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We present the first observation of K− and φ absorption within nuclear matter by means of
π−-induced reactions on C and W targets at an incident beam momentum of 1.7 GeV/c studied
with HADES at SIS18/GSI. The double ratio (K−/K+)W/(K−/K+)C is found to be 0.319 ±

0.009(stat)+0.014
−0.012(syst) indicating a larger absorption of K− in heavier targets as compared to lighter

ones. The measured φ/K− ratios in π−+C and π−+W reactions within the HADES acceptance are
found to be equal to 0.55±0.03(stat)+0.06

−0.07(syst) and to 0.63±0.05(stat)+0.11
−0.11(syst), respectively. The

similar ratios measured in the two different reactions demonstrate for the first time experimentally
that the dynamics of the φ meson in nuclear medium is strongly coupled to the K− dynamics.
The large difference in the φ production off C and W nuclei is discussed in terms of a strong φN
in-medium coupling.

http://arxiv.org/abs/1812.03728v1
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Hadron-hadron interactions are studied to understand
in detail low energy QCD. The energy scale that drives
these interactions is of the order of 1 GeV and hence
characterized by the non-perturbative regime, in which
effective field theories [1, 2] can be applied. A quantita-
tive understanding of the (anti-)kaon-nucleon interaction
is necessary to constrain and develop these theories.

Kaon-nucleon scattering data [3] allowed to determine
the scattering parameters of the interaction that is found
to be repulsive. Comparable (model-dependent) results
were obtained by studying the behaviour of kaons within
nuclear matter at various baryonic densities by means
of (fixed target) γ + A, p + A, π + A and A + A re-
actions at kinetic energies of few GeV. Analyses of the
distribution of kaon (transverse) momenta, anisotropies
in the azimuthal distribution in the plane transverse to
the beam direction (anisotropic flow) and cross-sections
led as well to the conclusion that the real part of K0N
and K+N potential is repulsive within 20 − 40 MeV at
saturation densities and small kaon momenta [4–7].

The antikaon in-medium properties are more entangled
[8–10]. The interpretation of scattering experiments and
kaonic atoms [11–14] is consistent with the existence of
the Λ(1405) resonance just below the K̄N threshold [15,
16]. This translates on the one hand to an attractive
interaction for this system and on the other hand to a
large coupling of the K̄N channel to baryonic resonances
and hence to a large imaginary part of the potential [17,
18]. To the present, absorption processes for K̄ were
studied for slow K̄ [19–22] and hence should be extended
to higher energies.

The properties of φ meson are determined by its almost
pure ss̄ content. Its narrow width (Γ = 4.2 MeV) is dom-
inated by the OZI allowed K+K− decay [23]. Hence,
the modification of K− spectral function are expected
to have a significant impact on φ in-medium properties
[24]. The behaviour of the φ within a nuclear environ-
ment is debated since decades in a very controversial
way. Indeed, in the interpretation of the ultra-relativistic
heavy-ion collisions data [25, 26] the φN cross-sections
are assumed to be small [27] due to OZI suppression.
On the contrary, measurements of the modification of
the φ production rate in proton- and photon-induced re-
actions off different nuclear targets do suggest a rather
sizable φN interaction cross-section [28–30]. These data
are, however, interpreted in a rather model-dependent
way [31, 32] implying the contribution of secondary pro-
cesses, in-medium propagation, initial and final state in-
teractions that have to be taken into account to extract
final conclusions.

In this context, investigations of the φ and K− produc-
tion close to production threshold in pion-induced reac-
tions offer an ideal environment. Firstly, the production
of the mesons is strongly correlated by means of two chan-
nels: (a) direct (K+K−) and (b) resonant (φ) produc-

tion, as known from elementary reactions [33–36]. Sec-
ondly, pion-induced reactions are superior to the previ-
ously studied proton- and photon-induced reactions. Due
to the large πN inelastic cross section, hadron production
occurs close to the upstream surface of the nucleus, lead-
ing on average to a longer path of the produced hadrons
inside the nuclear matter. Because of the much lower pro-
duction cross sections of the mesons in proton-induced re-
actions, secondary processes are non-negligible, causing
shorter path lengths, just as in photon-induced reactions
where the incident photons penetrate deeply into the nu-
cleus.

