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Abstract. Using an effective Lagrangian approach as well as the Quark-Gluon Strings Model, we analyze
near-threshold production of a0(980)-mesons in the reaction NN → dKK̄ as well as the background
of non-resonant KK̄-pair production. We argue that the reaction pp → dK+K̄0 at an energy release
Q ≤ 100MeV is dominated by the intermediate production of the a0(980)-resonance. At larger energies
the non-resonant K+K̄0-pair production —where the kaons are produced in a relative P -wave— becomes
important. The effects of final-state interactions are evaluated in a unitarized scattering length approach
and found to be in the order of a 20% suppression close to threshold. Thus, in present experiments at
the Cooler Synchrotron COSY-Jülich for Q ≤ 107MeV the a+

0 signal can reliably be separated from the
non-resonant K+K̄0 background.

PACS. 25.10.+s Nuclear reactions involving few-nucleon systems – 13.75.-n Hadron-induced low- and
intermediate-energy reactions and scattering (energy ≤ 10GeV)

1 Introduction

During the last two decades, the physics of the lightest
scalar mesons a0(980) and f0(980) has gained vivid atten-
tion. The constituent quark model considers these scalar
mesons as conventional qq̄ states (see, e.g., refs. [1–5] and
references therein); however, the structure of these states
seems to be more subtle. Alternative descriptions are KK̄
molecules [6–8], unitarized qq̄ states [9,10] or four-quark
cryptoexotic states [11–13]. A further problem with these
light scalar mesons is a possibly strong mixing between
the uncharged a0(980) and the f0(980) due to a common
coupling toKK̄ intermediate states [12,14–16]. This effect
will influence the structure of the uncharged component
of the a0(980) and implies that a comparative study of
the a00 and a+0 (or a−0 ) has to be performed. Moreover, the
a0(980)-f0(980) mixing can generate isospin violation in
different reactions with a0/f0 production [17–20].

At COSY-Jülich an experimental program on the
study of near-threshold a0/f0 production in pp, pn, pd
and dd interactions has been started with the ANKE spec-
trometer [21–25]. Recently, first results on the reaction
pp → dK+K̄0 near threshold have become available at

a e-mail: m.buescher@fz-juelich.de

an excess energy of Q = 46MeV [26]. The present study
is devoted to the theoretical analysis of these data. Fur-
thermore, we provide predictions for different observables
at larger excess energy Q and investigate the influence of
final-state interactions (FSI), the importance of which has
been pointed out in ref. [27].

In a recent work [28], we have considered a0 produc-
tion in the reactions πN → a0N and NN → da0 near
threshold and at beam energies up to a few GeV. An
effective Lagrangian approach as well as the Regge-pole
model were applied to investigate different contributions
to the cross-section of the reaction πN → a0N . These re-
sults were also used for an analysis of a0 production in
NN collisions [29,30]. In this paper we present a more
detailed study of the reaction NN → dKK̄, taking into
account both the a0 contribution to this reaction and the
non-resonant KK̄ background. We demonstrate that the
u-channel mechanism —normalised to the data from LBL
(Berkeley) for the reaction pp → dX at 3.8GeV/c [31]—
can reproduce the total cross-section of the reaction pp→
da+0 → dK+K̄0 at 3.46GeV/c (Q = 46MeV) as measured
at ANKE. However, it fails to reproduce the distribution
in the deuteron scattering angle. We show that quantita-
tively better results can be achieved within the framework
of the Quark-Gluon Strings Model (QGSM).
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Fig. 1. Diagrams describing resonant contributions to the re-
action pp → dK+K̄0 within the framework of the two-step
model.

Our paper is organized as follows: In sects. 2 and 3 the
two-step model within the framework of an effective La-
grangian approach is used for the analysis of different con-
tributions for resonant (through the a0) and non-resonant
production of KK̄ pairs in the reaction NN → dKK̄. In
sect. 4 the reaction NN → da0 → dKK̄ is considered ad-
ditionally within the Quark-Gluon Strings Model, while in
sect. 5 a detailed analysis of final-state interactions (FSI)
is given. Our conclusions are presented in sect. 6. The
amplitudes for the different contributions to the reactions
πN → a0N are given in the appendix.

2 Effective Lagrangian approach to the

reaction NN → dKK̄

Within the framework of the two-step model (TSM) with
one-pion exchange in the intermediate state (cf. refs. [32,
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Fig. 2. Diagrams describing non-resonant mechanisms in the
reaction pp → dK+K̄0 within the framework of the two-step
model.

33]) the contributions of hadronic intermediate states to
the amplitude of the reaction pp → da+0 → dK+K̄0 are
described by diagrams a)-c) in fig. 1. Accordingly, we con-
sider different contributions to the resonant amplitude
πN → a0N → KK̄N :
i) the u- and s-channel nucleon exchanges (fig. 1a) and b),
respectively);
ii) the η- and f1(1285)-meson exchanges (fig. 1c);
iii) the b1- and ρ2-Reggeon exchanges (fig. 1c).
The non-resonant background contribution to the reaction
NN → dKK̄ is described by the diagrams in fig. 2a) and
b) for π −K? − π(η)- and K-exchange, respectively (see
also ref. [30]).

Since we are interested in the pp → da+0 and pp →
dK+K̄0 cross-sections near threshold, where the momen-
tum of the final deuteron is comparatively small, we use
a non-relativistic description of this particle by neglecting
the 4th component of its polarization vector. Correspond-
ingly, the relative motion of the nucleons in the deuteron
is also treated non-relativistically. The pp → da+0 and
pp → dK+K̄0 amplitudes have to be antisymmetrized
with respect to permutation of the initial protons a and b
and therefore can be written as

Tpp→da+
0

(pa,qd) = T ab
pp→da+

0

(pa,qd)

−T ba
pp→da+

0

(pb,qd), (1)

Tpp→dK+K̄0(pa,qd,q12) = T ab
pp→dK+K̄0(pa,qd,q12)

−T ba
pp→dK+K̄0(pb,qd,q12). (2)
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Here and below the notations q1, q2, qd, pa and pb are
used for the 4-momenta of the K̄0, K+, deuteron, ini-
tial protons a and b, respectively. We have introduced
the relative 3-momentum q12 = (q1 − q2)/2 for the final
kaons, which are also considered as non-relativistic parti-
cles for excess energies Q ≤ 100–150MeV. The motion of
the nucleons a′ and b′ in the deuteron is described by the
relative momentum pb′a′ ≡ (pb′ − pa′)/2 = pb′ − qd/2.
Then one can write the first terms T ab

pp→da+
0

(pa,qd) and

T ab
pp→dK+K̄0(pa,qd,q12) on the r.h.s. of eqs. (1) and (2)

as [32]

T ab
pp→da+

0

(pa,qd) =
fπNN

mπ

(

p0 +mN

)

(2mN )3/2

×
∑

X(a0)

M
{X(a0)} jl

pp→da+
0

(pa,qd) ϕ
T
λa(pa)

