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Abstract. We establish the model-independent spin structure of the matrix elements for the near-threshold
scalar-meson production in pp and np collisions, when the final particles are emitted in S-state. Polarization
phenomena are derived in a general form. The properties of the t-channel dynamics, which is based on
different meson exchanges, are studied in terms of the s-channel parametrization of the matrix element.
The predictions of a model, based on π + σ exchanges are also presented.

PACS. 13.75.Cs Nucleon-nucleon interactions (including antinucleons, deuterons, etc.) – 21.10.Hw Spin,
parity, and isobaric spin – 13.88.+e Polarization in interactions and scattering

1 Introduction

The strong and electromagnetic decays of the scalar
mesons S (S = σ, f0, and a0) have been recently the
object of great theoretical and experimental interest. The
structure of these mesons is not yet fully understood and
the coupling constants of their decays are not determined
(see [1–8] and references therein). As an example, the elec-
tromagnetic constants gρσγ and gωσγ are very important
for the solution of different problems in hadron electrody-
namics. The constant gρσγ drives the σ contribution to the
differential cross-section of the process γ + p → p+ ρ0 [9–
11] in the near-threshold region. The coupling constant
gωσγ is important for the estimation of the effects of the
meson exchange currents for the deuteron electromagnetic
form factors [12–14], particularly in the region of large mo-
mentum transfer. Both these constants play a major role
in the interpretation [15] of the HERMES effect [16], con-
cerning the anomalous behavior of the electroproduction
cross-section on nuclei at low Q2, where the cross-section
is enhanced for longitudinally polarized virtual photons
and depleted for transversally polarized photons. More-
over, the constants gρσγ and gωσγ enter in the interpre-
tation of different radiative decays of vector mesons, like
ρ0(ω) → π0π0γ and ρ0(ω) → π+π−γ [17].

Two-photon decays of scalar mesons, S → 2γ, which
are important for the estimation of the corresponding t-
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channel contributions to the amplitudes of real and virtual
Compton scattering on nucleons [18–21], can be estimated
on the basis of the gV σγ coupling constants, in the VDM
approach.

In the framework of the effective Lagrangian approach,
the calculation of the cross-section for scalar-meson photo-
and electroproduction on nucleons requires the knowledge
of the gV σγ and gNNS-coupling constants. The strong cou-
pling constants gNNS [22,23] enter in various calculations
in hadron dynamics, not only with respect to the NN po-
tential, but also for different observables for processes like
π + N → S + N [24,25], N + N → S + d [25–28], and
N +N → S +N +N [24].

The feasibility of the experimental study of scalar-
meson production depends essentially on the nature and
on the rate of the decay. If, for example, the decay f0 →
KK or a0 → KK dominates, these mesons could be ob-
served in the KK effective-mass distribution, close to the
kaon mass, as a resonant contribution. Such effects have
been observed in πN collisions [4,29–34]. The interpreta-
tion of the data needs an adequate theoretical approach
for the process π + N → N + S0. It was shown that for
p+ p → p+ p+K+K−, in the kinematical conditions of
the DISTO experiment [35] or at COSY the presence of
the f0 signal is hindered by a large background. There-
fore, in principle, the process n + p → n + p + K+K−
could be more favorable, because the cross-section is one
order higher, whereas the background is comparable with
respect to pp collisions.

Note that the experimental study of K+K− produc-
tion in the process p + p → p + p + K+ + K−, at an
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energy excess Q = 17 MeV over threshold [36], gives the
following value: σ(pp → ppf0) =

(
1.84± 0.29+0.25

−0.35

)
nb,

including the statistical and systematic errors. The exten-
sion of this study is foreseen [37–39].

In this paper we derive the most general and model-
independent properties for the processes of scalar-meson
production in NN collisions, in the threshold region,
where the theoretical analysis is essentially simplified. The
spin structure of the corresponding matrix elements con-
tains a set of sixteen independent amplitudes in the gen-
eral case, eight amplitudes for coplanar kinematics and
only three independent amplitudes at threshold.

This paper is organized as follows. In sect. 2, using the
selection rules with respect to the Pauli principle, P -parity
and total angular momentum, we establish the spin struc-
ture of the matrix elements for the processes p+p → p+p+
S0 and n+p → n+p+S0 and analyze the polarization phe-
nomena for these processes in a model-independent way.
In sect. 3 we convert the different t-channel contributions
(described by a definite set of Feynman diagrams) into
the universal s-channel parametrization. This gives the
expression for the corresponding partial threshold ampli-
tudes. In sect. 4 we discuss the predictions of a model
based on σ + π exchanges. The threshold amplitudes for
the different subprocesses, M∗ +B → N +S0 (where M∗
is the virtual π-, f0-, and V -meson) have been calculated
in sect. 5, in the framework of the effective Lagrangian ap-
proach. Summing all possible t-channel contributions, we
predict the threshold behavior of the total cross-section for
the f0- and a0-meson production in pp collisions (sect. 6).
A short discussion of final-state interactions (FSI) is done
in sect. 7. The results are summarized in the conclusions.

2 Spin structure of the threshold matrix
element and polarization observables

The spin structure of the matrix elements for scalar-meson
production in NN collisions, N + N → N + N + S0, in
the threshold region is determined by the selection rules
with respect to P -parity, total angular momentum and by
the Pauli principle. The threshold region, where all final
particles in N+N → N+N+S0 are produced in relative
S-state, can be rigorously described by a formalism based
on the two-component nucleon spinor parametrization of
the corresponding matrix element. This formalism can be
built in a model-independent way [40], and has been previ-
ously successfully applied to vector [41], pseudoscalar [42],
strange [43], J/ψ [44], and charm [45] particle production
in nucleon-nucleon collisions.

Let us explicitly derive the matrix element for the pro-
cesses p + p → p + p + S0, where S0 denotes a neutral
scalar meson, S0 = σ, f0 or a0

0. Due to the Pauli princi-
ple, at the reaction threshold, only the quantum number
jP = 0+ is allowed, where j is the total angular momen-
tum and P is the P -parity of the colliding protons. One
partial transition can take place, corresponding to

Si = 0, � = 0 → jP = 0+ → Sf = 0, (1)

where Si (Sf) is the total spin of the initial (final) protons
and � is the angular orbital momentum of the colliding
protons.

