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Abstract. We show that the recently measured asymmetry in helicity-angle spectra of the Λ-hyperons produced in

the reaction pp→K+Λp reaction and the energy dependence of the total pp→K+Λp cross section can be explained

consistently by the same Λp final-state interaction. Assuming that there is no final-state interaction in the Σ0p channel,

as suggested by the available data, we can also reproduce the energy dependence of the Λ/Σ0 production ratio and, in

particular, the rather large ratio observed near the reaction thresholds. The nominal ratio of the Λ and Σ0 production

amplitudes squared, i.e. when disregarding the final-state interaction, turns out to be about 3, which is in line with

hyperon production data from proton and nuclear targets available at high energies.

PACS. 13.75.Ev Hyperon-nucleon interactions – 14.20.Jn Hyperons – 25.40.Ve Other reactions above meson pro-

duction thresholds (energies>400 MeV)

One of the surprising results observed at the COSY acceler-
ator facility is the large ratio of the pp→K+Λp to pp→K+Σ0p
cross sections near the reaction thresholds [1,2]. This ratio is as
large as 28 [1] at very low energies and eventually approaches
values around 3 with increasing energy. In the last few years
several theoretical studies [3,4,5,6,7,8] appeared where differ-
ent production scenarios were considered in order to describe
simultaneously both the pp→K+Λp and pp→K+Σ0p reaction
cross sections and, thus, the Λ/Σ0 ratio. These included π, K
as well as heavier meson exchanges, intermediate baryonic res-
onances coupled to the K+Λ and K+Σ0 channels as well as
the Λp and Σ0p final-state interaction (FSI). But, as summa-
rized in Refs. [2,9], none of these models is able to reproduce
the energy dependence of the Λ/Σ0 ratio convincingly.

A basic problem is that the relevance of the FSI on one
hand side, and the interplay between the different baryonic res-
onances on the other side can not be resolved from considering
only the total reaction cross section. Therefore, in the present
paper we follow a different strategy. We look not only at the
total cross sections but also at differential observables because
some of them do allow to distinguish between effects from the
FSI and baryonic resonances, as we pointed out recently [10].
Moreover, for the reaction pp→K+Λp data for the relevant ob-
servables are already available in the literature [11]. Note that
our study is completely phenomenological in the sense that we
do not consider any specific reaction mechanism. But we take
into account the effects from the Λp final-state interaction. We
will argue that the differential data of Ref. [11] strongly sup-
port the interpretation of the measured energy-dependence of
the total pp→K+Λp cross section in terms of FSI effects. At
the same time, and in view of the lack of any visible FSI ef-
fects in the reaction pp→K+Σ0p [2], we come to the conclu-
sion that the energy-dependence of the Λ/Σ0 cross section ra-

tio could likewise be governed primarily by FSI effects in the
pp→K+Λp channel.

The role of the Λp FSI in describing the pp→K+Λp cross
section near the reaction threshold was already addressed af-
ter the first experiments of the COSY-11 Collaboration [12,
13] for excess energies below 7 MeV. But only further mea-
surements by the COSY-11 and COSY-TOF Collaborations at
higher energies explicitely indicated [1,2,14] that the energy
dependence of the pp→K+Λp cross section deviates from the
phase space, i.e. the expected ǫ2 behavior. (The excess energy
ǫ is defined as ǫ =

√
s−mK−mΛ−mp, where s is the squared

invariant collision energy, while mK , mΛ and mp are the masses
of the kaon, the Λ-hyperon and the proton, respectively.) This
deviation from the phase-space behaviour – in particular an en-
hancement at lower collision energies – was interpreted as an
effect due to the Λp FSI in several investigations [3,4,6,15,16].

However, the near-threshold enhancement could also result
from the contributions of resonances coupled to the meson-
baryon (K+Λ) subsystem. Indeed, varying the mass and width
of such resonances one can reproduce the energy dependence
close to the reaction threshold too. For example, assuming that
the N∗(1535) resonance couples to the KΛ system as strongly
as to ηN the authors of Ref. [17] came to the conclusion that
the near-threshold enhancement observed in the pp→K+Λp
cross section data is caused primarily by the N∗(1535) contri-
bution. In their calculation the Λp FSI was entirely neglected!

