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Abstract. The production of K+, K− and φ(1020) mesons is studied in Al+Al collisions at a beam energy of 1.9A GeV 
which is close to or below the production threshold in NN reactions. Inverse slopes, anisotropy
parameters, and total emission yields of K± mesons are obtained. A comparison of the ratio of kinetic energy 
distributions of K− and K+ mesons to the HSD transport model calculations suggests that the inclusion of
the in-medium modifications of kaon properties is necessary to reproduce the ratio. The inverse slope and total yield of 
φ mesons are deduced. The contribution to K− production from φ meson decays is found to

be 
[

17 ± 3(stat)+2(syst)
] 
%. The results are in line with the previous K± and φ data obtained for different−7

colliding systems at similar incident beam energies.

PACS. 25.75.Dw Particle and resonance production – 13.60.Le Meson production
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1 Motivation

Strange particles are very sensitive probes of hot and dense

nuclear matter formed in relativistic nucleus-nucleus col-

lisions. It is predicted that the kaon-nucleon (KN) inter-

action is modified in dense nuclear matter with respect to

the one in vacuum [1,2,3,4,5,6]. Kaons (K+ and K0) are

subject to a repulsive potential, whereas antikaons (K−

and K
0
) are attracted in a dense nuclear medium. As a

result of the in-medium KN interaction the effective mass

of kaon, and the threshold energy for its production should

increase, whereas for antikaons the corresponding values

should decrease substantially [7]. The in-medium modifi-

cations of kaonic properties have been already studied ex-

perimentally and reported by several experiments focused

on strangeness production at near-threshold energies [8,9,

10,11,12]. Conclusions were based on the comparison to

the results of theoretical transport models.

For decisive conclusions on in-medium modifications,

one has to account for feeding of the K− emission by the

φ(1020) meson decays, since the φ(1020) is decaying into

a K+K− pair with a probability of 48.9 %. A comparison

of the mean free path of φ(1020) mesons, cτφ ≈ 50 fm, to

the average duration of the hot and dense collision zone

(20–30 fm/c [6]) suggests that most of φ mesons decay

outside this zone. It should be also noted that the φ me-

son mass is only 32 MeV/c2 larger than that of a K+K−

pair. As a result, K− originating from the φ meson decays

are governed by different kinematics than those emitted

directly from the collision zone. It is therefore crucial to

find out in the first step the relative contributions of these

sources to the total K− production.

It has been reported for two systems, Ni+Ni and Ar+KCl,

colliding at beam kinetic energies of 1.7–1.9A GeV, that

about 20% of the K− mesons originate from φ meson de-

cays [13,14,15]. Here, we present a third data point on

this subject, supporting the statement that φ meson de-

cays are a relevant source of the K− mesons in heavy-ion

collision at energies below the NN production threshold.

We also propose a simple two-source model that aims to

reconstruct the kinematic properties of direct kaons from

the inclusive K− spectra.

2 FOPI spectrometer

FOPI is a modular spectrometer for fixed-target experi-

ments at the SIS-18 synchrotron in the GSI, Darmstadt.

Send offprint requests to:

The FOPI set-up consists out of 4 subdetectors. Two drift

chambers are mounted around the target, CDC (Central

Drift Chamber) and Helitron. The CDC detector spans a

wide range of polar angles 27◦ < ϑlab < 113◦. It is sur-

rounded by a Plastic Scintillation Barrel, a time-of-flight

(ToF) detector covering polar angles 27◦ < ϑlab < 57◦.

These detectors are located inside the magnet solenoid

with a magnetic field of 0.6 T. The PlaWa (Plastic Scintil-

lation Wall) detector is installed at the forward directions

behind the Helitron, outside the magnetic field. The tar-

get is shifted 40 cm upstream with respect to the nominal

position.

A particle moving inside the magnetic solenoid follows

the path of a helix. If it passes through the CDC, elec-

tric signals are induced on the sense wires (dubbed below

”hits”) which are digitized by a Flash-ADC system. A

fast on-line algorithm extracts the characteristics of the

signals (time with respect to the event start, amplitude,

and length). An off-line procedure uses this information

to obtain the drift time, energy loss, and position of a

hit. Particle tracks are reconstructed by employing the

tracking algorithm based on a local approach searching

for consecutive hits on a circle (straight line) in the plane

transverse (longitudinal) to the beam axis.

Particle identification in the CDC is obtained by corre-

lating the energy loss dE/dx and the curvature of a track.

Particle masses extracted from this procedure shall be

dubbed mCDC. Plastic detectors, together with the Start

counter placed about 2 meters in front of the target, yield

an additional ToF measurement of a particle. For a CDC

track, which can be matched with a hit in the ToF Barrel

(or PlaWa), the particle type is identified by employing

the relativistic relation between momentum and velocity,

p = mβγ, where m is the mass of a particle, β its reduced

velocity v/c, and γ is the Lorentz factor. The mass ob-

tained by this procedure shall be dubbedmBar. The timing

resolution of the plastic detector is crucial and limits the

extension of the momentum space, for which the charged

kaons can be identified. More details on the configuration

of FOPI submodules and their performance can be found

in refs. [16,17].