The spin structure of the threshold matrix element for
the transition (1), in the CMS of the considered reaction,
can be parametrized in the following general form:

Mpp = g(χ†
4σyχ̃

†
3)(χ̃2σyχ1), (2)

where χ1 and χ2 (χ3 and χ4) are the two-component
spinors of the initial (final) protons; g is the threshold
partial amplitude, describing the singlet-singlet transition
in the pp-system (with scalar-meson production in the S-
state), which is generally a complex function of three in-
dependent energies: W (the total invariant energy of the
colliding particles), E1 and E2 (the energies of the scat-
tered protons). So, all the dynamics of the considered pro-
cess is included in the amplitude g, but the exact form (2)
of the spin structure of the matrix element results from a
generalized quantum-mechanical kinematics.

The Pauli matrix σy, in the parametrization (2), en-
sures the correct transformation properties of the corre-
sponding two-component spinor products, relative to ro-
tation.

The presence of a single amplitude in (2) implies that
the spin directions of all the protons are fixed, with defi-
nite relative angles and fixed modules. In other words, all
polarization phenomena for p+ p → p+ p+ S0 at thresh-
old can be predicted without knowing the amplitude g,
i.e. in a model-independent way. Moreover, these polar-
ization effects are the same for any scalar meson: σ, f0 or
a0
0. However, the absolute value of the cross-section, which
depends on |g2|, is different for different scalar mesons.

All T -odd polarization observables (i.e. one-spin and
three-spin polarization correlations) are identically zero.
The dependence of the cross-section on the polarizations
P1 and P2 of the colliding protons can be written as

dσ
dω

(P1,P2) =
(
dσ
dω

)
0

(1− P1 · P2) ,

(typical for the singlet pp interaction), where dω is the
phase space volume element for the three-particles final
state and (dσ/dω)0 is the differential cross-section with
all unpolarized protons in initial and final states.

All polarization transfer coefficients, characterizing the
dependence of the polarization of any final proton on the
polarization of the initial proton, vanish also.

The situation is very different in case of np collisions,
n+ p → n+ p+ S0, in the threshold region, where there
are three allowed transitions:

Si = 0, � = 0 → jP = 0+ → Sf = 0,

Si = 1, � = 0 → jP = 1+ → Sf = 1,

Si = 1, � = 2 → jP = 1+ → Sf = 1.
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The corresponding matrix element can be written in the
following form:

Mnp = g1(χ
†
4σyχ̃

†
3)(χ̃2σyχ1)

+g2
[
χ†

4(σa − k̂aσ · k̂)σyχ̃
†
3

]
×

[
χ̃2σy(σa − k̂aσ · k̂)χ1

]
(3)

+g3(χ
†
4σ · k̂σyχ̃

†
3)(χ̃2σyσ · k̂χ1),

where k̂ is the unit vector along the three-momentum of
the initial neutron beam, σ = (σx, σy, σz) is the standard
set of Pauli matrices, and g1–g3 are the partial amplitudes
for the np interaction. Due to the isotopic invariance of the
strong interaction the following relation holds:

g1 =
1
2
g, (4)

i.e. the triplet-triplet amplitudes g2 and g3 are present
only in np collisions. Therefore polarization phenomena
in n + p → n + p + S0 collisions are more complicated
than in pp collisions. There is no universality here, po-
larization phenomena are different for the different scalar
mesons. There is, however one general feature: all one-spin
observables vanish, for n + p → n + p + S0, in particular
the T -odd polarization of the final nucleons, emitted in
the collisions of unpolarized nucleons and the analyzing
powers in "n+ p or n+ "p collisions.

The (P1, P2)-dependence of the differential cross-
section for "n+ "p collisions can be written in the following
general form, which is correct near threshold:

dσ
dω

(P1,P2)=
(
dσ
dω

)
0

(
1 +A1P1 · P2 +A2k̂ · P1k̂ · P2

)
,

(5)
where the real spin correlation coefficients A1 and A2 are
determined by the following formulas (in terms of the par-
tial threshold amplitudes gi, i = 1–3):

A1

(
dσ
dω

)
0

= −|g1|2 + |g3|2,

A2

(
dσ
dω

)
0

= 2(|g2|2 − |g3|2). (6)

The amplitudes gi are normalized in such way that:(
dσ
dω

)
0

= |g1|2 + 2|g2|2 + |g3|2, (7)

where (dσ/dω)0 is the differential cross-section with un-
polarized particles. So, from eqs. (6) and (7) one can find:

4|g1|2 = (1− 3A1 −A2)
(
dσ
dω

)
0

,

4|g2|2 = (1 +A1 +A2)
(
dσ
dω

)
0

, (8)

4|g3|2 = (1 +A1 −A2)
(
dσ
dω

)
0

,

which shows that the moduli of the three threshold am-
plitudes for n + p → n + p + S0 can be determined by
the measurement of A1, A2, and (dσ/dω)0. Taking into
account the isotopic relation (4), one obtains

R =
(dσnp/dω)0
(dσpp/dω)0

= (1− 3A1 −A2)
−1

.

The dependence of the polarization P3 of the final neu-
tron on the polarization P1 of the initial neutron can be
parametrized as

P3 = p1P1 + p2k̂(k̂ · P1), (9)

where p1 and p2 are the spin transfer coefficients, which
can be expressed in terms of the partial amplitudes gi:

p1 = − 2Reg2(g1 − g3)∗

|g1|2 + 2|g2|2 + |g3|2 ,

p2 =
2|g2|2 − 2Re [g1g∗3 − g2(g1 − g3)∗]

|g1|2 + 2|g2|2 + |g3|2 . (10)

The dependence of the polarization P4 of the final proton
on the polarization P1 of the initial neutron can be also
be parametrized in terms of two real coefficients:

P4 = p3P1 + p4k̂(k̂ · P1) (11)

with the following formulas for p3 and p4:

p3 =
2Reg2(g1 + g3)∗

|g1|2 + 2|g2|2 + |g3|2 ,

p4 =
2|g2|2 + 2Re [g1g∗3 − g2(g1 + g3)∗]

|g1|2 + 2|g2|2 + |g3|2 . (12)

Comparing eqs. (6), (7), (10), and (12), one can find the
following relation between these polarization observables:

p1 + p2 + p3 + p4 = 1 +A1 +A2, (13)

which has to be verified by any model describing this pro-
cess.

