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Abstract. The production of hypernuclei is investigated for p + A — A +, A reactions in
a covariant meson exchange approach. Besides the conventional pseudo-scalar (K) and
vector (K*) channels, we study for the first time also contributions from the correlated
nK scalar channel, described by the /K meson. Initial and final state interactions are
considered by eikonal theory. The total and angular differential cross sections of the
coherent process p+4Z — j‘\(Z —1)+A are evaluated at the beam momenta 1.5...20 GeV/c
within the meson exchange model with bound proton and A-hyperon wave functions. It is
shown that the shape of the beam momentum dependence of the hypernucleus production
cross sections with various discrete A states is strongly sensitive to the presence of the
scalar x meson exchange in the pp — AA amplitude. This can be used as a clean test of
the exchange by scalar 7K correlation in coherent pA reactions.

1 Introduction

Hypernuclei are being produced in manifold ways, by photon-, pion-, antikaon-, proton-, antiproton-
and nucleus-nucleus interactions [1]. All these types of reactions, except the pA one, are rather
well studied both experimentally and theoretically. But up to now, there are only few theoretical
studies of hypernuclear production in antiproton-nucleus interactions [2-5], and all of them address
the incoherent production mechanism. Incoherent hypernucleus production in central collisions is
initiated by antikaon production in elementary in-medium pN annihilation reactions followed by a
sequence of strangeness exchange reactions of the type KN — Yx. Such reactions are the ideal tool
to investigate simultaneously the production of single- and multi-strangeness systems, as discussed
e.g. in our recent review article [6]. However, a different approach is required if spectroscopic studies
of the final hypernuclei are the aim. For that purpose, the proper method are peripheral reactions by
which hypernuclei in bound discrete quantum states are obtained. A comprehensive overview of the
status of such studies is found in the recent reviews in [7] and [6]. We have investigated previously
coherent hypernuclear production for proton- and pion-induced reactions in [8] and [9], respectively,
and for photo-production in [10]. Since such coherent reactions are of a perturbative character, they
can be described quantum mechanically by distorted wave methods.

Not much is known, in fact, on the basic p+p — A + A reaction amplitude. Here, we use a meson
exchange model. On the antibaryon side a #-quark must be changed into a § quark while on the
baryon side a u-quark has to be transformed into a s-quark. That can be viewed as the propagation of
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positively charged mesons of a [u5] quark structure with strangeness |S| = 1 from baryon to antibaryon
(or of [its] mesons with strangeness S = —1 in the opposite direction). Obvious candidates for such a
process are the pseudo-scalar (07) kaon K and vector (17) K* mesons. However, we have to expect that
also 7K correlated exchange in the scalar 0*-channel may play an important role. The 0*,|S| = 1-
channel is represented by the K;(800) or x mesons [11] which may be considered as the |S| = 1
members of the (hypothetical) scalar meson octet to which also the o/ f,(600) and the §/a(980)
mesons belong. As for the other 0*-mesons also the k meson is characterized by a rather broad spectral
distribution with uncertain mass and width. In the present context, the «/ K(’)" meson contributes of
course through #-channel exchange processes. In that sense, we consider « exchange as an economical
way to account for the correlated 7K channel. The x exchange channel is of particular interest for
multi-strangeness baryonic matter as found in heavy ion collisions and in neutron stars. k exchange
is also an indispensable part of baryon-baryon interaction approaches utilizing the S U(3)-flavour
group structure. The Nijmegen group was probably the first one to introduce that channel explicitly
[12, 13] into their treatment of baryon-baryon scattering while in the Juelich model that channel is
treated dynamically as a mK-correlation [14]. We note that in the present context the unnatural parity
K-exchange is strongly suppressed for transition involving bound proton and A states, respectively,
because it is a purely relativistic effect proceeding through the lower wave function components of
the Dirac spinors. Thus, coherent hypernucleus production reactions are perfect tools to addressing
specifically the exchange of the natural parity K* and x mesons. Any other independent source of
information allowing to probe hyperon-nucleon and hyperon-nucleus interactions is highly wanted.
In this respect, hypernuclear reaction physics may provide important clues.