×(−iσ2)σjσ · ε∗(d)σlϕλb(pb), (3)

T ab
pp→dK+K̄0(pa,qd,q12) =

fπNN

mπ

(

p0 +mN

)

(2mN )3/2

×
∑

X

M
{X} jl

pp→dK+K̄0(pa,qd,q12) ϕ
T
λa(pa)

×(−iσ2)σjσ · ε∗(d)σlϕλb(pb), (4)

where pa = −pb = p, p0 = p0a = p0b =
√

p2 +m2
N

in the center-of-mass frame. The tensor functions
M

{X(a0)} jl

pp→da+
0

(pa,qd) and M
{X} jl

pp→dK+K̄0(pa,qd,q12) are de-

fined by the integrals

M
{X(a0)} jl

pp→da+
0

(pa,qd) =

∫

d3pb′a′

(2π) 3/2
Ψd(pb′a′)

×
{

− pja
p0 +mN

+
(−2 pb′a′ + qd)

j

4mN

}

×Φ{X(a0)} l
πN→a0N

(pa,qd,pb′a′)
FπNN (taa′)

taa′ −m2
π

, (5)

M
{X} jl

pp→dK+K̄0(pa,qd,q12) =

∫

d3pb′a′

(2π) 3/2
Ψd(pb′a′)

×
{

− pja
p0 +mN

+
(−2 pb′a′ + qd)

j

4mN

}

×Φ{X} l

πN→KK̄N
(pa,qd,q12,pb′a′)

FπNN (taa′)

taa′ −m2
π

. (6)

Here Ψd(pb′a′) is the deuteron wave function, taa′ =
(pa − pa′)2 is the virtual pion momentum squared. The
vector functions

Φ
{X(a0)} l
πN→a0N

(pa,qd,pb′a′)

and
Φ
{X} l

πN→KK̄N
(pa,qd,q12,pb′a′)

depend on the mechanisms X(a0) (or X) of the a0 (or
KK̄) production. For each vertex with a virtual meson
we use the monopole form factor

Fj(t) =
Λ2
j −m2

j

Λ2
j − t

, (7)

where the Λj denote a cut-off parameter, Λπ = 1.3GeV.
In the case ofKK̄ production via a0-resonance we have

the well-known convolution formula

Φ
{X(a0)} l

πN→KK̄N
(pa,qd,q12,pb′a′) = Φ

{X(a0)} l
πN→a0N

(pa,qd,pb′a′)

×F0(ma0), (8)

where F0(ma0) is the Flatté mass distribution amplitude

(see, e.g., ref. [34]), ma0 =
√

(q1 + q2)2 and

Φ
{X(a0)} l

πN→K+K̄0N
(pa,qd,pb′a′) =

I{X(a0)}

{[

− plb
p0 +mN

+
(2 pb′a′ + qd)

l

4mN

]

×A{X(a0)}
(

s{a0, b′}, tbb′
)

+

[

plb

(

q0a0 +mN + pb′a′ ·qd
2mN

p0 +mN

)

+plb′a′

(

q0a0 −mN + pb·qd
p0+mN

2mN

)

+qld

(

q0a0 + 3mN − pb·pb′a′

p0+mN

4mN

)]

×B{X(a0)}
(

s{a0, b′}, tbb′
)

}

. (9)

Here I{X(a0)} denotes the isospin factor,

s{a0, b′} = (qa0 + pb′)
2, tbb′ = (pb − pb′)

2 (10)

and the 4-momentum of the a0 is defined as qa0 = pa +
pb − qd. Two invariant amplitudes

A{X(a0)}
(

s{a0, b′}, tbb′
)

(11)

and
B{X(a0)}

(

s{a0, b′}, tbb′
)

(12)

define the s-channel helicity amplitudes for the πN →
a0N reaction as follows [14]:

Mλb′λb(π
−p→ a0N) =

ūλb′γ5

{

−A(s, t)− 1

2
γµ (qπ + qa0)µB(s, t)

}

uλb . (13)

The amplitudes for different mechanisms of the π−p →
a0N reactions are given in the appendix for complete-
ness. In the case of the s-, u-channel nucleon exchanges
as well as ρ2-, b1-Reggeon exchanges, we fix the param-
eters of the invariant amplitudes A(s, t) and B(s, t) us-
ing the π−p → a00n channel. Since the isoscalar η and
f1-exchange mechanisms do not contribute to this reac-
tion, we choose the π−p → a−0 p channel to define pa-
rameters of the amplitudes A(s, t) and B(s, t). Then we
can fix the isospin coefficients for different mechanisms in
eq. (9) as follows: I{u} = 3, I{s} = 1, I{ρ2} = I{b1} = 2,

I{η} = I{f1(1285)} =
√
2.
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The non-resonant KK̄ production via K? − P -ex-
change with a pseudoscalar meson P = π0 or η is given by

Φ
{K?−P} l

πN→KK̄N
(pa,qd,q12,pb′a′) =

FPNN (tbb′)

tbb′ −m2
P

√
2 Tπ+P→K+K̄0(pa,qd,q12,pb′a′)

×
{

− plb
p0 +mN

+
(2 pb′a′ + qd)

l

4mN

}

, (14)

where the elementary π+P → K+K̄0 transition amplitude
has the form

Tπ+P→K+K̄0(pa,qd,q12,pb′a′)=gK?πKgK?PK

√
2

×
{

(pa−pa′+q1)µ(pb−pb′+q2)µ
(taa′−m2

K)(tbb′−m2
K)

mK? 2

}

×FπKK?(taa′)FK?πK(tK?)FK?PK(tK?)FPKK?(tbb′)

tK?−mK? 2

. (15)

Here tK? = (pa − pb − pa′ + pb′)
2. The coupling con-

stants gK?πK = −3.02, gK?ηK =
√
3 gK?πK and the cut-

off parameter for the virtual K?-exchange ΛK?(K?ηK) =
3.29GeV are taken from ref. [7]. The remaining cut-off pa-
rameter ΛK?(K?πK) is adjusted to reproduce the experi-
mental data [26] (see sect. 3). We note that amplitude (15)
takes into account only the K?+-exchange. In the case of
the P = π(η) we should subtract (add) the correspond-
ing K̄?0-exchange amplitude (obtained by the substitu-
tion q1 ↔ q2 in eq. (15)). This rule follows from G-parity
conservation. We recall that the G-parity of the KK̄-
system with orbital momentum L and isospin I is given
by (−1)L+I . Therefore, for I = 1 in our case the orbital
momentum of the KK̄-pair should be odd for positive
G-parity and even for negative G-parity. Thus, the non-
resonant S-, D-. . . wave KK̄-pair production in the pp→
dK+K̄0 reaction is contributed by the π−K?−η-exchange
mechanism (see also sect. 3). The non-resonant π−K?−π-
exchange part of the pp→ dK+K̄0 amplitude near thresh-
old leads to P -, F -. . . wave KK̄-pair production.

