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Kaon pair production in pp, pd, dd and pA collisions
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An overview of experiments at the Cooler Synchrotron COSY on kaon-pair production in pp,
pd, dd collisions in the close-to-threshold regime is given. These include results on φ -meson
production, where the meson is detected via its K+K− decay. The study of φ production on a
range of heavier nuclear targets allows one to deduce a value of the φ width in nuclei and its
variation with the φ momentum.
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Kaon pair production at COSY

1. Introduction

The cooler synchrotron COSY [1] at the Forschungszentrum Jülich in Germany can accelerate
protons and deuterons up to about 3.7 GeV/c. Both polarized and unpolarized beams are available.
Excellent beam quality is achieved with the help of electron and/or stochastic cooling. COSY can
be used as an accelerator for external target experiments and as a storage ring for internal target
experiments. Kaon pair production experiments have been performed at the internal spectrometer
ANKE by the COSY-ANKE collaboration, at the internal COSY-11 spectrometer by the COSY-11
collaboration, and at the external BIG KARL spectrograph by the COSY-MOMO collaboration.
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Figure 1: World data set on total cross sections for kaon-pair production in terms of the excess energy for
each reaction. Closed symbols denote COSY results, which are pp→ ppK+K−/φ (black and green) [2, 3,
4, 5], pp→ dK+K̄0 (brown) [6, 7], pn→ dK+K−/φ (light-red and blue) [8, 9], pd→ 3HeK+K−/φ (red and
pink) [10], and dd→ 4HeK+K− (light-blue) [11] reactions. In addition there are data on pp→ ppK+K−

and the corresponding pp→ ppφ reaction from SATURNE (open circles, black and green) [12].
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Kaon pair production at COSY

2. Kaon-pair and φ meson production on hydrogen and deuterium targets

Extensive measurements of kaon-pair and φ -meson production have been carried out at several
COSY facilities over the last decade. Values of total and differential cross sections are now avail-
able for a variety of reactions. The world data set of total cross sections for kaon pair production is
shown in Fig. 1 as a function of the excess energy ε .

The pp → ppK+K− reaction (black and green symbols) has been studied by the COSY-
11 [2, 3] and COSY-ANKE [4, 5] collaborations at excitation energies between 3 and 108 MeV.
The closely related reaction pp→ dK+K̄0 (brown), where the KK̄ has isospin one, has also been
investigated at COSY-ANKE [6, 7]. In addition, measurements of the pn→ dK+K− reaction (blue
and light-red) have been carried out at COSY-ANKE [8, 9] using a deuterium cluster-jet as an ef-
fective neutron target. The non-observed proton spectator was identified and its momentum and
the excess energy ε reconstructed from the four-momenta of the detected deuteron and kaon pair.

The pd → 3HeK+K− (red and pink) reaction has been measured by the COSY-MOMO col-
laboration [10]. Here the kaon pair may have isospin zero or one. However, the dd→ 4HeK+K−

reaction studied by COSY-ANKE is an ideal isospin-zero filter which may be sensitive to the pro-
duction of the scalar meson f0(980). In fact, the total cross section (light blue point) is only about
5 pb [11], which makes it of no practical use.
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Figure 2: Differential cross section for the pp→ ppK+K− reaction with respect to the K+K− invariant
mass at 2.65 GeV. The blue-dotted histogram and the green-dashed curve represent the simulations for the φ

and non-φ contributions to the spectrum, with their sum being shown by the black-solid histogram. The left
panel shows the full spectrum while the right panel illustrates the behaviour near threshold. The simulations
fail to reproduce the lowest mass points unless the KK̄ FSI, including the K+K−
 K0K̄0 charge-exchange
scattering, is taken into account [13]. The position of the K0K̄0 threshold is indicated by the vertical dashed
line.