In section 2 we introduce the Lagrangian describing our covariant production model and the rela-
tivistic mean-field approach for bound baryon states. Initial and final state interactions of the scattered
antibaryons are taken into account in the eikonal approximation. In section 3 we study the popula-
tion of discrete bound states in the 4KCI hypernucleus. Angular distributions and total hypernucleus
production cross sections are discussed. In section 4 we summarize our results and present our con-
clusions.

2 Theory of Coherent Antiproton-Nucleus Reactions

Investigations of peripheral reactions with strongly absorbed hadrons require a reliable model for elas-
tic scattering in order to account properly for the extremely important initial (ISI) and final state (FSI)
interactions. ISI and FSI will affect both the magnitude and the shape of momentum and angular
distributions. Thus, descriptions using lowest order Born approximations as the plane wave approach
underlying the Impulse Approximation (IA) do not lead to reliable results. In [15], a Glauber ap-
proach was developed for elastic scattering of antiprotons on nuclei, including also investigations of
spin-observables. Data of total cross sections as well as angular distributions of cross sections and
azimuthal asymmetries and polarization observables are well described over large ranges of energies,
corresponding to py,;, from a few hundred MeV/c to 20 GeV/c, and over a wide region of momentum
transfers. Typical results for elastic scattering angular distributions are displayed in Fig. 1, showing
that the LEAR data are well reproduced. A detailed discussion of the dependencies of elastic scatter-
ing cross sections and polarization variables on incident energy and target mass and the comparison to
proton elastic scattering are found in [15]. For the present case of high energy studies, eikonal theory
is used.

The basic p+ p — A + A reaction amplitude is not well explored. Here, we use a meson exchange
model. The exchange of K, K* and x mesons, respectively, is introduced by the following interaction
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Figure 1. Angular differential cross section of proton elastic scattering on '>C and **Pb and beam momentum
DPiar = 608 MeV/c corresponding to T},, = 180 MeV. Contributions of various interaction are shown. For more
details see Ref. [15]. The data are from ref. [16].

Lagrangians [17-19]:

Lxna = —iggnaNY AK +hee., (1)
_ G pvaK*

Linn = N(Guy" - L)AK; +hec., )
my + mp

LKN/\ = —gKN/\NAK +h.c.. (3)

In the case of the bound proton and A we include their wave functions in the field operators of the La-
grangians Eqs. (1)-(3) and calculate the S -matrix in the second order perturbation theory, as discussed
in [20]. The coupling constants will be discussed below in section 2.1

The K, K* and « exchange (noninvariant) partial matrix elements are expressed as

1 S
My = =GuaFkONQitp 1ttt f &re TP (ryyyn(r) “)
K
My = —Fr.)OVQi_y, 4, T*(~q)u_p, -1,G(q) f dre” (N (@ya(r) %)
1 L
M, = g,%NAF,%(t)@ﬁ_pl’_ﬂlu_m,_b_—mz f dPre TPy (r) . (6)

Here, ¥, (r) and y4(r) are the relativistic wave functions of the bound proton and A, respectively.
pi is the four-momentum and 4; = +1/2 is the spin magnetic quantum number of an antiproton
(i = 1) and anti-Lambda (i = 3). g = p3 — p; is the four-momentum transfer, ¢ = qz. In Eq. (5),

~Guy + Gugy /M.
Gulq) = ————K (7
t—mg.

is the K* meson propagator. We neglected the widths of the K* and « mesons in their propagators as
the momentum transfers are space-like (e.g. —t = 0.08...1.7 GeV? at pip, = 2 GeV/c). The K*NA
vertex function is defined as

G
I*(q) = iGyy* + ———a*g, . (8)
my + mp
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Monopole vertex form factors Fg g« are used:

A2 —m?
F()=—"—"2, j=KK'«. 9
(0) AT ©)

Similar to refs. [21, 22] we included in Eqs. (4)-(6) the attenuation factor VQ to describe the
modification of the elementary pp — AA amplitude due to IS in the pp channel and FSI in the AA
channel, which corresponds to the absorptive potentials.

