Vol. 25(1994) ACTA PHYSICA POLONICA B No 34

PHYSICS OF A AND ¥ HYPERNUCLETI*:**

J. DABROWSKI

Theoretical Division, Soltan Institute for Nuclear Studies
Hoza 69, 00-681 Warsaw, Poland

(Received September 20, 1993)

This talk gives an overview of selected topics in the physics of A and
X hypernuclei.
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1. Introduction

The J* = 1, particles which I will talk about are members of the

barion octet: nucleons N = n,p and hybperons Y = 4, ¥+, 3%, ¥— =—,
Their properties are collected in Table I, in which I denotes the isosopin

TABLE 1
Properties of the members of the barion octet
M(MeV) I S 7(sec) I'=h/r(MeV) Major decay modes
) 938.3 2 0 oo 0.0
n 939.6 ‘4 0 898 0.7-107% n - p+e + P +0.78 MeV
A 11156 0 -1 2.6-107'° 25.107% A—p+x” +37.8MeV (64%)
A - n+72° +41.1MeV (36%)
rt 11894 1 -1 08-.107'° o0.8.107" It = p+x° 4 116.1MeV (52%)
¥ wn+xt +110.2MeV (48%)
2* 11925 1 -1 58-100% 11.107° 2 A4y
-~ 11973 1 -1 15-107% 4.4.107% I~ s n+ 7" +118.2MeV
2 13149 '/ -2 29-107'° 23.107%? Z% > A4+ x° 4+ 64.3MeV
E- 13213 /5 -2 1.6-107° 40.10712 E™ = A+ %~ 4+66.1MeV
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and S the strangeness. All hyperons decay via weak processes (AS = 1)
and their lifetime 7 ~ 10719 sec. In the time scale of nuclear dynamics they
are practically stable. This applies also to the exceptional case of £° which
decays electromagnetically.

All the members of the barion octet interact strongly and may form
bound states: nuclei (systems of nucleons) and hypernuclei (systems of nu-
cleons and hyperons). The first hypernucleus, observed in 1952 by Danysz
and Pniewski [1] in a photographic emulsion exposed to cosmic rays, was
a A hypernucleus (A hyperon + nuclear core). This discovery started the
hypernuclear physics, a new field of research on the border between nuclear
and particle physics. In 1963 an analysis in Warsaw [2] of an event observed
in an emulsion irradiated by kaon beam led to the identification of the first
double A hypernucleus (two A hyperons + nuclear core). The nuclear emul-
sion technique, in which the emulsion acts both as target and detector, was
the only experimental method in hypernuclear physics till the late 1960’s.
At that time, the development of intense beams of the strange K~ mesons
(with § = —1) with low momentum (< 1 GeV/c) made it possible to apply
counter technique to detect the production of hypernuclei in the (K, «)
strangeness exchange reaction. This led in 1979 to the observation in CERN
[3] of the first ¥ hypernucleus (¥ hyperon + nuclear core).
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Fig. 1. The hypernuclear chart as of 1991.

The present state of hypernuclear physics is illustrated in Fig. 1. The
authors [4] included into the chart also = hypernuclei whose identification,
however, is not fully convincing and their existence is one of the open prob-
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lems in hypernuclear physics. Also the existence of §;He is not quite certain
yet.

In my talk, I shall give an overview of selected problems in the physics
of A and ¥ hypernuclei.

2. A hypernuclei

The early emulsion research led to the identification of several light
hypernuclei in their ground states (g.s.) and to the determination of the A
binding (separation) energies B 4. The analysis of the B, values, plus some
low energy Ap scattering data (obtained in the hydrogen bubble chamber)
led to the first determination of the AN interaction v, . This interaction
turned out to be: (i) slightly weaker than the nuclear interaction vy, as
it does not lead to a AN bound state (the lightest observed hypernucleus
is the hypertriton 3 He, i.e., the Apn system); (i) more attractive in spin
singlet (J4n = 0) than in spin triplet (J4n = 1) state — contrary to the
case of vy n; (iii) of shorter range than vy (the exchange of one pion
(I = 1) between N (I = 1/2) and A (I4 = 0) is not possible).
Two difficulties (“the overbinding problem”) could not be resolved with
this vonN:
(A) Whereas the measured value of A binding in 5 He,
BA(fiHe)exp = 3.12 4+ 0.2 MeV, calculations with v4py led to
BA(SAHe)calc 2 5 MeV.