The high energy pp→ ppK+K− result (open circle) was obtained at SATURNE [12]. The
invariant mass distribution of K+K− pairs in this reaction has been measured at COSY-ANKE [4]
at three excess energies ε = 51, 67 and 108 MeV. The internal ANKE spectrometer detects simul-
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Kaon pair production at COSY

taneously slow positive and negative particles in the side detectors and fast positive particles in
the forward detector. The spectrum obtained at ε = 51 MeV (Tp = 2.65 GeV) is shown in Fig. 2.
All three spectra show a strong peak associated with the production of the φ(1020) meson, which
decays about 50% of the time into K+K−. The prompt K+K− spectrum is described by a four-
body phase-space distribution, modified by the pp and K−p final state interaction (FSI). However,
the distributions at all three energies show a small low mass enhancement compared to the fitted
curves. This enhancement has been discussed as a coupled channel effect; the threshold for the
K0K̄0 channel (dashed vertical line) is about 8 MeV above that for the K+K− system [13].

The important K−p FSI has been investigated by comparing the invariant mass distributions
of K−p and K+p [5, 14]. The ratio of K−p to K+p production changes by an order of magnitude
within 50 MeV/c2, as shown in Fig. 3 (left). The same holds true if one compares the ratios of
K−pp and K+pp production, (right side). The K−p FSI can be described by assuming an imaginary
scattering length of 1.5 fm. New data with significant larger statistics have been collected at two
excess energies of 25 MeV and 108 MeV at ANKE in order to study the K−p FSI and the effects
between the two kaons in greater detail. These data are currently under analysis.
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Figure 3: Ratio of the differential cross section for pp→ ppK+K− in terms of the K±p (left) and K±pp
(right) invariant masses. These 2.65 GeV data have been selected to come from the region M(K+K−) <
1.01 GeV/c2, where there is only a very small φ contribution. The histograms include the effects of the pp
and K−p FSIs in a simplified treatment with an effective K−p scattering length of aK−p = (0+1.5i) fm [5].
Without the K−p FSI the ratios are expected to be unity, as shown by the dashed lines.

The final state interactions also influence significantly the energy dependence of the pp→
ppK+K− total cross section illustrated in Fig. 4. A strongly attractive threshold FSI enhances
the cross section at low ε because the region of attraction then represents a larger fraction of the
available phase space. It is here the combination of the K−p, pp and, to a lesser extent, K−K+

FSIs that leads to an acceptable description.
In addition to measuring kaon pair production, the Λ(1405) has been investigated at ANKE

through the study of the pp → K+pΣ0π0 reaction [15]. Although the dominant decay of this
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Figure 4: (color online) Measurements of the pp→ ppK+K− total cross sections from COSY [2, 3, 4, 5]
and SATURNE (open circle) [12] as a function of the excess energy ε . The doted curve represents the energy
dependence expected from four-body phase space. The dashed curve includes the effects arising from the pp
final state interaction whereas the dot-dashed curve contains in addition distortion from the K−p FSI. The
solid curve includes finally a contribution from the KK̄ interaction, including the effects of charge-exchange
scattering. All the curves are normalized on the SATURNE point.

hyperon is Λ(1405)→ Σπ , there is a significant branching ratio for Λ(1405)→ K−p, even though
the central mass value is below the K−p threshold. Indeed, the opening of this threshold distorts
significantly the Σ0π0 spectrum. The shapes of the two spectra and the relative strengths of the
production cross sections suggest strongly that much of the prompt kaon pair production in pp
collisions actually proceeds through the excitation and decay of the Λ(1405) in the form pp→
K+p{Λ(1405)→ K−p}, rather than through the production of K+K− pairs associated with the
scalar resonances [16].

Similar FSI effects are observed in the pp→ dK+K̄0 reaction, where the K̄0d pairs are found
preferentially at small invariant masses. Due to angular momentum and parity considerations, an
overall s-wave final state is forbidden and a partial wave decomposition reveals that it is the K̄0d
pair that is dominantly in an s-wave and is enhanced compared to K+d, which is found more in a
p-wave [13]. The same low-mass enhancement is also evident in the K−d distribution produced
in the pn→ dK+K− reaction [9]. These effects have been interpreted as evidence for a strongly
attractive K̄d FSI and all the main features of the data are well described with an effective K̄d
scattering length of strength |aK̄d |= 1.5 fm [13].