The differential cross section in the rest frame of the target nucleus is written as

(C)) _ _ 3
o = 21 (Pl -;Illeab D3 PB) %/l Z; |MK +MK* + MK|2 (2:)3]?23E3d3p3 , (10)

1,1M2,43,1M4
where ps and pg are the four momenta of the initial nucleus (A) and final hypernucleus (B). The §
function in Eq. (10) takes into account the recoil of the hypernucleus. m, and my are the total angular
momentum magnetic quantum numbers of the occupied proton state from the valence shell and of the
A hyperon, respectively. The factor of 1/2 expresses the averaging over 4.

2.1 Coupling Constants

The choice of coupling constants is based on S U(3) relations [23]:

3-— ZG’PS
gKNA = “YaNN— = > (11)
V3
3-2a
Gu = —G‘;,,TE’M : (12)
3- 2&'5
K = —Yo 5 13
GkNA g NN3 ~day (13)

where o’s are the D-type coupling ratios. The 7NN coupling constant is very well known, g,yy = 13.4
[24]. The vector pNN coupling constant is also fixed, G = 2.66, however, the tensor pNN coupling
constant is quite uncertain, G’f = 10.9...20.6 [17]. The NN coupling constant can be estimated
either from the Bonn model [25] or from the Walecka-type models (cf. [26]). In both cases one
obtains g,yy =~ 10. The a’s for the octets of light pseudoscalar and vector mesons are reasonably
well determined [17, 19]: aps =~ 0.6, ag ~ 0, @)y, ~ 3/4. However, there is no any phenomenological
information on ag.

Thus, the coupling constants G, and g,na, the cutoff parameters Ak, Ak~ and A,, and the attenu-
ation factor Q remain to be determined from comparison with experimental data. We adjusted these
parameters to describe the beam momentum dependence of the pp — AA cross section. The two sets
of parameters, (1) without x meson and (2) with x meson, are listed in Table 1. In the calculations we
used the mass m, = 682 MeV [27].

As we see from Fig. 2, in the calculation with set 1 the peak of the pp — AA cross section at
pb = 2 GeV/c is exhausted by the K exchange. In contrast, in the case of set 2 the peak is exhausted
mostly by the « exchange. The K* exchange contribution grows with beam momentum and becomes
dominant at pj,, > 3 GeV/c. We note that set 2 gives a steeper increasing angular differential cross
section towards O, = 0 at pj,, = 2.060 GeV/c in a good agreement with experimental data [30].
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Table 1. Parameters of the pp — AA amplitude. The value of gy, slightly differs from -13.3 as given by
Eq. (11) and is taken from from K*N scattering analysis of ref. [28]. The cutoff parameters Ag, Ag~ and A, are
in GeV. The attenuation factors are shown in the last column.

Set | gkwna G, G, GNA Ak Ak Ay Q
1 -13.981 -4.6 -8.5 — 2.0 1.6 — 0.0150
-13.981 | -4.6 9.0 -7.5 1.8 2.0 1.8 0.0044

pp-> A A, Set1 pp-> A A, Set2
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Figure 2. Angle-integrated cross section of the elementary process pp — AA as a function of the beam mo-

mentum calculated without (Set 1) and with (Set 2) inclusion of the x meson. Experimental data are from ref.
[29].

Table 2. Binding energies of the A states in the *) Cl nucleus. Empirical A binding energies (spin-orbit splitting
not resolved) for 4/(iCa from ref. [31] are given in brackets.

