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The ¢-meson properties in cold nuclear matter are investigated by implementing resonant ¢ N interactions as
described in effective approaches including the unitarization of scattering amplitudes. Several N *-like states are
dynamically generated in these models around 2 GeV, in the vicinity of the ¢ N threshold. We find that both
these states and the non-resonant part of the amplitude contribute sizably to the ¢ collisional self-energy at finite
nuclear density. These contributions are of a similar strength as the widely studied medium effects from the K K
cloud. Depending on model details (position of the resonances and strength of the coupling to ¢ N) we report a
¢ broadening up to about 40-50 MeV, to be added to the ¢ — K K in-medium decay width, and an attractive
optical potential at threshold up to about 35 MeV at normal matter density. The ¢ spectral function develops a
double peak structure as a consequence of the mixing of resonance-hole modes with the ¢ quasiparticle peak.

The former results point in the direction of making up for missing absorption as reported in ¢ nuclear production

experiments.
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I. INTRODUCTION

The features of strongly interacting matter in a broad range
of temperatures and densities have been a subject of great
interest in recent decades, in connection with fundamental
aspects of the strong interaction such as the nature of
deconfinement or the physical mechanism of chiral symmetry
restoration [1]. Hadrons with strangeness, in particular, have
been a matter of intense investigation regarding the study
of exotic atoms [2], the analysis of strangeness production
in heavy-ion collisions (HICs) [3-5], and the microscopic
dynamics ruling the composition of neutron stars [6,7].

Vector-meson resonances with strange content, either open
(K*,K) or hidden (¢), have triggered substantial attention
recently, both theoretically and experimentally. An early
motivation for present theoretical developments originates in
the substantial experimental activity within the Relativistic
Heavy-Ion Collider (RHIC) low energy scan program and the
HADES experiment at GSI, which are currently performing
measurements in order to extract the in-medium properties of
hadronic resonances from HICs [8,9]. A prominent example
of the former is the production of K* mesons: Unlike their
unflavored partners, strange vector mesons do not decay in
the dilepton channel, making their experimental detection
less clean. Still, there is hope that their in-medium properties
can be accessed via reconstruction of their hadronic decays.
Interestingly, the lack of baryonic resonances with strangeness
S = +1 calls for much more moderate medium effects on
the K* as compared to the K*, and thus a scenario of
nondegenerate spectral functions for these vector mesons
emerges in the presence of a baryonic medium. Presently,
there is also significant interest in the experimental study of
production at ultrarelativistic energies since vector resonances
with strange content are considered a promising probe of
the hot medium and the quark-gluon plasma (QGP) for-
mation [10-13] (see also the recent study in Ref. [14] for
an alternative interpretation of strangeness enhancement in
HICs).

2469-9985/2017/95(1)/015201(9)

015201-1

Interest in the ¢ meson properties has also been revived
in recent years. The ¢, having a hidden strangeness content,
strongly couples to the K K system and therefore its in-medium
dynamics is highly governed by its decay into the light
pseudoscalars, whereas its coupling to the nucleon is forbidden
by the Okubo-Zweig-lizuka (OZI) rule. The production of
¢ mesons in HICs is being investigated both at RHIC and
at the Large Hadron Collider (LHC), with special attention
to the ratio between dilepton and hadronic decays [15,16].
Previously, the ¢ production in nuclei was studied by the
KEK-PS-E325 Collaboration [17], the LEPS Collaboration at
Spring8/Osaka [18], the CLAS Collaboration at the Jefferson
Lab [19], and recently by the ANKE experiment at COSY-
Jiilich [20]. Together with theoretical analyses [20-23] on the
¢ nuclear transparency ratio, it has been concluded that the
¢ experiences a huge absorption in nuclei, consistent with
inelastic widths about one order of magnitude larger than its
dominant decay in vacuum (e.g., in Ref. [19] widths as large
as 23—100 MeV are reported for an effective nuclear density
of % 0o, With py the normal nuclear matter density'). These
results point at medium effects typically larger than predicted
by hadronic models, leaving room for the study of additional
interaction processes with the nuclear medium.

Additional information on the ¢ dynamics in the medium
has been revealed by recent measurements in HICs. The
observation of deep subthreshold ¢ production by the
HADES Collaboration in 1.23A GeV Au + Au collisions [25]
calls for a review of possible interaction and/or production

'"We recall that the extraction of the ¢ decay width—or self-
energy—in the medium from observables such as the transparency
ratio or decay spectra requires analyses via Glauber or transport model
approaches. The CLAS results on the ¢ width, for example, rely on
a Glauber model parametrization of the data with inelastic ¢ N cross
sections in the range 16—70 mb for different nuclei. The Giessen BUU
transport approach analysis in Ref. [24] finds that o,y ~ 27 mb is
required to reproduce the LEPS [18] data.
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mechanisms that may have been missed in theoretical
analyses. A first attempt has been carried out in the context of
the ultrarelativistic quantum molecular dynamics (UrQMD)
transport model [26] by implementing the production of ¢
mesons from the decay of massive N* resonances excited
in initial NN collisions (see also [27,28] for a study of
the sensitivity of strange hadron observables to different
production mechanisms, such as two-body hadronic processes,
in the context of the parton-hadron-string dynamics transport
model). Another mechanism leading to ¢ subthreshold
production relies on changes in the ¢ properties such as
an attractive mass shift and/or an enhanced decay width
as a consequence of ¢ N interactions. The large absorption
advocated by the nuclear production experiments supports this
possibility and encourages detailed studies on the ¢ properties
in the nuclear medium, both at zero and finite temperature.