In this work we present the first measurement of the
direct coupling of the φ to antikaon properties within
nuclear matter, showing that for both mesons a strong
absorption is observed when comparing π−+W to π−+C
reactions at a π−-momentum of 1.7 GeV/c.

The experiment was performed with the High Accep-
tance DiElectron Spectrometer (HADES) at the SIS18
at GSI Helmholtzzentrum für Schwerionenforschung in
Darmstadt, Germany. HADES [37] is a charged-particle
detector consisting of a six-coiled toroidal magnet sur-
rounding the beam axis with six identical detection sec-
tions. It features polar acceptance between 18◦ and 85◦

with an almost full azimuthal coverage. Each sector is
equipped with a Ring-Imaging Cherenkov (RICH) de-
tector followed by Mini-Drift Chambers (MDCs), two in
front of and two behind the magnetic field, as well as two
detectors for time-of-flight measurements, a scintillator
hodoscope (TOF) and Resistive Plate Chamber (RPC),
in combination with the target-T0 detector. In the fol-
lowing, the TOF-RPC system is referred to as Multiplic-
ity Electron Trigger Array (META). Hadron identifica-
tion is based on time-of-flight and on specific energy-loss
(dE/dx) in the MDC tracking detectors.

A secondary beam of negatively charged pions with a
rate of ≈ 3 × 105 π−/s and a momentum of 1.7 GeV/c
was incident on carbon and tungsten targets each com-
posed of three segments with a thickness of 3 × 7.2 mm
and 3 × 2.4 mm, respectively. In order to measure the
momentum of the secondary pion beam with a precision
of ≈ 0.3% (σ), the CERBEROS tracking system [38] was
employed. The first-level-trigger (LVL1) required a sig-
nal in the target-T0 detector and a minimum charged
particle multiplicity M ≥ 2 in the META system. A to-
tal of 1.3 × 108 and 1.7 × 108 events were collected for
π− + C and π− + W collisions, respectively.

Charged kaons were pre-identified on the basis of the
specific energy-loss in the MDC as a function of the mo-
mentum [39]. The analyses of the π−+C and π− +W re-
actions were performed in two sets of kinematic variables:
pT −y and p−θ in the laboratory frame. The (anti-)kaon
yield was extracted by fitting the measured mass distri-
butions (examples in panels (a) and (b) in Fig. 1) ob-
tained for the different pT − y (p− θ) intervals [40]. The
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FIG. 1. (Color online) Mass distributions of K− (a) and K+

(b) with the corresponding background fits (dashed lines).
(c) Invariant mass distribution of K+K− pairs normalized
to the number of LVL1 events in π− + C (pink points) and
π− + W reactions (blue points). The fit to the uncorrected
experimental data consists of the sum of two Gaussians for
the φ signal together with the background described by a
polynominal and Gaussian function (dashed line).

precision of the kaon mass measurement varies between
3 − 5% and the resolution between 18.3 to 62.8 MeV/c2

over the different pT − y bins. The total number of re-
constructed K+ and K− for the pT − y analysis within
the HADES acceptance in π− +C reactions are equal to

NK+

C = 160, 820 ± 561 and NK−

C = 7, 310 ± 138 and in

π− + W reactions are equal to NK+

W = 208, 783 ± 602

and NK−

W = 4, 106 ± 123. Further, the obtained double-
differential yields of K+ and K− were corrected for re-
construction efficiency within the geometrical acceptance
(≈ 12 − 30% for K+ and ≈ 10 − 26% for K−) and nor-
malized to the total number of beam particles and the
density of target atoms to obtain absolute cross-sections.

