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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 ðK−=KþÞW=ðK−=KþÞC is found to be 0.319� 0.009ðstatÞþ0.014

−0.012 ðsystÞ
indicating a larger absorption of K− in heavier targets as compared to lighter ones. The measured ϕ=K−

ratios in π− þ C and π− þW reactions within the HADES acceptance are found to be equal to 0.55�
0.04ðstatÞþ0.06

−0.07 ðsystÞ and to 0.63� 0.06ðstatÞþ0.11
−0.11 ðsystÞ, respectively. The similar ratios measured in the
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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. These results are relevant for the
description of heavy-ion collisions and the structure of neutron stars.

DOI: 10.1103/PhysRevLett.123.022002

Hadron-hadron interactions are studied to understand in
detail low energy QCD [1,2] in vacuum, but also in nuclear
matter at finite temperature and density [3]. In this context,
absorption processes play an important role but are often
neglected in the computation of the equation of state (EOS).
The antikaon-nucleon interaction is particularly interest-

ing because the large K̄N coupling to the Λð1405Þ
resonance [4,5] leads to absorption processes for the K̄N
and K̄NN states [6–9]. Within nuclear matter, possible
modifications of the Λð1405Þ spectral function will also
affect the K̄ spectral function [3,10]. So far, scattering
experiments, kaonic atom data [11–14], and recent evi-
dence for the existence of ppK− bound states [15]
demonstrate that the K̄N interaction is attractive, but an
accurate measurement of absorption in (heavy) nuclei is
still missing.
Due to the attractive nature of the K̄N interaction,

hypotheses have been made in the past about the presence
of antikaons within neutron stars (NS) [16,17]. This
scenario neglects the imaginary part of the K̄N interaction,
which leads to absorption processes and thus to hyperon
production. A quantitative determination of the K̄ absorp-
tion is therefore crucial to provide a more realistic EOS of
dense matter and scenarios for NS and NS merger [18,19].
The behavior of ϕ mesons in the nuclear medium is also

complex and has been debated for decades. It is strongly
coupled with kaons and antikaons evident from the
branching ratio ϕ → K̄K (BR ≈ 83% [11]). The ϕ spectral
functions have been computed using chiral effective field
theories [20,21]. The results predict broadening of the
meson width (40–50 MeV) due to in-medium modifica-
tions of kaon loop and direct ϕN interactions.
So far, in the interpretation of the ultrarelativistic heavy-

ion collision data [22,23], the ϕN cross sections are
assumed to be small [24], mainly due to OZI suppression
[25] hindering processes with disconnected quark lines. On
the contrary, measurements of the modification of the ϕ
production rates in proton- and photon-induced reactions
do suggest a rather sizable ϕN interaction cross section
[26–28]. These data are, however, interpreted in a rather
model-dependent way [29,30] implying the contribution of
secondary processes, in-medium propagation, and initial
and final state interactions.
If one considers the in-medium ϕ properties in the

context of NS, the ϕN coupling strength plays a decisive
role in the description of hyperon-hyperon interactions
[31]. This means that a direct evidence of a significant ϕN
coupling would lead to more realistic EOS of dense nuclear

matter with hyperon content, in heavy ion collisions, but
possibly also in NS [32].
In this Letter, 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− þW to π− þ C
reactions at a π− momentum of 1.7 GeV=c. The employ-
ment of pion-induced reactions is motivated by the fact that
the latter are superior to the previously 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 [33,34], leading on average
to a longer path of the produced hadrons inside nuclear
matter. Because of the much lower production cross section
of the mesons in proton-induced reactions, secondary
processes are non-negligible, causing shorter path lengths,
just as in photon-induced reactions where the incident
photons penetrate deeply into the nucleus.
The experiment was performedwith theHighAcceptance