For the sake of completeness we have calculated also
the K-exchange term defined by the diagram of fig. 1e).
The corresponding amplitude reads

T
{K}ab

pp→dK+K̄0(pa,qd,q12) =
1√
2mN

× (16)

M
{K}

pp→dK+K̄0(pa,qd,q12) ϕ
T
λa(pa) (−iσ2)σ ·ε∗(d)ϕλb(pb)

with the scalar function

M
{K}

pp→dK+K̄0(pa,qd,q12) =

∫

d3pb′a′

(2π) 3/2
Ψd(pb′a′)

×AKN→KN (pa,qd,q12) AK̄N→K̄N (pa,qd,q12)

×F
2
KNN (tK)

tK −m2
K

. (17)

Here tK is the squared 4-momentum of the virtual kaon.
For the KN(K̄N) cross-sections we used the parametriza-
tions from ref. [35]. The cut-off parameter ΛK was taken
to be 1.2GeV (see, e.g., ref. [36]).

Keeping in mind that the nucleons in the deuteron
are considered as non-relativistic particles, the momentum
transfers squared in the denominators of the propagators
in eqs. (5), (9) can be rewritten as follows:

taa′ ' −2
(

p0 −mN

)

mN −
p0

mN

(

−pb′a′ +
qd

2

)2

−2pa · p b′a′ + pa · qd ,

tbb′ ' −2
(

p0 −mN

)

mN −
p0

mN

(

pb′a′ +
qd

2

)2

−2pa · p b′a′ − pa · qd ,
tK? ' tK ' − (pa + p b′a′ − q12)

2
. (18)

The structure of the amplitudes (1) and (2) guarantees
that their S-wave parts (when the initial and final states
have orbital momenta equal to zero) vanish, since they
are forbidden by angular momentum conservation and the
Pauli principle. The second terms T ba

pp→da+
0

(pb,qd) and

T ba
pp→dK+K̄0(pb,qd,q12) on the r.h.s. of eqs. (1) and (2)

can be obtained from the first ones T ab
pp→da+

0

(pa,qd) in

eq. (3) and T ab

pp→dK+K
0(pa,qd,q12) in eq. (4) by exchang-

ing pa ↔ pb.

3 a0 cross-section and non-resonant

background in the reaction pp → dK+K̄0

3.1 a0-resonance contribution

To illustrate the hierarchy of the different mechanisms in
the case of a0 production we present in fig. 3 our results
for the total cross-section of the reaction pp→ da+0 . As in
ref. [28] the a0NN coupling constant was taken from the
Bonn model [37]. For the virtual nucleon we used the stan-
dard form factor given by eq. (41) in the appendix with a
cut-off parameter ΛN = 1.3GeV, which satisfies the con-
straints found in our recent analysis of the πN → NKK̄
and NN → NNKK̄ reactions [30] (see comment after
eq. (41)). Moreover, using this approach we can simulta-
neously describe the LBL data on the forward differential
cross-section of the reaction pp → da+0 at 3.8GeV/c [31].
In practical terms: the cut-off parameter ΛN may also be
defined by normalizing the u-channel contribution to the
LBL data.

The parameters of the Regge model have been fixed
by Achasov and Shestakov [14] in fitting Brookhaven data
on the reaction π−p → a00n at 19GeV/c [38]. All other
parameters were taken the same as in ref. [30] (see also
the appendix). As seen in fig. 3, the dominant contribu-
tion to the cross-section of the reaction pp → da+0 near
threshold comes from the u-channel mechanism (shown
by the bold dashed line) and all other contributions from
f1- and η-meson exchanges, s-channel nucleon exchange
and b1- and ρ2-Reggeons can be neglected (for the forward
differential cross-section this result was obtained earlier in
ref. [28]).

The a0-resonance contribution to the cross-section of
the reaction pp → dK+K̄0 is calculated by convoluting
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Fig. 3. Total cross-section of the pp → da+

0 reaction as a
function of the c.m. excess energy. The contributions of the
u- and s-channel exchanges are shown by the bold dashed
and thin dashed lines, respectively. The lower long-dash-dotted
line and the dotted line describe the f1- and η-exchanges. The
dash-dotted line stands for the combined ρ2- and b1-Reggeon
exchanges, while the model result for the single ρ2-Reggeon
exchange is shown by the short-dash-dotted line. The arrow
indicates the the excess energy Q = 46MeV of the ANKE
experiment.

the cross-section of the a+0 production with the Flatté
mass distribution (see eq. (8) and also ref. [30]). The
result for the dominant a0-resonance part correspond-
ing to the diagram in fig. 1a) is shown by the long-
dashed line in fig. 4. The parameters of the Flatté mass
distribution are taken from ref. [34]: m0 = 999MeV,
gπη = 324MeV and g2

KK̄
/g2πη = 1.03. As follows from

fig. 3, the total cross-section of the reaction pp→ da+0 at
plab = 3.46GeV (Q = 46MeV) in the narrow a0 width
limit is about 1.2µb. After convolution with the Flatté
distribution we find that σ(pp→ da+0 → K+K̄0) is about
28 nb (see fig. 4). The effective branching ratio for the a0
decay to the KK̄ mode is 0.023 at Q = 46MeV. Such
a large suppression as compared with the standard value
ΓKK̄/Γπη = 0.177±0.024 [39] is related to the phase space
limitation and the P -wave character of a0 production in
the reaction pp→ da+0 near threshold.

3.2 Background contributions

An important problem is to understand the role of the
non-resonant contribution to the pp → dK+K̄0 cross-
section. In ref. [30] the π − K? − π(η)-exchange mecha-
nisms for non-resonant KK̄ production in the reactions
πN → NKK̄ and NN → NNKK̄ has been consid-
ered. The results of calculations for the πN → NKK̄
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Fig. 4. Total cross-section of the pp → dK+K̄0 reaction as a
function of the c.m. excess energy. The a0-resonance part of the
cross-section is displayed by the long-dashed line. The dash-
dotted and dotted lines show the background corresponding to
π−K?−π- and π−K?−η-exchange mechanisms, respectively.
The K-exchange contribution is shown by the short-dashed
line. The solid line displays the sum of all contributions. The
bold point shows the experimental cross-section from ref. [26].

cross-sections in different isospin channels showed that the
a0-resonant part is expected to be more pronounced at
Q ≤ 250MeV while the non-resonant background might
become dominant at Q ≥ 250MeV (see fig. 4 in ref. [30]).
The analysis of different isospin channels of the reaction
NN → NNKK̄ demonstrated that the production of
the a0 —as compared to the background— is more pro-
nounced in the reaction pp→ pnK+K̄0 than in the reac-
tion pp→ ppK+K−.