3 Data analysis

3.1 Al+Al experiment

The aluminium target of 567mg/cm2 thickness was irra-

diated by the beam of aluminium ions with an intensity



P. Gasik et al.: Strange meson production in Al+Al collisions at 1.9A GeV 3

0.2 0.4 0.6 0.8

( Bar+ CDC)/2  (GeV/c
2
)

c
o

u
n

ts

10
2

10
4

10
6

π
+

p
K

+

a) S/B: 10.3±0.1

Signif.: 407. ±0.5

N
Κ+

: 181600±400

0

5

10

15

20

25

0.4 0.5 0.6

±2σ

b) K
+

(m
Bar

+m
CDC

)/2  (GeV/c
2
)

c
o

u
n

ts
 ✕

 1
0

2

0

0.1

0.2

0.3

0.4

-1 -0.8 -0.6 -0.4 -0.2 -0

10 2

10 3

y0

p t  
(G

eV
/c

)

Θ LA
B

 =
 5

7
o

ΘLAB
 = 27

o

p
LAB  = 0.5 GeV/c

Θ
CM  = 150 o

Θ
C

M  = 123 o

E
kin

CM
 = 150 MeV

E
kin

CM
 = 90 MeV

c)

Fig. 1. a) Experimental mass distribution of positively charged particles with momentum p < 0.5 GeV/c. The K+ signal is

seen between the π+ and proton signals. Solid (dotted) curve represent the signal (background) components of the function

fitted to the distribution. b) K+ signal after background subtraction. The red curve represents the Gaussian fit. c) Phase space

distribution of the reconstructed K+ mesons. Solid and dashed-dotted lines depict the angular and momentum limits of the

detector, respectively. Dashed (dotted) lines represent the constant values of kinetic energy (polar angle) in the center-of-mass

frame. See text for details.
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Fig. 2. a) Experimental mass distribution of negatively charged particles with momentum p < 0.38 GeV/c. The K− signal is

seen on the tail of the pion signal. Solid (dotted) curve represent the signal (background) components of the function fitted

to the distribution. b) K− signal after the background subtraction. The red curve represents the Gaussian fit. c) Phase space

distribution of the reconstructed K− mesons. Solid and dashed-dotted lines depict the angular and momentum limits of the

detector, respectively. Dashed (dotted) lines correspond to the constant values of kinetic energy (polar angle) in the center-of-

mass frame. See text for details.

of 8 × 105 s−1 at the kinetic energy of 1.9A GeV. The

collision centrality was determined by the multiplicity of

charged particles in the ToF Barrel and PlaWa detectors.

A minimum multiplicity in the Plastic Wall detector was

required as a trigger condition to select the more cen-

tral events. The number of collected events is 1.59× 108.

The results reported in this paper are obtained for the

most central 9% of the total geometrical cross section

(∆σ ≈ 140 mb). Using a geometrical sharp cut-off model,

one can estimate the maximal value of impact parameter

b for the analysed data sample to be ∼2.1 fm. The mean

number of participant nucleons was calculated using the

participant-spectator model described in [18], and is found

to be 〈Apart〉b ≈ 42.

3.2 Kaon identification

K+ and K− mesons were identified by the CDC tracks

matched with the hits in the ToF Barrel. Figs. 1a and 2a

present the experimental mass distributions around mK±

of positively (negatively) charged particles with momenta

p < 0.5 (0.38) GeV/c, respectively.

The K+ signal, concentrated around 0.5 GeV/c2, is sit-

uated on the tails of the proton and π+ signals, which can

be described by a combination of Gaussian and exponen-



4 P. Gasik et al.: Strange meson production in Al+Al collisions at 1.9A GeV

0.4

0.6

0.8

0.4 0.6 0.8
1

10

10
2

Bar  (GeV/c
2
)

C
D

C
(G

e
V

/c
2
)

K
+

p ~ 0.35 GeV/c

〈
Bar

〉, 〈
CDC

〉

-0.7

-0.6

-0.5

-0.4

-0.7 -0.6 -0.5 -0.4
1

10

sgn(q)⋅ Bar  (GeV/c
2
)

s
g
n
(q

)⋅
C

D
C
  
(G

e
V

/c
2
)

K
-

p ~ 0.35 GeV/c

n
C

σ
C

D
C

nBσ
Bar

Fig. 3. Correlation plot of mBar–mCDC mass distributions of particles with momentum p ≈ 0.35 GeV/c2, shown around
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tial functions (dotted line). The background under the K−

peak is caused by the π− mesons, and can be described

by an exponential function.

In order to enhance the signal-to-background ratio,

and the significance of the signal, the following set of cuts

was applied:

– a limit on the K+ (K−) momentum to

plab < 0.5 (0.38) GeV/c, to reduce the contamination

from pions and protons;

– a cut on the transverse momentum (pt > 0.1 GeV/c),

to reject particles spiralling in the CDC;

– cuts on the distance of closest approach between the

track and the collision vertex in the transverse plane

(d0 < 1 cm) and its uncertainty (σd0
< 0.14 cm), to

suppress decay products outside the target;

– a condition on the minimum number of hits on a track

in the CDC (35 for K+ and 40 for K−) for the higher

quality of the reconstructed tracks;

– a cut on the angular difference between the extrapo-

lation of the CDC track and the matched ToF Barrel

hit, ∆φ < 5◦.

After background subtraction, clear peaks around the nom-

inal K± mass are seen in figs. 1b and 2b. The solid curves

represent the Gaussian fits. Within a ±2σ region around

the maximum of the fitted function (as indicated in the

figs. 1b and 2b) about 180 × 103 K+ and 3 × 103 K−
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mesons were reconstructed in the analysed data sample

with a signal-to-background ratio S/B of 10 (K+) and 23

(K−), and a significance (defined as S/
√
S +B) of 407 and

55 for K+, and K− mesons respectively. The acceptance

ranges for K+, and K− mesons are shown in figs. 1c and

2c in terms of transverse momentum pt, and normalised

rapidity y0, where y0 = ylab/yNN − 1 is defined to be +1

(-1) at projectile (target) rapidity, and yNN ≈ 0.89.

The systematic uncertainties of the integrated back-

ground were estimated by varying the function fit param-

eters. They are found to be at the level of 40% (K+) and

20% (K−). Note, that the corresponding signals are strong

enough for the influence of the above-mentioned errors to

be minor.

In order to estimate the systematic uncertainties as-

sociated with the cutting strategy, apart from the ”stan-

dard” set of cuts, ”narrow” and ”wide” cut sets were ap-

plied to the parameters used for enhancing the quality of

the tracks and the matching of CDC with Plastic Bar-

rel hits. In case of the ”narrow” cuts the background is

minimised but at the same time the statistics of identified

particles is reduced. The ”wide” cuts are less restrictive.

This results in an increase of the background but does not

lead to a signal increase at the same level.