The ¢ self-energy in nuclear matter originating from
medium effects on the KK decay mode has been profusely
studied in the past, both at zero and finite temperature, taking
advantage of chiral dynamics constraints on the kaon and
antikaon interaction with nucleons and light mesons [29-36].
The progress on unitarized approaches in coupled channels,
based on the SU(3) meson baryon chiral Lagrangian, con-
firmed the role of the A(1405) as a leading actor responsible
for some of the peculiar properties of the KN interaction
at finite density. At the same time, in these approaches, the
A(1405) appears as a dynamically generated resonance. In
our previous study [35], a ¢ width of about 28 MeV and a very
small attractive mass shift were obtained at normal nuclear
matter density from ¢ decay processes mediated by the kaon
cloud, suchas N — KY and 9 N — [K A(1405)] - K'Y,
including s- and p-wave KN interactions. Still, the large
modification obtained for the ¢ width proved insufficient
to describe the ¢ transparency ratio measured in proton
induced and photoproduction experiments [18-20]. The recent
measurements at COSY-ANKE have provided the missing
information on the momentum dependence of the ¢ absorption
below 1.5 GeV/c momenta (LEPS and CLAS measured
transparency ratios for integrated average momenta of 1.8
and 2.0 GeV/c, respectively). Thus, theoretical calculations
of the ¢ self-energy with special attention to its momentum
dependence are highly motivated.

In the present work, in view of the recent theoretical and
experimental developments, we revisit the ¢ self-energy in
cold nuclear matter by analyzing the effect of direct ¢-nucleon
interactions not previously considered. The idea relies on
the fact that the hidden strangeness in the ¢ meson can be
exchanged with the nucleon by the coupling to K*A and K*X
pairs without violation of the OZI rule. This implies that elastic
¢ scattering proceeds via K*Y loops, which calls for an ade-
quate treatment of unitarity in coupled channels (we recall that
the evaluation of the self-energy requires the knowledge of the
forward @ N elastic scattering amplitude). In recent years two
different coupled-channel approaches have been developed
to assess the interaction of vector mesons with baryons. In
Refs. [37,38] vector mesons are introduced within the hidden
local symmetry (HLS) approach, and a tree-level vector-
meson baryon s-wave scattering amplitude is derived as the
low-energy limit of a vector-meson exchange mechanism. In
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Ref. [39], the interaction of vector mesons with baryons is ob-
tained on the basis of a SU(6) spin-flavor symmetry extension
of standard SU(3) meson-baryon chiral perturbation theory,
leading to a generalized (s-wave) Weinberg-Tomozawa inter-
action between pseudoscalar and vector mesons and the baryon
octet/decuplet, while preserving the chiral symmetry results
for the interactions of the pseudoscalar mesons. In the S = 0
sector, these two models share a crucial feature for our purpose.
Several broad N* states are dynamically generated around a
center-of-mass energy /s 2~ 2 GeV, in the vicinity of the N
threshold and with a non-negligible coupling to this channel,
which may lead to a sizable ¢ self-energy contribution. It is
the purpose of this work to explore this possibility and to study
whether resonant ¢ N interactions can fill in for the missing
absorption pointed out by nuclear production experiments.

Future experimental activity on nuclear production of
vector mesons is to be carried out at the Japan Proton
Accelerator Research Complex (J-PARC). Our present study is
thus particularly timely. With the focus on further applications
in transport model simulations for HIC experiments such as the
present HADES program and the forthcoming activity at GSI-
FAIR and NICA-JINR, we present our results in terms of the
¢-meson nuclear optical potential and the (off-shell) spectral
function. Momentum dependence is fully taken into account.
Extension of our present calculation to a finite-temperature
baryonic medium is straightforward and will be addressed in
future work. The paper is organized as follows: In Sec. II we
detail the calculation of the ¢ self-energy building on our
previous results for the KK contribution by incorporating
the additional ¢ N interaction mechanism within the HLS
and SU(6) approaches. Next, we present our results for the
¢ nuclear optical potential and spectral function in Sec. III.
Finally, we summarize and discuss possible applications of
our results in Sec. IV.