The resulting differential cross-sections for K+ and K−

produced in π− + C and π− + W reactions are shown in
Fig. 2. Panels (a) and (b) show the pT distributions of
the K− in three different rapidity intervals subdividing
the range 0.2 ≤ y < 1.0 in π− + C and π− + W, respec-
tively. Panel (c) depicts the pT distribution of the K+ in
11 rapidity intervals subdividing the range 0 ≤ y < 1.1.
Panel (d) shows the analog for the π− + W system. The
errors in Fig. 2 are the combined statistical and system-
atic, and normalization uncertainty. The systematic un-
certainty was obtained by varying the two-dimensional
(anti-)kaon identification cut such as to select ≈ ±20%
candidates with respect to the standard analysis. Fur-
thermore, the width of the Gaussian function used to fit
the experimental (anti-)kaon mass distribution is fixed to
the maximum allowed limits obtained from simulations
[39]. The correction uncertainty corresponds to 3%. The
normalization error arises from the beam particle deter-
mination and is around 15%.
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FIG. 2. (Color online) K+ and K− differential cross-sections
in different rapidity regions (see legend). The upper panel cor-
responds to K− and the lower panel to K+. The combined,
statistical and systematic, uncertainty and the normalization
error are smaller than the symbol size. The dashed lines in-
dicate Boltzmann fits (see text for details).

Following the prescription already adopted in [41–43],

a Boltzmann fit (d2N/(dpTdy) = C(y) · pT ·
√

p2T + m2
0 ·

exp(−
√

p2T + m2
0/TB(y)), where C(y) denotes a scaling

factor, m0 the nominal mass and TB(y) the inverse-slope
parameter) is applied to the measured pT spectra and the
fit results are shown by the dashed lines in Fig. 2. The
fits are used to extrapolate the measured distributions to
uncovered transverse momentum regions. The resulting
experimental rapidity density distribution for K+ and
K− are shown in panel (a) of Fig. 3. The extrapolation
error corresponding to the uncertainty of the Boltzmann
fit is the dominant contribution to the systematic un-
certainty. The rapidity distribution for K+ looks very
different for the two colliding systems. (Elastic) scatter-
ing shifts the distribution to backward rapidity in the
heavier target (W), while charge exchange is negligible
[44]. The shape of the K− rapidity distributions look
similar for both nuclear environments, here absorption
processes (e.g. K−N → Y N) are dominating. The inte-
grated differential production cross-section (∆σ) for K+
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TABLE I. Target, particle species and cross-section inside the
HADES acceptance. Error values shown are statistic (first),
systematic (second) and normalization (third).

Target Particle ∆σ [µb]

C K+ 1974 ± 7+67
−69 ± 310

C K− 124 ± 2± 11± 20
C φ 41 ± 2± 2+6

−5

W K+ 15965 ± 46+1236
−1247 ± 2509

W K− 345 ± 10± 26± 54
W φ 112 ± 8± 5+18

−14
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FIG. 3. (Color online) (a) Cross-section of K+ and K− in
π− + C and π− +W collisions as a function of rapidity. The
shaded bands denote the systematic errors. The open boxes
indicate the normalization error. The statistical uncertainties
are smaller than the symbol size. The arrow (yCM ) indicates
the πN rapidity. Double ratio (K−/K+)W/(K−/K+)C as a
function of pT (b) and the rapidity y (c) without (pink circles)
and with pT extrapolation (orange squares) inside the HADES
acceptance. The shaded areas indicate the systematic errors.

(0 ≤ y < 1.1) and K− (0.2 ≤ y < 1.0) in π− + C and
π−+W reactions inside the HADES acceptance are listed
in Tab. I.

In order to study the K− absorption inside the nuclear
medium, a comparison of the K−/K+ ratio measured in
collisions with heavy target (W) and lighter one (C) is
done. In the double ratio (K−/K+)W/(K−/K+)C the
K+ acts as a reference particle for the strange hadron
production, because of its very low absorption cross-
section. Therefore, the measured K− distribution is nor-
malized to the integrated K+ yield (0 ≤ y < 1.1).

The double ratio (K−/K+)W/(K−/K+)C inside the
HADES acceptance is moderately increasing with in-
creasing pT as shown in panel (b) of Fig. 3. Within errors
no significant dependence on the rapidity y (panel (c) of
Fig. 3), with and without pT extrapolation, is observed
with an average value of (K−/K+)W/(K−/K+)C =
0.319±0.009(stat)+0.014

−0.012(syst) in the latter case. In order
to define a reference value in which no nuclear absorp-
tion is present, a double ratio (K−/K+)W/(K−/K+)C
was constructed from elementary π−N reactions by tak-

TABLE II. Particle ratios inside the HADES acceptance. Er-
ror values shown are statistic (first), systematic (second) and
normalization (third).