In all the sets of cuts used in the charged kaons anal-

ysis, the total and transverse momentum cut were kept

constant.

3.3 φ(1020) identification

Identification of φ mesons is possible via their charged de-

cay in the FOPI spectrometer: φ → K+K−. The branch-

ing ratio for this channel is ΓK+K−/Γ = 48.9± 0.5% [19].

Hence, φ mesons can be identified by an invariant mass

analysis of K+K− pairs. Due to the short lifetime of φ

mesons (cτ ≈ 1.55 × 10−22 s) it is not possible to disen-

tangle its decay vertex from the collision vertex.

In order to increase the identified φ meson signal, the

maximum momentum conditions were increased for this

analysis to plab < 0.6GeV/c. However, such an increase

may result in an inclusion of some non-kaons (π±, protons)

in the sample of kaon pairs. To reduce such a side effect,

a geometrical (2D-ellipse) cut on the mass of K+ and K−

mesons was applied, as shown in fig. 3.

For the further φ analysis, only the kaons fulfilling the

following ellipse equations were chosen:

(

mBar − 〈mBar〉
nBσmBar

)2

+

(

mCDC − 〈mCDC〉
nCσmCDC

)2

< 1 , (1)

where mBar, mCDC are the mass parameters (see sec. 2),

nB, nC are the factors defining widths of the mass cuts

for kaons, 〈mBar〉, 〈mCDC〉 are the mass parameter mean

values, and σmBar
, σmCDC

are the dispersions of the kaon

mass distributions. The values of four latter parameters

are momentum- and charge-dependent. The widths of el-

lipses given by nB = 4.5 and nC = 2, were chosen for the

further analysis. An influence of the cut on the systematic

uncertainty of the φ meson yield was estimated by varying

these values.

Fig. 4 shows the invariant mass plot of φ mesons re-

constructed in the CDC+Barrel subsystem with a clear

indication of a peak close to the nominal φ(1020) mass.

The combinatorial background was reconstructed us-

ing the event-mixing method, where matched kaons were

selected from different events. In order to bring the kine-

matic conditions of mixed pairs close to those of true ones,

two conditions were imposed:

– K+ were selected from events exhibiting at least one

K−,

– The CDC hit multiplicity distribution, correlated with

the collision centrality, was divided into 8 groups (cen-

trality classes). Kaons were matched from events at-

tributed to the same centrality class.

The background distribution was adjusted to the one

of true pairs by normalising the spectrum to the latter one

in the region Minv > 1.05 GeV/c. The resulting combina-

torial background spectrum is indicated with crosses in

fig. 4 (upper left panel). 108 φ mesons were reconstructed

within ±2σ range around the centre of the fitted Gaus-

sian function, which is shown as full line in fig. 4 (lower

left panel). The distribution of reconstructed φ mesons in

the pt versus y
0 plane is shown in the right panel of fig. 4.

In order to extract the φ meson yield, the efficiency of

the detector was deduced using the GEANT package (see

sec. 3.4.2).

3.4 Efficiency correction

Simulations of the detection efficiency of K± and φmesons

were performed in the framework of the GEANT [20] envi-

ronment. Single K+, K− or φmesons were added to events

of Al+Al collisions generated by the IQMD model [21],
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which served as a realistic background for tracking and

PID. All particles of the combined event were tracked and

digitised within GEANT, and subsequently reconstructed

by the same off-line algorithms as that used for the exper-

imental data.

3.4.1 K+ and K− mesons

Charged kaons were generated from a uniform pt − y0

distribution, and each K± meson was subsequently added

to the collection of particles in an event generated by the

IQMD code. In total, 6.5 × 106 events were simulated.

For each studied kinematical distribution, which would

be used further in sec. 4), a corresponding efficiency map

was evaluated. It allowed for correcting these spectra on

a bin-by-bin basis.

As an example, the distribution of the K+ meson ef-

ficiency as a function of transverse mass mt and nor-

malised rapidity y0 is shown in the left panel of fig. 5.

The covered phase space region reflects the acceptance of

the CDC+Barrel detectors.

To check whether the choice of the primary distribu-

tion of charged kaons influences the efficiency map and

thus the final results, K± mesons were also sampled from

a Boltzmann-like distribution multiplied by the angular

anisotropy term:

d2N

dEkin
CMdcosϑCM

=N0 · pCMECM exp(−ECM/Teff)·

(1 + a2 cos
2 ϑCM) ,

(2)

where N0 is the overall normalisation factor, ECM and

pCM are the energy and momentum of a particle in the

center-of-mass frame, Teff is the inverse slope parameter

(”effective temperature” of a particle source), and a2 is

the coefficient quantifying the degree of asymmetry (in

the CM frame). For the K+ efficiency estimation a2 was

set to 0.3, and Teff to 100MeV. The observed differences

were found to be negligible (< 2%) and had no influence

on the systematic uncertainty of the final results.

3.4.2 Efficiency of φ reconstruction

For the evaluation of the reconstruction efficiency φmesons

were generated according to the isotropic (a2 = 0) Boltzmann-

like function (c.f. eq. (2)), and added to the IQMD events

(∼ 6× 105 events were simulated in total). Since the pre-

cise kinematic properties of φ meson are unknown, the Teff

parameter was varied within [80, 130] MeV. The influence

of these variations on the final results was included in the

respective systematic errors. As all the simulations were

performed in the φ → K+K− channel, the efficiency values

presented below will be given as normalised with respect
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to this channel. However, for the final results reported

in sec. 5, the branching ratio of this decay mode will be

included. The efficiency analysis presented below was per-

formed for the ”standard” set of track quality cuts, how-

ever, both ”narrow” and ”wide” sets were used to evaluate

the systematic uncertainties (see sec. 3.2 for more details).