II. ¢ SELF-ENERGY

In the present study, we focus on ¢ medium effects in the
light of recent developments on the meson baryon interaction
in SU(3) chiral effective theories and their extensions to
include the octet (nonet) of light vector mesons within a
consistent theoretical framework. On top of the former, the ¢
is subject to a sizable renormalization in nuclear matter from
its coupling to K K, which is the dominant decay channel
in vacuum (accounting for a branching ratio of about 83%
of the total decay width). To start with, we review here
briefly the ¢ self-energy arising from its KK cloud both in
vacuum and in nuclear matter, where the antikaons experience
dramatic effects resulting from their resonant scattering with
the nucleons.

The coupling of the ¢ to pseudoscalar mesons has been
thoroughly studied and we refer to the classical references
[40—43] in the context of nonlinear realizations of chiral
symmetry for the pseudoscalar sector (i.e., chiral perturbation
theory), where the vector fields are gauged in the theory in
analogy to the electromagnetic current, automatically fulfilling
the requirements of vector-meson dominance. An alternative
way to introduce vector mesons in compliance with chiral
symmetry constraints was developed in the HLS approach
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[44], which was recently employed with success to generate
the interactions of vector mesons with baryons from the octet
(p,n) and the decuplet (A).

The interaction Lagrangian providing the coupling of the ¢
field to K and K reads

Lq&l?l( = —ig¢¢/L(K_3MK+ —
+K%"K? — K°%*K?)
+g50u¢" (K" K™ + K°K°), (D)
with notation and SU(3) field definitions as in Ref. [34].
At leading order the ¢ self-energy gets contributions from
K K loop diagrams and tadpole diagrams. The computation is
straightforward and one finds

> 4 d*k [(q - k)?
_ -HKK =2 27 _ k2

KYo*K~

L [ d%
x Dk(q —k)Dg (k) + 2g / o)
x [Dk (k) + Dg (k)] 2

for a ¢ meson in vacuum, with momentum ¢ = (¢°,4) and
Dy g, representing the kaon (antikaon) propagator. The ¢
decay width to K K can be obtained from the imaginary part
of the self-energy, namely

2
8
HKK(q)__ ¢

m(qz —4my)?0(q* -

4m%). (3)

At rest one has Iy = —Im HfK(qO = My.§ =0)/My =

2471 |kcm| /M2, which sets the value of the K K coupling
constant to g¢, = 4.57 so as to reproduce FZ:E ix = 3:54MeV,

corresponding to a branching ratio BR(¢ — KK) = 83% of
the total decay width [45]. Here, My and mg are the ¢ and K
mass, respectively.

A. Contribution from the in-medium K K cloud

Light vector mesons decay strongly into pseudoscalars.
This is a prominent source of medium effects as these
pseudoscalars (e.g., p — 7w, w — 3m) also modify their
properties sizably in the nuclear medium. In the present case,
it is the nuclear dynamics of the kaons and antikaons which
plays an important role, particularly due to the subthreshold
excitation of the A(1405) resonance in s-wave K N scattering
as well as other deeply subthreshold hyperons [A, X, and
Y *(1385)] in the p wave. These effects are incorporated in
the many-body theoretical framework by dressing the kaon
(antikaon) propagator with the self-energy originating from the
KN (KN) interaction. The complicated analytical structure
of in-medium propagators calls for the use of a spectral
(Lehmann) representation, which simplifies notably the calcu-
lation of the vector-meson self-energy. The in-medium kaon
propagator thus reads

<51€(K)((U,f§; P) _

Smm(w,é;p)
" —w+in ’

o0
DK(K)(CIOJ;;P)I/ dw qo—i—w—in

0

“
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where Sg k) is the spectral function of the K (K) meson,

1 Im M x)(q°.4; p)
7 1(@°? — G2 —mk — i) (q°.q: p)*
Q)

with I[1g k) the antikaon (kaon) self-energy. Using the previous
expression in Eq. (2) allows us to evaluate the energy
integration analytically. Up to a pole-free integration over kaon
momenta k and angle 6 with respect to the ¢ momentum, the
imaginary part of the ¢ self-energy from the KK cloud is
given by

SIE(K)(QO,ZIZ p)=-—

ImI15 % (¢°.: p)

1,4 [~ -, 1
=——gs= dk k d(c059)~
47°%3 [, (g — k)
(q - k)? - >
[q — =k Sx(q’ — @(g — k).k; p)
¢ K0=¢"—&(g—k)
x 0(q° — a(g — k), (6)

where @(g — k) = [(§ — k)2 + m% + g (p)]"/%. In the for-

mer result, we have approximated the K spectral function by a
delta function with a quasifree dispersion relation accounting
for the kaon self-energy, which we calculate within a Tp
approximation as is justified below. The imaginary part of
the ¢ self-energy encodes the enhancement of the ¢ decay
width in a nuclear environment or, in other words, is related to
the ¢-nucleus inelastic (absorptive) cross section. It therefore
plays an essential role in estimating the ¢ transparency ratio
in nuclear production experiments [20-22].

