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1. Introduction

Light scalar mesons represent one of the most puzzling areas
in the quark/hadron physics as their structure is different from qq.
In particular, identifying the « (K;(800)) [1] in various hadronic
processes is of importance since this meson is a candidate mem-
ber of the hypothetical SU(3) octet of scalar mesons with masses
below 1 GeV. Apart from «, the octet-partners of « are the non-
strange isoscalar o (fp(500)) and isovector § (ap(980)) mesons. So
far the corresponding particles are only seen as broad resonance-
like structures in the 0T-meson spectrum. The o, 8, k and ik are
likely the 77, 7y, 7K and wK resonance states, respectively.
In that sense, the x exchange can be regarded as an economi-
cal way to take into account the correlated 7 K channel. The «
exchange channel is of particular interest for multi-strangeness
baryonic matter in heavy ion collisions and in neutron stars. This
channel is also an indispensable part of baryon-baryon interaction
approaches utilizing the SU(3) flavour [2] and SU(6) spin-flavour
[3] group structures.

The purpose of this letter is to study A-hypernucleus produc-
tion in antiproton-nucleus reactions initiated by the pp — AA
process on the bound proton. The produced A is captured to one
of the shells of the outgoing hypernucleus. The main emphasis is
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Fig. 1. The Feynman graph of the #Z(p, A)4 (Z — 1) process. Dashed line represents
the propagator of the exchange meson. The grey ellipsoids correspond to the wave
functions of the initial ground state nucleus AZ and final hypernucleus f\(Z —-1).

put on the influence of the inclusion of the x-meson on the reac-
tion cross section.

The full process is sketched in Fig. 1. At momentum trans-
fers <1 GeV/c, the amplitude of the pp — AA reaction can
be described by t-channel exchanges of the light mesons with
strangeness |S| =1, such as pseudoscalar K, vector K*, and, prob-
ably, hypothetical scalar ¥ mesons, respectively. If the initial pro-
ton and final A are bound, the unnatural parity K-exchange is
strongly suppressed, since it is pure relativistic effect proceed-
ing through the lower wave function components of either proton
or A Dirac spinors. Hence the coherent hypernucleus production
should filter-out the kaon exchange allowing to exclusively ad-
dress the exchange of the natural parity K* and x. As it will be
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shown, the scalar «-exchange contribution to the hypernucleus
production cross section is very well visible on the background
of smoothly growing with beam momentum vector K*-exchange
contribution. Therefore the nuclear binding helps to effectively dis-
tillate the k meson from its mixture with kaon exchange in free-
space pp — AA amplitude.

The paper is structured as follows. In sec. 2 we describe
the strange meson exchange model starting from the basic La-
grangians. The amplitude of the hypernucleus production is de-
rived in the impulse approximation (IA) and afterwards corrected
for the initial and final state interactions (ISI/FSI) of p and A in
the nucleus. We introduce two sets of model parameters, both of
which describe the momentum dependence of the total pp — AA
cross section. The first set does not include k-meson exchange
and the second set includes it. The wave functions of the bound
proton and A states are obtained by solving the Dirac equation
with relativistic mean fields (RMF). Section 3 contains numerical
results. The angular differential and total cross sections of the hy-
pernucleus production with A on various shells are calculated. We
emphasize that the shape of the momentum dependence of to-
tal cross sections is qualitatively different in calculations with and
without x. The summary and outlook are given in sec. 4.

2. The model

We will introduce the K, K* and « exchanges by using the fol-
lowing interaction Lagrangians [4-6]:

Lina = —igknaNy > AK +hec., (1)
- Geo vk
Lxna=N|Gyy* — —— ) AK* +h.c., 2
K*NA ( vy My A M + (2)
LiNa = —8cNaNAK +hec.. 3)

In the case of the bound proton and A we include their wave
functions in the field operators of the Lagrangians Eqs. (1)-(3) and
calculate the S-matrix in the second order perturbation theory us-
ing Wick’s theorem (cf. Ref. [7]):