Ratios

(K−/K+)W/(K−/K+)C 0.319 ± 0.009+0.014
−0.012

(φ/K−)C 0.55 ± 0.03+0.06
−0.07

(φ/K−)W 0.63± 0.05± 0.11

T = 12

184

∆σ
φ
W

∆σ
φ
C

0.18 ± 0.02± 0.01+0.04
−0.03

ing into account the proper number of neutrons and pro-
tons in tungsten and carbon. This procedure results in
a value of 0.93 ± 0.09 [40]. The fact that the measured
double ratios are well below this reference demonstrates
the K− absorption.

The φ mesons were identified via their dominant decay
channel into K+K− pairs (BR = 48.9± 0.5% [3]). Both
charged kaons were selected by a β vs. momentum cut
(p/

√

p2 + m2
0±0.5 ≷ β, m0 = 493.677 MeV/c2 [3]). The

contamination from other particle species was further re-
duced by selecting a reconstructed (anti-)kaon mass in-
terval of 400 < m < 600 MeV/c2. Further, the nomi-
nal mass m0 was attributed to the identified (anti-)kaon
candidates. The resulting K+K− invariant mass distri-
bution for π− + C and π− + W collisions normalized to
the number of LVL1 events is shown in panel (c) of Fig. 1.
A clear φ peak is visible and the signal can be described
by the sum of two Gaussian distributions to account for
finite resolution effects as well as for the re-scattering
of the K+ and K− inside the targets. The background
is modeled by a third-order polynomial together with a
Gaussian to account for the mass threshold (2 ×m0).

The precision of the φ mass measurement is better than
1 MeV and the φ mass resolutions are 4.0 ± 0.8 MeV/c2

and 5.5 ± 2.4 MeV/c2 for C and W targets, respectively.

In total Nφ
C = 578 ± 35 and Nφ

W = 341 ± 32 φ mesons
are reconstructed. The acceptance and efficiency was de-
termined by simulating the reaction π− + p(12C) → φ[→
K+K−]+n(11B) and values of ≈ (2−15)% were obtained.
As these corrections strongly depend on the φ kinemat-
ics, a differential correction as a function of pT −y (p−θ)
was evaluated [45]. Since the limited statistics does not
allow for a double differential analysis, each φ candidate
is weighted with its corresponding correction factor and
an integrated K+K− invariant mass spectrum is built.
The same fitting procedure employed for the uncorrected
K+K− invariant mass distribution to extract the raw φ
yields was applied also to the corrected spectra. After the
correction for the branching ratio the integrated differen-
tial φ production cross-sections (∆σ) within the HADES
acceptance (0.4 ≤ y < 1.0 and 150 ≤ pT < 650 MeV/c)
for π−+C and π−+W are listed in Tab. I. The systematic
uncertainty was evaluated by varying the invariant mass
binning with respect to the standard analysis as well as
by changing the order of the polynominal used to fit the
background from third to a second order. The correction
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uncertainty corresponds to 3% for each kaon.

The φ absorption can be quantified in terms of the

transparency ratio defined as T = 12

184

∆σ
φ

W

∆σ
φ

C

. This value

is equal to 0.18 ± 0.02(stat) ± 0.01(syst)+0.04
−0.03(norm) and

hence smaller than the results obtained in p + A by
ANKE [46] and γ + A by CLAS [47] for slightly bigger
nuclei (TANKE = 0.29±0.01(stat)±0.02(syst), TCLAS =
0.46±0.12(stat)±0.13(syst). The lower transparency ra-
tio found in pion-induced reactions maybe attributed to
the already mentioned large πN reaction cross-section
and the negligible contribution of secondary reactions
that leads to φ production near the upstream surface,
allowing the hadron to travel a longer path within the
nucleus than in proton- and photon-induced reactions.