(B) By extrapolating the measured values of B4(4Z), we get for
A — oo the semi-empirical value of A binding in nuclear matter,
Bg(©)se ~ 30 MeV. On the other hand, all theoretical calcula-
tions (of Brueckner or Jastrow type) led to a much bigger value of
BA(oo)calc 2 40 MeV.

It appears that the overbinding problem may be solved — as suggested
by Bodmer [5] — by taking into account the coupling to the X' channel due
to the fast process AN & YN+ A, where A = My — M, ~ 80 MeV. Let us
consider the iHe hypernucleus, i.e., the A + a system which in its g.s. has
the isospin I = 0. The lowest order in which the AX¥ coupling contributes to
B4 (5 He) is the second order with the X' 4 a intermediate state with I = 0.
This requires (since Iyy = 1) that the a particle in the intermediate state
should have I, = 1. Now the threshold for excitation of the I, = 1 states
of a is at least 20 MeV above the g.s., and this leads to a strong suppression
of the contribution of the AX coupling to B4(5He). Unfortunately, a full
calculation of B4 (5He) with the AX coupling has not been performed so
far.

The mechanism of the suppression of the AY coupling in the A + nuclear
matter system is similar, and the Brueckner type calculation of B 4(o0) with
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the Nijmegen barion-barion interaction [6, 7], which contains the AX cou-
pling, gives B4(oo) ~ 30 MeV [8] (recently, a similar result was obtained
with the Bonn interaction extended to the strange sector [9]). Unfortu-
nately, the calculations in [8, 9] are burdened by the uncertain accuracy of
the applied approximate form of the Brueckner theory.

The important role of the ¥ channel, only 80 MeV above the A chan-
nel, makes hypernuclei very interesting systems. A similar phenomenon in
ordinary nuclei — an admixture of excited nucleon states (resonances) — is
much more subtle. Here even for the lightest A(3,3) resonance the distance
to the A channel is My — My ~ 300 MeV.
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Fig. 2. The momentum gy transferred to the hyperon Y in the reaction aN — Yb
at 6, = 0° as a function of the projectile momentum p,.

A new phase in hypernuclear research started with the production of
hypernuclei with the strangeness exchange reaction (K —,«), in which one
unit of strangeness § = —1 is transferred to the target nucleus. From the
detected pion momentum p,, we may determine (from energy and mo-
mentum conservation) the mass Myy of the hypernucleus produced (in its
ground or excited state). It is convenient to plot the number of detected
pions (per unit of pion energy at a fixed scattering angle §) as function of
AM = Myy — Mg, where Mt is the mass of the target nucleus. We have
AM = —Bj + By + M4 — My, where By is the separation energy (bind-
ing) energy of N from the target nucleus. Notice that B, is the energy
required to remove A from the hypernucleus (in its ground or excited state)
leaving the nuclear core in its g.s. In the (K —,7) reaction with a charged,
i.e., negative pion, the elementary process K~ +n — 7~ + A4+ 178 MeV is
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exoenergetic, and the momentum transfer g4 = p, — px- = —p, vanishes
for § = 0 at the “magic” laboratory momentum pg - = 530 MeV/c (see
Fig. 2). At this magic momentum, the A recoil momentum p, = 0, and we
have the recoilless A production, and expect to produce the substitutional
states in which A simply replaces a neutron in its state in the target nucleus.
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Fig. 3. Spectrum of pions emitted at 8 = 0° in the (K, 7~) reaction on 80 at
Pk = 720 MeV/c [10].

As an example, we show in Fig. 3 the spectrum of pions emitted in the
forward direction in the (K—,x~) reaction on 10 at py- = 720 MeV/c
[10]. Here ¢4 = 40 MeV/c (see Fig. 2), and besides the substitutional states
(1P3/2, lp;;g)lhn (lpl,/?’ 11’;/12)1171.’ also the g.s. (131/29 lpl—/lg)/ln and the
state (1s, /2: 1P, /12) An are produced. The striking result here is the 6 MeV
splitting between the two substitutional states, which almost coincides with
the 6.1 MeV splitting between the p3/; and p,/, neutron states in 1€0.
This indicates that the spin-orbit coupling in the A-nucleus potential is
very small, in contrary to the nucleon-nucleus spin-orbit coupling which
plays such an important role in nuclear physics. In a way, A behaves in a
nucleus like a spinless neutron.