Thus, it is obvious that the low-energy enhancement of the
pp→K+Λp cross section can be described by the Λp FSI as
well as by the contribution of resonances coupled to the K+Λ
system with the resonance mass below mK+mΛ. As already
mentioned, to resolve this issue one needs to analyze differen-
tial data. For example, it is obvious that a low-mass enhance-
ment of the Λp invariant mass spectrum, MΛp, would reflect
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Fig. 1. Total cross sections for the pp→K+Λp (closed symbols) and

pp→K+Σ0p (open symbols) reactions as a function of the excess en-

ergy ǫ. Results from COSY [1,2,11,13,14] are indicated by circles,

while the squares are data from Ref. [25]. The solid lines are our re-

sults for the Λ and Σ0 reaction channels, respectively. The dashed line

is obtained by switching off the Λp final-state interaction.

the importance of the FSI. Corresponding data on the Λp mass
spectra were already available for some time, though only for
ǫ>250 MeV. Invariant mass spectra can be obtained from the
K+-meson momentum spectra measured at certain angles in
pp collisions [18,19,20]. Although the K+-meson spectra were
measured for the inclusive reaction, i.e. pp→K+X , the contri-
bution from the exclusive pp→K+Λp channel can be well iso-
lated by analyzing the missing mass spectra, MX , below the Σ-
hyperon production threshold. The data provided in Ref. [19,
20] at different proton beam energies and K+-meson produc-
tion angles indicate a substantial enhancement at low Λp invari-
ant masses with respect to the pure phase space distribution.
Actually, the data from Ref. [20] were even used in attempts to
determine the Λp effective-range parameters [21,22]. There-
fore, there is no doubt that the Λp FSI plays a substantial role
in the reaction pp→K+Λp.

On the other hand, it is still an open question how strongly
the FSI contributes at COSY energies and, in particular, whether
the Λp FSI is entirely responsible for the low-energy enhance-
ment. To answer this question one requires differential observ-
ables for the pp→K+Λp reaction at COSY energies. Such data
were recently provided by the COSY-TOF Collaboration who
measured [11] the angular distributions of the Λ-hyperon in
reference to the proton direction in the K+Λ center-of-mass
system for the pp→K+Λp reaction at the beam momentum of
2.85 MeV/c (ǫ = 171 MeV). The angular spectra are almost
isotropic for the low invariant masses of the K+Λ system, i.e.
at MKΛ < 1.69 GeV. However, at larger K+Λ masses the
measured angular spectra exibit an anisotropy, which becomes
more substantial with increasing the MKΛ. Note that the maxi-
mal MKΛ corresponds to the minimal invariant mass of the Λp
system.

The measured angular spectra, which are related to the so-
called helicity-angle (θH ) spectra, can be expressed [10] in
terms of the invariant masses of the K+Λ and Λp subsystems
by expanding the Λp invariant mass. The helicity angle of the
Λ-hyperon is then given as

cos θH=
[

2M2
KΛ(m2

p+m2
Λ−M2

Λp)+(s−M2
KΛ−m2

p)

×(M2
KΛ+m2

Λ−m2
K)

]

λ−1/2(s, M2
KΛ, m2

p)

×λ−1/2(M2
KΛ, m2

Λ, m2
K), (1)

where λ(x, y, z)=(x−y−z)2−4yz. For fixed MKΛ the angle
cos θH=1 corresponds to the minimal invariant mass of the Λp
subsystem. Therefore, the Λp FSI should manifest itself as an
enhancement at forward θH angles. Eq. (1) shows that applying
different cuts on MKΛ one can study the spectra at different
MΛp ranges and, at sufficiently large s, one can isolate the Λp
FSI.

In the following study we explore the effects of the Λp FSI.
It is included in our calculation within the Watson-Migdal ap-
proach [23] by factorizing the reaction amplitude in terms of a
practically constant production amplitude M0 and an FSI fac-
tor, i.e.

M ≈ M0 ×AΛp, (2)

where the latter is taken to be the Jost function,

AΛp(q) =
q + iβ

q − iα
, (3)

The parameters α and β are related to the Λp effective-range
parameters [10]. In the present work we employ the same val-
ues (α=-72.3 MeV/c, β=212.7 MeV/c corresponding to the Λp
effective-range parameters a = −1.8 fm, r = 2.8 fm) that we
already used in Ref. [10]. With those the energy dependence of
the pp→K+Λp reaction cross section could be described over
a large energy range. For the production amplitude M0, how-
ever, we use here a simple parametrization (see below) so that
the total cross section can be evaluated analytically [10]:

σ(ǫ)=

√
mKmNmΛ

27π2(mK+mN+mΛ)3/2

ǫ2
√

s2−4sm2
N

|M0|2

×
[

1 +
4β2 − 4α2

(−α +
√

α2 + 2µǫ)2

]

. (4)

Here µ is the reduced mass of the hyperon-nucleon system.
Note that the last term in the square brackets of Eq. (4) arises
from taking into account the Λp FSI.

