arXiv:nucl-th/0608072v2 18 Jan 2007

K~3He and KT K~ interactions in the pd — 3He K+ K ~reaction

V.Yu. Grishina
Institute for Nuclear Research, 60" October Anniversary Prospect 7A, 117312 Moscow, Russia

M. BﬁscherB
Institut fiir Kernphysik, Forschungszentrum Jilich, D-52425 Jilich, Germany

L.A. Kondratyuk
Institute of Theoretical and Ezxperimental Physics,
B. Cheremushkinskaya 25, 117218 Moscow, Russia
(Dated: July 24, 2013)

We investigate the K~ ®*He and K+ K~ interactions in the reaction pd — *HeK K~ near thresh-
old and compare our model calculations with data from the MOMO experiment at COSY-Jiilich. A
large attractive effective K~ p amplitude would give a significant K~ *He final-state interaction ef-
fect which is not supported by the experimental data. We also estimate upper limits for the ao(980)
and fo(980) contributions to the produced K K~ pairs.
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I. INTRODUCTION

Low energy KN and KA interactions have been sub-
ject of extensive studies during the last two decades. The
well known phenomenological analysis of KN scattering
lengths by Martin [1] demonstrated that the s-wave K~ p
scattering length is large and repulsive, Rea(K p) =
—0.67 fm, while for the K ~n case it is moderately at-
tractive, Rea(K " n) = 0.37 fm. Recently, new data on
the strong-interaction 1s level shift of kaonic hydrogen
atoms were obtained at KEK (KpX experiment) [2, [3]
and Frascati (DEAR) [4]. They correspond to the fol-
lowing repulsive values of the K ~p scattering length

a(K~"p)=—(0.78+0.18) +9(0.49 £ 0.37) fm (1)
for KpX, and

a(K™p) = (—0.468 % 0.090g¢n¢ + 0.0154y¢)
+ #(0.302 % 0.135g¢5¢ + 0.0365ygt) fm (2)

for DEAR.

Nevertheless, as it was argued in Refs. |5, 6], the actual
K~ pinteraction can be attractive if the isoscalar A(1405)
resonance is a bound state of the KN system. Such a sce-
nario can be explained within Chiral Perturbation The-
ory where the leading order term in the chiral expansion
for the K~ N amplitude is attractive. Further develop-
ments in the analysis of the KN interaction based on
chiral Lagrangians can be found in Refs. [7, 18,19, [10, [11].
Such a peculiar behavior of the KN dynamics leads to
very interesting in-medium effects for anti-kaons in finite
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nuclei as well as in dense nuclear matter, including neu-
tron stars, see e.g. papers [12, 13, [14, [15, 16, [17] and
references therein.

Exotic few-body nuclear systems involving the K-
meson as a constituent were predicted by Akaishi and
Yamazaki [18]. They argued that the KN interaction is
characterized by a strong =0 attraction, which allows
the few-body systems to form dense and deeply bound
K-nuclear states.

Evidence for a strange tribaryon S°(3115) with a width
below 21 MeV was observed in the interaction of stopped
K~ -mesons with “He [19]. This state was interpreted as
a candidate for a deeply bound state (K NNN)?=0 with
I=1,I3=—1 [19,20]. However, the S°(3115) is about 100
MeV below the predicted mass, and in the experiment an
isospin-1 state was detected at a position where no such
peak was predicted. It was discussed in Ref. [20] that
this discrepancy can be resolved by tuning parameters of
the model [18]. The results of Akaishi and Yamazaki [18]
were criticized by Oset and Toki [21] who argued that
the model of Ref. [18] is unrealistic. Oset and Toki also
suggested that the peaks in the reaction with *He can be
due to K~ absorption on a pair of nucleons. This sug-
gestion puts doubt whether a narrow tribaryon SY(3115)
really exists.

Another tentative evidence for a K ~pp bound state
produced in K~ absorption at rest on different nuclear
targets was found by the FINUDA collaboration [22]. It
was detected through its two-body decay into a A and a
proton. The signal in the Ap invariant-mass distribution
is about 115 MeV below the expected mass of the Ap
system in case of non-bound K~ NN absorption. Magas
et al. [23] showed that the FINUDA signal can also be
explained by a K~ pp — Ap reaction followed by final-
state interactions (FSI) of the produced particles with
the remnant nucleus.
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Thus, it is obvious that further searches for bound
kaonic nuclear states as well as new data on the interac-
tions of K-mesons with light nuclei are of great interest.