Here we use these previous results to analyze the role
of the non-resonant background in the pp → dK+K̄0 re-
action. The diagrams describing π − K? − π(η)- and K-
exchange mechanisms are shown in fig. 2a) and b), re-
spectively. The results of the calculations are presented in
fig. 4. The dash-dotted and dotted lines in fig. 4 display the
background corresponding to π−K?−π- and π−K?−η-
exchange mechanisms, respectively, while the K-exchange
contribution is shown by the short-dashed line. It can be
seen from fig. 4 that this contribution is much smaller
than the cross-section for the π − K? − π-exchange and
may safely be neglected.

As follows from the G-parity constraints (see comment
after eq. (15)) the π − K? − π-mechanism contributes
mainly to the P -wave in the K+K̄0-system, while the
π − K? − η-mechanism contributes dominantly to the
S-wave. The latter, in principle, via KK̄-FSI can con-
tribute to the resonant a0 channel where the kaons are also
produced in a relative S-wave. However, we neglect this in
the following, since the contribution from this channel is
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very small (see dotted line in fig. 4) and conclude that
KK̄ pairs from background will predominantly be in a
P -wave, while in the case of a0 decay it will be produced
in the S-wave (see also sect. 2 and ref. [30]). According to
the long-dashed line in fig. 4, the resonant part is domi-
nant up to Q ' 100MeV. The background is seen to give
an important contribution only for Q ≥ 100MeV.

As mentioned before, the TSM gives an integrated
cross-section of about 28 nb at Q = 46MeV for the
a0-resonance part. As concerning the contribution of
the P -wave KK̄ pairs, we normalized it here to 6.5 nb
at the same Q. This value was obtained in ref. [26]
from the best fit to the data. To describe it within the
π − K? − π-exchange model we use the cut-off param-
eter ΛK?(K?πK) = 1.25GeV. Using eqs. (2), (4), (6)
and (14)-(15), one can find that the leading term for the
KK̄ P -wave part of the pp→ dK+K̄0 amplitude has the
following spin structure:

Tπ−K?−π
pp→dK+K̄0

∼ ϕTλa(pa) (−iσ2)(σ · pa)(σ · ε∗(d))
×(σ · pa)(pa · q12) ϕλb(pb). (19)

Therefore, within the π−K?−π-exchange model the back-
ground has the following angular distribution:

dσ

dΩ12
' N cos2 θ12 , (20)

where dΩ12 = d cos θ12 dϕ12, with Ω12 being the solid
angle for the KK̄ relative momentum q12. The angular
distribution in θ12 as given by eq. (20) is in good agree-
ment with the experimental data [26]. However, the TSM
does not describe the distribution on the deuteron scat-
tering angle: it predicts a forward peak [28] instead of a
forward dip found in the ANKE experiment (see fig. 4
in ref. [26]). A possible solution of this discrepancy is pre-
sented in the next section within the Quark-Gluon Strings
Model (QGSM).

4 The reaction NN → da0 in the QGSM

As we have argued in the previous section, the model
based on the effective Lagrangian approach can describe
the energy behaviour of the total cross-section of the reac-
tion NN → da0. However, it fails to reproduce the angu-
lar dependence of the differential cross-section. Remark-
ably, even at threshold the typical values of the momen-
tum transfer in the reaction NN → da0 exceed 1GeV2.
Thus, a complete description of this reaction would re-
quire to take into account relativistic effects as well as
quark degrees of freedom. This can be done, for example,
within the framework of the Quark-Gluon Strings Model
(QGSM), which recently has successfully been applied in
refs. [40–42] to the description of deuteron photodisinte-
gration at energies above 1GeV at all angles.

This model —proposed originally by Kaidalov [43,
44]— is based on two ingredients: i) a topological expan-
sion in QCD, and ii) a space-time picture of the interac-
tions between hadrons that takes into account the confine-
ment of quarks. In a more general sense, the QGSM can

a
+
0q

5q dp

p

Fig. 5. Planar quark diagram describing the reaction pp →

a+

0 d in the quark-gluon-strings model (QGSM).

be considered as a microscopic (non-perturbative) model
of Regge phenomenology for the analysis of exclusive and
inclusive hadron-hadron and photon-hadron reactions on
the quark level. The main assumption of the QGSM is
that the amplitudes T (γd → pn) and T (NN → a0d)
can be described by planar graphs with three valence-
quark exchange in t(or u)-channels with any number of
gluon exchanges between them (fig. 5). This corresponds
to the contributions of the t- and u-channel nucleon Regge
trajectories. In the space-time picture, the intermediate
s-channel consists of a string (or color tube) with q and
5q states at the ends.

It is interesting to compare the u-channel mechanism
of the two-step model described by fig. 1a) with the planar
quark diagram of the QGSM shown in fig. 5. If the former
describes only one-nucleon exchange in the u-channel, the
latter is equivalent to an infinite sum of contributions for
all baryon resonances with isospin 1/2 lying on the nucleon
Regge trajectory.

4.1 Spin structure of the NN → da0 amplitude in the
QGSM

The spin dependence of the γd→ pn amplitude has been
evaluated in ref. [40] by assuming that all intermediate
quark clusters have minimal spins and the s-channel he-
licities in the quark-hadron and hadron-quark transition
amplitudes are conserved. In this limit, the spin struc-
ture of the amplitude T (γd→ pn) can be written as (see
ref. [40], comment after eq. (27))

〈p3, λp; p4, λn|T̂ (s, t) |p2, λd; p1, λγ〉 ' ūλp(p3)ε̂λγ
× [Aγd→pn(s, t)(p̂3 − p̂1) +Bγd→pn(s, t)m]

×ε̂λdvλn(p4), (21)

where m is the nucleon mass, p1, p2, p3, and p4 are the
4-momenta of the photon, deuteron, proton and neutron,
respectively, and λi denotes the s channel helicity of the
i-th particle. The invariant amplitudes Aγd→pn(s, t) and
Bγd→pn(s, t) have similar Regge asymptotics (see below).
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It is possible to show (cf. ref. [40]) that at small scatter-
ing angles the ratio Rγd = Aγd→pn(s, t)/Bγd→pn(s, t) is a
smooth function of t and can be considered as an effective
constant that depends on the ratio of the nucleon mass
to the constituent quark mass mq: R ' m/(2mq). Such
a simple interpretation of R in general does not work at
large scattering angles.

It is interesting to note that the spin structure of the
γd→ pn amplitude in eq. (21) is very similar to the ampli-
tude within the Reggeized Nucleon Born Term Approach
(RNBTA), where Rγd = 1 is directly related to the spin
structure of the nucleon propagator (see refs. [45,46]).

