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Abstract In-medium interactions of w-mesons in infinite
nuclear matter and finite nuclei are investigated in a micro-
scopic approach, focused on the particle-hole excitations of
the medium involving nucleonic N N ~land N*N ! modes,
where N* denotes a nucleon resonance. The nuclear polariza-
tion tensors include relativistic mean-field dynamics by self—
consistent scalar and vector fields. The resulting self-energies
are transmitted to finite nuclei in local density approximation.
Real and imaginary parts of longitudinal and transversal self-
energies are discussed. The relation of the present approach
to meson cloud models is addressed and an ambiguity is
pointed out. Applications to recent data on the in—-medium
width of @ mesons scattered on a Niobium target serve to
determine unknown N*N® in-medium coupling constants.
The data are well described by N* N ~! self—energies contain-
ing S—wave and P-wave N* resonances. Exploratory investi-
gations, however, show that the spectroscopic composition of
self-energies depends crucially on the near-threshold prop-
erties of the width which at present is known only within
large error bars. The calculations predict the prevalence
of transversal self-energies, implying that vector current
conservation is still maintained in the nuclear medium by
slightly more than 90%. Schrodinger-equivalent potentials
are derived and scattering lengths and effective range param-
eters are extracted for the longitudinal and transversal chan-
nel. Longitudinal and transversal spectral distributions are
discussed and the dependencies on momentum and nuclear
density are investigated. Schrodinger-type w + *>Nb optical
potentials are constructed. Low-energy parameters are deter-
mined, are used to study the pole structure of the S-matrix
at threshold. The effective range expansion of the omega-
nucleus K-matrix led to a w+*Nb bound states with binding
energy Re(ep) = —448 keV but of width I'p = 4445 keV.
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1 Introduction

An omega-meson in encounter with a nuclear target A will
experience various kinds of interactions driven largely by
energy- and momentum-dependent dispersive self-energies.
The vector meson self-energy problem has been studied
intensively for many years, especially in the context of signals
from highly compressed hot matter as reviewed in detail some
time ago by Rapp and Wambach [1]. In-medium dynam-
ics of vector mesons was studied theoretically under various
aspects from QCD sumrules, e.g [2,3] where the work of Hat-
suda and Lee [4] was especially influential, to spontaneous
chiral symmetry breaking [5], and to a broad spectrum of
phenomenological approaches. The dominating interaction
scenario for vector mesons in vacuum and in matter is given
by excitations of polarization modes involving both other
mesons and baryons. The theory of vector-meson polariza-
tion modes has been addressed under various aspect from
meson decay physics in free space, e.g. [2,6,7], to frequent
studies of in-medium spectral functions of rho- and omega-
mesons, e.g. [8—15]. A detailed study of in-medium proper-
ties of the omega-meson was performed in [16] by explor-
ing the @ — 7%y decay channel in a transport-theoretical
approach. A strong motivation for in-medium investigations
is the search for signals of restoration of chiral symmetry as
e.g.in [17].

Only lately, the theoretical investigations, typically rely-
ing on empirical input, could be evaluated against data for
meson-nucleus interaction obtained under on-shell condi-
tions. A comprehensive presentation of the recent experimen-
tal status of meson research on nuclear targets is found in the
review article by Metag et al. [18], addressing the demanding
challenges of meson-nucleus experiments and their interpre-
tation. By obvious reasons, experimental studies of short-
lived particles like the omega-meson (ct = 22.73 fm or
T ~ 7.58 - 107 %sec) are a demanding task. A successful
method is in situ production of the meson on a target and sub-
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sequent reconstruction of the spectral distribution by means
of the decay channels. Such an approach was used in a photo-
production experiment at the ELSA electron accelerator at
Bonn, producing omega (and eta’) mesons on a *>Nb nucleus
by incident photon energies of 1.2t02.9 GeV by Kotullaet al.
[19] and Friedrich et al. [20] where the latter work includes
also data from the earlier experiment. The CBELSA/TAPS
detector system was used to identify the initially produced
mesons through the w — 7% — 3y decay channel. Trans-
parency ratios were extracted over a wide range of incident
energies and used to derive in-medium meson widths by a
high-energy eikonal approximation. The absorptive interac-
tions were assumed to depend on density by a simple scaling
law Tyx” (prap, ) = T§™ (prap) 52, implying separa-
bility of energy and density dependence.

In this work, the experimentally constrained in-medium
widths of Ref. [20] — available for energies from threshold
to about 2 GeV — will be used as input in a microscopic
approach, serving to determine the model parameters. As
depicted diagrammatically in Fig. 1, the model is focused on
dynamical w+ A self-energies described by nuclear polariza-
tion tensors describing particle-hole excitations of the target

My = —1ra(AITEGATA). (M

They are given by the ground state expectation value of the
transition operators ﬁ;’( and the many-body nuclear Green
function G4. v is a Dirac-index and, as discussed below, o
denotes the type of operator structure. Summations over spin
and isospin of the nuclear constituents are indicated by #r4.