Note that the isovector a0-meson can be produced in
the following processes of the NN interaction:

p+ p → p+ p+ a0
0,

p+ p → n+ p+ a+
0 ,

n+ p → p+ p+ a−0 ,

n+ p → n+ p+ a0
0.

It is possible to show that the production of the charged
a±0 -mesons in the near-threshold regime is characterized
by a single amplitude, with the spin structure as in eq. (2),
where the following relations hold:

g(pp → npa+
0 ) = −g(np → ppa−0 ) =

1√
2
g(pp → ppa0

0).

Therefore the previous statements on polarization phe-
nomena for p + p → p + p + S0 apply also to the pro-
duction of the charged a±0 -mesons.
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3 The dynamics for the t-channel

The standard dynamics for different processes of meson
production in NN collisions, N + N → N + N + P ,
N + N → N + N + S, and N + N → N + N + V ,
(where P , S, and V denote pseudoscalar, scalar and vec-
tor mesons, respectively) is based on the consideration of
mesonic exchanges in the t-channel, such as π, η, σ, a0,
ρ, ω, etc. In such approach one has to know the meson-
nucleon coupling constants, PNN , SNN , and V NN and
the amplitudes of different subprocesses, such as

P ∗ +N → N + S,

S∗ +N → N + S, (14)
V ∗ +N → N + S,

where the exponent ∗ denotes virtual mesons with space-
like four-momenta. In principle some information exists
on the coupling constants, but the threshold amplitudes
for the processes (14) are poorly known, in particular for
those processes that cannot be directly studied. Therefore
model calculations have to be done, in order to find these
amplitudes. In case of complex amplitudes not only the
absolute values are important, but also the relative signs
and phases.

In this section we analyze different t-channel exchanges
for the processes of scalar-meson production in NN col-
lisions, and give, when it is possible, model-independent
predictions. In other words, we will find expressions for
the polarization observables in n+ p → n+ p+S0, which
depend only on the quantum numbers, spin and parity
J P , and isospin I, of the exchanged meson, but not on
the corresponding coupling constants, hadronic form fac-
tors and threshold amplitudes. For this aim, let us con-
sider the spin structure of the matrix element for different
exchanged particles.

3.1 Scalar and pseudoscalar exchange

Taking into account the identity of initial and final protons
in p+p → p+p+S0, the σ exchange here is characterized
by four different t-channel diagrams (fig. 1). Each dia-
gram has a different spin structure, where the order of the
two-component spinors χi, i = 1–4 is different. Only the
sum of all these diagrams, which satisfies the Pauli princi-
ple for the initial and final protons, generates the correct
spin structure (2), with a single amplitude g. In threshold
conditions each propagator for the considered diagrams is

the same, and can be written as
1

t−m2
σ

= − 1
mms +m2

σ

,

where t is the momentum transfer squared between the
initial and final nucleons, m, mσ, and ms are the masses
of the nucleon, of the virtual σ-meson, and of the pro-
duced scalar meson, respectively. Such equality is correct
at the reaction threshold, and it follows from the assump-
tion of S-wave production of final particles. The difference
in these propagators, which appears far from threshold,
generates P - and higher waves of produced particles.

Fig. 1. Feynman diagrams for σ exchange, for p + p → p +
p + S0, where p(χi), i = 1–4, means that the corresponding
proton (in initial or final state) is described by the 2-component
spinor χi.

In order to find the partial amplitudes gi, correspond-
ing to the different t-channel exchanges, it is necessary
to apply the Fierz transformation, in its two-component
form, to the spinor constructions which appear in the
matrix elements for different t-channel exchanges as in
figs. 2 (3) for σ (π) exchanges, respectively. The corre-
sponding results are shown in table 1, where we use the
following notations:

AM =
gMNN

t−m2
M

NFM (t)A(M∗N → NS)P, (15)

where gMNN [FM (t)] is the coupling constant [form fac-
tor] for the vertex MNN , with M = σ, η π or a0,
A(M∗N → NS) is the threshold amplitude for the sub-
process M∗ + N → S + N , N = 2m(E +m) is the nor-
malization factor, related to the transformation from four-
component Dirac spinors to two-component Pauli spinors,
with P = 1

[√
ms/(4m+ms)

]
for positive (negative)

P -parity of the M -meson.
In table 2 we report the values of the analyzing pow-

ers, of the spin transfer coefficients and of the isotopic ra-
tio, in order to show the sensitivity of these quantities to
the quantum numbers of the possible t-channel exchanges.
These predictions are independent of the details of the
considered exchange, such as the value of the constant
gMNN , the amplitude A(MN → NS0), and the choice of
the form factor FM (t). One can see that the polarization
transfer coefficients, characterizing a change of neutron
polarization, are very sensitive to the quantum number
of the isoscalar exchange in the t-channel; other polariza-
tion observables, such as A1 p3 and p4 vanish for both
exchanges J P = 0+ and J P = 0−, A2 = 0 in all the
cases considered here.
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Table 1. Partial amplitudes for N + N → N + N + S0 for different spin, parity and isotopic spin of the exchanged meson.

J P , I g1(np → npS0) g2(np → npS0) g3(np → npS0) g(pp → ppS0)

0+, I = 0 −Aσ Aσ Aσ −2Aσ

0−, I = 0 −Aη −Aη Aη −2Aη

0−, I = 1 Aπ −3Aπ 3Aπ 2Aπ

0+, I = 1 Aa 3Aa 3Aa 2Aa

Fig. 2. Feynman diagrams for σ exchange for n+p → n+p+S0.
Notations as in fig. 1.

Fig. 3. Feynman diagrams for π exchange for n+p → n+p+S0.
Notations as in fig. 1.

Table 2. Polarization phenomena for n + p → n + p + S0 for
different spin, parity and isotopic spin of the exchanged meson.