The real part of the self-energy modifies the ¢ dispersion re-
lation and can be interpreted as a density-dependent mass shift
for ¢ mesons at rest in the nuclear matter reference frame. We
note, however, that the self-energy has an explicit dependence
on the ¢ energy and momentum. In realistic scenarios the ¢ is
produced in the medium with a certain momentum distribution,
thus it is convenient to keep the momentum dependence of the
¢ self-energy and spectral function. For certain applications,
such as the propagation of hadrons in transport simulations
of heavy-ion collisions or the production of mesic atoms and
nuclei, the momentum-dependent nuclear optical potential is
of use. This is defined for the ¢ in terms of the self-energy
at the energy given by the in-medium dispersion equation,
namely Vy(q,p) = Ty(@4(q),G; p)/[204(q)], Where &4 sat-
isfies (¢°)> — g2 — Mq% —ReTly(q°,q; p) = 0 with ¢° = @,
(energy of the ¢ quasiparticle mode). The integrals in Eq. (2)
are divergent for the real part. As done in Ref. [35,46] we
regularize our result by subtracting the vacuum ¢ self-energy.
Alternatively, a dispersion relation over the imaginary part of
the self-energy can be performed [47].

The K and K self-energies in symmetric nuclear matter
have been addressed within a chiral unitary approach to the
kaon-nucleon interaction. Details can be found, for instance,
in Ref. [48] and references therein (for nuclear matter studies
at finite temperature see, e.g., [49,50]). In our model, we
account for the kaon-nucleon interaction in coupled channels,
including both s and p waves. The following channels,
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completing a SU(3) basis of meson-baryon states, are taken
into account: in the S = —1 sector one has, in the physical
(charge) basis, K~ p, K°n, n°A, 7°%°, nA, n=°, 7tx-,
7~%%, KtE~, and K°E°. Since we restrict our study to
symmetric nuclear matter it is convenient to work in the
isospin basis (I = 0,1). For obvious reasons the § = +1
sector is elastic with one single channel, K N. The tree-level
s-wave amplitudes are fixed by chiral symmetry breaking
and given by the lowest order (LO) Weinberg-Tomozawa
chiral Lagrangian describing the interaction between the
pseudoscalar meson octet and the J” = 1/2% baryon octet.
Unitarization along the right-hand cut in coupled channels
is achieved by solving the Bethe-Salpeter equation with
on-shell amplitudes, schematically 7 = V + VGT, extending
the applicability of the low-energy theory. Here V contains
the LO meson-baryon amplitude and G stands for the
meson-baryon resolvent or loop function. The formalism is
modified in the medium to account for Pauli blocking effects,
mean-field binding potentials on baryons, and pion and kaon
self-energies, which are implemented in the meson-baryon
loop functions.>G depends on the K self-energy through
the meson propagator, which at the same time is evaluated
by summing the effective KN interaction over the nucleon
Fermi distribution, schematically Mg ) = > 2 n(p)Tgn-
The former thus leads to a self-consistent solution of both the
kaon-nucleon 7 matrix and the kaon self-energy in nuclear
matter.

The isoscalar, s-wave KN amplitude is dominated by
the excitation of the A(1405) right below threshold, which
acquires its physical width dominantly from the decay into 7 X
states. When the nuclear medium is switched on, the resonance
is practically washed out and its strength spread out over
energy, as a consequence of the in-medium decay mechanisms
incorporated through the self-consistent dressing of mesons,
e.g., A(1405) - (YN HN,7(NN-HZ,n(AN1)Z. The
former modifications lead to an attractive K optical potential
of —60 MeV at normal nuclear matter density for antikaons
at rest, and a largely spread K spectral function. At finite
momentum the p-wave self-energy, built up from the coupling
to A(1115)N~!, =(1195)N !, and *(1385)N ! excitations,
contributes substantially by populating the low-energy region
of the K spectrum. Due to the absence of S = 41 baryonic
resonances, the K N amplitude is mildly energy dependent and
to a good approximation the K self-energy can be calculated
in the T'p form. The kaons experience a repulsive mass shift of
about 30 MeV at p = py whereas their spectral function stays
narrow in the medium and only at high temperatures some
thermal broadening can be appreciated [50]. In Eq. (6) the K
self-energy is given by g (p) = 0.13 m% p/po-

Finally, it is worth mentioning that once meson-baryon
interactions are considered in the theory, vertex corrections
are demanded by gauge invariance. These were considered in
full in Refs. [30,35] for the ¢ meson at rest and extended to

>The present model has been improved recently to account for
unitarization and self-consistency for both the s- and p-wave
interactions at finite temperature and density [49], thus extending
its applicability to the physics of heavy-ion collisions.
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the case of finite momentum in Ref. [21]. We refer the reader
to the former references for detailed explanations.

