and other neutron-rich hypernuclei) was done at the DAPNE
[CR], but only upper limit was evaluated. Very recently, FINUDA Collaboration consider both
production and decay in coincidence

Koop +0Li =§ H4+ 7 (~ 250 < pr+ < 255 MeV /c)

—O%He+ 7~ (~ 130 < p;- < 137 MeV /c)
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and found three events corresponding unambiguously to the formation and subsequent decay of
f’\H [E9] with the result in B A(f\H) =4.0+1.1 MeV. This value compares well with our theoretical
estimation [24].

The confirmation of the very existence of neutron-rich Hydrogen isotopes may be gain
in experiments with relativistic hypernuclei here, in JINR. The first experiments with relativistic
hypernuclei were done at Dubna many years ago [B].

The advantages of the Dubna method are as follows [BO]. Since hypernuclei (hyperfragments)
in the experiments are produced by the excitation of high energy nuclei (up to 6 A-GeV) the en-
ergy of the produced hypernuclei is just a little bit lower than that of an incident beam. In such a
case, hypernuclei decay at tens cm beyond the target. For example, the mean hypernuclei decay
range should be about 40-45 cm. For experiments at the SPHERE spectrometer, it was suggested to
observe hypernuclear decays in a vacuumed volume of 60 cm (approximately 70% of hypernuclei
will decay inside of this volume). If the decay vertex was fixed inside of 60 cm path there is no
doubt that the event was the decay of a hypernucleus since no background process can produce
the vertex in vacuum, so one can obtain a pure sample of hypernuclei decays. Hypernuclei can be
identified unambiguously. To be sure that the decay vertex was inside vacuum one must use an ad-
equate tracker to measure the direction of secondary particles (to calculate the vertex coordinates).
On the other hand, if an incident nuclear beam is not *He, different hypernuclei and isotopes can be
produced. While the charge of hypernuclei is measured with the trigger counters, isotopes can be
identified by the daughter nuclei momentum measurement. Since the momenta of positive decay
products should also be measured, a tracker should be installed beyond the analyzing magnet. Esti-
mates show that the expected accuracy of the measurement of the vertex position and the daughter
nuclei momenta is good enough to obtain sample of the safely identified hypernuclei.

It is suggested to start the hypernuclear research program with the investigation of j‘\H and [3\H
production in the helium beam. Such an experiment is similar to the previous one and allows one to
check all systems of the set up including data processing. At the next step helium beam should be
changed to the "Li beam to search for f\H together with f\H and /3\H The number of hypernuclear
decays (N) expected to be observed in 24 hours is given in Table 0. To discriminate the masses of
the isotopes of the hypernuclear daughter nuclei one should measure the corresponding momenta.
The momentum values of >He, “He and °He are concentrated in the ~ 14 GeV/c, ~ 19 GeV/c and

Table 1: Production and decay

beam target production decay N
SHe + 2C — 3H+-- — SPHe+z | 100
‘He + ’C — 4H+--- — “He+zn | 600
— 3H+-- — JHe+n~
i o+ "¢ — SH+-- = CPHe+m | 400
— 4H+-- — ‘He+rm~
— 3H+-- — SHe+ 7w~
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~ 29 GeV/c bands correspondingly, see Fig D. Such difference can be measured easily to separate
three possible reactions of the hydrogen hypernuclei production and decay in the ’Li beam.

‘ Momenta of daughter nuclei |

He He

He

number of events

Mt
32
P (GeV/c)

Figure 2: Momenta distributions of recoil nuclei 3He, *He and °He

We repeat once again advantages of Dubna setup presented at Baldin seminar six years ago [B1l]:
e unique identification of f\H see Fig. [;

e possibility to measure lifetime of ?\H and to verify the existence of long-lived isomeric state in
neutron-rich hypernuclei [B2];

e possibility to identify even extremely exotic hypernucleus iH =p+A+6n)

- the chart of hypernuclei (Fig. ) suggests that A might bind H [B3].