A state Ba [MeV]

1S1/2 18.55(18.7x1.1)
1p3)2 10.20 (9.9 + 1.1)
Ip12 9.26 (9.9 +1.1)
1ds), 2.14(1.5+ 1.1)
2S1/2 1.44

1d3/2 084(15i11)

2.2 Nucleon and Hyperon States

The nucleon and hyperon (B = N, A) single particle bound state wave functions are determined as
solutions of a static Dirac equation with scalar and vector potentials (cf. refs. [9, 31, 32]):

(—i@ -V + Bmy(r) + Vg(r) + Ve(r) —e)yp(r) = 0, (14)

where my(r) = mp + Sp(r) is the effective (Dirac) mass. Both the scalar (S p) and nuclear vector
(V) potentials are chosen in the form of superpositions of the classical meson fields, o-( = 0, J° =
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Figure 3. Angular differential cross section of the reaction *’Ar(p, 1_\)42C1 at p, = 2 GeV/c. Lines show the
calculations for A in various states, as indicated. Left and right panels display calculations without (Set 1) and
with (Set 2) x exchange.

0%), w(0,17), 6(1,0%) and p(1, 17), weighted by the strong interaction coupling constants appropriate
for the given baryon. For the present purpose, the meson fields are parameterized by Woods-Saxon
form factors. For protons also the static Coulomb potential (V) contributes [31]. The obtained A
energy levels are in good agreement with the empirical systematics and with our previous relativistic
mean-field calculations [31], as seen from Table 2. A detailed discussion of the model parameters and
spectroscopic results for A binding energies and wave functions is found in [20].

3 Results on Hypernuclear Production by Peripheral Antiproton Reactions

An appropriate case for exploratory studies is “°Ar which may be of potential interest as target material
for future experiments at PANDA @FAIR. In order to assure that after the reaction the residual core
nucleus carries as little excitation energy as possible, we consider only strangeness creation processes
on protons in the 1ds,, valence shell of 40Ar.

The differential hypernuclear production cross sections with the A occupying various shells are
compared in Fig. 3. Irrespective of spin-orbit effects, overall the cross sections are larger for larger
hyperon orbital angular momentum, i.e. /5. This is a consequence of the interplay of several effects:

e The momentum transfer at ® = 0 is small (~ 0.3 GeV/c) implying a suppression of the p — A
transitions with large orbital momentum transfer.

e The number of the spin states of the A contributing to the transition probability, i.e. 2(2[5 + 1),
grows obviously with /4.

e For A states with larger /5 the hyperon probability distribution is increasingly shifted to larger radii.
Hence, the absorption effects are diminished with increasing I, .

The inclusion of x exchange leads to significant enhancement of the cross sections at small polar
angles for all states of the produced hypernucleus.
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Figure 4. Angular differential cross section of the reaction “°Ar(p, 1_\)42C1 at py, = 2 GeV/c with 1ds), A state.
As indicated, the IA calculation, the full calculation (with absorption), and the separate meson contributions to
the full calculation are shown by different lines. The left and right panels display the results without (Set 1) and
with (Set 2) « meson, respectively.

The largest cross section is obtained for the 42C1 hypernucleus with A in the 1ds;, state. The
differential angular distribution for this case is analyzed in more detail in Fig. 4. From the comparison
of the full and IA calculations we observe that the absorption of p and A has a quite significant effect:
it reduces the cross section drastically, amounting at forward angles to about two orders of magnitude,
and washes out the diffractive structures. Similar effects of the absorption are present also for the
other A states (not shown).