B. Contribution from resonant meson-baryon interactions

In this section we discuss a novel contribution to the ¢
self-energy emerging from vector-meson baryon interactions,
as it has been addressed recently in chirally motivated
theories implementing unitarization in coupled channels. The
properties of vector mesons within these approaches have
already been analyzed for the case of the K*(892) [46], which,
despite the absence of a dileptonic decay mode, making its
experimental detection less clean, has triggered much attention
lately and is currently being investigated in heavy-ion collision
reactions at low (HADES at GSI/FAIR) and ultrarelativistic
energies (RHIC Beam Energy Scan). The self-energy of the w
meson was also updated along the same ideas in Ref. [51].

Our study of the ¢ self-energy contribution from vector-
meson baryon interactions follows the same strategy, and
we build upon the results of Refs. [37,39]. In Ref. [37]
the interaction between the octet of light vector mesons
[plus the SU(3) singlet] and the octet of J¥ = 1/2F baryons
was studied within the HLS formalism, which allows us
to incorporate vector-meson interactions with pseudoscalars,
respecting the chiral dynamics of the pseudoscalar meson
sector. The interactions with baryons are assumed to be
dominated by vector-meson exchange diagrams, which allows
for an interpretation of chiral Lagrangians in the meson-
baryon sector as the low-energy limit of vector-exchange
mechanisms naturally occurring in the theory. Vector-meson
baryon amplitudes emerge in this scheme at leading order,
in complete analogy to the pseudoscalar-meson baryon case,
via the self-interactions of vector-meson fields in the HLS
approach. At small momentum transfer, the LO s-wave
scattering amplitudes have the same analytical structure as
the ones in the pseudoscalar meson baryon sector (Weinberg-
Tomozawa interaction), namely

1 Mg + E\'?
Vij = _Cijm(z\/__ Mp, — Mg,) (W)
Mg, +EN? .
x| ——+| £-%
2Mj,
~ —C~~L( Oy g™e-&’ (7)
=Gz +d g8/,

where E; and M, denote the center-of-mass energy and mass
of the baryon in channel i, f stands for the meson decay
constant, C;; are the channel-dependent symmetry coefficients
[37], and the latin indices label a specific vector-meson
baryon channel, e.g., ¢p. For practical purposes the second
equation is satisfied to a good approximation, where ¢°
(g"°) is the energy of the incoming (outgoing) vector meson
with polarization £ (¢'). The coupled-channel problem is
conveniently organized in the isospin-strangeness basis with
1,8) =(1/2,0),(0,—1), (1,—-1), (1/2,—2), corresponding to
sectors where the LO interaction is attractive. Our interest is
focused in the 7 = 1/2 and S = 0 sector, where the model
comprehends the set of channels pN, wN, ¢ N, K*A, and
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K*%. Upon unitarization, several meson-baryon resonances
are dynamically generated; in some cases they can be assigned
to existing experimental observations whereas in other cases
they constitute predictions of new states. In the ¢ N channel, it
turns out that a broad resonance is generated around /s = 2
GeV, immediately above the ¢ N threshold, thus potentially
contributing to the ¢ collisional self-energy. Also, it will
clearly mix with the ¢ quasiparticle mode in the ¢ spectral
function. By means of a residue analysis of the 7 -matrix pole
corresponding to this state, it was concluded that it mostly
couples to K*Y and much less strongly to the ¢ N and o N
channels. However, as we discuss in the next section, the
interaction in the ¢ N channel is sufficiently strong to generate
a substantial contribution to the ¢ self-energy, competing in
size with (and coherently summing to) the self-energy from
the K K cloud.

In Ref. [39], an extension of the standard SU(3) meson-
baryon chiral Lagrangian based on SU(6) spin-flavor symme-
try was devised in order to analyze the low-energy interactions
between pseudoscalar and vector mesons with the baryon octet
(N) and decuplet (A). The model comprehends several sectors
of total spin, isospin, and strangeness (with negative parity).?
Once unitarization in coupled channels is implemented on
the s-wave amplitudes, a number of baryonic resonances are
dynamically generated in the energy range from the N*(1535)
up to ~2.2 GeV. In particular one finds that two resonances
slightly above the ¢ N threshold emerge in this approach,
with J¥ = 1/27,3/27. These two states appear in the SU(6)
model with slightly different masses to the one observed in
the HLS amplitudes of Ref. [37] and are also found to couple
strongly to K*A and K*X. The emergence of resonances in
the region near 2 GeV from vector-meson baryon interactions
has been found crucial to correctly interpret the data shape
and energy dependence of the yp — K°Z+ reaction by the
CBELSA/TAPS Collaboration [52]. Claims for the need of a
N* resonant state in that energy region have also been made
from the analysis of A(1520) photoproduction data by the
LEPS Collaboration [53].