J P , I A1 A2 p1 p2 p3 p4 R
0+, I = 0 0 0 1 0 0 0 2
0−, I = 0 0 0 −1 2 0 0 2
0−, I = 1 2/7 0 −3/7 6/7 −6/7 12/7 14
0+, I = 1 2/7 0 3/7 0 6/7 0 14

Another interesting result concerns the large difference
in cross-section, for pp and np interactions: Rπ = 14, i.e.
for the scalar-meson production (in the NN interaction)
we have a large isotopic dependence.

3.2 Vector-meson exchange

This case has to be analyzed separately. The starting point
is the following relativistic invariant expression for the ma-
trix element, corresponding to V exchange (V = ω- or
ρ-meson), in the process N +N → N +N + S0:

MV = J (1)
µ

(
−gµν +

QµQν

m2
V

)
J (2)

ν

1
t−m2

V

, (16)

where

J (1)
µ = gV NNu

(
γµ − κV

σµνQν

2m

)
u

is the vector current for the V NN -vertex, gV NN is the
vector coupling constant for this vertex, κV is the ratio
of vector and tensor couplings, J (2)

ν is the vector current
corresponding to the process V ∗ +N → N + S0, Q is the
four-momentum transfer. Taking into account the currents
conservation: Q · "J (1) = Q · "J (2) = 0, one can rewrite the
matrix element MV in terms of the space components of
these currents only:

MV =
1

t−m2
V

(
"J (1)
T · "J (2)

T +
4m2

t
J (1)

L
"J (2)
L

)
, (17)

where "J (i)
T,L, i = 1, 2 are the transversal and longitudinal

components of the corresponding currents relative to the
direction k.

The current "J (1) has the following form, at the reac-
tion threshold of N +N → N +N + S0:

"J (1) = χ†
(
iGMσ × k̂+GEk̂

)
χ

|k|
E +m

,

where
GM (t) = gV NN (1 + κV )FV NN (t),

GE(t) = gV NN

(
1 + κV

t

4m2

)
FV NN (t)

and FV NN (t) is a phenomenological form factor for the
V NN -vertex.

The current "J (2) describes two possible threshold par-
tial transitions for the subprocess V ∗ +N → N + S0 (V ∗
is the virtual V -meson):

�V = 1, S = 1/2 → J P = 1/2+,

�V = 1, S = 3/2 → J P = 3/2+,
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Fig. 4. ω exchange for the process n+p → n+p+S0. Notations
as in fig. 1.

where �V is the orbital momentum of the V -meson, and
S is the total spin of the V N -system. Therefore, the gen-
eral parametrization of the current "J (2) can be written as
follows:

"J (2) = χ†
(
−ih1V σ × k̂+ h2V k̂

)
χ,

where h1V and h2V are the corresponding partial ampli-
tudes.

The matrix element Mω, for the isoscalar ω exchange,
corresponding to the two possible diagrams for the process
n+ p → n+ p+ S0, fig. 4, can be written as follows:

Mω = M1ω +M2ω,

M1ω =
1

t−m2
ω

{
GEωh2ω

4m2

t
(χ†

3Iχ1)(χ
†
4Iχ2)

×GMωh1ω

[
χ†

3(σ × k̂)aχ1

]

×
[
χ†

4(σ × k̂)aχ2

]} |k|
E +m

, (18)

M2ω = M1ω(χ1 ↔ χ2, χ3 ↔ χ4).

Applying the Fierz transformation to the matrix ele-
ment (18), one can find the following formulas for the ω
contribution to the partial amplitudes giω, i = 1–3:

g1ω =
(
GEωh2ω

4m2

t
− 2GMωh1ω

)
1

t−m2
ω

|k|
E +m

,

g2ω = −GEωh2ω
4m2

t

1
t−m2

ω

|k|
E +m

, (19)

g3ω = −
(
GEωh2ω

4m2

t
+ 2GMωh1ω

)
1

t−m2
ω

|k|
E +m

.

The ρ exchange mechanism for n + p → n + p + S0,
(S0 = σ or f0), is described by four different Feynman
diagrams, corresponding to neutral and charged vector
mesons. Taking into account the standard isotopic rela-
tions between the coupling constants gρNN for the differ-
ent vertices ρNN , and among the amplitudes hiρ for the
subprocesses ρ+N → N + S0, one can find the following

expressions for the ρ contribution to the partial ampli-
tudes giρ, i = 1–3:

g1ρ = −
(
GEρh2ρ

4m2

t
− 2GMρh1ρ

)
1

t−m2
ρ

|k|
E +m

,

g2ρ = −3GEρh2ρ
4m2

t

1
t−m2

ρ

|k|
E +m

, (20)

g3ρ = −3
(
GEρh2ρ

4m2

t
+ 2GMρh1ρ

)
1

t−m2
ρ

|k|
E +m

,

where

GEρ = gρNN

(
1 + κρ

t

4m2

)
FρNN (t),

GMρ = gρNN (1 + κρ)FρNN (t).

For the numerical estimations we will assume that
FρNN (t) = FωNN (t).

3.3 Correlation of spin and isospin structures for the
threshold regime

Combining the contributions derived above, one can find
for the threshold amplitudes gi the following expressions:

g1(np → npS0) = −Aσ +Aa −Aη +Aπ,

g2(np → npS0) = Aσ + 3Aa −Aη − 3Aπ, (21)
g3(np → npS0) = Aσ + 3Aa +Aη + 3Aπ,

g(pp → ppS0) = 2g1(np → npS0).

The S-channel parametrization of the spin structure for
the threshold matrix elements allows (after applying the
Fierz transformation) to unify different t-channel contri-
butions —with different J P— in a universal and trans-
parent form, which is well adapted to the analysis of the
sensitivity of the polarization phenomena to the quantum
numbers of the t-channel meson. Such unification allows
to simplify the calculations: we can express the matrix el-
ement for any exchange in terms of three amplitudes only,
whereas, for example, a model with η+π+σ+a contains
2+4+2+4 = 12 different Feynman diagrams with differ-
ent spin structures. All these twelve contributions to the
total matrix elements, in general, interfere, so it is in prin-
ciple necessary to calculate 12 × 12 = 144 terms, instead
of 3 × 3 = 9 terms. Moreover, these nine terms are the
same for any model, whereas, for example, adding vector
exchanges will increase essentially the number of t contri-
butions. Another advantage of the t → s Fierz transfor-
mation is the explicit dependence of the observables on a
definite combination of coupling constants, hadronic form
factors and elementary amplitudes. This helps in finding
out which contributions play the most important role in
the t-channel dynamics, and gives a feedback on the cou-
pling constants by comparison with the experimental data.