Another important result on φ production in proton-proton collisions is the angular distribution
of the φ → K+K− decay at ε = 18.5 MeV, which is essentially a pure sin2

θ distribution in the
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Jackson frame. Thus, the φ meson is tensor polarized with |m| ≈ 1 along the beam axis, as expected
near threshold due to conservation laws [4]. The comparison of the total cross sections for φ and
ω-production at the same excess energies [4, 5, 17] yields a ratio Rφω that is about seven times
larger than the prediction ROZI = 4.2× 10−3 [18] based on the Okubo-Zweig-Iizuka (OZI) rule.
A similarly enhanced value of Rφ/ω was found in the ANKE studies of the quasi-free pn→ dφ

and pn→ dω production. However, the precision achieved for the ratio was limited by the large
uncertainties in the ω measurement. A more precise study of the pn→ dω reaction, including
angular distributions, is expected soon from ANKE.

The production of prompt kaon pairs as well as φ mesons decaying into K+K− was also
studied by the COSY-MOMO collaboration at the magnetic spectrograph BIG KARL using the
pd→3HeK+K− reaction [10]. The invariant mass distributions of prompt pairs measured at three
excess energies, 35, 40 and 55 MeV, can be described by pure phase-space distributions. Effects due
to a possible K−3He FSI are not visible, due the inability to distinguish between the two charged
kaons in this experiment. In comparison to the ppφ reaction [4], the φ peak is less pronounced.
The unexpected result of the pd →3Heφ study is that the φ meson is strongly tensor polarized,
with m≈ 0 along the beam axis [10]. In contrast, the ω meson is unpolarized in the corresponding
pd→3Heω reaction [19]. Such a difference is a clear violation of the OZI rule. Furthermore, the
ratio Rφ/ω of the total cross sections for pd→3Heφ and pd→3Heω at the same excess energy is
about a factor twenty larger [10] than predicted by the OZI-rule [18].

3. φ -meson production and the in-medium φ -width in nuclear matter

The properties of light vector mesons are expected to change in dense nuclear matter [21,
22, 25, 23, 24, 26]. The cleanest place where to test these ideas is in the case of the φ(1020)
meson, where the narrow vacuum line-shape (Γ = 4.3 MeV/c2) allows one to investigate small
modifications of the in–medium width. Rather than studying the width directly, at COSY-ANKE
the variation of the φ production cross section in proton-nucleus collisions with atomic number A
has been measured [27]. The production rate depends on the attenuation of the φ flux in a nuclear
target which, in turn, is governed by the φ width. In the low-density approximation, this can be
related to an effective φN total cross section. The big advantage of this method is that one can
identify the φ meson through its large K+K− decay branch.

Protons of energy 2.83 GeV were incident on four nuclear targets, viz. C, Cu, Ag and Au.
Positive kaons were first selected using a dedicated detection system that can identify a K+ even if
the π+/p background is 105 more intense [28]. The coincident K− was subsequently isolated using
the time-of-flight difference between the stop counters in the ANKE negative and positive detector
systems [29]. For all targets there was a clear φ peak sitting on a background of non-resonant
K+K− production.

The relative luminosity for each target was obtained by measuring in parallel the production
rate for positive pions [27]. Since the acceptance corrections in ANKE are essentially target-
independent, the ratio of luminosity–normalised counts corresponds to the ratio of the cross sec-
tions for φ production in the ANKE acceptance window. The resulting so-called transparency
ratios, relative to carbon, are presented in Fig. 5 in the form
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R = 12 σpA→φX ′
/

A σpC→φX .

The ratios shown correspond to φ production rates that follow the power law σ(A) ∝ Aα , with
α = 0.56±0.03.
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Figure 5: Comparison of the measured transparency ratio R as a function of atomic number A with predic-
tions of model calculations for different φ widths in the meson rest system at normal nuclear density. Both
statistical and systematics uncertainties are shown.