The two approaches discussed above predict relevant
phenomenology for the modification of the ¢ properties in
the medium, namely the presence of resonant strength in the
¢N scattering amplitude in the vicinity of the ¢ N threshold.
Nevertheless, the amplitudes in each model differ in size and

J

G(P;p) =
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energy dependence, and we deem it appropriate to perform
our calculation of the ¢ self-energy in both approaches to
assess the level of uncertainty from model dependence. Within
the S =0 sector let us denote by 7,3 the ¢N scattering
amplitude in a given isospin and total angular momentum
channel (the J index is irrelevant in the approach of Ref.
[37]), as aresult of solving the coupled-channel Bethe-Salpeter
equation in the on-shell factorization, T = [1 — VGV,
with the usual meaning for V and G. The contribution to the
¢ self-energy proceeds by summing the scattering amplitude
over the nucleon Fermi distribution,

5" (q°.G: p) = f(2 7 n(p)
6[2T¢2A?(P0 P)+4T%%(P0,13)], 8)

where P° = ¢° + Ey(p) and P = G + p are the total energy
and momentum of the ¢ N pair in the nuclear matter rest frame.
The average over J in the previous expression is trivial for the
HLS amplitudes.

This study being the first approach to the ¢ self-energy
from this sort of interaction models, we restrict ourselves to
the following medium modifications: (i) ¢ self-energy from
Eq. (8) with vacuum ¢ N scattering amplitudes (low-density
approximation), and (ii) modification of the N T matrix from
Pauli blocking. Additional sources of medium effects include
binding potentials for the baryons and the dressing of the ¢
propagator within the ¢ N loop function, leading to a self-
consistent solution of both I'IgN and Tyy. Self-consistency
has been found to be important to account for when resonant
states appear close to reaction thresholds, as is the case of the
A(1405)in the K N system. In the present case, one may expect
a less severe effect since the relevant states couple mostly to
K*Y channels. In any case an explicit evaluation is called for
and, given the exploratory character of the present work, we
relegate such a study for a follow-up publication.

Pauli blocking is straightforwardly implemented in the
vector-meson baryon amplitudes by replacing the nucleon
propagators in the loop function G by the corresponding
single-particle propagators in the Fermi gas approximation. At
this level the in-medium G function can be explicitly separated
in a vacuum contribution plus a Pauli-blocking correction term,

G(P) +38G™"(P.p),

—n(p)

(SGPauli(P ,0) :/ qu MN

2m)* En(p) [P0 —

= M; +q 2 and n(p) the Fermi gas nucleon momentum distribution, n(p) =

with 3(§)

= — , 9
EN(P)? — (@) +i€|5-p_; ®

O(pr — |pI), with pr = (3°p/2)'?

the Fermi momentum in terms of the nuclear matter density p. The integrals in §G™! are finite whereas the vacuum G is
regularized dimensionally or in terms of an equivalent momentum cutoff [37,39,46]. We note that the Pauli-blocking correction
only affects the meson-baryon loop function for channels containing nucleons.

3The LO s-wave amplitudes in the SU(6) model have the same form as in Eq. (7), with different symmetry coefficients, channel-dependent
meson decay constants, and a larger coupled-channel space.
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FIG. 1. Real and imaginary parts of the ¢ optical potential
as a function of the ¢ momentum at normal matter density.
(a) ¢N scattering contribution from the SU(6) chiral approach in
a Tp approximation (dotted), using the self-energy evaluation in
Eq. (8) with vacuum amplitudes (dash-dotted), and including on top
Pauli-blocking effects (solid). The dashed curve corresponds to the
evaluation with the T matrix from the HLS approach. (b) Contribution
from the K K cloud (dotted) and the coherent sum including K K plus
¢ N effects in the SU(6) (solid) and HLS (dash-dotted) approaches.

III. ¢ OPTICAL POTENTIAL AND SPECTRAL FUNCTION
IN THE NUCLEAR MEDIUM

We start this section with the focus on medium effects
arising from vector-meson baryon scattering. A quick estima-
tion of the ¢ collisional width generated by this mechanism
can be readily obtained from the total ¢ N cross section,
F;’N = oynVsp, With vy = py/wy in the laboratory frame,
resulting in values of tens of MeV for ¢ momenta below 1
GeV/c. This result encourages more detailed calculations as
discussed in the previous section.