2w8(E1+ E; — E3 —Ey).
= iMg + Mg+ M,), 4
QEV2EsV)1/2 (Mk K ) (4)
where Ej, i =1,2,3,4 are particle energies (see Fig. 1 for no-

tation) and V is the normalization volume. The K, K* and «
exchange (noninvariant) partial matrix elements are expressed as

_ 1
My =—ggna FROVQIL_p, 2,7 U_p; 1, P
X / dPre M Ya(r)y Y (r) (5)
My = —Fp OV Qi_p, 3, TH(=@U_p; 3G v (Q)
X / re Y,V (@)Y (r) (6)
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K
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Here, ,(r) and v4(r) are the relativistic wave functions of the
bound proton and A, respectively. They satisfy the normalization
conditions:

/d3r1ﬁ;r(r)1p,~(r)=] , i=2,4. (8)

pi is the four-momentum and A; = £+1/2 is the spin projection of
an antiproton (i = 1) and antilambda (i = 3). ¢ = p3 — p1 is the
four-momentum transfer, t = 2. In Eq. (6),

—8uv + Q//qu/m%(*

9)
t—m2,

Gu@ =

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 pj,, = 2 GeV/c). The
K*NA vertex function is defined as

Gt

' =iG M
(q@) =iGyy +mN+mA

oMvq, . (10)

The vertex form factors are chosen in the monopole form:

Az—mz.
Fit)=—L—, j=K,K*«. 11

Similar to Refs. [8-10] we included in Egs. (5)-(7) the attenua-
tion factor v/ to describe the modification of the elementary
pp — AA amplitude due to ISI in the pp channel and FSI in
the AA channel. This effectively takes into account the absorptive
pp and AA potentials. For simplicity, we assume the attenua-
tion factor @ to be energy independent. With Q =1, Eqgs. (5)-(7)
correspond to the Born approximation. The Dirac spinors of the an-
tiproton and antilambda plane waves are normalized according to
Ref. [7]1 ﬁ,p’,)\l,l,p,,)L = —ZmN(A).

The differential cross section in the rest frame of the target nu-
cleus is written as

> — 2718 (p1 + pa — p3 — pp)
2piab

> Mk + M+ M|

A1,M2,A3,my

2 d3P3 dBPB

(2m)32E3 (12)

N —

where p4 and pp are the four-momenta of the initial nucleus (A)
and final hypernucleus (B). The § function in Eq. (12) takes into ac-
count the recoil of the hypernucleus. The cross section is summed
over the total angular momentum projections my and my4 of the
bound target proton and of the A hyperon, respectively, and over
the spin projection A3 of the outgoing A. The averaging is taken
over the spin projection A; of the incoming antiproton, as ex-
pressed by the factor 1/2.

The choice of coupling constants is based on SU(3) rela-
tions [11]:

3 -2«
gKNA = _gnNNTPS , (13)
3—20gMm
Gyt = _Ge'tT , (14)
3-2«a
8kNA = —&oNN > (15)

3—4(15 ’

where «’s are the D-type coupling ratios. The 7 NN coupling con-
stant is very well known, g7y = 13.4 [12]. The vector pNN cou-
pling constant is also fixed, G/ = 2.66, however, the tensor pNN
coupling constant is quite uncertain, G = 10.9 =~ 20.6 [4]. The
o NN coupling constant can be estimated either from the Bonn
model [13] or from the Walecka-type models (cf. [14]). In both
cases one obtains g, Ny =~ 10. The «’s for the octets of light pseu-
doscalar and vector mesons are reasonably well determined [4,6]:
aps >~ 0.6, ap >~ 0, oy =~ 3/4. However, safe phenomenological in-
formation on «s is lacking.
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Table 1

Parameters of the pp — AA amplitude. The value of ggna slightly differs from
—13.3 as given by Eq. (13) and is taken from K*N scattering analysis of Ref. [15].
The cutoff parameters Ak, Ak« and A, are in GeV. The attenuation factors are
shown in the last column.