The hypernucleus ?\H may appear also as hyperfragment: proton decay of primary hyper-
nucleus Z\He produced in reaction "Li(e,e’,K"). The Fig. B shows clearly why the highly excited
states of Z\He, in which the "inner proton" is substituted by A (transition p; — Aj) are the source
of hyperfragments f\H and f\H. The thresholds for these decay channels are rather high, but large
changes in the structure of these states prevent the neutrons or A from emission.
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Figure 3: Different decay channels of Z\He hypernucleus

So, it is the best candidate as "first-day target” for the Proposal [0] which intends to use high
precision monochromatic 7~ ’s from the unique two-body mesonic weak decay of hypernuclei
to investigate systematically light A-hypernuclei through identification of hyperfragments from
strongly produced hypernuclear continuum (quasi free production) in (e,¢’K™) reaction.

It is a great challenge to work out the model for description fragment’s emission.
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4. Approach

In what follows, we proceed to build structure on top of foundations previously constructed.

Dalitz and Gal, in their seminal paper [B4] consider the formation of p-shell hypernuclear
states via (K~ ,7~) reactions and the prospects for y-spectroscopy based on the decays of states
|s* pk: o, T, sa: 7 >. A comprehensive program for the shell model analysis of y-ray transition
in p-shell hypernuclei is conducted by Millener [B3].

A natural extension of the shell model analysis are |s4 pk 20eS T, pa _# > configurations.
Simple calculations have been done [BA] but it is important to include also 1%® states of core
nucleus coupled to s5. These configurations are necessary to permit the exclusion of spurious
center-of-mass states from the shell model basis [BX].

The configurations s~ 's e.g. 1hm excitations of core nucleus coupled to an s, were seen in
spectra of lightest p-shell hypernuclei produced by strangeness exchange reaction (K flight” 7~ ) [B38],
where we can see well defined unbound states with sufficiently narrow decay width. A nice exam-
ple is hypernucleus ?\Li, Fig. @. In Ref. [BY] we have discussed hypernucleus ?\Li in terms of an

E(Mev)

Figure 4: Spectrum of the {Li seen in (Ki, giop»

m)

extended supermultiplet scheme which combines the 1s and 1p orbitals, and classifies the nuclear
and hypernuclear states by Young tableaux [f]. The lower state has symmetry [41] for its nuclear
core, so its break-up tof\He+ p or to *Li+A is allowed both energetically and by supermultiplet
symmetry. The upper (narrow) state has symmetry [f] = [32] for its nuclear core, so that its decay
to °Li +A or /5\He—|— p, is forbidden by the selection rules for the supermultiplet symmetry.

Another example of the important role s~!s, states play are y-ray transitions in hyperfrag-
ments. Gamma-rays from Z\Li formed by 3He emission from highly excited states of }\OB:
|53 o [432]D;sp >, were observed in the experiment 'B(K~, 7~ y) [EO]. Again, supermultiplet
symmetry forbids the decay through the channels ?\Be+p and f\He+Oc+p because they correspond
to [f] = [44].
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4.1 Excitation spectra

We deciphered energy spectra for primary p-shell hypernuclei from reaction (z+,K™) [20] as
multiplets of 07 and 170 configurations e.g. p~'sa, p~!pa and s—1s,. For example, every peak
in spectrum of ?\Be, Fig. B is linked to one particular configuration 8Be* ®/¢, in Table

Excitation energy (MeV]

10 =5 0 5 10 15 20 25 30
B —

#‘
L T A L

0.1f

0.08}

ey o [UD/D.25MeV]

2 0.06 [
0.04|

0.02

180 185 190
Myyp - My [MeV]

Figure 5: Excitation spectrum of ?\Be measured using the (7%, K™") reaction [20]

Table 2: Deciphering of the ?\Be spectrum

experiment [20] ?\Be

No Eex E(®Be) [E0] $Be @ I IV Ia
1. 0.00 | 0.0 s*p* [44)S@sp p!sa
2. 293 | 3.0 s*p* [44]D®s p~sa
3. 5.80 0.0 s*p* [44]®@pA:(50) p ! pa
4. 9.52 00 s*p* [44]@pa:31) | p ' pa
5. 14.88 | 16.7 s* 4[4 1]D®sA pLsa
6. 17.13 | 18.9 s3p° [44] P @sp s sp
7. 19.54 16.7 s*p* [431]D®pa 7! pa
8. 23.40 | 24.0 s°p° [431]P®sy s sa
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4.2 Model

Further, we use a notion of Strangeness Analogue State (SAS) introduced by Kerman and
Lipkin [E2]. They suggested that in (I{i;ﬂight, 7~ ) reaction A only replaces neutron in each shell
model state. So, it combines a simple theoretical structure with a source of rich and easily analyzed
data of resonances. This notion simplifies the interpretation of hypernuclear spectra, so, they are
amenable to hand calculation.