For more thorough understanding of the φ meson de-

tection losses, the total efficiency (ǫtot) was split into two

terms (see eq. 6 in [22]):

ǫtot = ǫmax · ǫdet . (3)

ǫmax is the efficiency of detection of φmesons in the K+K−

channel by the ideal apparatus and includes losses due to

the geometrical acceptance, decays of kaons on their path

towards ToF Barrel, and the limitation of momenta of

kaons to 0.6 GeV/c. ǫdet corresponds to the subsequent

loss of φ meson signal due to the internal efficiency of

the CDC+ToF Barrel subsystem, including the limita-

tions due to measurement capabilities, tracking, matching

quality, and the PID algorithm.

The same momentum cuts were applied in the effi-

ciency evaluation procedure as for the experimental data.

Table 1 reports both the factors and the total efficiency

for different temperatures of the φ meson sources. As ex-

pected, the ǫdet was found to be independent within the

1σ uncertainty of properties of the distribution of primary

φmesons. Regarding ǫmax, in the analysis presented in [22]

Table 1. Efficiencies for φ meson detection in the K+K−

decay channel for different temperatures of the φ emitting

source. ǫmax is the efficiency within the geometrical and mo-

mentum limits of an ideal apparatus including the kaon decays

on their path toward ToF Barrel, and ǫdet is the efficiency of

the CDC+Barrel detector for kaons reaching the ToF Barrel

(see eq. (3)). ǫtot is the total detection efficiency.

Teff [MeV] ǫmax [%] ǫdet [%] ǫtot [%]

80 0.88 ± 0.02 44 ± 2 0.38 ± 0.02

100 0.99 ± 0.02 43 ± 2 0.43 ± 0.02

120 1.03 ± 0.02 47 ± 2 0.48 ± 0.02

130 1.03 ± 0.02 45 ± 2 0.46 ± 0.02

the variations of this parameter due to different temper-

atures of the φ meson source reached a factor of 4. In

contrast, for our analysis ǫmax was found to be clearly

better anchored. This is due to the different acceptance

windows available for both experiments. For the Al+Al

case shifting the target by 40 cm upstream with respect

to its nominal position resulted in moving the phase space

coverage towards midrapidity, where the production yield

is much greater. The total φ meson efficiency was found

to be about 0.4 – 0.5 %.
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4 Results on the production of charged kaons

4.1 K+ phase space analysis in the mt − y0

representation

This section reports on the two-dimensionalmt−y0 analy-

sis of the K+ phase space distribution, and the calculation

of the total emission yield. The same analysis applied to

K− was found to be unstable due to considerably lower

statistics.

We start from the Boltzmann-like distribution para-

metrised in yCM (rapidity of particle in the frame of its

source), and transverse mass mt =
√

p2t +m2
0 (m0 is the

particle’s mass in vacuum),

1

m2
t

d2N

dmtdyCM

∣

∣

∣

∣

yCM,i

= A0(yCM) · e−mt/TB(yCM) , (4)

where A0 is the normalisation factor, and TB is the in-

verse slope. In contrast to the pure Boltzmann approach

(cf. Sect. III in [23]), we allow A0 and TB to be the free

functions of rapidity, which are to be extracted by fitting

to the experimental data. In the next step we change the

variables to mt −m0, and y0. For every i-th slice of y0,

1

m2
t

d2N

d(mt −m0)dy0

∣

∣

∣

∣

y0
i

= A(y0i )·e−(mt−m0)/TB(y0
i ) , (5)

where A(y0i ) = A0(y
0
i ) · yNN · exp(−m0/TB). The recon-

structed spectra of transverse mass of positively charged

kaons within the y0 range of (−0.66,−0.36) were scaled by

1/m2
t , and plotted logarithmically in fig. 5. The systematic

errors are shown by the shaded rectangles. They reflect

the sensitivity of data to variations of cut parameters in

the procedures of kaon track finding, different parameters

in the background evaluation procedure, and the uncer-

tainty associated with the adjustment of the centrality

class between the experimental and simulated data. The

convention for these errors applied throughout the present

paper is to cover all the observed range of the data point

caused by variations of the above-mentioned parameters.

The spectra were then fitted with the eq. 5, and TB pa-

rameters were found. We do not imply the thermalisation

of kaons, but use the above-mentioned formula as a suit-

able representation of the data and the TB as a measure

of hardness of the spectrum.

The rapidity distribution of the slope parameters TB

extracted by the above-mentioned fitting procedure is

shown in the left panel of fig. 6. The symmetry of the

colliding system allows to reflect the data points with re-

spect to midrapidity. The figure also shows the TB profile

of K0
s emitted from the same colliding system [24]. Spectra

of positively charged kaons appear to be somewhat harder

than those of K0
s , however, large systematic errors do not

exclude that the slopes are identical. The distribution of

temperatures as a function of normalised rapidity has been

fitted with the prediction of the Boltzmann model of par-

ticles emitted isotropically from the thermalised source:

TB(y
0) =

Teff

cosh (y0 · yNN)
, (6)

where the temperature Teff within this model, considered

as an overall effective parameter quantifying the hardness

of the kaon emission, has been found to be TB(K
+) =

99± 2(stat)
+ 4
−11(syst) MeV.

The distribution of normalised rapidity of K+ has been

obtained by an analytic integration of eq. (5) from 0 to

∞,

dN

dy0

∣

∣

∣

∣

y0
i

= A · T 3
B ·

(

m2
0

T 2
B

+ 2
m0

TB
+ 2

)

. (7)

In the evaluation of the statistical error of this formula,

the covariance term between A and TB parameters was

included. The resulting dN/dy0 distribution is shown in

fig. 6. In the range of rapidities available for this analysis

the profiles for the K+ and K0
s from ref. [24] are found to

overlap.

The analysis of the two-dimensional mt − y0 distribu-

tion allows to extrapolate the data from an experimentally

available region of phase space, and integrate the distribu-

tion to obtain the total yield. However, since the accessible

region is partial, the extrapolated value of yield may de-

pend on the model assumptions. The data obtained within

the ToF Barrel acceptance window follow a Gaussian pro-

file which is shown by the full line in the right panel of

fig. 6. We stress here, that this profile is employed only

phenomenologically. A cross-check of this approach by re-

constructing the yield using different representation will

be presented in the next subsection.