In a recent paper [24] we presented a first calculation
of the s-wave K« scattering length A(K~«) and dis-
cussed how to determine it from the K~ « invariant-mass
distribution in the reaction dd—a K+ K~ near thresh-
old. In the present paper we consider the K~ 3He FSI in
the reaction pd — 3He KT K~ and compare our calcula-
tions with the existing data on this reaction near thresh-
old [27, [26]. We also analyze the KK~ relative-energy
distribution for this reaction and estimate possible con-
tributions from the a((980) and f,(980) resonances.

Our paper is organized as follows: In Sect. [l we
calculate the K~ 3He and K« scattering lengths. In
Sect. [Tl an analysis of the K~ 3He FSI in the reaction
pd — 3He K+ K~ is presented. In Sect.[V]we analyze the
differential KT K~ distributions and discuss the possible
contributions from the ag/fo(980) — K™K~ channels.
Our conclusions are given in Sect. [V

II. K~ ®He AND K~ a SCATTERING LENGTHS

In order to calculate the s-wave K~ 3He and K ~« scat-
tering lengths and corresponding enhancement factors we
use the multiple-scattering approach (MSA) in the fixed
center approximation described in detail in our previous
paper [24]. For the nuclear density we use a factorized
model with the single-nucleon density in Gaussian form

p(r) = W eI 3)

where R?/4 = 0.62 and 0.7 fm? for “He and ®He, re-
spectively. Note, that the independent particle model
gives a rather good description of the *He and 3He elec-
tromagnetic form factors up to a momentum transfer
q? =8 fm ™2 (see e.g. Ref. [27]).

Some theoretical predictions for the K ~«a and K~ 3He
scattering lengths, A(K ~a) and A(K ~ 3He), have been
published in Refs. [24, [28]. In Table [l we present new
results calculated for different KN inputs as compared
to Refs. |24, 28]. We consider the K N scattering lengths
from a K-matrix fit (Set 1) [29] as well as the predic-
tions for the KN scattering amplitudes based on the
chiral unitary approach of Ref. [9] (Set 2). The con-
stant scattering-length fit from Conboy [30] is denoted as
Set 3. We note that the KN scattering lengths described
by Sets 1-3 correspond to their vacuum values. At the
same time Sets 4-5 describe the effective KN scattering
lengths that contain in-medium effects.

One of the most extensive analyses of the effective K N
interactions in nuclear medium has been presented by
Ramos and Oset [31] within a self-consistent microscopic
theory. The resulting K~ attraction in medium has been
found to be smaller than predicted by other theories and
approximation schemes. The isospin-averaged effective

KN scattering length is moderately attractive and its
real part does not exceed the value of

Re a*f ~ 0.3 fm | (4)

at nuclear density p > 0.3pg. The obtained shallow K-
nucleus optical potential with a depth of —50 MeV (for
the real part of the potential at p = py) was successfully
used to reproduce the experimental shifts and widths of
kaonic atoms over the periodic table [32].

In contrast to the results of Ref. |[31], Akaishi and Ya-
mazaki [18] proposed much more attractive optical po-
tential which corresponds to the following effective KN
scattering lengths for the I = 0,1 channels in the nuclear
medium

af = 2.9+il.1fm,
aSt = 0.43 +i0.30 fm . (5)

According to the Akaishi and Yamazaki approach, such
a strong attraction appears already in the case of few-
nucleon systems generating deeply bound K-nuclear
states |18§].

In order to demonstrate the sensitivity of our results to
possible modifications of the KN scattering amplitudes
in the presence of nuclei we consider as Set 4 the moder-
ately attractive effective scattering length from Ref. |31].
As Set 5 we choose the strongly attractive in-medium
solution found in Refs. [1&,20] and given by Eq. ().

The calculated values of the A(K ~a) and A(K ~ 3He)
within the multiple-scattering theory are listed in the
5% and 6" columns of Table [l They are very similar
for Sets 1 and 2, AMS(K~a) ~ (—=1.9 4 41.0) fm and
AMS(K~3He) ~ (—1.6 +41.0) fm. The results for Set 3
are quite different especially for the imaginary part of
AMS(K~3He) and the real part of AMS(K~a). The cal-
culations with the effective K N amplitude from Ref. [31]
give the K~ a scattering length with an imaginary part
roughly two times larger than the result obtained with
the vacuum K N scattering lengths. Not surprisingly, the
exotic Set 5 for the elementary amplitudes extracted from
Refs. [18,[20] leads to enormously large scattering lengths
for K~ o and K~ 3He systems with real parts of —3.5 fm
and —4 fm, respectively. In the case of the Set 5 we also
performed calculations using the single-nucleon density
parameters in Eq. @) from Ref. [18] R?/4 = 0.48 fm?
and 0.64 fm? for *He and 3He, respectively. The corre-
sponding results, presented in square brackets in Table[T]
show a not very high sensitivity to the parameter R.