The particle-hole type diagrams obtained large atten-
tion in early theoretical studies, e.g. [8] for the omega-
meson and [10] for the rho-meson. In later studies as
e.g. [11,13,17,21,22] the focus shifted towards in-medium
meson loop self-energies, affecting directly the decay chan-
nels of the incoming meson. In the following, self-energies
from the decay of the omega-meson into other mesons are
taken into account on the level of the free space width only.
As discussed in appendix A the (sub-leading) in-medium
meson loop diagrams are in fact overlapping partially with the
(leading) particle-hole self-energies of Fig. 1. That leads to
an ambiguity for in-medium self-energies with the potential
danger of overcounting if both effects are included straight
forwardly in a phenomenological approach. In the following,
the coupling constants of the omega to the baryon particle-
nucleon hole excitations will be determined by fit to the data,
thus including to some extent the in-medium modifications
of the meson cloud self-energies implicitly.

The primary goal of this work is to study features of w
meson interaction in cold nuclear matter by the leading order
approach based on self-energies determined by the polariza-
tion tensors of Eq. (1). For in-medium studies the widely used
practice of fixing coupling constants by the N* — N par-
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tial decay widths, being used successfully for reactions on the
free nucleon, lacks clear justification. Here, the unknown in-
medium coupling constants g y+y, Will be derived directly by
a fit to the w+">Nb data of Friedrich et al. [20] on the widths
at central density. Nuclei like >>Nb have a large enough vol-
ume for developing an extended region of (almost) constant
density as will be seen below in Fig.7. Hence, in a photo-
production reaction most of the meson-nucleus interactions
occur at densities close to the saturation density of nuclear
matter. The results may serve to understand interactions of
(isoscalar) mesons in nuclear matter in mechanical and ther-
modynamical equilibrium, manifestly different from the con-
ditions in central heavy ion collisions.

The theoretical model is introduced in Sect. 2. The
approach is based on a description in terms of response func-
tions in infinite asymmetric nuclear matter. The resulting
spectral distributions are applied in local density approxi-
mation (LDA) to finite nuclei. Recently, a similar approach
was applied successfully in the description of resonance pro-
duction in peripheral charge exchange heavy ion reactions
[23,24]. Applications to the data and the spectroscopic struc-
ture of self-energies as well as exploratory studies are dis-
cussed in Sect. 3. Longitudinal and transversal self-energies,
derived from P-wave and S-wave self-energies, respectively,
and spectral distributions are discussed. Examples of dis-
persive omega self-energies in a finite nucleus, Schrodinger-
type potentials, low-energy parameters, and indications for
a bound state in >Nb are explored in Sect. 4. In Sect. 5
conclusions are drawn and an outlook to open questions and
future work is given. Background material on the theoretical
formulation and methods are found in the appendix.

2 Polarization tensors and self-energies
2.1 General aspects of nuclear response functions

Asindicated in Fig. I and elucidated further in this section, w-
nucleus interactions are described by dispersive self-energies
resulting from the absorption of the incoming meson on
a nucleon. The nucleon is scattered out of the Fermi sea
into either a NN~! or a N*N~! particle-hole configura-
tion, where the particle state can be either a nucleon N or
a nucleon resonance, N*. The approach is a largely updated
and extended version of our previous works in [10,25,26].

In momentum representation the polarization tensors
describing excitations of BN ~! modes, B = N, N*, are
given in leading order as

’ o d*k
Tk (q) = i(—i)? / et

(TN pGNklkp)T Y G p(q + klkp) + (¢ < —q)). (2)
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Fig. 1 The omega-nucleon
scattering amplitudes a and the
corresponding particle-hole type
diagrams b are depicted. In both
cases s-and u-channel diagrams
are shown. Nucleons in a and
hole states in b are denoted by
N. The intermediate

B = N, N* states in a, which
become particle states in b, are
indicated by double lines

(a)

The trace has to be taken over spin projections. The set of
Fermi-momenta characterizing the occupancies in the ground
state is denoted by kr = {ka, kr,}. Gy, p are in-medium
single particle propagators, N € {p,n} and B € {N, N*}.
The Fermi-momenta are defined in terms of the proton (p)
and neutron (n) densities by qu = (3712,0(,)%, q = p,n.
Performing the energy-integration we arrive at kg =

E% (k%) = ,/k? + M;? and the in-medium four-momentum

kK = kr+U ﬁ (pm), including effective in-medium masses
M7, (pp) and mean-field vector self-energies U ]’VL (pm), being
functionals of the (invariant) nucleon number density py =
{op, pn} of the background medium. Inserting RMF dynam-
ics the polarization propagators become

a3k (kg —kHO((k+q)° — k7 )
2m)3 2E% (k)
Trs (TH (K + MY)T' Gy (k +qlkp)) - 3)

My (w, q) =

Since interactions of the w-meson with a nuclear medium are
of isoscalar character, only two kinds of vertex operators are
relevant:

I'vp=y" if B=N,N*isapositive parity state, (4)
FIIGB = ysy* if B = N* is a negative parity state,  (5)

constraining transitions to isospin I = % resonances. We

neglect relativistic rank-2 tensor interactions, known to be
negligible in elementary omega-nucleon interactions. In the
following, we consider NN ~! and N*N~! polarization ten-
sors, including S11, S13 resonances of negative parity and
P11, P13 resonances of positive parity with masses up to
2.3 GeV. Masses and widths are taken from the literature
[27], while couplings constants are treated as free parame-
ters to be derived from data.