The total K+ emission yield within this approach is

PK+ =
[

3.72± 0.05(stat)+0.28
−0.52(syst)

]

×10−2. Interestingly,

the obtained yield is identical within experimental uncer-

tainties to that of K0, extracted using the same mt − y0

analysis, although in the considerably wider range of phase

space [24].



P. Gasik et al.: Strange meson production in Al+Al collisions at 1.9A GeV 9

0

0.2

0.4

0.6

-1 -0.5 0 0.5 1

cos(ϑCM)

dN
/d

co
s(

ϑ C
M

) 
✕

 1
0-2

  (
1/

G
eV

)

●  measured
❍  reflected

K+

90 < E
kin

CM ≤ 150 MeV

0

0.05

0.1

0.15

0.2

-1 -0.5 0 0.5 1

cos(ϑCM)

dN
/d

co
s(

ϑ C
M

) 
✕

 1
0-3

  (
1/

G
eV

)

●  measured
❍  reflected

K-

90 < E
kin

CM ≤ 150 MeV

Fig. 7. Angular distribution of positive (left) and negative (right) kaons plotted as a function of cos(ϑCM) for the particles

with center-of-mass kinetic energy of Ekin
CM ∈ [90, 150] MeV. Experimental values are reflected with respect to cosϑCM = 0.

The solid line represents the fit of function (8). Black bars and shaded rectangles correspond to the statistical and systematic

uncertainties, respectively.

0

2

4

6

8

10

0 0.1 0.2 0.3

E
kin

CM  (GeV)

dN
/d

E
ki

n

C
M

/d
co

s(
ϑ C

M
) 

✕
 1

0-2
  (

1/
G

eV
)

K+

125o < ϑCM ≤ 135o

0

1

2

3

4

0 0.1 0.2 0.3

E
kin

CM  (GeV)

dN
/d

E
ki

n

C
M

/d
co

s(
ϑ C

M
) 

✕
 1

0-3
  (

1/
G

eV
)

K-

136o < ϑCM ≤ 141o

Fig. 8. Kinetic energy distribution of charged kaons in the CM frame obtained for the particles emitted within ϑCM ∈ [125◦, 135◦]
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4.2 Kinetic energy and polar angle distributions of K+

and K−

In this approach it is assumed that the charged kaon

emission in the nucleon-nucleon centre of mass can be

parametrised by the Boltzmann-like kinetic energy term

multiplied by the polar-angular term (c.f. eq. (2)). We only

note that in formula (2) the kinetic energy and polar an-

gle are not correlated. This allows to extract the a2 and

Teff parameters independently by projecting data on the

cosϑCM and Ekin
CM axes, correspondingly. In light of the

limited sample of negative kaons, the fact that the total

number of projections in this method is smaller than for

the mt−y0 analysis turned out to be crucial for stabilising

the K− results.

The spectra of kinetic energy and polar angle were

trimmed to the available phase space (c.f. figs. 1 and 2) in

order to minimise the edge effects.
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Fig. 7 shows the polar angle distributions of K+, and

K− emitted with kinetic energies 90 < Ekin
CM < 150 MeV,

and in the angular range: 123◦ < ϑCM < 150◦ (136◦ <

ϑCM < 154◦) for K+ (K−), respectively. The correspond-

ing projection of eq. (2) runs as follows:

[

dN

dcosϑCM

]

Ek1..Ek2

= BEk1..Ek2
·(1+a2 cos

2 ϑCM) , (8)

where BEk1..Ek2
is the normalisation constant for kaons

with kinetic energies in the range [Ek1..Ek2] (here,

[90..150] MeV). A fit of this formula to the angular dis-

tributions of K+ and K− mesons allowed to extract the

respective a2 coefficients (see Table 2 for all the relevant

results of this procedure):

a2(K
+) = 0.45± 0.08(stat)+0.18

−0.11(syst)

a2(K
−) = 0.35± 0.40(stat)+0.11

−0.83(syst) .
(9)

The obtained coefficients were found to be rather small for

K+, and consistent with 0 for K−, a pattern observed also

in the somewhat heavier Ni+Ni system at the same beam

energy (see fig. 16b in [9]). Values of BEk1..Ek2
extracted

by the fit procedure are reported in table 2, and will be

further used for the evaluation of the total yield.

In the next step, the kaon data in the polar angle

ranges of 125◦ < ϑCM < 135◦ (for K+), and 136◦ < ϑCM <

141◦ (for K−) were projected to the kinetic energy axis.

The resulting Ekin
CM distributions are shown in fig. 8. The

corresponding projection of eq. (2) follows:

[

dN

dEkin
CM

]

ϑCM,1..ϑCM,2
=

CϑCM,1..ϑCM,2
· pCMECM exp(−ECM/Teff) ,

(10)

where CϑCM,1..ϑCM,2
is the normalisation constant for kaons

emitted in the polar angle range of [ϑCM,1..ϑCM,2]. Fitting

the formula above to the experimental data allowed to ex-

tract the following inverse slopes:

Teff(K
+) = 109± 2(stat) + 6

−13(syst)MeV

Teff(K
−) = 82± 6(stat) +21

− 6(syst)MeV .
(11)

These results are in a good agreement with the inverse

slopes of charged kaons emitted from Ni+Ni collisions in

a similar centrality class (〈Apart〉b = 34), both in terms

of absolute values and in the superiority of TK+ over TK−

(c.f. figs. 15b and 20 in [9]).

4.3 Total emission yields of K+ and K−

In order to obtain the total kaon emission yield from the

results reported in sec. 4.2, one has to account for different

ranges of scope in the eqs. (8) and (10). Thus, in the first

step the integral of eq. (8) was evaluated:

IEk1..Ek2
=

∫ 1

−1

[

dN

dcosϑCM

]

Ek1..Ek2

= 2BEk1..Ek2
·
(

1 +
a2
3

)

.