DiElectron Spectrometer (HADES) at the SIS18 at
GSI Helmholtzzentrum für Schwerionenforschung in
Darmstadt, Germany. HADES [35] is a charged-particle
detector consisting of a six-coiled toroidal magnet surround-
ing the beam axis with six identical detection sections. It
features polar acceptance between 18° and 85° with an
almost full azimuthal coverage. Each sector is equippedwith
a ring-imaging Cherenkov (RICH) detector followed by
mini-drift chambers (MDCs), two in front of and two behind
themagnetic 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 following, the TOF-RPC system is referred
to as multiplicity electron trigger array (META). Hadron
identification 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 × 105π−=s and a momentum of 1.7 GeV=c was
incident on carbon and tungsten targets each composed
of three segments with a thickness of 3 × 7.2 mm and
3 × 2.4 mm, respectively. The measurements on the two
targets were carried out in separate runs. In order to
measure the momentum of the secondary pion beam with
a precision of ≈0.3%ðσÞ, the CERBEROS tracking system
[36] was employed. The first level trigger (LVL1) required
a signal in the target-T0 detector and a minimum charged
particle multiplicityM ≥ 2 in the META system. A total of
1.3 × 108 and 1.7 × 108 events were collected for π− þ C
and π− þW collisions, respectively.
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Charged kaons were preidentified on the basis of the
specific energy loss in the MDC as a function of the
momentum [37]. The analyses of the π− þ C and π− þW
reactions were performed in two sets of kinematic varia-
bles: pT − y and p − θ in the laboratory frame. The (anti)
kaon yield was extracted by fitting the measured mass
distributions [examples in Figs. 1(a) and 1(b)] obtained for
the different pT − y (p − θ) intervals [38]. The 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 reconstructed Kþ and K−

for the pT − y analysis within the HADES acceptance in
π− þ C reactions are equal to NKþ

C ¼ 160 820� 561 and
NK−

C ¼ 7310� 138, and in π− þW reactions are equal to
NKþ

W ¼ 208 783� 602 and NK−

W ¼ 4106� 123. The
obtained double-differential yields of Kþ and K− were
corrected for reconstruction efficiency within the geomet-
rical acceptance (≈12–30% for Kþ and ≈10–26% for K−)
and normalized to the total number of beam particles and
the density of target atoms to obtain absolute cross sections.
The resulting differential cross sections for Kþ and K−

produced in π− þ C and π− þW reactions are shown in
Fig. 2. Figures 2(a) and 2(b) show the pT distributions of
the K− in three different rapidity intervals subdividing the
range 0.2 ≤ y < 1.0 in π− þ C and π− þW, respectively.
Figure 2(c) depicts the pT distribution of the Kþ in 11
rapidity intervals subdividing the range 0 ≤ y < 1.1.
Figure 2(d) shows the analog for the π− þW system.
The errors in Fig. 2 are the combined statistical and
systematic and normalization uncertainty. The systematic
uncertainty was obtained by varying the two-dimensional
(anti)kaon identification cut corresponding to (typical)
average signal-to-background ratios in π− þ C reactions

equal to S=BKþ
C ¼ 6.8–25.8 and S=BK−

C ¼ 4.3–9.1 and
in π− þW reactions equal to S=BKþ

W ¼ 6.9–8.6 and
S=BK−

W ¼ 1.8–3.1. Furthermore, 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 [37]. The correction uncertainty
corresponds to 3%. The normalization error arises from the
beam particle determination and is around 15%.
Following the prescription already adopted in

Refs. [39–41], a Boltzmann fit (d2N=ðdpTdyÞ ¼
CðyÞpT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
T þm2

0

p

· exp½− ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
T þm2

0

p

=TBðyÞ�, where CðyÞ
denotes a scaling factor, m0 the nominal mass and TBðyÞ is
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
Kþ and K− are shown in Fig. 3(a). The extrapolation error
corresponding to the uncertainty of the Boltzmann fit is the