2.2 Longitudinal and transversal self-energies

The dispersive self-energies are directly proportional to the
nuclear polarization tensors. In asymmetric infinite matter A
one finds

Shaw, @) =" goypMipw, @), 6)
N;B

(b)

depending besides on energy and momentum also on the total
density of the medium and, to a lesser extent, also on the
proton and neutron content separately through their Fermi-
momenta.

As discussed in the Appendix, by means of the orthogonal
projectors PK/UT, obeying P;, + Pr =1, PL2/T = Pp7,and
Pr - Pr = Pr- Pr = 0, the self-energy tensor is decomposed
into longitudinal (L) and transversal (T) components:

S (w,q) = (P + P}w)2 S* (w, q
=P"E(w,q) + Pr'Er(w, q) )

where the (scalar) longitudinal and transversal reduced self-
energies are defined by inversion

Ypr(w,q) = Pf/UTS;w(wa q) (®)

From Eq. (6) it is seen that the projections are acting in fact on
the polarization tensors, implying the corresponding decom-
position

NB
PP (w, @) = P T vs(w, @) ©)

Hence, we obtain

Syrw.) = Y. ghnvoPrE (W q). (10)
N=p,n;B

Explicit formulas are found in the Appendix.

3 Application to @ + *>Nb
3.1 Relating the model to data

In the energy region covered by the data, pr,p < 2.6 GeV/c
(Trap < 1.933 GeV), polarization self-energies given by
excitations of P-wave and S-wave resonances are the by far
prevailing omega-nucleus interaction modes. Since the S-
wave modes lead to self-energies and widths which are non-
vanishing at the kinematical threshold, they are especially
important for exploring the low-energy properties of omega-
nucleus interactions.

As discussed in the Appendix, the P-wave contributions
are of pure transversal character while S-wave modes pro-

@ Springer
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duce both longitudinal and transversal self-energies. In our
case, the total longitudinal self-energy is fully determined by
the longitudinal S-wave component:

Srw,q) =2 (w, q) (11)

while the total transversal self-energy contains P-wave and
S-wave components

Sr(w, q) = = (w, q) + = (w, q) (12)

Accordingly, transversal and longitudinal partial widths are
obtained:

1
Prr(q) = —m—lm (Zr/7(E(@), @) 13)

where on-shell kinematics are used.

The available data do not provide separate information on
the amount of transversal and longitudinal self-energies. This
caveat poses the challenge to theory how to extract informa-
tion on the two kinds of self-energies from a single set of
data. In other words, the data implicitly contain — in princi-
ple unknown — superpositions of longitudinal and transversal
self-energies.

3.2 Details of the numerical calculations

As discussed in Appendix D.1 the polarization tensors are
evaluated in relativistic mean-field (RMF) approximation.
This means to include static scalar and vector self-energies
of isoscalar and isovector character for nucleons and reso-
nances likewise. The mean-field interactions lead to effective
masses M} (py) and vector potentials U g (pum), both con-
taining isoscalar and isovector interactions, depending on the
isoscalar and isovector nuclear ground state densities. In the
nuclear rest frame, the vector potentials are chosen as purely
time-like, U% (om) = 8"°Ug(oum). The RMF part of the the-
ory is based on the Giessen Dirac-Brueckner-Hartree-Fock
(DBHF) approach [28-30]. The proton and neutron scalar
and vector ground state densities and RMF potentials are
derived self-consistently as discussed in [28]. The mean-field
partinvolves scalar f lgltg , and vector f| é]t;v coupling constants
for isoscalar (I = 0) and isovector (I = 1) interactions. In a
meson exchange description, the scalar fields are given by o
(I = 0) and §/ap(980) (I = 1) exchange, the vector fields
are described by w (I = 0) and p (I = 1) exchange [28,29].
The meson fields are the ground state expectation values of
the corresponding field operators intrinsic to the nuclear sys-
tem. Note that the mean-fields are highly virtual objects of
static character and especially the omega field must not to be
confused with the physical on-shell omega reacting with the
nucleus.

Proton and neutron mean-field dynamics are well known
which, however, is not the case for resonances. Thus, the
question arises how to fix the B = N* mean-field coupling
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constants which are unknown and are, indeed, empirically
hardly accessible. They were chosen equal to the nucleon
coupling constants, flg,’*)N*a = fli,lgm for scalar (a = s) and
vector (a = v) interactions. By this — admittedly somewhat
arbitrary — choice, an overabundance of free parameters is
avoided. A practically convenient side effect is that in the
particle-hole propagators the vector potentials of nucleon
holes and resonances particle states cancel mutually. The
action of scalar potentials, however, remains visible through
higher order effects of effective masses. Mean-field interac-
tions of the omega-meson are neglected.

For the self-energies the problem occurs that the respec-
tive in-medium particle-hole coupling constants gy, and
gN*Ne are unknown. It should be noted that conceptu-
ally these coupling constants belong to residual interactions
attached to particle-hole vertices which in general are of a dif-
ferent structure than the mean-field Hartree-vertices as is evi-
dent from Fermi liquid theory and density functional theory
(DFT), respectively. The widely used practice to derive their
values from the N* — N partial decay widths of baryon
resonances in free space is highly questionable for in-medium
calculations. As found in covariant DFT, e.g. [28,29], in-
medium interaction vertices are functionals of the nucleon
field operators. In mean-field approximation they become
functions of the ground state density. Typically, their values
decrease in magnitude when the density of the surrounding
medium increases. Here, the residual interaction couplings
are treated as free parameters.