For 1p-shell hypernuclei SAS do belong to the nominally "17m" excitation band splitted into
three groups, because the single-particle energies differ significantly, as can be seen in Table B.
The situation reminds "configurational splitting" of Giant Dipole Resonance [E3].

Table 3: Three groups of 17® excitation

decay
17w (€py) P 'pa A
1awy (8d2s) p_ld SA N
lhoy  (g41) sTipsa |4H, t
—_———
GDR ® sp

4.3 TISM

The wave functions are expanded on a basis set [E1]

Y= Za,@i.
i

®; = M [AJAN P[] A2 [FIAR)LK: > |[fIBST; >

In this supermultiplet basis, (A )LK label representations of SU(3) D Rs in the orbital space, and
[f]BST label representations of SU(4) D SU(2) x SU(2) in the spin-isospin space.
This basis turns out to be very good in the sense that wave functions for low-energy states (0h®)
are dominated by one basis state. Moreover, this basis permits the exclusion of spurious center-of-
mass states in rather simple way. In standard shell model, among the 17 basis configurations there
are also "spurious states" of center-of-mass excitations ¥;(R4). In the Translation Invariant Shell
Model (TISM) basis, we use the proper combination of "standard" shell model wave functions, in
which w.f. of center of mass is either Wo(R4) or ¥;(R4). The method is rather simple for wave
functions written in LS basis. It is obvious, that the operator of center-of-mass, %, does not change
the supermultiplet structure [f], but (A )spur = (10) x (Aft)o.

First step is listing of all possible [f], (A u)o for configurations |s* pk >= @,((A) (k=A—4).

The second step is listing of possible configurations |s* p*~! (25 —d) > and |s* p**! > and
spurious states %@,EA) - the rest are pure configurations CIDI(:F)I.

The last step, determination of the structure of spurious and pure states may be completed
easily for configurations |s°p* : [f] >: the oy, weight of spurious component in configuration

|s3 p¥: [f] >, is determined by fractional parentage decomposition of ¥o(Ry) -CIDI(CA) ([f1Ap).
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oM Wy (Ra) = | 5* p* [f,): [f] = [47])
|s4 UL =[f]) =
f{ R VAR TR VR A T U DI
oV Wy (Riet) i ()
+ as,,gs<1>< V¥ (R wo (1) + B e @ Wo (Risr) wo (1)
W1 (Ra) @0 Yo (Ra) @1 Yo (Ra) @0

1 A—1
8p \/; —8r\ A
v aps/i ape/i Bs.

- _% [T
=0 = Osp =%, \/ A1

(A—

For illustrative purposes we give in Appendix (Table @ - Table B) results for A =5 and 6.

4.4 TISM CFP

The key ingredients in the shell model are coefficients of fractional parentage (CFP).
With one-particle CFP in hand we can write down components of SAS, (see Table H).

Table 4: SAS
target ng g

Li: [s*p?[42](20) > 5 15 P41 ® pa
& D, [41] @ sa

3 1 @[32]@sp

TLi: |s*p3[43](30) > o 5 D242]® pa
Z D3[42] @50

2 1 ®333]®@sa

Be: [s*po[441](31) >  § L ®4[44] ®pa
& ®s[44] @54
. 5 Pa431]®pa

L Ps[431] @ sa

To calculate Spectroscopic Amplitude (SA) for hyperfragment emission we need few-particle CFP.
In TISM it reads:

q’z((A) FIAW) = X5 6 Xk ko nflnfzq’Al [Ail(Ap)
D 1Al(Aw):
<Pv (R1 —R2)

10
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Wave functions for "usual" clusters (d,t,«)are |s¢ >= CID(()k) k].
For heavy Hydrogen isotopes we take:

Spectroscopic amplitude for hyperfragment is multiplied by factor == -

S p:31]> = @W[B1]  (“H),
s° p?:[32]> = @V[32]  (°H).