With regard to M0 we allow for a smooth (exponential)
dependence on the excess energy in order to be able to con-
nect with the data at higher energies. To be concrete we use
|M0|2=1.89 exp(−1.3ǫ) µb (ǫ in GeV) which fits the pp →
K+Λp cross section data [1,2,11,13,14,25] rather well as is
shown in Fig. 1 by the solid line. At the energy ǫ=171 MeV
where the helicity-angle distributions were measured we obtain
18.5 µb which is in reasonable agreement with the experimen-
tal value of 16.5±0.4 µb [11]. We would like to emphasize that
the energy dependence introduced by M0 is rather small over
the range covered by the COSY data (solid circles in Fig. 1).
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Fig. 2. The helicity-angle distribution of the Λ-hyperon for different

K+Λ invariant masses. The data are from Ref. [11], obtained at the

excess energy ǫ = 171 MeV. The solid lines show our calculations in-

cluding the Λp FSI, while the dashed are results obtained by switching

off the FSI.

It amounts to a variation of only about 20 %. This has to be
compared with the effect of the Λp FSI which produces an en-
hancement of a factor 8 [10], in the same energy range, cf. the
solid and dashed curves in Fig. 1.

Predictions for the helicity-angle distribution of the Λ-hype-
ron are presented in Fig. 2 together with the experimental an-
gular spectra. Since the data are given in arbitrary units [11]
we have normalized them to our calculations. But we use an
overall normalization for the experimental results, i.e. the same
value for the different MKΛ cuts. Also the results without the
Λp FSI (dashed lines in Fig. 2) are based on the same normal-
ization.

Obviously, the experimental result1 of Ref. [11] can be nat-
urally explained in terms of the Λp FSI. The calculation with-
out this FSI fails completely. Thus, we consider these angu-
lar spectra as a strong direct evidence for the presence of the
Λp FSI. Most intriguing, however, is the fact that the specific
strength of the Λp FSI we employed reproduces the measured
helicity-angle distributions rather nicely and at the same time
it also yields an excellent description of the total pp→K+Λp
cross section. This strongly suggests that the enhancement in
the latter quantity at lower collision energies is primarily due
to the Λp FSI.

1 In our convention the sign of θH is opposite to the one in the ex-

perimental analysis [11]. In the following we use our sign convention

since it follows directly from the Dalitz plot representation. There-

fore, the experimental angular distributions were transformed to helic-

ity θH-angle spectra by changing the sign of the experimental angle.

Let us now come to the reaction pp→K+Σ0p. Correspond-
ing cross section data are shown by open symbols in Fig. 1.
Again, the circles are results of experiments at COSY [1,2],
while the squares are from Ref. [25]. The solid line shows
the calculation by Eq. (4) (replacing only mΛ by mΣ) and
without any Σ0p FSI, i.e. omitting the last term in the square
brackets of Eq. (4). For the production amplitude M0 we use
the same form as before but with a readjusted normalization:
|M0|2=0.61 exp(−1.3ǫ) µb. We kept the smooth exponential
energy dependence the same as before because (a) the pp →
K+Σ0p reaction cross sections available for ǫ>300 MeV have
large uncertainties so that a determation of this parameter from
a fit to those data is not possible anyway, and (b) it is conve-
nient to have the same energy dependence as for the reaction
pp → K+Λp because then the Λ/Σ0 cross section ratio ap-
proaches a constant at high energies.

Obviously, the calculation without Σ0p FSI yields already
a perfect reproduction of the energy dependence of the pp →
K+Σ0p data over the whole considered energy range. Espe-
cially, in the COSY regime the data are completely in line
with the pure phase-space (ǫ2) dependence. Based on this ev-
idence one would conclude that effects from the Σ0p FSI are
much smaller than those in the Λp channel, as already pointed
out in Ref. [2]. Clearly, like for pp→K+Λp discussed above,
one should keep in mind that firm conclusions can only by
drawn once one has also inspected the helicity-angle spectra
for the Σ0. Corresponding data at excess energies 60<ǫ<210
MeV have already been taken by the TOF Collaboration and
are presently analyzed [24]. It will be very interesting to see
whether those data are in line with the absence of any Σ0p FSI
as conjectured from the total cross section. In such a case one
expects that the cos θH distribution is completely isotropic for
large K+Σ0 invariant masses. Anyway, the lack of apparent
FSI effects in the Σ0p channel is certainly quite suprising. But
it could be due to delicate cancellations between effects result-
ing from the two possible transitions in the final state, namely
Σ0p → Σ0p and Σ+n → Σ0p.