A deeper insight into the production mechanism is obtained by decomposing the total reaction
amplitude into the different meson exchange parts. From the partial meson exchange contributions,
shown in Fig. 4, it is remarkable that for Set 1 the kaon contribution is small and the spectrum is dom-
inated by K*, even at large angles, while on first sight one would expect the opposite. For example,
for pA collisions at pjyp, = 2 GeV/c the A produced at @y, = 30° carries away the momentum transfer
of ~ 1 GeV/c. This corresponds approximately to ® = 90° in center-of-mass frame if translated into
the pp — AA reaction in free space. Thus, we should expect that the kaon exchange should be a
factor of five larger than the K* exchange. This surprising result can be understood by the fact that the
momentum transfer to the A is provided by the nucleus as a whole while the hyperon is almost at rest.
The exchange of a pseudoscalar meson is suppressed in this case since it proceeds through the lower
of the proton and A Dirac spinors which are suppressed by factors of the order of the baryon masses.
In contrast, in the case of the free space pp — AA process at @ = 90° the A is produced with finite
momentum and, thus, the upper and lower components of its Dirac spinor are of comparable magni-
tude which favors the pseudoscalar meson exchange. The situation is very different in the case of Set
2. Here, k plays the dominant role both for the free scattering pp — AA and for the hypernucleus
production since scalar exchange is not suppressed in recoilless kinematics.

The robust signal of the « exchange is visible in the momentum dependence of the hypernucleus
production cross section, as seen in Fig. 5. In calculations without « the cross section is dominated
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Figure 5. Beam momentum dependence of the *{Cl d-state hypernucleus production cross section in p **Ar col-
lisions. The thick and thin solid lines show, respectively, the results with (Set 2) and without (Set 1) x exchange.

by K* exchange which leads to a growing cross section with increasing beam energy. Using set 2,
the x meson dominates at moderate beam momenta ~ 1.5...3 GeV/c. Its contributions are seen as a
characteristic shoulder in pj,p-dependence of the hypernuclear production cross section and even as
the appearance of the maximum for 1ds;, A state.

As we see from Fig. 6, the cross section of coherent hypernucleus production in different states
is much larger when the « exchange is included. This is a pure quantum coherence effect since the
angle-integrated pp — AA cross sections differ by ~ 15% only at pi;, = 2 GeV/c (Fig. 2) while the
hypernuclear production cross sections differ by almost one order of magnitude for Set 1 and Set 2.

4 Summary

In summary, the coherent hypernucleus production in pA collisions was investigated. The production
dynamics of the elementary and the in-medium annihilation amplitudes were described in a covariant
meson exchange approach. Initial and final state interactions of the scattered baryons have been
taken into account by eikonal theory. Baryon bound states were obtained by a RMF-model. The
approach was applied to hypernuclear production in coherent reactions on the medium-heavy “°Ar
target nucleus in the momentum range pi, ~ 1.5..20 GeV/c. The total hypernucleus production
cross sections populating a fixed quantum state generally grow with increasing beam momentum
from several nb to a few of 10 nb with a certain sensitivity on the A bound state. The dynamics of
the “*Ar(p, A)*)Cl reaction on the 1ds), valence shell proton favors the production of A states with
j = €+ 1/2 with the cross sections increasing with orbital angular momentum ¢.

The pseudoscalar (K) exchange is strongly suppressed for the reactions replacing a bound proton
by a bound A hyperon. The production mechanism is governed, in fact, by the exchange of natural
parity vector and scalar strange mesons. Including only K* exchange produces smooth and structure-
less cross sections increasing steadily with beam momentum for all possible bound A states. However,
if the exchange of the scalar 7K channel — described by the x meson — is taken into account we find
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Figure 6. The A binding energy spectrum of the *)Cl hypernuclei coherently produced in p*°Ar collisions at
pv = 2 GeV/c. The smooth curves are obtained by multiplying the angle-integrated cross sections for the
hypernucleus production in 1s,,,, 1p3,, and 1ds), states by the Gaussians of a width FWHM=1.5 MeV which is
a typical experimental energy resolution. Thick and thin solid lines correspond to the calculations with (Set 2)
and without (Set 1) x exchange.

that at the beam momenta in the range of pj,, = 4...6 GeV/c a rather sudden transition from increase to
saturation occurs or, as in the case of the *°Cl(1ds /2) A state, a maximum is emerging. These results
strongly suggest that the coherent hypernuclear production in pA annihilation reactions could be a
suitable tool to test in quite detail the dynamics of the production process, down to the possibility to
identifying contributions from scalar 7K correlation as described by the x meson.
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