Another important property of the partial amplitudes
gi for np processes, eq. (21), concerns a strong correlation
of the spin and isospin structure of the matrix element



M.P. Rekalo and E. Tomasi-Gustafsson: Scalar-meson production in nucleon-nucleon collisions near threshold 703

in the threshold region. The amplitudes g2(np → npS0)
and g3(np → npS0), describing the np interaction in the
isotopic singlet state, are in general different, even in case
of a definite isospin in the t-channel, if the P -parity of the
t-channel is not fixed. However, for definite J P exchanges,
we have

g2(np → npS0) = g3(np → npS0), if J P = 0+,

g2(np → npS0) = −g3(np → npS0), if J P = 0−,

I = 0 or I = 1. (22)

The relations (22) hold also for any combination of
isoscalar and isovector exchanges, but only in the case
of J = 0. But for vector exchange, eqs. (19) and (20), the
relations (22) do not hold any longer. It is another exam-
ple of the strong correlation of spin and isospin structure
for threshold scalar-meson production.

4 A possible model for N + N → N + N + S0

In the previous section, we analyzed the predictions for the
polarization observables in the simplest case of t-channel
exchange with definite quantum numbers. All polariza-
tion effects depend on these quantum numbers and are
independent of the dynamics of the corresponding sub-
processes. Such analysis allows a quick estimation of the
relative role of the different exchanges, but it may be an
oversimplified picture. Even the combination of any pair
of the above-considered contributions changes essentially
the predictions. This is shown in this section, where we
analyze in detail a model for N + N → N + N + S0,
based on σ + π exchange. In order to justify such model,
let us mention that the η contribution can be neglected,
in (21), due to the fact that the coupling constant gηNN is
presently poorly known, the allowed range being 1–7 [46–
49]. Concerning the a0 exchange, both the ingredients of
such contribution, the coupling constant gaNN and the
amplitude A(aN → NS0) are presently not well known.
The mass of the a0-meson is larger in comparison with the
pion mass. In any case, the σ+π model can be considered
a realistic starting point for the analysis, containing the
exchange of mesons with different P -parities and isospin.
As a result, all three partial amplitudes gi, are different:

g1(np → npS0) = Aπ(1− r),
g2(np → npS0) = Aπ(−3 + r), (23)
g3(np → npS0) = Aπ(3 + r),
g(pp → ppS0) = 2Aπ(1− r),

where r is the ratio of the corresponding contributions:

r =
gσNN

gπNN

(
t−m2

π

t−m2
σ

)
A(σ∗N → NS0)
A(π∗N → NS0)

×
√(

1 + 4
m

ms

)
Fσ(t)
Fπ(t)

.

Fig. 5. Dependence of R on r, see eq. (24).

One can see that all the physics of this model (with
eight different Feynman diagrams) is contained in a sin-
gle parameter r, which is basically the ratio of the cou-
pling constants and the elementary amplitudes. In the
general case, the ratio r is a complex parameter, which
depends on the excitation energy of the produced NNS-
system. Therefore the polarization phenomena for the pro-
cess n+ p → n+ p+ S0 and the ratio of cross-section for
np and pp collisions, can be expressed in terms of two
parameters |r|2 and Rer:

R =
σ(np → npS0)
σ(pp → ppS0)

= 2
7− 2Rer + |r|2
1− 2Rer + |r|2 =

2
(
7− 6

|r|2 − 2Rer
1− 2Rer + |r|2

)
. (24)

The coefficients A1 and A2, which characterize the polar-
ized "n"p collisions, can be written as follows:

A1 = 2
1 +Rer

7− 2Rer + |r|2 , A2 =
3Rer

7− 2Rer + |r|2 . (25)

The ratio r can be found in the framework of a model
for the elementary subprocesses π∗(σ∗) + N → N + S0,
under several assumptions concerning coupling constants,
cut-off parameters, form factors and reaction mechanism,
as well. To avoid the uncertainties related to these choices,
we assume for simplicity that r is real. This is the case, for
example, of the effective Lagrangian approach, which gives
real amplitudes and, therefore, real values for the ratio
r. Another possibility is the saturation of the A(σ∗N →
NS0) and A(π∗N → NS0) amplitudes by a single nucleon
resonance (with J P = 1/2+). Such mechanism produces
complex amplitudes with zero relative phase, and r is a
real parameter, too.

In this case we can predict the r-dependence of R, A1,
and A2 (figs. 5-7). The ratio R of the corresponding cross-
sections can be very large in the region r � 1 (fig. 5). The
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Fig. 6. Dependence of A1 on r, see eq. (25).

Fig. 7. Dependence of A2 on r, see eq. (25).

experimental determination of R will allow to find two
solutions for r:

r± = 1± 2

√
3

R− 2
.

The function A1(r) has two extrema: the maximum
at r = −1 + √

10, where Amax
1 = (2 +

√
10)/

√
6 and a

minimum at r = −1−√
10, where Amin

1 = (2−√
10)/

√
6

(fig. 6).
The function A2(r) has a similar behavior, with the

maximum at r = +
√
7, where Amax

2 = (1 +
√
7)/4 and a

minimum at r = −√
7, where Amin

2 = (12−√
7)/4 (fig. 7).

Fig. 8. Pole diagrams for the π0 + p → p + f subprocess.

The suggested model, based on π + σ exchange, is
certainly an oversimplified description for the process
N + N → N + N + S in the threshold region. Never-
theless this model is an example to illustrate the power of
the present formalism, which allows to combine the corre-
sponding coupling constants and the threshold amplitudes
in a reduced number of physical parameters. This model
can be easily extended to the vector-meson exchange (see
sect. 6).