Set  gkna Gy Gt 8kNA Ak Ak Ag Q
1 —13.981 —4.6 -85 - 2.0 1.6 - 0.0150
2 —13.981 —4.6 —-9.0 -75 1.8 2.0 18 0.0044

Thus, the coupling constants G; and g,na, the cutoff parame-
ters Ag, Agx+ and Ay, and the attenuation factor  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) with-
out ¥ meson and (2) with k meson, are listed in Table 1. In the
calculations we used the mass m, =682 MeV [1].

As we see from Fig. 2, in the calculation with set 1 the peak
of the pp — AA cross section at pjp ~ 2 GeV/c is saturated by
the K exchange. In contrast, in the case of set 2 the peak is sat-
urated mostly by the « exchange. The K*-exchange contribution
grows monotonically with beam momentum and becomes dom-
inant at pj;p > 3 +~ 4 GeV/c. We note that set 2 gives steeper
increasing angular differential cross section towards ®¢m, =0 at
P1ab = 2.060 GeV/c in a better agreement with experimental data
[17] than set 1.

The matrix elements Eqs. (5)—(7) are obtained in the impulse
approximation (IA). More realistic calculation should take into ac-
count the distortion of the incoming p and outgoing A waves,
mostly due to strong absorption of the antibaryons in the nucleus.
In the eikonal approximation the incoming p wave is multiplied
by the factor

0
‘l —
F5(r) = exp —5oﬁN<l—iapN>/d5p<r+%é> . (16)
p

and the outgoing A wave is multiplied by

+00
‘1 -
F;(r)=exp —EOAN(l—ia;\N)/dép(r—i-z—‘_\é) , (17)
A
0

where p(r) is the nucleon density, oy is the total jN cross sec-
tion, ajy = Re fjn(0)/Imfjn(0) is the ratio of the real-to-imaginary
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Fig. 3. Angular differential cross section of the reaction “°Ar(p, A)* Cl at ppap =
2 GeV/c. Lines show the calculations for A in various states, as indicated. Calcula-
tions include x exchange.

part of the forward jN amplitude (j = p, A). Equations (16), (17)
can be obtained by applying the eikonal approximation to solve
the Schrodinger equation for the scattering of a particle in the ex-
ternal potential (cf. Ref. [18]) which is then replaced by the optical
potential in the low-density approximation. The integrands in the
matrix elements Egs. (5)-(7) are then multiplied by Fp(r)F 3 (r) (cf.
Refs. [19,20]). In numerical calculations we applied the momentum
dependent total pN cross section and the ratio apy as described
in Ref. [21]. We assumed that o3y = opn at the same beam mo-
menta which is supported by experimental data on the total Ap
cross section at pjap, =4 + 14 GeV/c [22]. For simplicity we have
set oy =0.

The nucleon and hyperon (B = N, A) single particle bound state
wave functions are determined as solutions of a static Dirac equa-
tion with scalar and vector potentials (cf. Refs. [23-25]):

(—ie -V + pmE(r) + V() + Ve (r) — &) yp(r) =0, (18)

where m}(r) = mp + Sp(r) is the effective (Dirac) mass. Both
the scalar (Sp) and nuclear vector (Vp) potentials are cho-
sen in the form of superpositions of the classical meson fields,

pp > A A, Set2
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Fig. 2. Angle-integrated cross section of the process pp — AA as a function of the beam momentum calculated without (Set 1) and with (Set 2) inclusion of the ¥ meson.
Full calculations are shown by thick solid lines. Other lines, as indicated, show the partial contributions of the K, K* and « exchanges. Experimental data are from Ref. [16].
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Fig. 4. Angular differential cross section of the reaction 4°Ar(p, 1_\)49\ Cl at pjap =2 GeV/c with 1ds;; A state. The IA calculation, the full calculation (with absorption), and
the separate meson contributions to the full calculation are shown by different lines. Results without (Set 1, left panel) and with (Set 2, right panel) x meson are displayed

as indicated.

o(I=0,JP=0"%), w(©0,17), §(1,0%) and p(1,17), weighted by
the strong interaction coupling constants appropriate for the given
baryon. The meson fields are parameterized by Woods-Saxon form
factors. For protons also the static Coulomb potential (V) con-
tributes [25]. We will consider the case of a spherical nucleus.
Hence the eigenfunctions of the Dirac equation are characterized
by radial, orbital and total angular momentum quantum numbers,
n, I, j, respectively, and the magnetic quantum number m = j,.