A-1 A+1°

reflecting Jacobi coordinates transformation.

5. Predictions

Now we present first results for lightest p-shell hypernuclei, ?\He and Z\He. Spectroscopic
amplitudes for emission A and n are zero for configurations |s® p*[3k]sa >.
Table 5: Decays of f\He
Decay modes & thresholds SA for sy ® <I>§5) [32] 2*S
2He | 3He | §He channel | [fi][fi] | Ewn SA
2n n A AHe+n | [4][1] | 0.17 0
2147 | 017 | 4.18 SHe+ A | [41] 4.18 0
3H | 4H | 3H SH+d | [3][2] | 18.94 | 0.153
t d p SH+t | [2][3] | 20.85 | 0.352
20.85 | 18.94 | 22.86
Table 6: Decays of \He
Decay modes and thresholds SA for sy 0@ [331s
2He | 3He | GHe | 1He channel [fil[fx] En SA
3n | 2n n A 8He +n [41][1] 282 | 0
21.1 | 3.1 22 52 AHe +2n | [4][1][1] 3.08 0
SH | 4H | GH) | §H A +%He [42] 523 | 0
tn t d p AH +1 [31(3] 15.49 | 0.183
237 | 155 23.8 “He + 3n | [3I11[1][1] | 21.14 0
SH+tn | [2][3][1] | 23.66 | 0.214
®H+p [32][1] | 23.81 | 0.101

11
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6. Summary

We present one approach to build model for identification hyperfragments based on Translation
Invariant Shell Model, and Strange Analogue State. Model selection affects the complexity of
calculation. Complexity of calculation may be resolved by numerical methods or by constraint
satisfaction method. As a first step we use our knowledge to simplify the calculations and reduce
"unimportant" states. So, we try to remain in algebraic solving knowledge based reduced problem.
For light hypernuclei it is possible.

We explore simple "toy model" (notion of Strange Analog State [EX]) to analyze cluster
decay of primary hypernuclei. It is an extension of a very successful analysis of y-transitions

by Millener [B3]. At the beginning we focused attention on s~

sa components of SAS only.
The complete treatment is in progress. The results may be useful in judicious choice of targets as
paper by Dalitz and Gal [B4] was at dawn of hypernuclear 7y spectroscopy.

Such approach is complementary to transport model by Botvina et al. [E4], [IH].

Final remark. In J-Lab experiment [0] it is possible to identify unstable and even neutral
hypernuclei [[d]. On the other hand, setup in Dubna [[3], is well suited for identification of such

exotic hypernucleus as iH
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Appendix: TISM

In Tables below results for A =5 and 6 are given.

Table 7: Configuration list for A =5

Configuration list

[f] . [41] [32] [311] TISM structure
N=1 stp=d | (10) (/] [41] | [41] |[32]|[311]
; (Au)|  (20) [(01)(20)| (01)
N=2 s*d (20) R, Oy |BP|| D) | D,
Spr2l | 0) (20)
s3 p?[11] (01) (01) s*d 2.3
Z @ | (20) (O1) sSp? =2 JE 1 1] 1
d, | (20) (20) | (01)
Table 8: Configuration list for A =6 N<3
[]: [42] [411] [33] | [321] | [3111]
N=2 s*p?=d, | (20) 01)
N=3 (Ap) : | (30)(11) | (30)(11)(00) | (30) | (11) | (00)
s*pd 11 |1 1
s3p*[3] 1 1
s p3[21] 1 1 1
s> p*[13] 1 1
RD, 1 1 1 1
D, 1 1|1 1 1 1 1
Table 9: TISM structure for A=6,N=3
[f]:|  [42] [42] |[411])| [411] [[411]][33]|[321]|[3111]
(Au):|  (30) (11) | (30)| (11) | (00) |(30)|(11)]| (0O)
RDy D3| ADy P3| B3 | Dy B3 | BD;| Py | B3 | D3
s3p*[3] —\/% \/g 1
s*p*[21] BV WA VE !
s p?[1°] 1 1
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