The problem of unknown coupling constants affects on a
different level also the practical computation of the polariza-
tion tensors. An elaborate full approach would mean to sum
the full series of mixed NN ~! and N*N~! loop diagrams,
i.e. to derive self-energies in Tamm-Dancoff-Approximation
(TDA) or Random-Phase-Approximation (RPA). A full solu-
tion of either set of coupled linear systems depends, however,
on the knowledge of the interactions and matrix elements
connecting the various kinds of particle-hole configurations.
That input is known safely only for the NN ~! sector but
completely lacking for the resonance channels. In view of
these problems, self-energies will be described throughout
in lowest order.

In Table 1 the spectrum of N* states, their masses and
widths are shown. In addition, also the (covariant) effective
masses at saturation density are displayed in units of the
corresponding mass in free space. From those numbers, it is
evident that NN~! and the lowest N*N~! excitations are
below threshold, thus contributing rarely to the width but
possibly affecting the real parts of self-energies.

The coupling constants derived by a first exploratory sep-
arate S- and P-wave fit to data, explained below, are listed
as well in Table 1. Most of the coupling constants are seen
to be compatible with zero. Only those N* states with siz-
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Table 1 Masses and widths, - . -
taken from [27], of particles Particle Mass/MeV Total Width/MeV gN*No M*/M
considered in the calculations 93N 86.521x 10 B _ B
and the w coupling constants, '
derived from the fit to the data @ 7827 8.68 - 1
of Ref. [20]. The self-energies P11(940) 938.92 - 2.076 0.60
where calculated in local density Pll(1440) 1386 350 0.218 0.72
approximation using
self-consistent RMF-Hartree P11(1710) 1670 140 2.163 0.78
93Nb ground state densities P11(1880) 1880 230 <1073 0.80
where the central isoscalar P11(2100) 2100 260 <1073 0.82
density is py = 0.140fm ™. P1(2300 2300 340 1714 0.84
For completeness, also the rest 1( ) : :
mass of the target nucleus is P13(1720) 1720 225 0.022 0.78
displayed in the first row. The P13(1920) 1920 215 0.017 0.80
ratio of the ejffectlve in-medium $11(1535) 1535 150 ~10-3 076
masses relative to the free-space
masses in the center of “>Nb are S11(1650) 1650 125 0.008 0.77
listed in the last column S11(1895) 1880 120 0.006 0.80
S13(1520) 1520 110 0.003 0.75
S13(1700) 1700 200 0.011 0.78
S13(1875) 1875 200 1.554 0.70
S13(2120) 2120 300 0.008 0.82

able coupling constants are considered in the final combined
P/S-wave analysis.

As seen in Table 1 the calculations include NN~ modes
and the full set of seven P-wave and seven S-wave resonances
of isospin I = % and J7 = %i, % up to 2.3 GeV. Thus,
in total 15 coupling constants have to be fixed on, however,
only 13 data points. In view of this imbalance, the follow-
ing fitting strategy is chosen: For the sake of an unbiased
description, a first exploratory analysis is performed by sep-
arate fits with only P-wave and only S-wave self-energies,
respectively. These preparatory calculations serve to identify
the self-energy modes of largest importance for the descrip-
tion of the data. As will be seen, two P-wave resonance
modes and two S-wave modes are of highest relevance for the
widths in the available energy interval. The N N ~! modes are
minor importance for the imaginary part of the self-energy
and width but contribute to the real part of the transversal
self-energy. These five modes are then included in a com-
bined fit leading to the final updated results. The coupling
constants are listed in Table 1.

Rather than separating and parameterizing the density
dependence here we use the full density dependence of the
self-energies as predicted theoretically. As seen in Fig.7
below, the 23 Nb RMF calculations predictpg = 0.140 f m3,
undershooting nuclear saturation density by about 10%. The
proton and neutron central vector densities are p,(0) =
0.063 fm=3 and p,(0) = 0.077fm=3, respectively. The
charge asymmetry factor is Z/A = 41/93 =~ 0.44 =~
0p(0)/pa, being used throughout in all self-energy calcu-
lations.

3.3 Explorative calculations with P-wave and S-wave
self-energies

In Fig.2 the widths obtained from the exploratory P-wave
and S-wave separate fits are compared to I', 4 (prap) of [20].
The major difference of the two types of calculations is
the behaviour close to threshold where the P-wave width
approaches zero while the S-wave width remains finite. The
large experimental uncertainties, however, induce an out-
standing large uncertainty in the low-energy behaviour of
the S-wave part. The large S-wave threshold-strength at the
upper limit is solely due to an extraordinary enhancement of
the response involving R = S11(1650) which is negligible
otherwise. The fit to the upper data points imposes in the
threshold region a strong constraint on shape and downward
slope of the functional form of the width. That translates
into a large coupling constant, grne, ~ 3.97. Adjusting the
width to the median, however, requires a functional form with
upward slope which suppresses the S11(1650) self-energy to
a negligible level.