In complete analogy with eq. (21) the spin structure
of the amplitude T (pp→ da+0 ) can be written as

〈qd, λd; qa0 |T̂ (s, t) |pa, λa; pb, λb〉 ' v̄λa(pa)ε̂
∗
λd

×
[

App→da+
0

(s, t)(p̂a − q̂a0) +Bpp→da+
0

(s, t)m
]

×ûλb(pb). (22)

In order to achieve consistency of the differential cross-
section dσ/dt with the Regge behaviour, we use the fol-
lowing parametrization of the amplitude Bpp→da+

0

(s, t):

∣

∣

∣
Bpp→da+

0

(s, t)
∣

∣

∣

2

=
1

s
|MRegge(s, t)|2 , (23)

where

MRegge(s, t) = F (t)

(

s

s0

)αN (t)

× exp

[

−i π
2

(

αN (t)− 1

2

)]

. (24)

Here αN (t) is the trajectory of the nucleon Regge pole
and s0 = 4GeV2 ' m2

d. We take the dependence of the
residue F (t) on t in the form

F (t) = Bres

[

1

m2 − t
exp

(

R2
1t
)

+ C exp
(

R2
2t
)

]

, (25)

as used previously in refs. [47,48] for the description of
the reactions pp→ dπ+ and p̄d→ pπ− at −t ≤ 1.6GeV2

as well as for the analysis of deuteron photodisintegration
at Eγ ≥ 1GeV (see ref. [40]). In eq. (25) the first term
in the square brackets contains the nucleon pole and the
second term accounts for the contribution of non-nucleonic
degrees of freedom in the deuteron.

The amplitudes defined by eqs. (21) and (22) have a
rather simple covariant structure and can be extrapolated
to large angles. As shown in ref. [40], the energy behav-
ior of the cross-section for the reaction γd → pn at large
angles crucially depends on the form of the Regge tra-
jectory αN (t) for large negative t. Best agreement with
experimental data is obtained for a logarithmic form:

αN (t) = αN (0)− (γν) ln(1− t/TB), (26)

where the intercept αN (0) = −0.5, the slope α′N (0) = 0.8–
0.9GeV−2 and TB = 1.5–1.7GeV2. We adopt the fol-
lowing values for the parameters of the residue F (t) of

Table 1. Parameters of the Regge trajectory (26) and the
residue (25) for the reactions γd→ pn (Set(γd)) and pp→ da+

0

(Set(a0d)).

Parameter Set(γd) [40] Set(a0d)

α′N (0) (GeV−2) 0.9 0.8

TB (GeV2) 1.7 1.5

R2
1 (GeV−2) 2 1

Table 2. Parameters of the trajectory and residue, normal-
ization factor Bres and the ratio Ra0d used for the pp → da+

0

amplitude calculation within the RNBTA and QGSM.

Parameters RNBTA QGSM
Trajectory & residue Set(γd) Set(γd) Set(a0d)

Bres (nb1/2 ·GeV3) 5.23× 103 3.19× 103 2.67× 103

Ra0d 1 −4 −4

eq. (25):

C = 0.7GeV−2, R2
1 = 1–2GeV−2, R2

2 = 0.03GeV−2.

These parameters of the residue and trajectory, except for
the overall normalization factor Bres, are not very different
from those determined by fitting data on the reactions
pp → dπ+ at −t ≤ 1.6GeV2 [47] and γd → pn at Eγ ≥
1GeV [40].

We considered the pp → da+0 amplitude (22) within
the RNBTA, i.e. for a fixed ratio

Ra0d = App→da+
0

(s, t)/Bpp→da+
0

(s, t) = 1,

as well as its generalization corresponding to the QGSM.
The spin structure of the amplitude within the QGSM
takes into account quark degrees of freedom and the pa-
rameter Ra0d may be different from 1. In line with ref. [28],
we also treat the ratio Ra0d as a free parameter. The pa-
rameters of the residue, trajectory and the ratio Ra0d used
for our calculations are given in tables 1 and 2.

4.2 Numerical results

In fig. 6 we show the a0-resonance contribution to the
pp → dK+K̄0 cross-section calculated within the QGSM
(dashed curve) as well as the prediction of the TSM
(long-dashed line). The dash-dotted line displays the back-
ground corresponding to the π −K? − π-exchange mech-
anism. Since we have KK̄ pairs in a relative S-wave basi-
cally due to direct a0-resonance production, we have nor-
malized the results of the QGSM at Q = 46MeV to the
experimental value 31.5 nb, which was found for the KK̄
S-wave part [26]. The corresponding values of the normal-
ization factor Bres are given in table 2. In fig. 6 we display
the result of the QGSM with parameters of Set (a0d).
Since the calculations with Set(γd) give practically the
same answer, we discard an explicit representation in this
figure. As seen from fig. 6, the energy dependence of the
a0-resonance contribution of the cross-section predicted
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Fig. 6. Total cross-section of the pp → dK+K̄0 reaction as
a function of the c.m. excess energy. The long-dashed line
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within the TSM (same as in fig. (4)), which is very close to the
results for the a0 contribution from the QGSM (short-dashed
line). The dash-dotted line shows the background correspond-
ing to the π − K? − π-exchange mechanism, while the solid
line displays the sum of the background and the a0 production
cross-section calculated within the QGSM. The full dot shows
the experimental cross-section from ref. [26].

10
-1

1

10

10 2

10 3

10 10
2

10
3

pp→da0
+

θ=0o

QGSM, Set (a0d)

QGSM, Set (γd)

RNBTA

M.A. Abolins et. al.,
PRL 25, p.469 (1970)

√s
–
-md-mK-mK

0 [MeV]

dσ
 /d

Ω
 [n

b/
sr

]

Fig. 7. Forward differential cross-section of the reaction pp→

da+

0 as a function of the c.m. excess energy. The open dots are
the experimental data from ref. [31]. The dotted line shows the
prediction of the RNBTA. The thin and thick dashed curves
display the results of the QGSM with parameters of Set(γd)
and Set(a0d), respectively.

by the TSM and QGSM is very similar at Q ≤ 200MeV.
The solid line in fig. 6 displays the sum of the a0-resonance
production cross-section calculated within the QGSM and
the KK̄ P -wave background contribution.

In order to check the consistency of our model for a0
production in the pp → da+0 reaction, we compare the
calculated forward differential cross-section with the LBL
data [31] in fig. 7. The dotted line shows the prediction
of the RNBTA. The calculations within the QGSM
—normalized to the ANKE data on the reaction pp →
da+0 → K+K̄0— are in a good agreement with the differ-
ential cross-sections measured at LBL [31] (open circles).

The calculated angular and invariant mass distribu-
tions for the pp → dK+K̄0 reaction at Q = 46MeV
are shown in fig. 8 in comparison with the experimental
data [26]. The dashed lines correspond to K+K̄0 produc-
tion through the a0-resonance and have been calculated
within the QGSM using the parameters from Set(a0d).
The dash-dotted lines describe the KK̄ P -wave back-
ground calculated within the π−K?−π-exchange model.
The solid lines indicate the sum of the a0-resonance and
background contributions. In the upper part of the fig-
ure we show also the angular distribution for deuterons
calculated in the QGSM with parameters of Set(γd). The
almost isotropic angular dependence given by this version
of the QGSM (thin solid line) is in a reasonable agreement
with the data. The angular distribution of deuterons for
the a0 contribution as calculated within the RNBTA is
presented by the dotted line and gives a sharp forward
peak similarly to the non-relativistic two-step model [28].
Therefore, both models —TSM and RNBTA— are not
able to reproduce the experimental deuteron angular dis-
tribution [26]. The best description of the data (bold solid
line) is obtained by the QGSM with parameters of the
Set (a0d).