Alternatively we considered the optical potential

VERA8) =~ oy 240+ a0
HEN (6)

where pzy is the reduced mass of the KN system and
pp(r) = pn(r) = p(r) is defined by Eq. @) with elimi-
nated c.m. motion, i.e. R? — R? (A —1)/A. The results
for A(K~«) are presented in the last column of the Ta-
ble[l A°PY'(K~«) was found to be about 30-40% smaller



TABLE I: K~ a and K~ 3He scattering lengths obtained within the multiple-scattering approach and K~ a scattering length
calculated using the optical-potential model for various choices of the elementary KN scattering lengths ar(KN) (I = 0,1).
The effective KN scattering length of Set 4 is extracted from the isospin averaged optical potential. Therefore it can only be

applied for the calculation of A(K~«).

Set Ref. ao(K'N) [fm] ai(KN) [fm] AMS(K~a) [fm] AMS(K~3He) [fm] A°PY (K~ @) [fm]

1 29] —1.59 4 40.76 0.26 +i0.57 —1.80 + i0.90 —1.50 + i0.83 —1.26 + i0.60

2 9] —1.31 +1i1.24 0.26 + 10.66 —1.98 4 i1.08 —1.66 + i1.10 —1.39 +40.65

3 [30] —1.03 +i0.95 0.94 +i0.72 —2.24 +1.58 —1.52 +i1.80 —1.59 + 70.88

4 [31] 0.33 + ¢0.45 isospin average —1.47 +i2.22 —1.514141.20

5 [18] 2.9 +il.1 0.43 +10.30 —3.49 + i1.80 —3.93 4 i4.03 —1.57 4 i0.74
[—2.99 +i1.27] [—3.91 + i3.62] [-1.31 +40.73]

than AMS(K ~a) for the vacuum parameters of the K N
interactions. In the case of Set 5 the K~ « scattering
length was calculated using the optical-potential model
with R%?/4 = 0.62 fm? or R%?/4 = 0.48 fm? (the latter
solution is presented in square brackets). This result is
more than a factor of two smaller as compared to the
solution for Set 5 obtained in the framework of the MSA.
The single-scattering term of the total K~ A scattering
length is the same in both the muliple-scattering and
optical-potential schemes. It is equal to

A (K~ A) = BEA (Nag, + Zag,) |
HEN
where p1z 4 is the K~ A reduced mass. Note that in the
case of the K ~d system the higher order rescattering cor-
rections were analyzed within the fixed center approx-
imation to the Faddeev equations with the input pa-
rameters from the chiral unitary approach [33]. Their
contributions were evaluated and found to be very no-
ticeable. Within the optical-potential model the next-
to-leading order scattering terms A (K~ A) are defined
using different averaging procedures over the coordinates
of the nucleons than in the case of the MSA in the fixed
center approximation. However the total meson-nucleus
scattering length obtained within the simplest optical-
potential model needs some corrections especially impor-
tant for the few-body systems. Particularly, in Ref. |34]
the isospin-symmetric case of the n-nucleus system was
considered with equal elementary scattering amplitudes
of the n meson on the proton and neutron. For the 7-
nucleus scattering length calculated using the optical-
potential model it was suggested that each multiple-
scattering term of m-th order should be corrected with
q factor ((A — 1)/A)™ to remove multiple collisions on
the same nucleon. Such a correction cannot be used for
the K~ A optical-potential calculations due to the signif-
icantly different K ~n and K ~p scattering lengths. The
advantage of the MSA applied to the K~ A system is that
it explicitly takes into account the difference between
the elementary K ~p and K ~n scattering amplitudes (see
Ref. [24]). Furthermore, if the KN interaction radius is
small as compared to the size of the nucleus, the MSA
is valid and the overall scattering amplitude can be ex-
pressed in terms of the individual on-shell meson-nucleon

amplitudes without extra free parameters. The KN po-
tential constructed by Akaishi and Yamagzaki is of short
range type with R = 0.66 fm (see Ref. [18]). Using this
assumption we can reliably apply the MSA for the de-
scription of the K ~-light nucleus system.