The use of the (K —, x) in-flight reaction at CERN and Brookhaven, and
the same reaction with stopped kaons at KEK initiated the hypernuclear
spectroscopy. The special feature here is connected with the fact that A is
a different particle and thus deep s.p. A states, including the 1s,/; g.s., are
easily accessible

In the mid-1980’s the associated production reaction (7 +, K1) started
being used in producing A hypernuclei (K+ has strangeness § = 1). One
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Fig. 4. Data on binding energies of A4 s.p. states as a functions of A=2/2 [10].

obvious advantage is the relatively high intensity of the available pion beam,
and also the weak K *-nucleus interaction. Here the elementary process
xt +n - K+ 4 A-530 MeV is endoenergetic and the momentum transfer
g4 is large (see Fig. 2). In the heavy hypernuclei, the 4 bound orbitals (with
low [, are coupled to holes of valence neutrons with high [,,. The large
momentum transfer in the (%, K*) reaction is well matched to these high
I, states. Consequently, the (x*, Kt) reaction supplements the (K—,7~)
reaction in producing heavy hypernuclei.

If we collect the results obtained with the emulsion technique for the
hypernuclear g.s., and with the (K~,7~) and (#t, Kt) reactions for the
ground and excited states, we get [11] a textbook example of s.p. structure,
shown in Fig. 4, where the curves were obtained with a Woods—Saxon s.p.
potential of the depth ~ 28 MeV [equal to B4(o00)]. In ordinary nuclei,
only the valence nucleons reveal such s.p. structure, whereas the deep lay-
ing (hole) states — accessible by various knock-out reactions — have large
widths ~ 10 — 20 MeV.

Let me say a few words about the decay of A hypernuclei. The mesonic
decay A — N + = (see Table I) is strongly suppressed in heavier hypernuclei,
because the final N momentum py ~ 100 MeV/c is much smaller than the
Fermi momentum pp ~ 266 MeV/c. However, another decay mode, the
nonmesonic decay A+ N — n + N + 176 MeV, takes place in hypernu-
clei. Because p,(n) ~ 400 MeV/c is much larger than pp, it is not Pauli
suppressed and becomes the dominant decay mode in heavier hypernuclei.
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The combined effect of the two decay modes is that the lifetime of all A
hypernuclei is approximately equal to the lifetime of a free A.

The analysis of the nonmesonic decay of hypernuclei gives us a unique
possibility to gain information on the weak AN — NN process which de-
termines the lifetime of heavier A hypernuclei. In nuclear physics, a similar
weak (parity nonconserving) process NN — NN leads only to subtle effects
which are very hard to detect.

3. Double A hypernuclei

So far only three double A hypernuclei have been identified in emulsions
exposed to K~ beams: J9Be [2], ,4He [12], and ]3B [13]. The observed
rare events consist of the following four processes: (1) production of £~ in
the double strangeness exchange reaction (K, K %) or (K—, K°) accord-
ing to the respective elementary processes K "p — K+Z~ — 383 MeV or
K~n — K°Z— — 387 MeV, in which two units of strangeness § = —2 are
transferred to the nucleon which converts into =~ ; (2) production of a dou-
ble A hypernucleus by the stopped =~ according to the elementary process
E7p — AA + 28.5 MeV; (3) mesonic decay of the double A hypernucleus
into a single A hypernucleus; (4) mesonic or nonmesonic decay of the single
A hypernucleus. To increase the chance of identifying all four processes, a
counter assisted emulsion technique was applied in [13]. The analysis of the
events allowed a determination of the separation energies B4, of the two
A’s from the respective nuclear cores. The difference ABs4 = Bas — 2By,
where B, is the separation energy from the single A hypernucleus with
the same core, is a measure of the AA interaction. The result obtained,
ABpp ~ 5 MeV, indicates that the A4 interaction is attractive. So far it
is the only experimental information on this interaction.