Therefore, the QGSM gives a rather good description
of the ANKE data on the reaction pp → dK+K̄0 at Q =
46MeV [26] and, simultaneously, is in agreement with the
forward differential cross-section of the reaction pp→ da+0
measured at LBL at 3.8, 4.5 and 6.3GeV/c [31].

In fig. 9 we present the predictions for the angular and
mass distributions at Q = 107MeV, where corresponding
experimental data from ANKE are expected soon. It is
important to note that our model for the pp → dK̄0K+

reaction predicts that the ratio of the background to the
a0 contribution will increase by a factor of 3. Therefore,
the background contribution is expected to be about 40%
at Q = 107MeV. As seen from the lower part of fig. 9, the
a0-resonance part can be separated from the contribution
from the K+K̄0 P -wave background: Most of the events
related to the a0-resonance are concentrated in the lower
part of the K+K̄0 mass spectrum, whereas the main con-
tribution of the background shows up at higher invariant
mass.

5 Final-state interactions

As has been stressed in ref. [27], the reaction pp →
dK+K̄0 might be sensitive to both the K+K̄0 and K̄d



V.Yu. Grishina et al.: Near-threshold production of a0(980)-mesons 515

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.2 0.4 0.6 0.8 1

Q=46 MeV

|cosθd|

dσ
 /d

 Ω
d 

[n
b/

sr
]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.2 0.4 0.6 0.8 1
|cosθ12|

 d
σ 

/d
 Ω

12
 [n

b/
sr

]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0.99 1 1.01 1.02 1.03 1.04

M (K+K
– 0)

M (K+K
– 0) [GeV]

dσ
 /d

M
 [µ

b/
G

eV
]

Fig. 8. Angular distributions (upper and middle part) and in-
variant mass distribution (lower part) for the pp → dK+K̄0

reaction at Q = 46MeV in comparison with the data from
ref. [26]. The dashed (dash-dotted) line corresponds to K+K̄0

production in a relative S-(P -) wave and the solid line is
the sum of both contributions. The a0-resonance contribution
shown by the thick and thin dashed lines results from the
QGSM with parameters of Set(a0d) and Set(γd), respectively.
The dotted line is the result from the RNBTA. Θd and Θ12 are
the polar angles for the c.m. deuteron momentum and for the
KK̄ relative momentum, respectively.

final-state interactions (FSI). The interaction of the K+

with protons and neutrons is rather weak [49] and fol-
lowing ref. [27] we will neglect it. Within our model we
can describe the S-wave KK̄ cross-section by direct a+0
production with subsequent decay a+0 → K+K̄0. Contri-
butions from non-resonant S-wave KK̄ production turned
out to be negligibly small, whereas the P -wave KK̄ FSI
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Fig. 9. Angular distributions (upper and middle part) and in-
variant mass distribution (lower part) for the pp → dK+K̄0

reaction at Q = 107MeV (see fig. 8 for the description of
the lines.)

is small due to centrifugal suppression. Thus we only have
to consider the K̄d FSI. To estimate the role of the S-
wave K̄d FSI, we use the Foldy-Brueckner adiabatic ap-
proach based on the multiple scattering (MS) formalism
(see ref. [50]). Note that this method has already been
used for the calculation of the enhancement factor for the
reactions pd→ 3Heη [51] and pn→ dη [32].

In the Foldy-Brueckner adiabatic approach, the K̄0d
wave function —defined at fixed coordinates of the pro-
ton (rp) and the neutron (rn) (see ref. [50] for details)—
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reads as

Ψk
(

rK̄0 , rp, rn
)

= exp
(

ikrK̄0

)

+
tK̄0p

D

exp (ikrK̄0p)

rK̄0p

×
(

exp (ikrp) + tK̄0n

exp (ikrpn)

rpn
exp (ikrn)

)

+
tK̄0n

D

exp (ikrK̄0n)

rK̄0n

×
(

exp (ikrn) + tK̄0p

exp (ikrpn)

rpn
exp (ikrp)

)

, (27)

where

D =

(

1− tK̄0ptK̄0n

exp (2ikrpn)

r2pn

)

. (28)

Here rpn = rp − rn, rK̄0p = rK̄0 − rp, rK̄0n = rK̄0 − rn

and k = q1d
md+mK̄0

md
and k,rpn, etc., are the moduli of

these vectors; tK̄0N is the K̄0N t-matrix which is related
to the scattering amplitude fK̄0N by

tK̄0N (kK̄0N ) =

(

1 +
mK̄0

m

)

fK̄0N (kK̄0N ). (29)

Note that we use the unitarized scattering length approx-
imation for the latter, i.e.

f IK̄N (kK̄N ) =
(

(

aIK̄N

)−1 − ikK̄N

)−1

, (30)

where kK̄N is the modulus of the relative K̄N momentum
and I denotes the isospin of the K̄N -system.

The K̄0d scattering length then is defined as

AMS
K̄0d =

md

mK̄0 +md

×
〈

tK̄0p(kK̄0p = 0) + tK̄0n(kK̄0n = 0) + tr

1− tK̄0p(kK̄0p = 0)tK̄0n(kK̄0n = 0)/r2

〉

, (31)

and the FSI enhancement factor as

λMS(q1d) = |〈Ψk(rK̄0 = 0, rp = r/2, rn = −r/2)〉|2. (32)

In eq. (31) we have used the abbreviation

tr =
2tK̄0p(kK̄0p = 0)tK̄0n(kK̄0n = 0)

r
. (33)

To describe the deuteron structure we use the Paris wave
function [52]. The K̄N scattering lengths a0

K̄N
and a1

K̄N
are taken from ref. [53]:

i) a0 = −1.57 +i 0.78 fm, a1 = 0.32 +i 0.75 fm (CSL set);

ii) a0 = −1.59 + i 0.76 fm, a1 = 0.26 + i 0.57 fm (K-
matrix set).

We recall that the K̄N scattering length is strongly
repulsive for the isospin channel I = 0 and moderately
attractive for I = 1. In the single scattering approxima-
tion then a slight repulsion adds up for the K̄d-system
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Fig. 10. The final-state interaction factor for the reaction
pp → dK+K̄0 as a function of the energy above threshold.
The upper and lower lines correspond to a0 production and
the KK̄ background, respectively. The dashed and dotted lines
correspond to the CSL and K-matrix sets of the K̄N scattering
length [53], respectively.

AIA
K̄d

= −0.39 + i 1.72 fm [53]. Results from Faddeev cal-

culations with separable K̄N potentials —as carried out
in ref. [54]— give AK̄d = −1.34+ i 1.04 fm, i.e., they pre-
dict a larger K̄d repulsion. We remind the reader that a
repulsion in the low-energy K̄d-system can lead to a FSI
suppression factor (< 1); on the other hand, any attrac-
tion leads to a FSI enhancement factor (> 1).