III. K~ 3%He FSI IN pd—3He KTK~

We now discuss the K~ 3He FSI effect in the reac-
tion pd — 3He KT K~ near threshold and compare our
calculations performed in the MSA with the data from
the MOMO experiment |25, 26] at COSY-Jilich. The
MOMO collaboration measured at three different beam
energies, corresponding to excess energies of Q = 35, 41
and 55 MeV with respect to the K™K~ threshold. We
only consider the data at the central energy since these
constitute the best compromise between available phase
space and resolution for our analyses. The MOMO data
are presented in terms of relative energies T - sy, and
Tx+r-; in the non-relativistic approximation they can
be expressed through the corresponding invariant masses
Mij by T%j = Mij — m; — Mmy. Since the MOMO exper-
iment was not sensitive to the charge of the detected
kaons, the measured T'(K, ®He) distributions (see Fig. )
are symmetric with respect to /2. This is taken into
account in our calculations by constructing the half-sum
of the KT and K~ contributions.

As the first step of our analysis we neglect all FSI
effects and investigate the contribution of the ¢(1020)
meson by fitting the KK~ relative-energy distribution
(taking into account the experimental mass resolution
quoted in Ref. [26]). The ¢-meson contribution is found
to be about 16% of the total cross section (9.6 +1.0) nb,
which is in agreement with the result from Ref. [26].
In Fig. @ we show the K™K~ relative-energy distribu-
tion; the solid line describes the incoherent sum of a pure
phase-space distribution and the ¢(1020) contribution.

The short-dashed and dashed lines in Fig. [l show the
influence of the K~ 3He FSI on the KtK~ relative-
energy distribution. The dash-dotted line shows the
effect for the strongly modified KN scattering lengths
in nuclear medium (Set 5) leading to the deeply bound
states.
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FIG. 1: Distribution of the K K~ (upper) and K *He (lower)
relative energies for the pd — He KT K~ reaction at an ex-
cess energy of 41 MeV. The MOMO data are taken from
Refs. [25, 26]. The solid line describes the incoherent sum
of a pure phase-space distribution and the ¢(1020) contribu-
tion (long-dashed line). The short-dashed and dashed lines
show the effect of the K~ 3He FSI for parameters of Set 1
and 3, respectively. The dash-dotted line shows the effect
for the strongly modified KN scattering lengths in nuclear
medium [18] leading to the deeply bound states.

In Fig. [l we also present calculations of the K 3He
relative-energy spectrum. The predictions are normal-
ized to the total pd — 3He K+ K~ cross section of 9.6 nb.
The dash-dotted line, corresponding to Set 5, demon-
strates a pronounced deformation of the K 3He relative-
energy spectrum in the region of small energies. It is in
clear contradiction to the data.

While the solution without FSI is in best agreement
with the data, the results with K~ 3He FSI calculated

4

using elementary KN amplitudes from Sets 1-3 cannot
be ruled out due to the uncertainties of the MSA (see
e.g. Ref. [24]) and the experimental errors.

IV. KtK~ ENERGY SPECTRUM AND
a0(980)/f0(980) PRODUCTION

The ag and f resonances may give some contributions
to the pd — 3He KT K~ cross section. In this case one
can write the invariant KK~ mass distribution as

do,q_, - do do do do

pd—3He K+ K _ BG + 3 + ao + fo ) (7)
dM dM dM  dM dMm

The first term describes the non-resonant K+TK~
production with a constant interaction amplitude near
threshold. The K~ 3He FSI effects can be neglected since
their influence on the K™K~ distribution is very small,
see Fig.[ll The ¢(1020)-meson contribution dog/dM has
already been considered in the previous section. The last
two terms reflect the contributions from the a((980) and
f0(980) resonances. Each of them can be written as a
product of the total ag- or fy-production cross section
04y (0f,) as a function of the “running” mass M and
the Flatté mass distribution. For example, in case of ag
production we have

d _
KK (5 M) = 04y (5, M) X

Mz
o MLy s (M)
(M? — MZ)? + MET?, (M)

(8)

with the total width T'yot(M) = Ty gz (M) 4 Lagrn(M)
and T'y g+ - (M) = 0.5T, - The constant Cp is in-
troduced to normalize the total decay probability of the
ap to unity. The partial widths