5 Analysis of the subprocesses
M + N → N + S0

For the calculation of the partial threshold amplitudes for
the processes N +N → N +N +S important ingredients
are the partial amplitudes for all the subprocesses M∗ +
N → N + S0, where M∗ is a virtual meson, M∗ = π, η,
f , a0, ω and ρ0.

In the framework of the effective Lagrangian approach,
one can consider the simplest pole diagrams in s-, t-, and
u-channels, in the kinematical conditions of threshold pro-
duction of scalar mesons in NN collisions. The Mandel-
stam variables s, t, and u, for any subprocess M∗(k) +
N(p1) → N(p2) + S0(q) (where the four-momentum of
each particle is indicated in brackets), are written as

s = (k + p1)2 = (ms +m)2, t = (p1 − p2)2 = −msm,

u = (p1 − q)2 = m2 − 2mms, (26)

and take definite values. Moreover, in these kinematical
conditions k2 = −msm. As an example, we consider here
the production of the isoscalar f0(980)-meson, ms → mf .

5.1 The process π0 + p → p + f

The matrix element, corresponding to the diagrams illus-
trated in fig. 8, can be written as follows:

Mπ = Ms +Mu +Mt,

Ms =
gπNNgfNN

s−m2
u(p2)(p̂1 + q̂ +m)γ5u(p1),

Mu =
gπNNgfNN

u−m2
u(p2)γ5(p̂2 − q̂ +m)u(p1), (27)

Mt =
gπNNgππf

t−m2
π

mfu(p2)γ5u(p1),

where gfNN is the coupling constant for the fNN -vertex
and gππf is the coupling constant for the vertex f0 →
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(π+π−) + (π0π0). In such normalization, the decay width
for f0 → ππ can be written as follows:

Γ (f0 → ππ) =
3
32π

g2
ππfmf

√
1− 4m2

π

m2
f

. (28)

The matrix element (27) generates the following expres-
sion for the threshold amplitude A(πN → Nf):

A(π∗N → Nf) =
gπNNgfNN

E +m

×
[
(W +m)

(
1

s−m2
+

1
u−m2

)
+

ms

t−m2
π

gππf

gfNN

]

= gπNNgfNN
|k|

2m(E +m)

(
−1 + 2mmf

t−m2
π

gππf

gfNN

)
,

s =W 2. (29)

One can see, that for the pseudoscalar πNN interaction,
there is a compensation of the s and u contributions. The
numerical value of the amplitude A(π∗N → Nf) depends
on the relative sign of the coupling constants gππf and
gπNN . The effects of the form factors will be discussed
later.

Following a similar procedure, we can write the follow-
ing expression for the threshold amplitude of η∗ + N →
N + f :

A(η∗N → Nf) = gηNNgfNN
|k|

2m(E +m)

×
(
−1 + 2mmf

t−m2
η

gηηf

gfNN

)
, (30)

where gηηf is the coupling constant for the fηη-vertex,
which can be related to gππf through the SU(3) symme-
try.

5.2 The process f∗ + N → N + f

The matrix element, corresponding to the diagrams illus-
trated in fig. 8, can be written as follows:

Mf = Ms +Mu +Mt,

Ms =
g2

fNN

s−m2
u(p2)(p̂1 + q̂ +m)u(p1),

Mu =
g2

fNN

u−m2
u(p2)(p̂2 − q̂ +m)u(p1), (31)

Mt =
gfNNgfffmf

t−m2
f

u(p2)u(p1),

where gfff is the coupling constant for triple self-
interacting f -mesons, mf is the mass of the f -meson.

The threshold amplitude A(f∗N → Nf) can be writ-
ten in the following form:

A(f∗N → NS) = g2
fNN

×
(
2m+mf

s−m2
+

2m−mf

u−m2
+

mf

t−m2
f

gfff

gfNN

)

= g2
fNN

1
2m

(
1− 2m

m+mf

gfff

gfNN

)
, (32)

i.e. in the considered approximation there is, again, a par-
tial compensation of the s and u contributions.

5.3 The processes V∗ + N → N + f, V = ω or φ

Again we can describe this process in terms of three pole
mechanisms, as in fig. 8, (π → V ∗). Therefore the ma-
trix element can be written in the following relativistic
invariant form:

MV = Ms +Mu +Mt,

Ms =
gV NNgfNN

s−m2
u(p2)(p̂2 + q̂ +m)

×
(
Û − κV

σµνUµkν

2m

)
u(p1),

Mu =
gV NNgfNN

u−m2
u(p2)

(
Û − κV

σµνUµkν

2m

)
×(p̂1 − q̂ +m)u(p1),

Mt =
gfV V gV NNmf

t−m2
f

u(p2)
[
Û−κV

σµνUµ(k−q)ν
2m

]
u(p1),

(33)

where gfV V is the coupling constant for the fV V -vertex
with the following Lagrangian:

LfV V = mfgfV V f(x)Uµ(x)Uµ(x), (34)

and U is the polarization four-vector of the V -meson.
The threshold amplitudes h1V and h2V , which drive

the V exchange for scalar-meson production in N +N →
N + N + f , can be written as follows (in terms of the
corresponding coupling constants):

h1V = gV NNgfNN
|k|

E +m

{
1
mf

+
W +m

u−m2

+
κV

2m

(
2m+mf

mf
+

4m2

u−m2

)

+
mf

t−m2
V

gfV V

gfNN

[
1 + κV

(
1 +

mf

2m

)]}
(35)

= gV NNgfNN
|k|

m(4m+mf )

×
{
−1+κV +

m2
f

t−m2
V

gfV V

gfNN

[
1+κV

(
1+

mf

2m

)]}
,

h2V = gV NNgfNN
|k|

E +m

{
(W +m)

(
1

s−m2

+
1

u−m2

)
+ κV

k0

2m

(
1
mf

+
E +m

u−m2

)

+
mf

t−m2
V

gfV V

gfNN

[
1 +

κV

2

(
1− mf

2m

)]}
(36)

= −gV NNgfNN
|k|

E +mf

1
2m

{
1 + κV

mf

4m

− gfV V

gfNN

2mmf

t−m2
V

[
1− κV

2

(
1− mf

2m

)]}
.