The observation of double A hypernuclei is important in connection
with the hypothetical stable H dibarion which is a six quark state (uuddss)
with J* = 0%,I = 0, and § = —2, predicted by Jaffe [14]. If its mass
My was smaller than 2M 4 — B 44, the double A hypernucleus would decay
“immediately” into a free H dibarion and a residual nucleus, and we would
never be able to observe its weak decay. Thus the observation of double 4
hypernuclei (with By, ~ 20 MeV) and of their weak decay implies that if
H exists at all, its mass My > 2M 4 — 20 MeV.

To gain more information on double A hypernuclei, and to resolve the
problem of the H dibarion and of = hypernuclei, projects of counter exper-
iments with the double strangeness exchange reaction (K~, K*) are now
in progress.
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4. ¥ hypernuclei

In 1979 at CERN Bertini et al. [3] observed in the (K —, ) reaction
on °Be, in addition to the familiar A hypernuclear states, narrow peaks at
an excitation energy larger by about A = My — M, ~ 80 MeV, consis-
tent with, and attributed to, the formation of X hypernuclei (see Fig. 5).
The presently existing experimental data on ¥ hypernuclear states reveal
two characteristic features: (i) the states have surprisingly narrow widths
FCexp ~ 5 MeV, and (i) their energy is positive (up to about 10 MeV), i.e.,
the ¥ binding energy By is negative.
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Fig. 5. Pion spectrum from from (K~,x~) reaction on a beryllium target at
Pk = 720 MeV/c [3].

The narrowness of the observed X hypernuclear states came as a sur-
prise for the following reason. Whereas a free Y is in the time scale of
nuclear dynamics a very stable particle (see Table I), in nuclear matter (of
density p) it may undergo the strong ¥' A conversion process YN — AN +80
MeV. The semiclassical estimate I'y of the corresponding width of ¥ in nu-
clear is: Tg = (1/2)hp(vo), where o is the total cross section for the T4
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conversion, v is the relative ¥ N velocity, and () indicates averaging over N
velocities. Now, if we insert for p the equilibrium density pg = 0.17 fm ™3
and for o the experimental cross section (~ 60 mb), we get for zero ¥ mo-
mentum (i.e. for the g.s. of ¥ in nuclear matter) the result Iy ~ 24 MeV,
which is about five times larger than I'exp.

However, the semiclassical estimate disregards important many-body
effects: Pauli blocking and binding effects. The importance of these effects
is well known in the case of neutron which in free space § decays into
a proton within about a quarter of an hour, but is perfectly stable inside
nuclei. Namely, because of the Pauli blocking, the proton emerging from the
B decay would have to occupy a state of such a high energy, that the decay
would be energetically impossible. In the case of ¥, these many-body effects
may be taken into account by a simple modification of the expression for 'y
[15]. First, we have to multiply ¢ by the Pauli blocking operator Q@ which
vanishes whenever the momentum py of the nucleon emerging from the ¥4
conversion is smaller than the Fermi momentum pg, and is equal 1 otherwise.
Second, in the energy conservation equation for the ¥'A conversion, we have
to include into the energies of 3, A and N the momentum dependent s.p.
potentials. The second modification diminishes final nucleon momenta py
to such a degree that an essential part of them are smaller than pr and are
excluded by the Q operator. The result obtained in this way for zero ¥
momentum is I' ~ 6 MeV [16].

In finite hypernuclei, the width is expected to be smaller than in nuclear
matter, because the Y wave function spreads out beyond the nuclear core,
and its overlap with nuclear density is diminished. This leads to a reduction
in T', especially for loosely bound ¥ states in which ¥ spends most of the
time outside the nuclear core. (An extreme case is that of ¥~ atoms whose
width is of order of eV [16].)

We conclude that Pauli blocking and binding effects suppress ¥ A con-
version in hypernuclei so that the resulting width I' does not exceed the
width I'exp found in experiment. The same conclusion has been reached
in [17-19]). In some cases additional reduction of I' may occur as the re-
sult of the selectivity mechanism suggested in [20]. Other possible factors
like quenching of the one-pion-exchange component of the ¥'A conversion
in nuclear matter [21] and SU(3) symmetry [22] have been discussed also.