In Fig. 1, we show the real and imaginary parts of the ¢
nuclear optical potential as a function of the ¢ momentum, py.
In panel (a), we depict the contribution to Vg(pg,0) coming
from the ¢ N interaction at normal matter density for different
evaluations of the ¢ self-energy using the scattering amplitudes
from the SU(6) model in Ref. [39]: Tp approximation
(dotted), Eq. (8) with vacuum amplitudes and Fermi motion
(dash-dotted), and the same including Pauli-blocking effects
in the amplitude (solid). Moreover, we include the result
with Pauli blocking for the calculation using the scattering
amplitudes from [52] (dashed), which are based on the HLS
approach in Ref. [37] with further constraints on the model
from experimental data on the yp — KX+ reaction in the
K*A region. In the SU(6) model, we observe that the ¢ N
interaction induces an attractive potential of —30 MeV at rest
with a considerable energy dependence when increasing the
¢ momentum, which can be traced back to the resonant states
excited immediately above the ¢ N threshold. The imaginary
part of the potential starts at —20 MeV and quickly raises
beyond g ~ 200 MeV/c, reaching an extremum of —35 MeV
and decreasing in magnitude thereon following a typical
phase-space behavior. We find that the T'p approximation is in
reasonable agreement with Eq. (8) when vacuum amplitudes
are considered, the latter exhibiting an energy smearing
from the Fermi motion of nucleons, as expected. However,
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when Pauli blocking is switched on, the optical potential
deviates from the low-density approximation, particularly at
¢ momenta below 600 MeV/c, where the typical nucleon
momentum is of the order of the Fermi momentum. The
attraction at vanishing ¢ momentum is increased by 5 MeV
whereas the collisional width is reduced by about 30% (recall
that F¢ = —ZImV¢)

We note that the same calculation with the 7 matrix from
the HLS approach provides a much weaker self-energy at
small ¢ momenta and a milder momentum dependence. The
imaginary part of V4 grows slowly in this case and reaches
an extremum of about —15 MeV at p, >~ 700 MeV /c, clearly
reflecting the position of the resonance in this model. The
differences in the optical potentials obtained for the two
approaches considered in this work can be attributed to the
following reasons: First, the SU(6) model exhibits several
resonant states in the region /s ~ 2 GeV, some of them with a
high multiplicity since both J = 1/2,3/2 channels contribute
to the self-energy, whereas in the HLS amplitudes one single
state at about 2.08 GeV is found. Second, the behavior of the
¢ N amplitudes at threshold in both models is substantially
different: whereas in the HLS the amplitude is small and
mildly energy dependent below the resonant state (as expected
from an s-wave interaction), the SU(6) amplitude exhibits a
pronounced peak at threshold which quickly falls off with
energy in the J = 1/2 channel. Such behavior corresponds to
a would-be resonant state (“failed state’”) whose strength starts
to accumulate below threshold but is abruptly cut down by the
opening of the ¢ N channel (Flatté effect). The strength of this
peak in the amplitude, not directly related to the excitation of
a resonance (a pole of the scattering amplitude), determines
the leading contribution to the self-energy at threshold.

In panel (b) of Fig. 1 we show the contributions to the
¢ nuclear optical potential from the two sources of medium
effects discussed in Sec. II, namely the KK decay mode and
the ¢ N interaction, at p = pg. The K K mode, including the
s- and p-wave kaon nucleus interaction, leads to some small
attraction and a sizable width at zero momentum around
30 MeV [35]. These results agree qualitatively with the recent
calculation in Ref. [31], where the first moments of the ¢
spectral function are analyzed in terms of finite-energy QCD
sum rules, although a larger width (45 MeV) is obtained
there. We observe that both the K K decay mode and the ¢ N
interaction give rise to optical potentials of the same order of
magnitude and lead to a total potential of (—36 — 34i) MeV at
zero ¢ momentum when the SU(6) ¢ N interaction is used, and
of (=5 —16i) MeV when HLS amplitudes are considered.
We should remark that even the much weaker effects obtained
for the HLS model substantially modify the ¢ width for
momenta around 500 MeV/c, and thus are relevant for the
interpretation of typical production experiments. In fact, the
¢ width obtained in Ref. [20], though with large uncertainties
and model dependent, is more consistent with the HLS model.

Finally, we depict in Fig. 2 the (off-shell) ¢ spectral function
at vanishing ¢ momentum as a function of the ¢ energy E.
Panel (a) is devoted to the case when considering the K K
self-energy alone (dashed) or the cumulative contribution of
both the KK cloud and ¢N interactions in the HLS model
(dash-dotted) and the SU(6) model (solid), with all the three
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FIG. 2. ¢ spectral function as a function of the (off-shell) ¢ energy
at zero momentum. (a) Calculation accounting for the K K self-energy
(dash-dotted) or the KK plus ¢ N self-energies in the HLS model
(dashed) and the SU(6) model (solid), with all three cases considered
at p = py. The ¢ spectral function in vacuum is also shown (dotted).
(b) Evolution with the nuclear density with the full model in the SU(6)
evaluation. Note that the solid and the dotted curves are the same in
both plots.