In the future PANDA experiment at FAIR the noble gases will
be used as targets. Thus as a representative case we consider
the reaction p + “°Ar — 4QCl + A. Using the RMF approach the
parameters of the Woods-Saxon form factors have been chosen
to fit the binding energy, single-particle separation energies, and
the root-mean-square radii of the nucleon density distributions in
the 4%Ar nucleus. Under the assumption that the nuclear poten-
tials do not change after a sudden removal of the valence proton,
the A-hyperon scalar and vector potentials in the 49\C1 hypernu-
cleus were obtained by multiplying the scalar and vector nucleon
potentials in the 4°Ar nucleus by the factors 0.525 and 0.550, re-
spectively. This leads to a good agreement of the A energy levels
with the empirical systematics and with the previous relativistic
mean-field calculations [25]. In order to assure that after the reac-
tion the residual core nucleus carries as little excitation energy as
possible, we consider only strangeness creation processes on pro-
tons of the 1ds/; valence shell in 40Ar.

3. Numerical results

The differential hypernuclear production cross sections with the
A occupying various shells are displayed in Fig. 3. Irrespective of
spin-orbit effects,! the cross sections are larger for larger hyperon
orbital angular momentum, [5. We have checked that within the
IA the cross sections at ®jap = 0 for the 1ds/2, 1p3/2 and 1s1/, hy-
peron states are nearly equal. Thus the rise of the cross sections
at forward laboratory angles with [, is mostly caused by the nu-
clear absorption which is diminished with increasing [, due to the

T There is a strong difference between the cross sections with jy =1, & 1/2,
so that the cross sections for the larger value of j, are much larger at forward
angles. This effect arises from the detailed structure of the Fourier transforms of the
transition form factors in the matrix elements Eqs. (5)-(7) and its study is beyond
the scope of this work.

shift of the hyperon density distribution to larger radii. The largest
cross section is obtained for the 4ﬁ)\Cl hypernucleus with A in the
1ds/, state. The differential angular distribution for this case is an-
alyzed 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 smears out the diffractive structures. Similar effects of the ab-
sorption are present also for the other A states.

A deeper insight into the production mechanism is obtained
by decomposing the total reaction amplitude into different meson
exchange parts. From the partial meson exchange contributions,
shown in Fig. 4, it is remarkable that for Set 1 the kaon contri-
bution is small and the spectrum is dominated by K*, however,
from Fig. 2 one would expect the opposite. 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 produced A is
almost at rest. The exchange by pseudoscalar meson is suppressed
in this case since it proceeds through the lower components of the
proton and hyperon Dirac spinors? which are suppressed by fac-
tors ~ 1/mgR, where R is the nuclear radius. In contrast, in the
case of the free space pp — AA process the A is produced with
finite momentum. Therefore the upper and lower components of
its Dirac spinor are of comparable magnitude which favours the
pseudoscalar meson exchange.

The situation is very different in the case of Set 2. Here, x plays
the dominant role both for the free scattering pp — AA and for
the hypernucleus production since the scalar exchange is not sup-
pressed in the recoilless kinematics.

As we see from Fig. 5, the cross section of coherent hypernu-
cleus production in different states is much larger when the «
exchange is included. This is pure quantum coherence effect since
the angle-integrated pp — A A cross sections differ by ~ 15% only
at pjap = 2 GeV/c (Fig. 2) while the hypernuclear production cross
sections differ by almost one order of magnitude for Set 1 and
Set 2.