]2cMass [MeV/
400 500 600

0

500

1000

1500

2000 X+ K→ + C  −π
X+ K→ + W  −π

 < 270
T

 p≤210 
 y < 0.6≤0.5 

(b)

2 c
C

ou
nt

s/
20

 M
eV

/

0

100

200

300 X− K→ + C  −π
X− K→ + W  −π

 < 270
T

 p≤210 

 y < 0.7≤0.5 

(a)

]2c [MeV/-
K

+
KM

1000 1050 1100 1150

2 c
) 

C
ou

nt
s/

4.
5 

M
eV

/
LV

L1
(1

/N

0

1

2

6−10×

Xφ → + C  −π
 

Xφ → + W −π
1.5)×(

(c)

FIG. 1. Mass distributions of K− (a) and Kþ (b) with the
corresponding background fits (dashed lines). (c) Invariant mass
distribution of KþK− pairs normalized to the number of LVL1
events in π− þ C (pink points) and π− þW 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).
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FIG. 2. Kþ and K− differential cross sections in different
rapidity regions (see legend). The upper panel corresponds to
K− and the lower panel to Kþ. The combined, statistical and
systematic, uncertainty and the normalization error are smaller
than the symbol size. The dashed lines indicate Boltzmann fits
(see text for details).
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dominant contribution to the systematic uncertainty. The
rapidity distribution for Kþ looks very different for the two
colliding systems. (Elastic) scattering shifts the distribution
to backward rapidity in the heavier target (W), while charge
exchange is negligible [42]. The shape of the K− rapidity
distributions look similar for both nuclear environments,
here absorption processes (e.g., K−N → YN) are dominat-
ing. The integrated differential production cross section
(Δσ) for Kþ (0 ≤ y < 1.1) and K− (0.2 ≤ y < 1.0) in
π− þ C and π− þW reactions inside the HADES accep-
tance are listed in Table I.
In order to study the K− absorption inside the nuclear

medium, a comparison of the K−=Kþ ratio measured in
collisions with the heavy target (W) and the lighter one
(C) is carried out. In the double ratio ðK−=KþÞW=
ðK−=KþÞC the Kþ acts as a reference particle for the
strange hadron production, because of its very low absorp-
tion cross section. Therefore, the measured K− distribution
is normalized to the integrated Kþ yield (0 ≤ y < 1.1).

The double ratio ðK−=KþÞW=ðK−=KþÞC inside the
HADES acceptance is moderately increasing with increas-
ing pT as shown in Fig. 3(b). Within errors no significant
dependence on the rapidity y [Fig. 3(c)], with and without
pT extrapolation, is observed with an average value of
ðK−=KþÞW=ðK−=KþÞC ¼ 0.319� 0.009ðstatÞþ0.014

−0.012ðsystÞ
in the latter case. In order to define a reference value in
which no nuclear absorption is present, a double ratio
ðK−=KþÞW=ðK−=KþÞC was constructed considering π−N
reactions and scaling the elementary cross sections by the
number of participating nucleons in each target. This
procedure results in a value of 0.93� 0.09 [38]. 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 KþK− pairs (BR ¼ 48.9� 0.5% [11]). Both
charged kaons were selected by a β vs momentum cut
(p=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þm2
0

p

� 0.5≷β, m0 ¼ 493.677 MeV=c2 [11]).
The contamination from other particle species was further
reduced by selecting a reconstructed (anti)kaon mass
interval of 400 < m < 600 MeV=c2. The nominal mass
m0 was attributed to the identified (anti)kaon candidates.
The resulting KþK− invariant mass distribution for π− þ C
and π− þW collisions normalized to the number of LVL1
events is shown in Fig. 1(c). 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 rescattering of the Kþ and K− inside the targets.
The background is modeled by a third-order polynomial
together with a Gaussian to account for the mass thresh-
old (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 andW targets, respectively. In
total Nϕ