The overall S-wave fit to the center values still leads
to x_% = 1.321 which is comparable to the P-wave result,
x% = 1.086. Hence, leaving out the pronounced differences
at threshold, these exploratory calculations lead to the con-
clusion that both kinds of self-energies are compatible with
the data and must be taken into account in a full analysis. In
the following studies, the sizable uncertainties at threshold
will not be considered further but have to be kept in mind as
a caveat.

The major issue of these exploratory model calculations
was to learn about the spectroscopic details hidden in the

@ Springer



222 Page 6 of 21

Eur. Phys. J. A (2023) 59:222

0.35
Theory: N* P-wave
Data —e—
0.3
0.25
5 02
S
<
(s 045
0.1
0.05 <
0
0 0.5 1 1.5 2 25
PLab [GeVic]
0.35
P41(1710) ——
P44(2300) —
0.3 Sum ——
s
-]
S
K
~

0 0.5

1 15 2 2.5 3
PLab [GeVic]

Fig. 2 The in-medium width of an @ meson at central density py =
0.140 fm=3 of >Nb is shown as function of the omega momentum
prLab- Results of the exploratory model calculations assuming artifi-
cially only P-wave (left column) and only S-wave self-energies (right
column) are compared to the experimentally deduced values of Ref.

width distribution. In the lower row of Fig.2, the domi-
nant partial widths of the P-wave and S-wave self-energies
are shown. The P-wave width is practically completely
given already by the self-energies involving excitations of
N* = P11(1710) and N* = P;1(2300) resonances, plus
a minor contribution of NN ~! modes. The S-wave case is
dominated by two N*N~! modes with N* = S13(1875)
andN* = §13(2120). A common feature of the P-wave and
S-wave models is that a low-mass and a high-mass resonance
are sufficient to reproduce the data. While in the P-wave sec-

1+

toronly J™ = 5 resonances contribute significantly, the S-

wave model calculations favor clearly J” = %_ resonances.

3.4 Combined P-wave and S-wave self-energies
The results of the previous section are indicating clearly that

the behaviour of the observed width close to threshold is deci-
sive for the determination of the S-wave content of w + A
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[20]. Uncertainties in the theoretical widths due to the experimental
errors are indicated by the shaded area (colour online). In the lower fig-
ure, for either case the dominant partial contributions and their respec-
tive sums are shown. See text for further discussion

self-energies and in turn also affects the amount of P-wave
self-energies over the whole energy region. The strategy fol-
lowed in this section is to keep fixed the NN~! coupling
constant to the value of Table 1, while the coupling con-
stants of the self-energies involving S13(1875), S13(2120)
and P11(1710), P11(2300), respectively, are readjusted to the
data of Ref. [20].

Two scenarios are investigated: In the unconstrained
scheme (US), the fit is performed by free variation of the
four coupling constants. In the constrained scheme (CS),
the in-medium total width is chosen as I'y,, = I'p,4(0) =
F(()A) + T free with I' 1o = 8.68 MeV and imposing an arbi-
trarily chosen value for the in-medium width F(()A).

The coupling constants derived by the US-fit to the cen-
tral values of the data are shown in Table 2. Compared to
Table 1, the largest changes appear for the coupling con-
stants of the two S-wave channels. Overall, the N*N ! cou-
pling constants are of order one. An exception is S13(2120).
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Table 2 Resonances taken into account finally in the combined P- and S-wave unconstrained fit to the data of [20]. The derived coupling constants
and absolute uncertainties are shown in the third column. The relative uncertainties are displayed in the last column

Particle Mass/MeV Total Width/MeV gN*No Uncertainty in %
P11 (940) 938.92 - 2.076 £ 0.165 7.96

Py (1710) 1670 140 1.738 £ 0.588 33.80

P11 (2300) 2300 340 1.795 £ 0.514 28.62

Si3 (1875) 1875 200 1.737 £ 0.320 18.40

Si3 (2120) 2120 300 0.028 +0.012 43.55

In the independent S-wave fit the modes including that reso-
nance were essential for a good description of the high energy
part of the width. In the combined final fit, however, that
energy sector is covered by the P-wave N* N ~!-modes with
N* = P11(2300).

As seen in Table 2, the final P-wave couplings are uncer-
tain by about 30%. The uncertainties of the S-wave cou-
plings range from 18% for S13(1875) to more than 40% for
S13(2120). The smaller uncertainty in the S13(1875) Nw cou-
pling is the combined result of the close-to-threshold loca-
tion of S13(1875)N~! excitations and the normative power
exerted by the width at threshold on the parameters, thus
emphasizing again the importance of precise low-energy data
and an appropriate theoretical choice of states. Since neither
the P-wave nor the higher S-wave modes are controlled by
these relatively narrow constraints, their coupling constants
carry larger uncertainties. In the following calculations the
coupling constants of Table 2 will be used throughout.

In Fig.3 the in-medium widths from the US-fit are dis-
played. The free, unconstrained variation of coupling con-
stants leads to a width at threshold Iy, = 48.41 MeV,
and after subtraction of the free omega width a medium-
dependent width I'") = 39.73 MeV is obtained. That result
is much smaller than the values predicted by other approaches
utilizing the processes depicted Fig. 10. For example, Ramos
et al. [13] obtained I',4 (0) = 120 & 10 MeV while Cabr-
era and Rapp [14] found in-medium widths as large as
I'ya(0) ~ 200 MeV.