The robust signal of the « exchange is visible in the beam
momentum dependence of the hypernucleus production cross sec-
tion shown in Fig. 6. In calculations without x the K* exchange

2 Formally this is due to the > matrix in the integrand of Eq. (5).
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Fig. 5. Spectral distribution of A bound states in a 4RCI hypernucleus produced in
coherent p4%Ar collisions at pj, = 2 GeV/c. The angle-integrated cross sections
for the hypernucleus production in 1s1,2, 1p3/> and 1ds), states have been folded
by Gaussians of width I'rwyy = 1.5 MeV which is a typical experimental energy
resolution. Thick and thin solid lines correspond to the results obtained with (Set 2)
and without (Set 1) ¥ exchange, respectively.

dominates and produces a smoothly growing cross section with
increasing beam momentum. The ¥ meson dominates at moder-
ate beam momenta ~ 1.5 =3 GeV/c (Fig. 2). This leads to the
characteristic shoulder in pj;p-dependence of the cross section of
the hypernucleus production and even to the appearance of the
maximum for the 1ds, A state. We have checked that within the
IA the maximum in the beam momentum dependence in the cal-
culation including « becomes even more pronounced. Hence this
maximum is a clean manifestation of the x exchange and not an
artifact of particular approximation for the ISI/FSI effects.

4. Summary and outlook

In the present work, the calculations of the coherent hypernu-
cleus production in pA collisions have been performed. We have
demonstrated that the pseudoscalar K exchange is strongly sup-
pressed for the bound A states. Thus the hypernucleus production

50

RN R R RN R
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1ds/p
40

30

6 (nb)
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10

T[T T T[T T T T [T irT

0 5 10 15 20
Piap (GeV/c)

is governed by the natural parity strange meson exchanges. Keep-
ing only vector K* exchange produces the smooth and structure-
less increase of the cross sections of the hypernucleus production
with beam momentum. However, including the scalar k exchange
leads to the sharp change of the slope of the beam momentum
dependence of the hypernucleus production cross sections from
increase to saturation between 4 and 6 GeV/c and even to the
appearance of the pronounced maximum in the case of 1ds;; A
state. Hence we suggest that the measurement of the coherent
A-hypernucleus production cross section in pA collisions can be
used as a test of possible exchange by the scalar w K correlation.
These studies can be done at the planned PANDA experiment at
FAIR and at J-PARC. Note that the antiproton beam gives the unique
opportunity to study t-channel meson exchanges, as, e.g. in the
case of hypernuclear production in (;z+, K™) reactions the process
is governed by s-channel baryon resonance excitations [23].

With appropriate extensions the methods used here can be ap-
plied to the production of hyperons in low-energy unbound states,
thus allowing in principle to explore elastic scattering of A and =
hyperons on nuclei. Experimentally, such reactions could be iden-
tified e.g. by observation of the recoiling target fragment of mass
number A — 1. This may also help to clarify further the still unde-
cided question whether there are bound X hypernuclei.

Of large interest is to establish the existence of the A-hypernu-
clei which can be produced in the process (p, A) with the capture
of A in the residual nucleus. However, that production process re-
quires a large momentum transfer to the struck proton (backward
scattering). In this case, the description based on the reggeized
t-channel meson exchange model should be more appropriate for
the elementary pp — AA amplitude.

Charmed hadrons embedded in- or interacting with nuclei rep-
resent another related field of studies. The coherent A7 -hypernu-
clei production in (p, A7) processes has been explored theoreti-
cally recently in Ref. [26]. The underlying pp — [\; A7 reaction on
the bound proton has been described with a t-channel exchange
by pseudoscalar D and vector D*O [9]. Overall, the uncertainties
in the charm sector are quite large due the lack of experimental
data on the cross sections of the elementary production processes
and on nuclear FSI of the emitted charmed hadrons. In particular,
also the exchange by the scalar D{j(2400) meson is possible in this
case and can be distilled by using the AF-hypernuclei production
in a similar mechanism.

50 P
Set 2
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1840
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Fig. 6. Beam momentum dependence of the 4?\Cl hypernucleus production cross section in p“°Ar collisions for A in 1s1/2, 1p3/2 and 1ds); states. The total cross sections
without (Set 1) and with (Set 2) x exchange are shown in the left and the right panel, respectively.
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