The φ/K− ratio was evaluated for both collision sys-
tems inside the HADES acceptance. For this investiga-
tion it has to be considered that the K− and φ phase
space coverage of HADES is different (0.4 ≤ yφ < 1
and 0.2 ≤ yK− < 1, 150 ≤ pT,φ < 650 MeV/c and
90 ≤ pT,K− < 330 MeV/c). As shown in panel (a) of
Fig. 3 the shape of the K− rapidity distributions do not
depend on the target. To demonstrate that also the φ
distributions share the same feature, GiBUU simulations
were carried out for the π− + C(W) systems and no bias
due to the HADES geometrical acceptance was found.

The measured φ/K− ratio within the HADES ac-
ceptance is 0.55 ± 0.03(stat)+0.06

−0.07(syst) for π− + C and

0.63 ± 0.05(stat)+0.11
−0.11(syst) for π− + W collisions. The

main systematic error arises from the difference in the
pT − y and p − θ analyses. Within errors the two
φ/K− ratios are in agreement. Since the double ratio
(K−/K+)W/(K−/K+)C (panel (b) in Fig. 3) clearly in-
dicates a larger K− absorption in the W target and since
the φ/K− ratios are the same for both targets, also a
stronger φ absorption in W is observed. This demon-
strates that both resonant and non-resonant channels are
affected in the medium in the same way.

In summary, the inclusive production cross-sections

of charged kaons and φ mesons in π− + A collisions
within the HADES acceptance were measured. The ra-
pidity density distributions for K+ and K− produced on
heavy (W) and light (C) nuclei were compared. Strong
scattering effects are observed shifting the maximum of
the K+ distribution to backward rapidity in the heav-
ier target, while the shape of the K− distribution is
comparable in both targets. The measured double ra-
tio (K−/K+)W/(K−/K+)C given in Tab. II is well be-
low the expected (anti-)kaon production reference based
on elementary πN reactions, directly indicating sizable
K− absorption in heavy nuclei (W) with respect to light
ones (C). The φ/K− ratios for π− + C and π− + W reac-
tions within the HADES acceptance listed in in Tab. II
are consistent within the uncertainties pointing to a non-
negligible φ absorption. This finding is in line with the
extracted φ transparency ratio of ≈ 18%, which is lower
than observed by ANKE [46] and CLAS [47] measure-
ments. This first measurement of kaons and φ in the same
reactions provides experimental evidence of the strong
coupling between the φ and K− dynamics within nuclear
matter.

The HADES Collaboration gratefully acknowledges
the support given by the following institutions
and agencies: SIP JUC Cracow, Cracow (Poland),
2017/26/M/ST2/00600; TU Darmstadt, Darmstadt
(Germany), ExtreMe Matter Institute EMMI at GSI
Darmstadt; Goethe-University, Frankfurt (Germany),
ExtreMe Matter Institute EMMI at GSI Darm-
stadt; TU München, Garching (Germany), MLL
München, DFG EClust 153, GSI TMLRG1316F, BmBF
05P15WOFCA, SFB 1258, DFG FAB898/2-2; NRNU
MEPhI Moscow, Moscow (Russia), in framework of
Russian Academic Excellence Project 02.a03.21.0005,
Ministry of Science and Education of the Russian
Federation 3.3380.2017/4.6; JLU Giessen, Giessen
(Germany), BMBF:05P12RGGHM; IPN Orsay, Or-
say Cedex (France), CNRS/IN2P3; NPI CAS, Rez,
Rez (Czech Republic), MSMT LM2015049, OP VVV
CZ.02.1.01/0.0/0.0/16 013/0001677, LTT17003.

[1] N. Kaiser, P. B. Siegel, and W. Weise,
Nucl. Phys. A 594, 325 (1995).