cases considered at p = pg. The ¢ spectral function in vacuum
is also shown for reference (dotted). The addition of new
decay channels in nuclear matter when the K K cloud is mod-
ified, such as N — KY and ¢ N — [K A(1405)] - K'Y,
already induces a substantial broadening of the ¢ spectral
function compared to the vacuum case, as was already shown
in Refs. [30,34,35],* with a considerable population of the
low-energy tail (which is further enhanced at high temperatures
[54]) and a practically negligible mass shift. When consider-
ing, on top of the former, the self-energy generated by the ¢ N
interaction, an overall increase of the broadening is observed
whereas at the same time some structure appears in the spectral
function. Notably, in the SU(6) model, the ¢ quasiparticle peak
is shifted to lower energies, in agreement with the observed
attractive optical potential in the previous section. Moreover,
the spectral function develops a second shoulder above the ¢
mass which corresponds to the excitation of N*N~! modes
from the resonant ¢ N scattering in the 222 GeV region. When
using the self-energy generated by the HLS interaction, the
effects around the ¢ mass are much milder, as anticipated in
the discussion of the ¢ optical potential, whereas a similar
shoulder appears in the E4 = 1100-1200 MeV region, whose
origin is identical to that in the SU(6) calculation. In both
approaches, the low-energy part of the ¢ spectral function is
also enhanced with respect to the K K contribution. This orig-
inates from the coupling to resonance-hole states generated by
the vector-meson baryon interaction in the far-subthreshold
region, such as the N(1650) and other three-star candidates
in the 1600-1700 MeV interval. Panel (b) of Fig. 2 shows
the evolution with the density of the ¢ spectral function from
vacuum up to p = 1.5pp in the SU(6) evaluation of the ¢ N
contribution, which produces the maximal effect within the
uncertainties of the models discussed for the ¢ N interaction.

“In our former results from [35], the ¢ width at normal matter
density from the KK cloud was found to be of about 27 MeV
including vacuum decays.
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IV. SUMMARY AND OUTLOOK

In summary, we have studied the role of resonant ¢ N
interactions in the renormalization of the ¢-meson properties
in a dense nuclear medium. We have calculated the ¢
self-energy by summing the ¢ N scattering amplitude over
the allowed nucleon states in the Fermi gas approximation,
which automatically incorporates the effect of Fermi motion.
Additional medium corrections such as Pauli blocking on
intermediate nucleon states have also been studied.

Two effective models for vector-meson baryon interactions,
based on hidden local gauge and SU(6) spin-flavor symmetries,
have been implemented to better assess theoretical uncertain-
ties. Both approaches, which implement the unitarity of the
T matrix in coupled channels, generate resonant states in the
vicinity of the ¢ N threshold with a strong s-wave coupling
to K*Y intermediate states. The ¢ optical potential exhibits a
sizable dependence on the ¢ momentum, particularly below
1 GeV/c, as a consequence of the resonant character of the ¢ N
interaction. The self-energy induced by this novel mechanism
is of the same order of magnitude as the contribution
from in-medium ¢ — K K decays, effectively accounting for
additional absorption channels as N — K*A,K*X. Our full
results are in reasonably good agreement with the low-density
approximation (I1y ~ Tyy p). Pauli blocking in the scattering
amplitude has a more pronounced reflection in the self-energy
at ¢ momenta below 600 MeV/c.

Altogether (KK and ¢N), from the optical potential at
zero momentum we obtain an in-medium ¢ decay width
up to ~70 MeV at normal nuclear matter density in the
SU(6) approach, further increasing with momentum up to
practically 100 MeV in the range 400-500 MeV /¢, and slowly
decreasing at higher momenta. Similarly, an attractive ¢ mass
shift up to ~35 MeV can be extracted from the real part of
the optical potential. These effects are more moderate in the
HLS approach to the ¢ N interaction, particularly at threshold,
which calls for a more detailed study of these effective models.
In view of recent (and future) experimental data, particularly
the momentum binning analysis of the nuclear transparency
ratio, the ¢ production reaction in nuclei could be used to better
constrain the vector-meson baryon interaction at low energies.

The ¢ spectral function exhibits a large broadening as
compared to the vacuum case, with a shift of the quasipar-
ticle peak to lower energies, consistently with the attraction
observed in the optical potential. When adding the resonant
@ N interaction, a second bump develops above the nominal ¢
energy from the mixing of the ¢ with resonant-hole excitations.
This feature is observed in the two model approaches to the
¢N interaction, whereas the effects around the ¢ mass are
much more moderate in the HLS approach. Additional far
subthreshold modes are populated in the spectral function on
top of the ones accounted for from absorption via K K decays.

Our results point at a strong and energy-dependent enhance-
ment of ¢ absorption in the nuclear medium from resonant
¢ N interactions, with in-medium ¢ decay widths fairly in line
with nuclear production experiments. A suitable analysis of
the nuclear transparency ratio for different nuclei as a function
of momentum is called for with our updated ¢ self-energy.
Our results, in terms of the ¢ nuclear optical potential and
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spectral function, are also suitable for applications in transport
simulations of heavy-ion collisions, where the calculation of
dynamical quantities requires that the pertinent reaction rates
or transition probabilities are folded with the spectral functions
of the particles in the initial and final states. Work along these
lines within transport approaches such as the parton-hadron-
string dynamics and the isospin quantum molecular dynamics
models is in progress.
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