706 The European Physical Journal A

5.4 Final amplitude for p + p → p + p + f

Adding all contributions due to the exchange by scalar
(f and a0), pseudoscalar (π and η) and vector (ρ and ω)
mesons, one obtains the following expression for the ampli-
tude g1, which describes the full threshold spin structure
for the production of f0-mesons in pp collisions:

g1 =
g2

NNπgfNN

2m(t−m2
π)

{
−

( |k|
E +m

)2 (
1 + 2

gfππ

gfNN

)

+
( |k|
E +m

)2 (
gηNN

gπNN

)2

Rηπ(t)

−
(
gfNN

gπNN

)2

Rfπ(t) +
(
ga0NN

gπNN

)2

Raπ(t) (37)

+
(
gωNN

gπNN

)2 (
4k

4m+mf

)

×
[
1− κ2

ω +

(
1− κ2

ω

m2
f

16m2

)
2m
mf

]
Rωπ(t)

−
(
gρNN

gπNN

)2 (
4k

4m+mf

)

×
[
1− κ2

ρ +

(
1− κ2

ρ

m2
f

16m2

)
2m
mf

]
Rρπ(t)

}
,

where RMπ(t) = (t−m2
π)/(t−m2

M ),M = η, f , a0, ρ or ω.
Note that, in the considered model, the relative signs of
all these contributions are fixed. We neglected, for sim-
plicity, the t-channel contributions for processes others
than π + N → N + f . No information exists about the
triple scalar interaction, gfff and gfa0a0 , as well as on the
gfV V coupling constants. Therefore, these “exotic” con-
tributions will be neglected in our numerical calculations,
in order to reduce the possible ambiguities.

Taking the following numerical values for the coupling
constants which enter in the expression (37):

gπNN = 13.6, gfNN = 8.5 [23], ga0NN = 3.7 [50],

gηNN � 6 [51], gρNN = 3.04, κρ = 6.1 [47],

gωNN = 13.7, −0.3 < κω < +0.3 [52] (38)

one finds the following parametrization for the threshold
amplitude g1:

g1 =
0.1
m

g2
πNNgfNN

(t−m2
π)

Σ, (39)

where

Σ = −1− 0.2
gππf

gfNN
− 0.93(f) + 0.33(a+η)

+(5.66–5.47)(ω) + 5.32(ρ)

and the upper indices refer to the individual t contribu-
tion. This evaluation allows to do the following consider-
ations on the relative role of the different contributions to
the amplitude g1:

– The largest contributions, ρ and ω, have the same sign
(note that a larger (smaller) value of the ω contribution
corresponds to κω = 0 (κω = ±0.3).

– The η and a0 contributions are one order of magnitude
smaller than the individual ρ and ω contributions.

– The numerical value of g1 depends strongly on the
value of the coupling constant gωNN , which can take
values in the interval: g2

ωNN/4π � 8–35 [51].

From Γ (f → 2π) = 40–100 MeV, we find |gfππ| = 1.2–1.9.
Finally the sum of the different contributions can be writ-
ten as

Σ± = −1∓ (0.28–0.45)(π) − 0.6(f+a+η) + (11–10.8)(ω+ρ),

so

Σ± =
{−(7.75–9.12), if gfππ/gfNN > 0,
−(8.48–9.85), if gfππ/gfNN < 0, (40)

with small sensitivity on the value of κω and on the sign
of the ratio gfππ/gfNN . Finally,

|Σ|2 = 60(1–1.6), (41)

i.e. the cross-section of the process p+ p → p+ p+ f0 can
be predicted with good accuracy, in the framework of the
considered model.

5.5 Effects of the form factors

Another important source of uncertainty in the calculation
of the cross-section for scalar-meson production in NN
collisions, is related to the choice of the phenomenological
form factors in the hadronic vertices for the subprocesses
M∗ + N → N + f0. The symmetry of the s, u and t
contributions does not hold, and the s, u terms do not
partially cancel any longer. To prove this, let us consider
the manifestation of the form factors for virtual nucleons:

FN (s) =
Λ4

N

Λ4
N + (s−m2)2

and FN (u) =
Λ4

N

Λ4
N + (u−m2)2

,

(42)
where ΛN = (1.2–1.3) GeV is a cut-off parameter.

At threshold of any process M +N → N + f , with s
and u determined by eq. (26), we have

Rsu = FN (u)/FN (s) = 1.82 �= 1, for ΛN = 1.2 GeV .

As a result this ratio affects essentially the relative role of
s and u contributions:
For π and η:

(W +m)
(

1
s−m2

+
1

u−m2

)
= − 1

2m
→

1
mf

−Rsu
W +m

2mmf
= −1.76

mf
, (43)

which gives an increase of a factor of three in absolute
value.
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For f and a0:

2m+mf

s−m2
+
2m−mf

u−m2
=

1
2m

→
2m+mf

s−m2
+Rsu

2m−mf

u−m2
=

0.13
mf

, (44)

i.e. in this case the resulting value, obtained including the
form factors, is three times smaller.
For vector mesons:

h1V → −1.77
mf

(1 + 0.17κV ),

h2V → −1.76
mf

(1 + 0.19κV ). (45)

To estimate the effects of form factors for the amplitude
g1, let us assume, for simplicity, that all M∗NN -vertices
can be characterized by a unique form factor F (t). Then
the amplitude g1 can be written as follows:

g
(F )
1 = gfNN

g2
πNN

t−m2
π

0.37
mf

F 2(t)FN (s)Σ(F )
± ,

Σ
(F )
± = −1− 2

gππf

gfNN

F (t)
FN (s)

− 0.09(f) + 0.015(a)

+0.15(η) + (6.2–5)(ω) − 1.61(ρ), (46)

where the ω contribution is very sensitive to κω (not only
to the absolute value, but to the sign also):

Σ
(F )
± =



3.74− 2

gππf

gfNN

F (t)
FN (s)

, if κω = +0.3,

2.54− 2
gππf

gfNN

F (t)
FN (s)

, if κω = −0.3

Taking, as an example, F (t) = Λ2/(Λ2 − t), with Λ �
1 GeV, we find that the result will be more sensitive to
the relative signs of the coupling constants gππf and gfNN

than in the case where form factors were not taken into
account:

Σ
(F )
+ = (3.0–3.4), Σ

(F )
− = (4.4–4.8), if κω = +0.3,

Σ
(F )
+ = (1.8–2.2), Σ

(F )
− = (3.2–3.6), if κω = −0.3,

(47)
i.e. near threshold, the largest value of the cross-section
for p+ p → p+ p+ f0 is given by κω = 0.3.