[2] E. Oset and A. Ramos, Nucl. Phys. A 635, 99 (1998).
[3] C. Patrignani et al. (Particle Data Group),

Chin. Phys. C 40, 100001 (2016).
[4] C. Hartnack, H. Oeschler, Y. Leifels, E. L. Bratkovskaya,

and J. Aichelin, Phys. Rep. 510, 119 (2012).
[5] G. Agakishiev et al. (HADES),

Phys. Rev. C 90, 054906 (2014).
[6] V. Zinyuk et al. (FOPI),

Phys. Rev. C 90, 025210 (2014).
[7] V. Metag, M. Nanova, and E. Ya. Paryev,

Prog. Part. Nucl. Phys. 97, 199 (2017).
[8] G. Agakishiev et al. (HADES),

Phys. Rev. C 80, 025209 (2009).
[9] P. Gasik et al. (FOPI), Eur. Phys. J. A 52, 177 (2016).

[10] J. Adamczewski-Musch et al. (HADES),
Phys. Lett. B 778, 403 (2018).

[11] E. Friedman and A. Gal, Phys. Rep. 452, 89 (2007).
[12] M. Bazzi et al. (SIDDHARTA),

Phys. Lett. B 704, 113 (2011).
[13] M. Bazzi et al. (SIDDHARTA),

Phys. Lett. B 681, 310 (2009).
[14] M. Bazzi et al. (SIDDHARTA),

Phys. Lett. B 697, 199 (2011).
[15] J. A. Oller and U. G. Meissner,

Phys. Lett. B 500, 263 (2001).
[16] Y. Ikeda, T. Hyodo, and W. Weise,

Nucl. Phys. A 881, 98 (2012).
[17] C. Fuchs, Prog. Part. Nucl. Phys. 56, 1 (2006).
[18] D. Cabrera, L. Tolós, J. Aichelin, and E. Bratkovskaya,

Phys. Rev. C 90, 055207 (2014).

http://dx.doi.org/10.1016/0375-9474(95)00362-5
http://dx.doi.org/10.1016/S0375-9474(98)00170-5
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1016/j.physrep.2011.08.004
http://dx.doi.org/10.1103/PhysRevC.90.054906
http://dx.doi.org/ 10.1103/PhysRevC.90.025210
http://dx.doi.org/10.1016/j.ppnp.2017.08.002
http://dx.doi.org/10.1103/PhysRevC.80.025209
http://dx.doi.org/ 10.1140/epja/i2016-16177-y
http://dx.doi.org/10.1016/j.physletb.2018.01.048
http://dx.doi.org/10.1016/j.physrep.2007.08.002
http://dx.doi.org/10.1016/j.physletb.2011.09.011
http://dx.doi.org/10.1016/j.physletb.2009.10.052
http://dx.doi.org/10.1016/j.physletb.2011.02.001
http://dx.doi.org/10.1016/S0370-2693(01)00078-8
http://dx.doi.org/10.1016/j.nuclphysa.2012.01.029
http://dx.doi.org/10.1016/j.ppnp.2005.07.004
http://dx.doi.org/10.1103/PhysRevC.90.055207


6

[19] O. Vázquez Doce et al., Phys. Lett. B 758, 134 (2016).
[20] K. Piscicchia, S. Wycech, and C. Curceanu,

Nucl. Phys. A 954, 75 (2016).
[21] K. Piscicchia et al., Phys. Lett. B 782, 339 (2018).
[22] M. Agnello et al. (FINUDA),

Phys. Rev. C 92, 045204 (2015).
[23] S. Okubo, Phys. Rev. D 16, 2336 (1977).
[24] D. Cabrera, A. N. Hiller Blin, and M. J. Vicente Vacas,

Phys. Rev. C 95, 015201 (2017).
[25] B. B. Abelev et al. (ALICE),

Phys. Rev. C 91, 024609 (2015).
[26] M.Wada (STAR), Nucl. Phys. A 904-905, 1019c (2013).
[27] J. Steinheimer and M. Bleicher,

J. Phys. G 43, 015104 (2016).
[28] M. Hartmann et al. (ANKE),

Phys. Rev. C 85, 035206 (2012).
[29] T. Ishikawa et al. (LEPS@Spring8),

Phys. Lett. B 608, 215 (2005).
[30] R. Muto et al. (KEK-PS-E325),

Phys. Rev. Lett. 98, 042501 (2007).
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