The interpretation of the obtained transparency ratios in terms of an in-medium φ width is
model-dependent. The first results for the in-medium φ width extracted from the obtained ratios
were presented and discussed in [30] (compare also [27]). As an example of the interpretations, the
Paryev predictions [31] for the transparency ratios shown in Fig. 5 indicate a value of 73+14

−10 MeV/c2

for the in-medium width of a φ meson in its rest frame at nuclear density ρ0 = 0.16 fm−3. This
corresponds to ≈ 50 MeV/c2 in the nuclear rest frame for a φ with a momentum of 1.1 GeV/c,
which is typical for the ANKE conditions.

The transparency ratios measured in the photoproduction of the φ on various nuclei up to
copper at the SPring-8 facility [32] have been interpreted in terms of a width of around 95 MeV/c2

at a typical φ momentum of ≈ 1.8 GeV/c [33]. The difference with the published ANKE value
might be an indication of a momentum dependence of the width. To test this possibility, the ANKE
data have been binned in intervals of φ momenta and preliminary values of the transparency ratios
evaluated in each. The corresponding widths as a function of pφ , extracted using two reaction
models, are shown in Fig. 6.

Although the width is model-dependent, the values obtained within the approaches of the
two different groups both show a significant growth with pφ and this might explain much of the
difference between the ANKE and SPring-8 values. In fact, the ANKE results would display even
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Figure 6: Preliminary values of the width Γ of the φ meson in nuclear matter at normal density ρ0 =

0.16 fm−3, as extracted from the ANKE transparency ratios, using two different reaction models. The strong
pφ momentum dependence observed might help to explain the apparent difference from the SPring-8 result
at higher pφ . For completeness, results from a JLab experiment are also shown [34].

a slightly steeper pφ dependence if one considered nuclear targets only up to copper, as in the
SPring-8 work.

As the next step in the ANKE analysis the momentum-dependent differential φ cross-sections
will be extracted from the experimental data and compared with the values expected from the
various calculations. This procedure will show whether the model calculations can describe simul-
taneously the momentum dependents of the measured cross sections and ratios. Only then could
one draw more definite conclusions about the φ -width in nuclei and its momentum dependence.

4. Acknowledgments

The results presented here reflect the efforts of the COSY-ANKE, COSY-11, and COSY-
MOMO collaborations and the COSY machine crew. Particular thanks are due to Colin Wilkin
for help in the preparation of this contribution. The work was supported in part by the BMBF,
DFG, COSY-FFE, RFBR and VI-QCD.

References

[1] R. Maier, “Cooler synchrotron COSY: Performance and perspectives,” Nucl. Instrum. Meth. A 390,
1-8 (1997).

[2] C. Quentmeier, H. H. Adam, J. T. Balewski, A. Budzanowski, D. Grzonka, L. Jarczyk, A. Khoukaz,
K. Kilian et al., “Near threshold K+ K- meson pair production in proton proton collisions,” Phys.
Lett. B 515, 276-282 (2001). [nucl-ex/0103001].

8



P
o
S
(
B
o
r
m
i
o
 
2
0
1
1
)
0
5
7

Kaon pair production at COSY

[3] P. Winter, M. Wolke, H. -H. Adam, A. Budzanowski, R. Czyzykiewicz, D. Grzonka, M. Janusz,
L. Jarczyk et al., “Kaon pair production close to threshold,” Phys. Lett. B 635, 23-29 (2006).
[hep-ex/0602030].

[4] M. Hartmann, Y. Maeda, I. Keshelashvilli, H. R. Koch, S. Mikirtytchiants, S. Barsov, W. Borgs,
M. Büscher et al., “The Near-threshold production of phi mesons in pp collisions,” Phys. Rev. Lett.
96, 242301 (2006). [hep-ex/0604010].

[5] Y. Maeda et al. [ The ANKE Collaboration ], “Kaon Pair Production in Proton–Proton Collisions,”
Phys. Rev. C 77, 015204 (2008). [arXiv:0710.1755 [nucl-ex]].