(12)

The results are presented in table 2. This integral rep-

resents the yield of kaons emitted in the Ekin
CM range of

[90, 150] MeV. Note, that the smaller relative errors of

IEk1..Ek2
compared to those for BEk1..Ek2

and a2 fit pa-

rameters are due to strong anti-correlation term between

the latter parameters. In the next step the normalisation

of the kinetic energy spectrum expressed by eq. (10) was

adjusted such that the integral of this spectrum in range

Ekin
CM ∈ [90, 150] MeV was equal to the value of IEk1..Ek2

.

Such an adjusted energy spectrum was subsequently inte-

grated to obtain the total yield of charged kaons:

PK+ =
[

3.75± 0.07(stat)+0.33
−0.64(syst)

]

× 10−2

PK− =
[

0.95± 0.10(stat)+0.26
−0.01(syst)

]

× 10−3 .
(13)

As mentioned above, this method provided a stable value

of the K− yield. The yields of K+ obtained using this ap-

proach, and by the 2-dimensional analysis of the mt − y0

phase space were found to be consistent. The systematic

errors, as for all the other results mentioned above, ac-

count for the variations of cutting parameters in the pro-

cedures of kaon track finding and background subtraction,

and the determination of the collision centrality. They

cover all the range of the yield values due to these varia-

tions.

In comparison to the charged kaon multiplicities at

similar energy and centrality, the obtained yields of K+

(K−) were found to be about 1.8 (2.2) times smaller than

for kaons emitted in Ni+Ni collisions at 〈Apart〉b = 74 [25].

They were also found to be about 2.1 (1.4) times larger

than for kaons emitted from Ni+Ni at the kinetic energy of

1.8A GeV, and for a similar centrality class, parametrised

by 〈Apart〉b = 37.5 [26].

4.4 K−/K+ ratio as function of kinetic energy

The K−/K+ ratio has been studied as a function of the

kinetic energy of kaons and their rapidity. Studying parti-

cle yield ratio offers two advantages [8]. (i) Experimental



P. Gasik et al.: Strange meson production in Al+Al collisions at 1.9A GeV 11

Table 2. Parameters of the K+ and K− phase space distributions obtained by fitting the Ekin
CM and ϑCM projections of eq. (2):

a2 (polar angle anisotropy parameter), BEk1..Ek2
(normalisation parameter in eq. (8)), IEk1..Ek2

(partial integral, see eq. (12)),

Teff (effective temperature), and P (total production yield). The first and second error denote the statistical and systematic

errors, respectively.

a2 BEk1..Ek2
IEk1..Ek2

Teff [MeV] P

K+ 0.45 ± 0.08+0.18
−0.11 [3.2 ± 0.1+0.2

−0.5]× 10−3 [7.35 ± 0.08+0.33
−0.73 ]× 10−3 109± 2+6

−13 [3.75 ± 0.07+0.33
−0.64]× 10−2

K− 0.35 ± 0.40+0.11
−0.83 [9.8 ± 2.1+5.0

−0.3]× 10−5 [2.18 ± 0.21+0.30
−0.03 ]× 10−4 82± 6+21

−6 [9.5± 1.0+2.6
−0.1]× 10−4
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Fig. 9. a) the K−/K+ ratio as a function of Ekin
CM in the Al+Al experiment. Error bars represent the statistical uncertainties.

Shaded rectangles represent the estimation of systematic errors. Lines represent the results of HSD model predictions including

different values of KN potentials. b) the K−/K+ ratio distribution corrected for K− mesons from φ decays. See sec. 6.2 for more

details.

biases like detection efficiencies and acceptance losses, are

minimised. (ii) In-medium modifications of kaonic prop-

erties are predicted to generate the opposite kinematic

effects on K− and K+, hence the ratio should reveal them

more clearly (see sec. 6 for detailed discussion).

Fig. 9a shows the measured K−/K+ ratio as a function

of the kinetic energy in the c.m. reference frame (Ekin
CM)

for the Al+Al collisions. The polar-angle range 136◦ <

ϑCM <150◦ has been chosen in order to reduce the edge

effects of the CDC+Barrel subsystem and provide the

largest possible scope of Ekin
CM. The black points indicate

the experimental data. The error bars represent the statis-

tical uncertainties, and the shaded rectangles depict the

range of systematic errors. The ratio has been found to

decrease with energy Ekin
CM, which is a direct consequence

of the lower transverse slope for K− compared to that of

K+. A comparison of this distribution with HSD transport

model predictions is discussed in sec. 6.

5 Results on φ mesons

A sample of about 108 φ mesons is too small for a detailed

analysis of phase space of this particle. In order to obtain

the emission yield in the K+K− channel the events were

summed up over the available phase space region, and di-

vided by the detection efficiency reported in sec. 3.4.2. The

total yield per triggered event was obtained by dividing

the result above by the branching ratio of the φ → K+K−

channel, and was found to be:

P(φ) = [3.3 ± 0.5 (stat) +0.4
−0.8 (syst)]× 10−4 . (14)



12 P. Gasik et al.: Strange meson production in Al+Al collisions at 1.9A GeV

0

0.1

0.2

0.3

0.4

0 0.1 0.2 0.3 0.4

E
kin

CM  (GeV)

dN
/d

E
ki

n

C
M

/d
co

s(
ϑ C

M
) 

× 
10

-3
  (

1/
G

eV
)

136o < ϑCM ≤ 141o
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function fit.

The systematic errors include different selection criteria

for good tracks, CDC+Barrel matching criteria, and widths

of ellipse mass cuts. They also account for the variations of

parameters of the φ meson emission source assumed in the

efficiency simulations, of the invariant mass range used for

the normalisation of background, and cuts on charged par-

ticle multiplicities used for the collision centrality deter-

mination. As before, the systematic errors aim to cover all

the observed range of the yield values due to variations of

the above-mentioned parameters. The result seems to be

slightly higher than the yield of (2.6±0.7)×10−4 obtained

for the Ar+KCl collisions (although within 0.7 standard

deviation they could be equal), at a very similar 〈Apart〉b,
but at lower incident energy 1.756A GeV [13]. The ob-

tained yield also seems to be lower than (4.4±0.7)×10−4

measured for Ni+Ni collisions at the same beam kinetic

energy of 1.91A GeV, but at slightly higher 〈Apart〉b (al-

though within 1.5 standard deviation both results could

be equal) [15].