C ¼ 578� 35 and Nϕ
W ¼ 341� 32 ϕ mesons are

reconstructed. The acceptance and efficiency was deter-
mined by simulating the reaction π− þ pð12CÞ →
ϕ½→KþK−� þ nð11BÞ and values of ≈ð2 − 15Þ% were
obtained. As these corrections strongly depend on
the ϕ kinematics, a differential correction as a function of
pT − y (p − θ)was evaluated [43]. 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 KþK− invariant mass spectrum is
built. The same fitting procedure employed for the uncor-
rectedKþK− 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 differentialϕ
production cross sections (Δσ) within the HADES accep-
tance (0.4 ≤ y < 1.0 and 150 ≤ pT < 650 MeV=c) for
π− þ C and π− þW are listed in Table 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

TABLE I. Target, particle species, and cross section for Kþ
(0 ≤ y < 1.1), K− (0.2 ≤ y < 1.0), and ϕ (0.4 ≤ y < 1.0,
150 ≤ pT < 650 MeV=c). Error values shown are statistic (first),
systematic (second), and normalization (third).

Target Particle Δσ [μb]

C Kþ 1974� 7þ67
−69 � 310

C K− 124� 2� 11� 20

C ϕ 41� 2� 2þ6
−5

W Kþ 15965� 46þ1236
−1247 � 2509

W K− 345� 10� 26� 54

W ϕ 112� 10� 5þ18
−14
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FIG. 3. (a) Cross section of Kþ and K− in π− þ C and π− þW
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
ðK−=KþÞW=ðK−=KþÞC 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.
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background from third to second order. The correction
uncertainty corresponds to 3% for each kaon.
The ϕ absorption can be quantified in terms of the trans-

parency ratio defined as T ¼ ½ð12=184ÞðΔσϕW=ΔσϕCÞ�. This
value is equal to 0.18� 0.02ðstatÞ � 0.01ðsystÞþ0.04

−0.03ðnormÞ
and hence smaller than the results obtained in pþ A by
ANKE [44] and γ þ A by CLAS [45] for slightly bigger
nuclei [TANKE ¼ 0.29� 0.01ðstatÞ � 0.02ðsystÞ, TCLAS ¼
0.46� 0.12ðstatÞ � 0.13ðsystÞ]. The lower transparency
ratio found in pion-induced reactions may be attributed
to the already mentioned large πN reaction cross section
and the negligible contribution of secondary reactions that
lead 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 systems

inside the HADES acceptance. For this investigation 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<650MeV=c, and 90 ≤ pT;K− < 330 MeV=c).
As shown in Fig. 3(a) the shape of the K− rapidity
distributions does not depend on the target. To demonstrate
that also the ϕ distributions share the same feature, GIBUU
[46] simulations were carried out for the π− þ CðWÞ
systems and no bias due to the HADES geometrical
acceptance was found.
The measured ϕ=K− ratio within the HADES acceptance

is 0.55� 0.04ðstatÞþ0.06
−0.07ðsystÞ for π− þ C and 0.63�

0.06ðstatÞþ0.11
−0.11ðsystÞ for π− þW 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 ðK−=KþÞW=
ðK−=KþÞC [Fig. 3(b)] clearly indicates 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 demonstrates that both resonant and
nonresonant 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− þ A collisions within
the HADES acceptance were measured. The rapidity
density distributions for Kþ and K− produced on heavy
(W) and light (C) nuclei were compared. Strong scattering
effects are observed shifting the maximum of the Kþ
distribution to backward rapidity in the heavier target,
while the shape of theK− distribution is comparable in both
targets. The measured double ratio ðK−=KþÞW=ðK−=KþÞC
given in Table II is well below 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− þ C and π− þW reactions within the HADES accep-
tance listed in Table II are consistent within the uncertain-
ties 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 [44] and CLAS
[45] measurements. 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 with direct consequences for an improved
description of heavy-ion collisions and the equation of state
of neutron stars.
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