[6] V. Kleber, M. Büscher, V. Chernyshev, S. Dymov, P. Fedorets, V. Grishina, C. Hanhart, M. Hartmann
et al., “a+(0)(908) resonance production in pp —> d K+ anti-K0 reactions close to threshold,” Phys.
Rev. Lett. 91, 172304 (2003). [nucl-ex/0304020].

[7] A. Dzyuba, V. Kleber, M. Büscher, V. P. Chernyshev, S. Dymov, P. Fedorets, V. Grishina, C. Hanhart
et al., “Scalar-isovector K anti-K production close to threshold,” Eur. Phys. J. A 29, 245-251 (2006).
[nucl-ex/0605030].

[8] Y. Maeda, M. Hartmann, I. Keshelashvili, S. Barsov, M. Büscher, A. Dzyuba, S. Dymov, V. Hejny et
al., “Precision measurement of the quasi-free p n —> d phi reaction close to threshold,” Phys. Rev.
Lett. 97, 142301 (2006). [nucl-ex/0607001].

[9] Y. Maeda, M. Hartmann, I. Keshelashvili, S. Barsov, M. Büscher, A. Dzyuba, S. Dymov, V. Hejny et
al., “Measurement of the pn —> dK+ K- total cross section close to threshold,” Phys. Rev. C 79,
018201 (2009). [arXiv:0811.4303 [nucl-ex]].

[10] F. Bellemann et al. [ COSY-MOMO Collaboration ], “Study of the pd —> He-3 K+ K- and pd —>
He-3 phi reactions close to threshold,” Phys. Rev. C 75, 015204 (2007). [nucl-ex/0608047].

[11] X. Yuan, M. Büscher, D. Chiladze, S. Dymov, A. Dzyuba, V. Y. .Grishina, C. Hanhart, M. Hartmann
et al., “Measurement of the isospin-filtering dd —> He-4 K+ K- reaction at Q = 39-MeV,” Eur. Phys.
J. A 42, 1-6 (2009). [arXiv:0905.0979 [nucl-ex]].

[12] F. Balestra et al. [ DISTO Collaboration ], “phi and omega meson production in p p reactions at
p(lab) = 3.67-GeV/c,” Phys. Rev. C 63, 024004 (2001). [nucl-ex/0011009].

[13] A. Dzyuba, M. Büscher, M. Hartmann, I. Keshelashvili, V. Koptev, Y. Maeda, A. Sibirtsev, H. Stroher
et al., “Coupled-channel effects in the pp —> ppK+ K- reaction,” Phys. Lett. B 668, 315-318 (2008).
[arXiv:0807.0524 [nucl-th]].

[14] M. Silarski et al. [ COSY-11 Collaboration ], “Generalized Dalitz Plot analysis of the near threshold
pp —> ppK+K- reaction in view of the K+K- final state interaction,” Phys. Rev. C 80, 045202 (2009).
[arXiv:0909.3974 [hep-ph]].

[15] I. Zychor, M. Büscher, M. Hartmann, A. Kacharava, I. Keshelashvili, A. Khoukaz, V. Kleber,
V. Koptev et al., “Shape of the Lambda(1405) hyperon measured through its Sigma0 pi0 Decay,”
Phys. Lett. B 660, 167-171 (2008). [arXiv:0705.1039 [nucl-ex]].

[16] J.-J. Xie, C. Wilkin, “Associated strangeness production in the pp to pK+K-p and pp to pK+ pi0
Sigma0 reactions,” Phys. Rev. C 82, 025210 (2010). [arXiv:1005.2957 [nucl-th]].

[17] M. Abdel-Bary et al. [ COSY-TOF Collaboration ], “Comparison of isoscalar vector meson
production cross-sections in proton-proton collisions,” Phys. Lett. B 647, 351-357 (2007).
[nucl-ex/0702059 [nucl-ex]].

9



P
o
S
(
B
o
r
m
i
o
 
2
0
1
1
)
0
5
7

Kaon pair production at COSY

[18] H. J. Lipkin, “Experimental Tests and Implications of the Zweig-Iizuka Rule,” Phys. Lett. B 60, 371
(1976).