Integrated over the energy interval up to the pr.,, =
3 GeV/c (Trqp =~ 2.32 GeV), S-wave and P-wave compo-
nents are found to account for about 57% and 43%, respec-
tively, of the total US-yield. These numbers confirm quan-
titatively that the S-wave modes are substantial for a proper
description of the near-threshold region while P-wave self-
energies are important for the reproduction of the observed
width at higher energies. As seen in Table 3, the S-/P-wave
yields correspond to longitudinal and transversal fractions of
about 10% and 90%, respectively, strongly emphasizing the
prevalence of the transversal channel. In other words, vector
current conservation is essentially maintained in the nuclear
medium by up to about 90%.

3.5 Dependence of longitudinal and transversal
self-energies on the threshold value

As emphasized repeatedly before, the value of the width at
threshold is decisive for the content of S-wave self-energies
and, as such, for the composition of the omega in-medium
self-energy tensors as a whole. Therefore, it is of high inter-
est to investigate the dependence of the theoretical distribu-
tion on the threshold value, thus further encircling systematic
uncertainties in the modelling. For that purpose, the con-
strained scenario (CS) is used by performing a series of cal-
culations with varying ', 4 (0) = I’y from I’y = 30 MeV
to I'y,, = 70 MeV.

In Fig.4, results of CS calculations are displayed for
Iy = 30 MeV, Ty = 50 MeV, and Ty = 70 MeV,
respectively. In Table 3 the dependence of the fractional S-
wave and P-wave contributions on I';;, are displayed. Both
Fig. 4 and Table 3 clearly demonstrate the pronounced depen-
dence of S-wave and P-wave contents on I'yz,-, also in com-
parison to the US-results, Fig. 3.

The delicate balance of S- and P-wave components is
emphasized when varying the assumed threshold value Iy,
Comparing in Fig. 4 the results for the three pre-chosen val-
ues of the threshold width it is seen in the left column that
with increasing 'y, the S-wave parts gain increasingly more
weight. The reason is obvious because the width at threshold
is fully determined by the S-wave components only. How-
ever, strengthen the S-wave contributions implies to weaken
the P-wave parts. Finally, beyond I';;,, ~ 60 MeV that
trade-off leads to an underestimation of the width at p;.p >
1.5 GeV/c. In Table 3 this effect is reflected by the sudden
jump to x2/ndf = 2.726. From Table 3 and comparing
Figs.3 and 4 it is also seen that 'y, = 48.41 MeV obtained
by the unconstrained scenario complies very well with the
results found in the constrained fit with I';;, = 50 MeV.

The real parts of the longitudinal and transversal self-
energies, shown in Fig. 5, are seen to vary considerably more
pronounced under variations of the threshold width than the
imaginary parts. A common global feature of the longitudi-
nal and transversal components is a change from attraction at
low energies to repulsion at higher energy. Overall, however,
the transversal real components are of a much larger magni-
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Fig. 3 Comparison of the theoretical width distributions as functions
of momentum to the w + 23Nb data of Friedrich et al. [20]. The P-wave
(P) and S-wave (S) and longitudinal (L) and transversal (T) partial con-
tributions, shown in the left and the right panel respectively, are evalu-
ated at central density of >Nb, p = 0.140 fm 3, taking into account the

Table 3 Total in-medium w + ?*Nb width (first column), the con-
tained many-body part (second column) at the nuclear center are shown
together with the fractional S-wave (Ps, third column) and P-wave (Pp,
fourth column) and the fractional longitudinal (Pp, fifth column) and
transversal (Pr, sixth column) self-energy contributions. The first line
contains the results obtained from the unconstrained fit, the other lines

differences of proton and neutron densities. The results were obtained
by unconstrained fits to the data, taken again from Ref. [20]. The derived
longitudinal (bottom left) and transversal (bottom right) self-energies
are displayed in the bottom row

contain the results for the constrained fits, where the width at thresh-
old was fixed artificially to the listed values. In all cases contributions
of S-wave and P-wave resonance were included. The achieved x> per
number of degrees of freedom (ndf) are displayed in the 6th column. The
last column indicates the type of fitting procedure, US for unconstrained
scenario and CS for constrained scenario

Cya (0)/MeV r{Y Mev Py Pp Pr Pr x*/ndf Type
48.41 39.73 0.576 0.424 0.096 0.904 1.014 US
30.00 21.32 0313 0.687 0.052 0.948 1.045 cs
40.00 31.32 0.448 0.542 0.076 0.924 1.045 cs
50.00 41.32 0.600 0.400 0.100 0.900 1.008 cs
60.00 51.32 0.701 0.299 0.117 0.883 1.045 cs
70.00 61.32 0.781 0.219 0.130 0.870 2.726 cs
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Fig. 4 Decomposition of the w + 93Nb widths into P-wave (P) and
S-wave (S) modes (left) and longitudinal (L) and transversal (T) com-
ponents (right) at central density p4 = 0.140 fm~3 of “>Nb. Results of

tude than the longitudinal ones. Moreover, the real transversal
self-energies are affected remarkably not only at low ener-
gies but over the whole energy range. The explanation of that
effect is that increasing the threshold width gives a stronger
weight to the S-wave self-energies, which is compensated
by decreasing the P-wave parts. Since the latter account for a
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calculations are shown for I';,,, = 30 MeV (upperrow), I’y = 50 MeV
(center row), and I';;,, = 70 MeV (bottom row). Data are taken again
from Ref. [20]

large part of the transversal self-energies (see Eq. (12)), they
are reacting stronger on variations of the P-wave components.