The kinetic energy distribution was also investigated.

To minimise the side effects at the edges of the ToF Bar-

rel detector, the acceptance window was trimmed by re-

quiring 115◦ < ϑCM < 145◦. Fig. 10 shows the measured

spectrum. Eq. (10) was fitted to this spectrum, and the

inverse slope was found to be:

Teff = 93± 14 (stat)+17
−15(syst) MeV , (15)

where the systematic errors include the same contribu-

tions as for the total φ meson yield. The obtained slope

seems to be slightly higher than that for the φmesons from

the Ar+KCl collisions, 84±8 MeV, and slightly lower than

the slope for the Ni+Ni collisions, 106±18 MeV (although

in both cases the standard deviation is 0.6).

5.1 Influence of φ meson decays on the total K− yield

The yields of φ and K− mesons for this colliding system

are of the same order of magnitude, and their ratio was

deduced to:

P(φ)

P(K−)
= 0.34± 0.06(stat)+0.04

−0.14(syst) . (16)

The systematic errors were calculated as in the previous

subsection, additionally taking into account that each of

tested cases of event and track selections was applied si-

multaneously in the evaluation procedures of the φ and

K− yields. This result is found to be similar to the case of

the Ar+KCl collisions (37 ± 13%), and the Ni+Ni case

(44 ± 7%), however, different from the value of about

unity observed for the elementary pp collisions at 2.65–

2.85 GeV [27,28]). Taking into account the φ →K+K−

branching ratio of 48.9%, the result above means that
(

17± 3+2
−7

)

% of emitted K− mesons originate from φ me-

son decays. To sum up, it appears that in the collisions of

heavy-ions at beam energies of 1.7-1.9A GeV the φ/K−

ratio is about 40%, and thus the contribution of φ de-

cays into the K− emission yield of about 20% is a general

observation. The influence of the φ mesons on the kaon

dynamics will be discussed further in sec. 6.2.
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6 Discussion

Within the framework of transport models like IQMD or

HSD [21,30], it is established that the initial kinematic

distributions of K± mesons are modified by the interplay

between re-scattering, absorption (mostly affecting K−)

and in-medium modification of kaonic properties by the

KN potential in dense medium.

According to the IQMD and HSD calculations per-

formed for heavy-ion collisions at 1-2AGeV, the first mech-

anism should increase the slopes of the kinetic energy dis-

tributions of kaons of both signs. Absorption, by filtering

out more K− mesons with lower momenta, should effec-

tively rise the slope, while the KN potential should accel-

erate K+, and decelerate K− [6]. The calculations within

the transport models agree with the general experimental

finding of superiority of TK+ over TK− inverse slopes, also

observed for the Al+Al system (c.f. eq. (11)).

Generally, it has been shown that transport models

are able to describe the kaon (and hyperon) yields and

spectra when incorporating the in-medium modifications

of kaon properties [6]. Often the mass shifts of kaons in the

medium are modelled inside transport codes by applying a

parametrisation of the mass as a function of density. This

approach is used in HSD for K+ mesons, while K− mesons

are treated as off-shell particles using the G-Matrix for-

malism [31].

6.1 K−/K+ ratio compared to the HSD model

It has been demonstrated that the ratio of kinetic energy

distributions of K− to K+ mesons is sensitive to KN po-

tentials calculated within the transport models [8,32,33,

34,35]. Fig. 9a shows this ratio for the central Al+Al colli-

sions. The ratio was investigated within the HSDmodel [30].

The profile obtained without any in-medium effects is shown

as dotted line in fig. 9, and falls far off the experimental

data both in terms of slope and yield. If only K+N poten-

tial with a linear dependence on density with UK+N(ρ0) =

40 MeV is included in the calculations, the resulting profile

falls slightly closer to the experimental data, as shown by

the dashed line, but the agreement is still not reached. Fi-

nally, switching the in-medium effects for both kaons and

antikaons (UK+N(ρ0) = 40 MeV and (UK−N(ρ0, p = 0) ≈
−50 MeV) results in the profile depicted by the solid line,

reproducing the experimental profile. Thus, a comparison

of our data to the transport model predictions leads qual-

itatively to the same conclusion as obtained in the central

Ru+Ru/Zr collisions at 1.69A GeV, and Ni+Ni collisions

at 1.93A GeV [8].

However, in the transport models mentioned above the

influence of φ meson decays is missing (IQMD) or under-

estimated (HSD). In the following subsection we present

an estimation of the range of this influence from the ex-

perimental Al+Al data.

6.2 Influence of φ mesons on the kaon dynamics

As shown in sec. 5.1, the K− emission has (at least) two

distinct contributions. While negative kaons emitted di-

rectly from the collision zone (dubbed below as ”direct”)

reflect the conditions therein, and may carry signatures

of modifications of their properties in medium, most K−

mesons from φmeson decays are produced outside the col-

lision zone, at ρ = 0. As mφ is only 32 MeV larger than

mK+ +mK− , the pair of kaons originating from the φ me-

son decay receives only a small portion of energy from

the energy balance, and K− takes only half of this en-

ergy. It is therefore natural to expect that the kinematics

of these two sources of K− emission is different. On the

other hand, as the yield of K+ is much higher to that of

K− the influence of φ meson decays on these particles is

negligible.

In order to find the inverse slope of kinetic energy spec-

trum of negative kaons emitted from φ meson decays, the

latter were generated using the PLUTO code [36]. Their

emission was simulated according to the Boltzmann dis-

tribution with temperature as reported in eq. (15), where

statistical and systematic uncertainties were taken into

account. φ mesons were further permitted to decay into

the K+K− pairs. The obtained Ek
CM distribution of K−

mesons was fitted with the Boltzmann function and the

inverse slope was found to be:

Teff,Kφ
= 55.5± 7.1(stat)

+8.5
−7.7(syst)MeV . (17)

The influence of binning of the energy spectra of par-

ticles involved did not change the result significantly.