[19] K. Schönning et al. [ CELSIUS/WASA Collaboration ], “Polarisation of the omega meson in the pd
—> He-3 omega reaction at 1360 and 1450-MeV,” Phys. Lett. B 668, 258-262 (2008).
[arXiv:0806.2945 [nucl-ex]].

[20] M. Hartmann, A. Dzyuba, I. Keshelashvili, Y. Maeda, A. Polyanskiy, C. Wilkin, X. Yuan, “Kaon pair
production in p p, p d and d d collisions at COSY,” AIP Conf. Proc. 1257, 533-537 (2010).

[21] S. Leupold, V. Metag, U. Mosel, “Hadrons in strongly interacting matter,” Int. J. Mod. Phys. E 19,
147-224 (2010). [arXiv:0907.2388 [nucl-th]].

[22] R. S. Hayano, T. Hatsuda, “Hadron properties in the nuclear medium,” Rev. Mod. Phys. 82, 2949
(2010). [arXiv:0812.1702 [nucl-ex]].

[23] E. Oset, A. Ramos, “Phi decay in nuclei,” Nucl. Phys. A 679, 616-628 (2001). [nucl-th/0005046].

[24] D. Cabrera, M. J. Vicente Vacas, “Phi meson mass and decay width in nuclear matter,” Phys. Rev. C
67, 045203 (2003). [nucl-th/0205075].

[25] F. Klingl, T. Waas, W. Weise, “Modification of the phi meson spectrum in nuclear matter,” Phys. Lett.
B 431, 254-262 (1998). [hep-ph/9709210].

[26] V. K. Magas, L. Roca, E. Oset, “The phi meson width in the medium from proton induced phi
production in nuclei,” Phys. Rev. C 71, 065202 (2005). [nucl-th/0403067].

[27] M. Hartmann, Y. .T. Kiselev, E. Y. .Paryev, A. Polyanskiy, H. Schade, C. Wilkin, “phi-meson
production and the in-medium phi-width in proton-nucleus collisions,” AIP Conf. Proc. 1322,
349-353 (2010).

[28] M. Büscher, H. Junghans, V. Koptev, M. Nekipelov, K. Sistemich, H. Stroher, S. Barsov, G. Borchert
et al., “Identification of K+ mesons from subthreshold p A collisions with ANKE at COSY-Juelich,”
Nucl. Instrum. Meth. A 481, 378-396 (2002).

[29] M. Hartmann et al. [ ANKE Collaboration ], “The near-threshold production of phi-mesons in proton
nucleon collisions,” Int. J. Mod. Phys. A 22, 317-324 (2007).

[30] A. Polyanskiy, M. Hartmann, Y. .T. Kiselev, E. Y. .Paryev, M. Büscher, D. Chiladze, S. Dymov,
A. Dzyuba et al., “Measurement of the in-medium phi-meson width in proton-nucleus collisions,”
Phys. Lett. B 695, 74-77 (2011). [arXiv:1008.0232 [nucl-ex]].

[31] E. Y. Paryev, “Near-threshold phi meson production in proton-nucleus reactions and phi width in
finite nuclei,” J. Phys. G 36, 015103 (2009). [arXiv:0810.1124 [nucl-th]].

[32] T. Ishikawa, D. S. Ahn, J. K. Ahn, H. Akimune, W. C. Chang, S. Date, H. Fujimura, M. Fujiwara et
al., “phi photo-production from Li, C, Al, and Cu nuclei at E(gamma) = 1.5-GeV to 2.4-GeV,” Phys.
Lett. B 608, 215-222 (2005). [nucl-ex/0411016].

[33] P. Muhlich, U. Mosel, “Attenuation of phi mesons in gamma A reactions,” Nucl. Phys. A 765,
188-196 (2006). [nucl-th/0510078].

[34] M. H. Wood et al. [ CLAS Collaboration ], “Absorption of the ω and φ Mesons in Nuclei,” Phys. Rev.
Lett. 105, 112301 (2010). [arXiv:1006.3361 [nucl-ex]].

10