3.6 Spectral distributions in infinite nuclear matter

Anissue discussed heavily and controversially for along time
in the literature is the dependence of the spectral properties of
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Fig. 5 Dependence of self-energies on I';j,. In the left column the real
and imaginary parts of longitudinal (L) and transversal (T) self-energies
are shown for the arbitrarily chosen threshold widths Iy, = 30 MeV

mesons and especially vector mesons in nuclear matter and
whether and how they are observable experimentally, see e.g.
[10,11,17,18]. Asdiscussed in Appendix B, the separation of
vector meson in-medium self-energies into longitudinal and
transversal components induces a corresponding separation
of the propagator into a longitudinal and a transversal prop-
agator. Consequently, in matter a vector meson acquires two
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separate spectral functions with their own kind of dependen-
cies on energy w, momentum ¢, and nuclear density p. The
longitudinal and transversal spectral functions of the omega-
meson are defined by

1
Ar/r(w, qlp) = - Im
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1
(U)2 _q2 _mg) - ZL/T('LU, q, kF) - Zfree(wv q)) ’
(14)

All medium-dependent effects are contained in X7 /7 (w, q,
kr). Hence, since by definition and construction Xz /7 =
0 at p = 0, both distributions converge to the free-space
distribution

1 1
Afree(w,q) = —— 1 ,
f)ee(w q) - m(wz_qz_ma_zfree(w,q))

(15)

with the self-energy in free space Xfree = —imel free
where the real part is supposed to be absorbed into the phys-
ical mass m,.

The spectral distributions are functions of the 4-momentum
p = (w, q). In Fig.6 distributions are displayed as func-
tions of the energy w for two representative values of the
3-momentum g = 0.05 GeV/c and ¢ = 1 GeV/c, respec-
tively, both at central density of >>Nb p4 = 0.140 fm~3 and
at low density p = ll—o,oA = 0.014 fm 3, representative for
the nuclear surface region. The in-medium distributions are
compared to the spectral function in free space.

First of all, irrespective of the momentum the distribu-
tions approach the free-space spectral function with decreas-
ing density, as seen by comparing the upper and lower rows
of Fig. 6. Thus, at zero density the theoretical distributions
merge to the expected common limiting case.

Comparing the left and right column of Fig. 6, one finds
a pronounced dependence on the momentum. For ¢ =
0.05 GeV/c and central density (upper left) both the longitu-
dinal and the transversal distribution are moved to energies to
the left of the free-space spectral function, i.e. the in-medium
distributions are shifted to lower energies. At high momen-
tum, ¢ = 1 GeV/c (upper right), the longitudinal and the
transversal distributions behave quite differently: While Ay,
is centered in the same energy region as A fy.., the transver-
sal distribution is shifted to higher energies with a width
I'r > I'p. Inthe low density region (lower row), these differ-
ences regarding the momentum dependence prevail, although
on a less pronounced level. For ¢ = 0.05 GeV/c the two
in-medium distributions are overlapping closely with A ;..
but with a slightly larger width. At ¢ = 1 GeV/c, A, has
almost approached the free-space distribution while A7 is
still clearly separated with a broader width.

Thus, the answer to the question whether there is an in-
medium mass shift to lower masses (often discussed as a sig-
nal of approaching the chiral limit) or an upward shift to larger
masses is ambiguous because it depends obviously on the
conditions under with the system is probed. The model cal-
culations predict that “mass shifts” will occur in both direc-
tions, depending on the momentum brought into the system.
The reason for that - on first sight conflicting - behaviour
is found in the real parts of the polarization self-energies.

A look to Fig.5 reveals immediately that over the energy-
momentum range the longitudinal and transversal real self-
energies change character from attractive to repulsive. For
off-shell conditions the change of sign in the real L/T self-
energies will occur in general in different energy-momentum
regions and with different magnitude, thus producing appar-
ent “mass shifts” in a seemingly conflicting manner.

4 Dispersive w self-energies in a finite nucleus
4.1 Local density approximation

Infinite matter calculations result in self-energies depend-
ing parameterically on the nucleon number density py =
{op, pn} and by the well known relation p,, ~ k%m on
the Fermi momentum krp = {ka, kr,}. As in [31] the local
density approximation (LDA) is used for the mapping to a
finite nucleus by replacing the densities by the radial nuclear
ground state density distributions of the nucleus under con-
sideration, py > pa(r) and accordingly kr +— kp,(r). In
this way, the original density dependence is translated into a
radial dependence, imprinting the nuclear density profile on
the self-energies.