Based on our parametrizations of the production amplitudes
M0 we can now calculate the ratio σ(pp→K+Λp)/σ(pp→K+Σ0p).
The ratio of the squared production amplitudes alone yields
3.1, in rough agreement with the experimental ratio at higher
energies. Since the enhancement in the pp→K+Λp cross sec-
tion at lower energies was found to be primarily due to the
Λp FSI, it follows immediately that also the near-threshold en-
hancement of the Λ/Σ0 ratio must stem entirely from the Λp
FSI. Our results are illustrated in Fig. 3. The solid line is ob-
tained with inclusion of the Λp FSI in Eq. (4) utilizing those
FSI parameters (α, β) that describe consistently the helicity-
angle distribution of the Λ-hyperon [11]. The dashed line in
Fig. 3 shows the ratio of the squared production amplitude for
the pp→K+Λp and pp→K+Σ0p reactions. They are com-
pared with measurements from COSY [2] (solid circles) and
with data at higher energies [25] (solid squares).

It is worthwhile to mention that the Λ/Σ0 ratio has also
been discussed in the context of reactions with nuclear targets.
Quark model calculations predict [26,27] that in inclusive reac-
tions at high energies the Λ-multiplicity has to be much larger
– about 8 times – than that of the Σ-hyperon. This does not
violate SU(3) symmetry but results from the decay of heavy
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baryonic resonances, which effectively enhances the Λ produc-
tion rate. Fig. 3 contains the Λ/Σ0 ratio observed in p Be (open
triangle) [28] and p Ne (open circle) [29] collisions. The open
square is a very recent result [30] from the STAR Collaboration
at RHIC obtained for d Au collisions at

√
s=200 GeV.

It is interesting to observe that the ratios for nuclear tar-
gets, measured at high energies, are roughly in line with the
results from high-energy pp collisions. Unfortunately, the new
and still preliminary STAR result is afflicted by large uncer-
tainties and, thus, precludes any firm conclusion concerning a
possibly larger ratio with respect to that found in the pp inter-
actions. Several authors have pointed out that the experimental
ratio of around 3 coincides with the ratio of the isospin multi-
plicity of the Λ and Σ’s [2,28,30]. But we are not aware of any
deeper reason why those two quantities should be connected.

In conclusion we analyzed the helicity-angle spectra of Λ
hyperons produced in the reaction pp→K+Λp, measured re-
cently by the COSY-TOF Collaboration. We argued that the
observed anisotropy of the angular distribution at large invari-
ant masses of the K+Λ system is a strong evidence for the
presence of the Λp FSI. Adopting a specific strength of the Λp
FSI the measured helicity-angle distributions could be repro-
duced quantitatively (within a Watson-Migdal approach). The
same Λp FSI yields also an excellent description of the total
pp→K+Λp cross section which strongly suggests that the en-
hancement in the latter quantity at lower collision energies is
indeed primarily due to the Λp FSI. Thus, our result casts con-
siderable doubts on a recent interpretation of this enhancement
in terms of a large contribution from the N∗(1535) resonance
[17] (see also Ref. [31]). In view of the lack of any visible FSI

Fig. 3. The Λ/Σ0 cross section ratio as a function of the excess energy

ǫ. The solid circles show the ratio obtained for the pp→K+Λp and

pp→K+Σ0p reactions at COSY [2]. Solid squares are pp results from

Ref. [25]. The open triangle and open circle are ratios measured in

pBe [28] and pNe [29] collisions, respectively. The open square is

the result from a dAu experiment [30]. The curves are cross section

ratios based on the pp→K+Λp results with Λp FSI (solid line) and

without FSI (dashed line).

effects in the reaction pp→K+Σ0p this implies that the energy
dependence of the Λ/Σ0 ratio could then be likewise driven by
the Λp FSI. However, for the final conclusion on this issue data
on the helicity-angle distribution of the Σ0-hyperon are neces-
sary. The nominal ratio of the Λ and Σ0 production amplitudes
squared, i.e. disregarding FSI effects, amounts to 3.1, which is
in line with available data from proton and nuclear targets at
high energies.
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