UK R
FaoKf{(M) = 920;{;2—875\2(27

4r
Faoﬂn(M) = ggownSTd\Zg (9)

are proportional to the decay momenta in the c.m. sys-
tem

O = (g +mg)?) (M — (g —mg)*)]
B [(M2 _ (m,r + mn)2)(M2 _ (m,r N mn)g)]lm
nn = oM )

for a particle of mass M decaying to K K and 1), respec-
tively. The contribution of the fp-meson can be written
in a similar manner taking into account its decays into
7 and K K. The parameters goory, Rao = 92 i/ 9aomn>
Mg and gfynr, Ry, = g?OKK/gfcom, M, of the Flatté am-
plitudes for the ag and fy resonances can be taken from
literature (see e.g. most recent papers [35, 136, 37] and
references therein).



TABLE II: Flatté parameters for the ao(980) and fo(980)

resonances.

Set Ref. Gagmn O Jfomm Ry, or Ry, Mg
[GeV] [GeV]

ao[CB]| (38] 2.3 1.03 0.999

ao[E852] [39] 2.47 0.91 1.001

fo[BES] [40] 1.17 17.72 0.965

fo[E791] [41] 1.04 0.22 0.977

Using Eq. (@) we calculate the K™K~ mass distribu-
tions with parameters of Set ag[Crystal Barrel] [38] and
Set ao[E852] [39] for the ap(980) resonance contribution
as well as Set fo[BES|[40] and Set fo[E791][41] for the
f0(980). These parameters are presented in Table [l

We then compare the shape of the calculated spectra
with that of the measured T'(K K ™) distribution. The
solution without ag and fy resonances is in best agree-
ment with the data with x2. = 11.5. The different
curves in Fig. @] represent the relative contributions of
the ao(980) or fp(980) meson versus the fraction of the
$(1020) meson obtained at x* = x2,, + 1,x%,;, + 2 and
X2 + 3. Tt is seen that the ag(980) contribution might
reach 20-25% within a x2;, + 3 limit while that from the
fo does not exceed ~ 10% of the total pd — 3He KT K~
cross section at @@ = 41 MeV.

To describe the MOMO data we just added the dif-
ferential cross sections for the various channels, neglect-
ing possible interference between the ag-, fo- and non-
resonant contributions to the full pd — 3He Kt K~ am-
plitude. There is no simple way to calculate interfer-
ence terms that depend on the spin structure and rel-
ative phases of different amplitudes. Therefore, using
the KTK~ relative-energy spectrum one can only ob-
tain qualitative estimates of the agp and fy resonance
contributions. Nevertheless we conclude that in the
pd — 3He K+ K~ reaction near the threshold the KK~
pairs are mainly produced non-resonantly.

V. CONCLUSIONS

We present predictions for the K~ 3He and K ~« scat-
tering lengths obtained within the framework of the
multiple-scattering approach. We have studied uncer-
tainties of the calculations due to the presently avail-
able elementary KN scattering lengths. We have com-
pared the results for A(K~«) with values obtained us-
ing the optical-potential model. We have also considered
the K~ 3He and KTK~ final-state interactions in the
reaction pd — 3He KT K~ near threshold and compare
our model calculations with the existing data from the
MOMO collaboration |25, 26]. We find that a strongly
modified K N-effective scattering length extracted from
the very attractive K~ A potential proposed by Akaishi
and Yamazaki [18] might lead to a pronounced deforma-
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FIG. 2: Result of our fit to the experimental KT K~ mass
distribution for the pd — *He KT K~ reaction at an excess
energy of 41 MeV. The X2 = X12nin + 17X12nin + 27X12nin +3
contour lines are obtained for relative contributions of ao(980)
or fo(980) as a function of the ¢(1020)-meson fraction. In the
upper figure the solid and dashed lines were calculated using
the Flatté distributions for the ap meson with the parameters
of Set ao[Crystal Barrel] and Set ao[E852], respectively. In the
lower figure the solid and dashed contour lines correspond to
the contribution of the fo meson with the Flatté parameters
of Set fo[BES] and Set fo[ET791].

tions of the K~ 3He and KT K~ relative-energy spectra
which are in contradiction to the data. We also derive up-
per limits on the a¢(980)- and fy(980)-production rates
and find them to be on a level of about 25% for the ag
and 10% for the fy at an excess energy of 41 MeV.
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