Evidently, the FSI effect is most important close to
threshold and is due to the long-range coherent S-wave
K̄d interaction. Therefore, one can safely assume that the
range of the FSI is much larger than the range of the
“hard” interaction, which is responsible for the production
of the KK̄-meson pair. In this case, the basic production
amplitude and the FSI can be factorized [50], i.e. the FSI
can be taken into account by multiplying the production
cross-section by the FSI factor.

The partial wave structure of the final state for the
basic production amplitude corresponds to [(K̄0K+)sd]P ,
for a0 production, and to [(K̄0K+)pd]S for the KK̄ back-
ground. To calculate the corresponding FSI factors we ex-
pressed these partial waves in terms of partial amplitudes
of the second basis with [(dK̄0)sK

+]P and [(dK̄0)pK
+]S .

Then we have to take into account that only the first term
of the second basis is renormalized due to the S-wave K̄d
interaction (see, e.g., ref. [27]). According to experimental
data [26], the latter configuration gives about 50% contri-
bution to the total production cross-section of the reaction
pp→ dK+K̄0 at Q = 46MeV [55].

The results of our calculations for the FSI effect on
the cross-section of the reaction pp → dK+K̄0 as well as
on the K+K̄0 and dK̄0 mass distributions are shown in
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Fig. 11. Invariant mass distributions for the K+K̄0 (up-
per part) and dK̄0 (lower part) systems for the reaction
pp → dK+K̄0 at Q = 46MeV. The dashed (dash-dotted)
lines are calculated for the resonance (non-resonance) contribu-
tions. The thick (thin) curves describe the contributions with-
out (with) the FSI included. The experimental data are taken
from ref. [26].

figs. 10, 11 and 12. We start with the energy dependence
of the FSI factor which is presented in fig. 10. The upper
and lower lines correspond to a0 production and the KK̄
background, respectively. We find that the FSI factors are
smaller than one, as expected from the repulsion in the
system (see the discussion above). Furthermore, the sup-
pression of the non-resonant background is larger than for
the a0-resonant channel. In the latter case, the suppres-
sion is about 0.81 at Q = 46MeV and 0.88 at 107MeV,
while the background is suppressed by 0.7 at Q = 46MeV
and 0.79 at 107MeV, respectively. The dashed and dot-
ted lines correspond to the CSL and K-matrix sets of the
K̄N scattering length [53]; both parameter-sets lead to
approximately the same suppression factors.
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Fig. 12. Invariant mass distributions for the K+K̄0 (upper
part) and dK̄0 (lower part) systems for the reaction pp →

dK+K̄0 at Q = 107MeV. The assignment of the individual
lines is the same as in fig. 11.

The invariant mass distributions for the K+K̄0 and
dK̄0 systems are shown in figs. 11 and 12 for Q = 46MeV
and 107MeV, respectively. The dashed (upper) lines are
calculated for the resonance contributions, while the dash-
dotted (lower) lines stand for the non-resonance contribu-
tions. The bold lines describe the contributions calculated
without FSI, where the thin lines with FSI are always
slightly lower in line with fig. 10.

We note that the QGSM cannot predict the absolute
value of the cross-section and has been “normalized” to
the data at 46MeV. If we rescale the respective mass dis-
tribution up by∼ 20 %, we obtain distributions practically
identical to the bold dashed lines calculated without FSI.
Therefore, increasing the normalization of the QGSM by
1.2 our calculations for the K+K̄0 and dK̄0 mass distri-
butions will be again in a good agreement with the ANKE
data [26]. Let us note that the predictions of ref. [27] on
strong distorsions of the K+K̄0 and K̄0d invariant mass
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spectra by the K̄0d FSI were not confirmed by the exper-
iment [26].

We finally address the validity of the FSI model em-
ployed here. The multiple scattering (or fixed center) ap-
proach (MSA) was applied to the calculations of the K−d
scattering length in ref. [53] before and has also been com-
pared to full multichannel Faddeev calculations in ref. [56].
In the latter studies it was found that the MSA —with
a single-channel absorptive K̄N interaction— gives quite
reliable estimates for the real and imaginary parts of the
K−d scattering length. Our results for the latter are in
reasonable agreement with the calculation of ref. [53]: we
found AK̄d = −0.78+ i 1.23 fm for the K-matrix set while
ref. [53] gives AK̄d = −0.72 + i 0.94 fm which has to be
multiplied additionally by the “reduced mass” factor (see,
e.g., [51]):

(1 +mK̄0/m)

(1 +mK̄0/md)
' 1.18. (34)

This gives A∗
K̄d

= −0.85 + i 1.11 fm. The agreement with
our result is evidently quite good.

6 Conclusions

In this work we have performed a detailed study of a0
production in the reaction NN → dK+K̄0 near thresh-
old and at medium energies. Using the two-step model
(TSM) based on an effective Lagrangian approach with
one-pion exchange in the intermediate state we have an-
alyzed different contributions to the cross-section of the
reaction NN → da0 corresponding to t-channel diagrams
with η- and f1(1285)-meson exchanges as well as s- and
u-channel graphs with an intermediate nucleon. We have
also considered the t-channel Reggeon mechanism with
b1- and ρ2-exchanges with parameters normalized to the
Brookhaven data for π−p→ a00n at 18GeV/c [38]. These
results have been used to calculate the contribution of a0-
mesons to the cross-section of the reaction pp→ dK+K̄0.
We found that the dominant contribution is given by the
nucleon u-channel mechanism.

Within this approach, which is practically equivalent
to a direct normalization of the u-channel contribution
to the LBL data [31] on the forward differential cross-
section of the reaction pp → da+0 at 3.8GeV/c, we could
reproduce fairly well the total cross-section of the reaction
pp → dK+K̄0 at 3.46GeV/c (Q = 46MeV) as measured
at COSY [26]. However, the TSM fails to reproduce the
experimental distribution in the deuteron scattering angle.

As an alternative and more general approach, we have
employed the Quark-Gluon Strings Model (QGSM), that
recently has successfully been applied to the description
of deuteron photodisintegration data [40,42]. Within the
QGSM, there is an almost complete analogy between the
amplitudes of the reactions γd → pn and NN → da0
because both are described by planar graphs with three
valence-quark exchange in the t(or u)-channels (cf. fig. 5).
Normalizing the QGSM predictions to the total cross-
section of the reaction pp → da+0 → dK+K̄0 at Q =
46MeV, we have calculated the energy dependence of the

cross-section as well as the angular and mass distributions
at Q = 46 and 107MeV. The QGSM reproduces the dif-
ferential experimental distributions at Q = 46MeV. We
have, furthermore, demonstrated that the QGSM gives
also a rather good description of the LBL data at inter-
mediate energies. In order to test the QGSM and its im-
plications, we have made detailed predictions for an excess
energy of 107MeV that can be controlled experimentally
in the near future.