6 Threshold behavior of the cross-section

After calculating the different contributions to the matrix
element for the process p+p → p+p+f0, we can estimate
the cross-section in the near-threshold region. We start
from the following expression [8]:

σ =
1
2
Nf |M|2Q2,

Nf =
m

(2m+mf )2

√
m

(2m+mf )
1
|k|

1
256π2

� 2.5 · 10−5 GeV−2, (48)

where the coefficient 1/2 takes into account the identity
of the final protons in the considered process. The matrix
element M can be written in the following form:

M = 1.39gfNN
g2

πNN

t−m2
π

(E +m)FN (s)F 2(t)Σ±

� 300 Σ± GeV−1. (49)

The Q behavior of the cross-section can be finally written
as

σth = 0.45(Q/GeV)2Σ2
± mb. (50)

This prediction can be compared to the existing experi-
mental estimation [8]:

σexp(pp → ppf0 → ppK+K−) � 2 nb at Q = 17 MeV.
(51)

Taking Br(f0 → K+K−) = 1%, one can find σexp =
0.7 mb(Q/GeV)2. Comparing σexp and σth, one can con-
clude that |Σ| � 1, which is more compatible with κω =
−0.3 and a positive sign of the coupling constants gππf

and gfNN .
The effects of the initial- and final-state interaction

have been neglected in the previous estimations. If one
assumes that the initial pp interaction induces a decreasing
factor comparable with p+p → p+p+η′, then larger values
of Σ (which can be obtained for a negative value of κω)
seem preferable. However, the initial pp states for η′ and
f0 production are different.

Finally, taking the following simple relation:

σ(pp → ppa0)
σ(pp → ppf0)

�
(
ga0NN

gf0NN

)2

� 1/6, (52)

it is possible also to predict the threshold behavior of a0

production:

σ(pp → ppa0) � 80(Q/GeV)2|Σ±|2µb (53)

and we find the same sensitivity to κω. To be more rigor-
ous, it would be necessary to use ga0πη/ga0NN instead of
gfππ/gfNN .

7 Comments on the NN final-state
interaction (FSI)

In order to illustrate possible effects of FSI for the consid-
ered reaction, let us make an oversimplified estimation, us-
ing only the NN scattering length approximation, which
will result in an upper limit for the NN FSI. Let us con-
sider, for illustration, the case of pion exchange. One finds
the following correction for some of the observables which
have been previously discussed:

– The ratio of np and pp cross-sections:

R(π) =
1
2

[
as(np)
as(pp)

]2

+
27
2

[
at(np)
as(pp)

]2

.
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– The polarization effects for np collisions:

C(π)
nn =

9−R2
st

27 +R2
st

, D(π)
nn =

6(Rst − 3)
27 +R2

st

,

where Rst = [as(np)/at(np)], as(NN) is the singlet NN
scattering length and at(np) is the triplet np scattering
length (for the S-state).

Using the following values for the scattering
lengths [53]: as(np) = −23.768 fm, at(np) = 5.424 fm, and
as(pp) = −7.8098 fm, one can find: R(π) � 11 (instead of
14), C(π)

nn �= −0.22 (instead of 0.29), and D
(π)
nn � −0.96

(instead of −0.43), i.e. the final-state np interaction can
change the sign of C(π)

nn , but does not affect much the ratio
R(π).

Note that the polarization observables are modified by
FSI only near threshold, and therefore appear when the
effective mass of the produced pp-system is known very
precisely.

8 Conclusions

Let us summarize the main results concerning the produc-
tion of scalar mesons in nucleon-nucleon collisions near
threshold.
– We parametrized the spin structure of the threshold
matrix element for the processes p + p → p + p + S0,
where S0 is a neutral scalar meson, S = σ, f0, or
a0, in terms of a single spin structure, corresponding
to a singlet-singlet transition in the pp-system. The
same structure describes the production of the charged
a±0 -mesons in the processes p + p → p + n + a+

0 and
n+ p → p+ p+ a−0 .

– The process n+ p → n+ p+ S0 is characterized by a
more complicated spin structure, where the matrix ele-
ment contains, in the general case, three contributions
with different spin structures. One contribution coin-
cides with the M(pp → ppS0) matrix element due to
isotopic invariance, and two additional contributions
describe the triplet-triplet transition in the np-system,
which are forbidden by the Pauli principle, in case of
the pp-system.

– The suggested model-independent parametrization of
the spin structure, which is based on the general sym-
metry properties of the strong interaction (such as P -
invariance, isotopic invariance, conservation of angular
momentum and Pauli principle) allows to analyze po-
larization effects for pp and np collisions in a transpar-
ent way. These effects are very peculiar at threshold,
where all final particles are emitted in relative S-state.

– The standard t-channel dynamics for the process N +
N → N +N + S0 is generated by different meson ex-
changes with J P = 0+ and J P = 0− and isotopic spin
I = 0 and I = 1. The dependence of the polarization
phenomena in n + p → n + p + S0 on the quantum
number of the exchanged mesons can be described in
terms of the corresponding S-channel partial ampli-
tudes, with the help of the Fierz transformation in its
two-component form.

– The resulting amplitude for p+p → p+p+f0 depends
essentially on the coupling constants and on the form
factors FN (s) and FN (u), which describe the effects of
the nucleon virtuality.

– The processes p+p → p+p+S0 and n+p → n+p+S0

manifest large isotopic effects: the S-state production
of scalar mesons is larger in np collisions than in pp
collisions and polarization phenomena are different.

Note that these results do not depend on the structure
of the f0- and a0-mesons (qq states, four-quark state,KK-
molecule etc.) and on the mechanisms of their decays.
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