The inverse slope obtained in this way is clearly lower

than that extracted from the inclusive fit to the K− energy

spectrum, c.f. eq. (11). As in the investigated colliding sys-

tem about 17% of produced K− mesons originate from the

decays of φ, one can put forward the hypothesis that the

inverse slope of the direct kaons should be greater than the

inclusive value. It would imply that the feeding of negative

kaons by φ meson decays is co-responsible for enhancing
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Fig. 11. Kinetic energy distributions of K− mesons obtained by the inclusive fit to the experimental data (solid line), K− from

φ meson decays (dotted line), and ”direct” K− mesons generated from the thermal source (dashed line). See text for details.

the gap between the inverse slopes of K− and K+ energy

spectra (eq. (11)). A qualitative support for this reasoning

was found in Ar+KCl collisions at 1.76A GeV [14], and

Ni+Ni collisions at 1.91A GeV [15]. In order to verify this

hypothesis, a double-source model of K− emission from

the investigated collision system was constructed. It was

assumed that:

– the inclusive K− emission spectrum is isotropic (an

assumption justified by the value of the a2 parame-

ter comparable to 0 within 1 standard deviation), and

described by the Boltzmann distribution with the pa-

rameter Teff,K− (c.f. eq. (17)), and the normalisation

factor shown in eq. (13).

– K− mesons originating from φ meson decays and ob-

served in the experiment are produced outside the col-

lision zone. (Some φ mesons decay inside this zone,

but the modifications of their momenta in course of

the final state interactions, or the absorption effect,

especially affecting K−, may cause such events not to

be reconstructable. This argument implies, of course,

some simplifications.)

– both the ”direct” and the φ meson sources of K− are

characterised by the Boltzmann distributions, with pa-

rameters: Teff,Kdirect
(unknown, to be found), Teff,Kφ

(c.f. eq. (17)), and the normalisation factors weighting

the inclusive K− emission probability according to the

found φ/K− ratio (cf. eq. (16)).

Fig. 11 shows the total kinetic energy distribution of

K− mesons, and its two respective components. The ”di-

rect” component was obtained by subtracting the contri-

bution from the φ meson decays from the inclusive spec-

trum. The Boltzmann function of the form of eq. (10) was

fitted to this component and the inverse slope was found

to be:

Teff,Kdirect
= 89± 9 +24

−11 MeV . (18)

The uncertainties of this result take into account the re-

ported statistical and systematic uncertainties of P
(

K−
)

and Teff,K− , and of the parameters characterising the φ

meson contribution to the K− spectrum. Judging from

the raw values, the inverse slope parameter of the ”di-

rect” antikaons (89 MeV) seems to be (somewhat) higher

than the inclusive value (82 MeV), although not as high

as the slope for the K+ (109 MeV).

In a previous subsection the experimentally obtained

K−/K+ ratio as function of the kinetic energy was com-

pared to the HSD model calculations, in order to draw

conclusions on the strength of the KN interaction. φ me-

son production is included in the HSD model and con-

tributes to the K− production. But the predicted yield

of φ’s is about 5-10 times lower than the measured one,

and the contribution of φ decays to the K− spectra is as-

sumed to be negligible for the following discussion [37].

Within the double-source model of K− meson emission,

one can now substitute the ”direct” K− component only

(instead of the inclusive yield), as shown in fig. 9b. One

can find, that this subtraction results in some flattening

and lowering of the K−/K+ distribution profile. One can

still uphold the statement that the calculations without
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the in-medium modifications of kaonic properties does not

describe the data. However, it seems that the value of the

K−N potential applied in the HSD calculations should be

somewhat lower to reproduce the experimental pattern.

7 Summary

FOPI has investigated the production yields and phase

space distributions of K+, K−, and φ mesons from central

collisions of Al+Al at a beam kinetic energy of 1.9A GeV.

The anisotropy parameters of the angular distributions,

a2 = 0.45± 0.08+0.18
−0.11 for K+, and a2 consistent with 0 for

K− were found to be in line with the findings from the

central Ni+Ni collisions at the same beam energy. Also,

the inverse slopes of kaons (Teff(K
+) = 109 ± 2+ 6

−13 MeV,

and Teff(K
−) = 82 ± 6+21

− 6 MeV), and their total produc-

tion yields per triggered event (PK+ =
[

3.75± 0.07+0.33
−0.64

]

×
10−2, and PK− =

[

0.95± 0.10+0.26
−0.01

]

× 10−3) were found

to be consistent with the previously accumulated system-

atics, and in agreement with the well established effect of

superiority of T (K+) over T (K−). A comparison of the

measured K−/K+ ratio as function of kinetic energy to

the HSD transport model calculations (a version with the

negligible φ meson production) suggests that the scenario

of in-medium KN potentials (UK+N(ρ0) = 40 MeV, and

UK−N(ρ0, p = 0) ≈ −50 MeV) is favoured over the one

without the in-medium effects.

The emission of φ mesons was investigated in their

K+K− decay channel. The production yield was found to

be
[

3.3± 0.5+0.4
−0.8

]

× 10−4, and the inverse slope of the ki-

netic energy distribution Teff = 93 ± 14+17
−15 MeV. While

the contribution of the φ decay channel into charged kaons

to K+ meson emission is negligible, the kaons originating

from φ-mesons were found to constitute (17 ± 3+2
−7)% of

the total K− yield, a fraction sufficient to consider while

drawing physical conclusions from distributions of kine-

matic observables involving K−. Therefore, the two-source

model of K− emission (the ”direct” component from the

collision zone, and the daughter kaons from φ decays) was

applied to the kinetic energy spectrum of K−. The in-

verse slope of the ”direct” component was estimated to

be Teff,Kdirect
= 89 ± 9 +24

−11 MeV. The K−/K+ ratio af-

ter removal of the φ contribution was found to appear

somewhat smaller and more flattened out as function of

kinetic energy, which suggests that the in-medium effects

parametrised by the UK−N potential could be weaker.
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