Now, let us turn to the problem of the positive energy of the observed
XY hypernuclear states, and discuss whether these states can be explained
within the ¥ s.p. model. In this model the motion of ¥ in the hypernu-
cleus is described by the wave function ¥ g (r) which is the solution of the
s.p. Schrédinger equation with the s.p. potential Vg(r) = Vg(r) +iWx(r),
where Wy represents the absorption due to the XA conversion. If we cal-
culate in the impulse approximation the cross section d?c/dkrdE, for the
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(K, =) reaction, we obtain peaks in the spectrum of pions, whose widths
are approximately equal to the widths of resonances in the final ¥ states
¥y. Now, resonances at an energy ~ 5 — 10 MeV in Vy of the generally
assumed Woods—Saxon or square-well shape have widths (even without any
absorptive part W) much larger than I'exp. What we need to have narrow
resonances at high energy is Vy with a sufficiently high barrier at the surface
of the hypernucleus (for low I g orbits in the light observed X hypernuclei,
the centrifugal barrier is too small).

Recently Myint, Tadokoro and Akaishi [23] (see also [24]) have sug-
gested that indeed Vyg(r) has a repulsive bump Ug(r) near the nuclear
surface. First they determine the effective ¥ N potential in nuclear matter,
ngv(r EN), which is repulsive at short and attractive at large TN distance
(see Fig. 6). Next, by folding ngv with nuclear density, they obtain their
Vg(r). The mechanism of the appearance of the repulsive bump in Vg is
shown in Fig. 6. Nucleons inside the dotted area contribute to Vy a re-
pulsive interaction while those in the shaded area an attractive interaction.
When ¥ is deep inside the nucleus (at point A), it feels from the surround-
ing nucleons both the full repulsion and the full attraction which overweighs
the repulsion, and the net result is an attractive Vy;. When X is near the
nuclear surface (at point B), it still feels the full repulsion, but only a di-
minished attraction which is overweighed by the full attraction, and the net
result is a repulsive V.

Fig. 6. Repulsive and attractive interaction felt by £ in a hypernucleus [23].

Let us see whether such repulsive bump may lead to the two peaks at
AM =2775+1and 284 + 1 MeV (By = -5.9+1 and —-12.4 + 1 MeV)
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observed [25] in the (K ~,x %) reaction on 160 at py- = 450 MeV/c (at
0 ~ 0°). We assume for Vy the simplified form Vg = —(Vp + Wy)8(R —
r) + VBé(r — R) with R = 3 fm, Vg = 20 Mev fm [~ [ drUg(r)], Vo = 20
MeV (which is compatible with the Nijmegen interaction, see [15], [26]),
and Wy = 2.5 MeV (calculated in [27]). To determine the target proton
wave function in the p;/; and p3/; states, we use a square well potential
(with a delta spin-orbit coupling) adjusted to the respective empirical proton
energies. The result [28] obtained in the plane wave impulse approximation
for d20/dk dE, at 6 = 0° is shown in Fig. 7, together with the data of [25]
(as the data represent counting rates only, the calculated curves include
an arbitrary normalization to match the overall magnitude of the data).
Considering the simplified way of calculating the pion spectrum (without
any adjustable parameters), the result indicates that it appears possible
to explain the observed ¥ hypernuclear states within the ¥ s.p. model,
provided there is a surface bump in Vy.

UNI TS

AR B I TR KAARY

Fig. 7. Pion spectrum from from (K ~, x~) reaction on 10 at § = 0° at px = 450
MeV/c. The solid curve is the total spectrum, the dotted curves are contributions
of the K~ interaction with p;/, and ps/; protons in 0.

Whereas in our calculation the lower peak corresponds to the (pi' /12 )p

state and the upper peak to the (p; /12 )p state of the nuclear core, the au-
thors of [25] interpret their results in the reversed way. According to our
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calculation, the situation is similar to that in 12O (see Fig. 3) and is compat-
ible with a very weak spin-orbit coupling in Vyx, whereas the inerpretation
of the authors of [25] leads them to the conclusion that the spin-orbit cou-
pling in Vy; is twice that of the nucleon-nucleus spin-orbit coupling. On the
other hand, theoretical predictions [29-31] suggest a ¥ spin-orbit coupling
comparable to the nucleon spin-orbit coupling.

To resolve the problem of the nature of the ¥ hypernuclear states and
of the ¥ spin-orbit coupling, we obviously need more experimental date of
an improved accuracy, including data on heavy Y hypernuclei which might
be obtained with the (x, Kt) reactions (see [32]).
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