We also analyzed the non-resonant KK̄-pair produc-
tion using a model with π −K? − π(η)- and K-exchange
mechanisms. It is found that the K-exchange mechanism
can be neglected. As following from G-parity conservation
arguments the π−K?− π-mechanism contributes mainly
to the P -wave in the K+K̄0-system, while the π−K?−η-
mechanism contributes dominantly to the S-wave. The
latter channel turned out to be negligibly small. In ad-
dition, we have explored the effects from final-state in-
teractions (FSI) in these reactions for the resonant and
non-resonant channels. Due to an effective repulsive in-
teraction in the K̄d-system the FSI factor turns out to
be smaller than one. However, the net suppression found
is only in the order of 20% for the a0 channel, while the
background is suppressed by up to ∼ 30%. Moreover, the
shape of the invariant mass distributions in theK+K̄0 and
K̄0d channels is practically not influenced by the FSI.

In summary, we conclude that the reaction pp →
dK+K̄0 at excess energies Q ≤ 100MeV should be dom-
inated by the intermediate production of the a0(980)-
resonance. For Q ≥ 100MeV, the non-resonant K+K̄0-
pair production can be important; however, this back-
ground gives a dominant contribution to the K+K̄0 P -
wave at higher K+K̄0 invariant mass. This implies that
the experimental program on the study of near-threshold
a0 and f0 production in pp, pn, pd and dd interactions
at COSY-Jülich [21,22] is promising, since the a0 signal
in the KK̄ mode can reliably be separated from the non-
resonant KK̄ background.

Appendix A

In this appendix we present the πN → Na0 amplitudes
which were used in sect. 3 for the calculation of the reso-
nant contribution to the reaction pp→ dK+K̄0.

The t-channel f1(1285)- and η-exchanges are described
by the expressions

M t
η(π

−p→ a−0 p) = gηπa0gηNN ū(p′2)γ5u(p2)

× 1

t−m2
η

Fηπa0(t)FηNN (t), (35)

M t
f1(π

−p→ a−0 p) = gf1πa0gf1NN

×(p1 + p′1)µ

(

gµν −
qµqν
m2

f1

)

ū(p′2)γνγ5u(p2)

× 1

t−m2
f1

Ff1πa0(t) Ff1NN (t). (36)
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Here p1 and p′1 are the four momenta of π− and a−0 ,
whereas p2 and p′2 are the four momenta of the ini-
tial and final protons, respectively, and q = p′2 − p2,
t = (p′2 − p2)

2. The form factors Fj(t) at the different
vertices j (j = f1NN, ηNN) are taken in the form (7).

In the case of η-exchange, we use gηNN = 6.1, ΛηNN =
1.5GeV from [37] and gηπa0 = 2.2GeV (see [30]). The con-
tribution of the f1-exchange is calculated using gf1NN =
14.6, Λf1NN = 2GeV from [57] and gf1a0π = 2.5. The lat-
ter value for gf1a0π corresponds to Γ (f1 → a0π) = 24MeV
and Br(f1 → a0π) = 34% (see ref. [39]). Equation (35) as
well as eq. (36) can be represented in the form (13), with
the invariant amplitudes A(s, t) and B(s, t) given by

A{η}(s, t) = −gηπa0gηNN
Fηπa0(t)FηNN (t)

t−m2
η

,

B{η}(s, t) = 0 (37)

for the η-exchange contribution, and

A{f1}(s, t, u) = 2mN

s+ t+ u− 2(m2
a0 +m2

N )

m2
f1

×gf1πa0gf1NN
Ff1πa0(t)Ff1NN (t)

t−m2
f1

,

B{f1}(s, t) = 2 gf1πa0gf1NN
Ff1πa0(t)Ff1NN (t)

t−m2
f1

(38)

for the f1-exchange.
The amplitudes of the s- and u-channel contributions

are defined by the standard expressions

Ms
N (π−p→ a00n) = −

√
2 ga0NN

fπNN

mπ

1

s−m2
N

FN (s)

×p1µ ū(p′2) [(p1 + p2)αγα +mN ] γµ γ5u(p2), (39)

Mu
N

(

π−p→ a00n
)

=
√
2 ga0NN

fπNN

mπ

1

u−m2
N

FN (u)

×p1µ ū(p′2)γµγ5 [(p2 − p′1)αγα +mN ]u(p2), (40)

where s = (p1 + p2)
2, u = (p2 − p′1)

2, mN is the nucleon
mass, f2πNN/4π = 0.08 [37]. The form factor for a virtual
nucleon is taken as

FN (u) =

(

Λ4
N

Λ4
N + (u−m2

N )2

)j

, (41)

where j = 2, ΛN is the cut-off parameter chosen as
ΛN = 1.3GeV. In ref. [30] it was found that the u-channel
a0-resonance contribution to the π+p → pK+K̄0 reac-
tion calculated with the nucleon form factor FN (u) (41)
of dipole type (j = 2) with ΛN ≤ 1.35GeV is in reasonable
agreement with existing experimental data.

Coming back to the amplitudes A(s, t) and B(s, t) de-
fined by eq. (13) we find

A{s}(s, t) =
√
2
(

s+m2
N

)

ga0NN
fπNN

mπ

FN (s)

s−m2
N

,

B{s}(s, t) = −
√
2 2mN ga0NN

fπNN

mπ

FN (s)

s−m2
N

(42)

for the s-channel contribution and

A{u}(s, u) = −
√
2
(

u+m2
N

)

ga0NN
fπNN

mπ

FN (u)

u−m2
N

,

B{u}(s, u) =
√
2 2mN ga0NN

fπNN

mπ

FN (u)

u−m2
N

(43)

in the case of the u-channel mechanism.
In the case of the Regge-pole model with the ρ2- and

b1-exchanges we have used the parametrization for A(s, t)
and B(s, t) as suggested by Achasov and Shestakov [14]:

A{Regge}(s, t)≈ γb1(t)√
s0

i exp
[

−iπ
2
αb1(t)

]

(

s

s0

)αb1 (t)

, (44)

B{Regge}(s, t)≈−γρ2(t)
s

exp
[

−iπ
2
αρ2(t)

]

(

s

s0

)αρ2 (t)

, (45)

where

γρ2(t) = γρ2(0) exp(bρ2t),

γb1(t) = γb1(0) exp(bb1t),

and s0 ≈ 1GeV2. The meson Regge trajectories were
taken in the linear form αj(t) = αj(0) + α′j(0)t. The pa-
rameters of the residues γρ2(0), bρ2 and γb1(0), bb1 were
fixed in ref. [30] using the Achasov and Shestakov fit
of the Brookhaven data on the π−p → a00n reaction at
18GeV/c [38]. They found two solutions with the rela-
tive b1 contribution equal to 0 (fit 1) and 30% (fit 2). We
use these two different choices of the Regge model for the
analysis of the πN → a0N reaction.
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