The use of the LDA with densities and potentials from self-
consistent covariant Hartree calculations is an essential and
important difference to previous investigations. Isoscalar and
isovector scalar and vector mean-fields are important prereq-
uisites for a realistic treatment of charge-asymmetric nuclei
like “>Nb. The proton and neutron RMF-Hartree ground state
densities of “>Nb are displayed in Fig.7 together with the
(isoscalar) scalar and vector Hartree mean-field.

4.2 Self-energies for w + > Nb

In this section, longitudinal and transversal self-energies in
93Nb are considered in LDA using the densities of Fig.7.
In Fig. 8 the self-energies are displayed as functions of the
radius for ¢ = 0.05 GeV/c and ¢ = 1 GeV/c, corresponding
to kinetic energies T, ~ 1.60 MeV and T, ~ 490 MeV,
respectively. In the low momentum/energy case, the P-wave
self-energies are still negligible. Hence, the longitudinal and
transversal self-energies are of similar magnitude, as evident
by comparing the plots in the upper row. The low-energy
real self-energies are attractive. A completely different situ-
ation is encountered at ¢ = 1 GeV/c: Now the P-wave com-
ponents are sizable, modifying the transversal self-energies
considerably. As a result, the longitudinal and transversal
self-energies are of a quite different magnitude. Moreover,
the real self-energies have changed sign to repulsion at this
higher energy.

By visual inspection, one may conclude that the shapes
follow closely the Niobium ground states densities, Fig.7,
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(upper row) and g = 1 GeV/c (lower row), respectively, illustrating the change from attraction to repulsion with increasing energy

thus seemingly confirming the afore mentioned density-
scaling laws for the width, used in various studies. However, a
closer look reveals a more complex relation. Close to thresh-
old, the radial form factors of the real self-energies resemble
indeed closely the underlying *>Nb RMF-ground state den-
sity but start to deviate rapidly with increasing energy. The
radial from factors of the imaginary self-energies, however,
differ at all energies from the Niobium ground state density,
questioning simple density-scaling laws.

A pronounced behaviour is encountered around the
momenta where the real self-energies change sign: The tran-
sition from attraction to repulsion is governed by interfer-
ing S-wave and P-wave contributions differing in sign and
magnitude which at a certain critical momentum results in
a vanishing real part before the repulsive domain is entered.
For example, in a narrow window around g = 0.8 GeV/c the
real longitudinal self-energy changes sign by going though a
mixed phase of a superposition of an attractive volume part,
whose magnitude gradually decreases, and a repulsive com-
ponent of complementary increasing strength with a form
factor changing with energy from a surface-peaked to a vol-
ume shape. At ¢ ~ 0.815 GeV/c the transition point is
reached, the real longitudinal self-energy vanishes, and after-
wards builds up a repulsive volume shape. At g = 1 GeV/c,
in fact, a trace of this transitional behaviour is still visible.

A similar scenario is observed for the real transversal self-
energy, having passed this transient region already at a lower
momentum, g ~ 0.7 GeV/c.

In the asymptotic region beyond the nuclear radius the
deviations between self-energy and density form factors
steadily grow. The reason is that in the tail region the differ-
ences between the asymptotic shapes of proton and neutron
densities become visible, the latter being determined essen-
tially by the differences in chemical potentials.

4.3 Schrddinger-like w potentials and low-energy
parameters

Dividing the self-energies by twice the (invariant) omega-
energy E, = /g% + m2 Schrodinger-like complex-valued
optical potentials are obtained:
Vir®.q) =317(x.q)/QEy)

= Uy (e a) = iW (. q).

In shape, their radial form factors are equal to those of the
self-energies of Fig. 8 at the same energy, albeit the magni-
tudes change. Meaningful measures, representing universal
characteristics of potentials, are the radial moments

(16)
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Myyr(gln) = / drr"Vi . q)

w
= M} (qln) — iM} 3 (qIn). (17
Of particular interest are the moments n = 0 and n = 2
serving to define the volume integrals per nucleon /; ;7 and
the mean-square radii Ry 7 of the potentials:

ILyT(q) = M1yT(ql0)/A = I}))(g) = il}}7(q) (18)
(U/W)
2)
U/ W)2 L/T (gl
RN q) = —— (19)
L/T
/ M g0y

The volume integrals per particle represent the overall
strength of the interactions. The root-mean-square (rms) radii
R;‘[j)T and Rg}/} provide information on the geometry of
the real and imaginary potentials. In Fig. 9, volume integrals
and rms-radii of longitudinal and transversal potentials for
w + P3Nb are displayed as functions of the invariant relative
momentum g = ¢(s), Eq. (40). The afore mentioned tran-
sition around ¢ ~ 0.8 GeV/c of the real self-energies from
attraction to repulsion is seen now very clearly. As typical for
a dispersion functional connection between imaginary and
real parts, the node of the real strength is located at (or close
to) the momentum where the imaginary component acquires
a maximum.

The moments are ideal quantities to compare interactions
of different systems taking care of the correlation between
potential form factors and depths. As known from decade-
long studies of optical model potentials of strongly absorb-
ing systems, none of those quantities by itself is meaningful
but suffers from ambiguities, see e.g. [32,33]. That problem
is avoided by using potential moments which reflect uni-
versal properties of interacting systems. The varying shapes
and sizes of the radial self-energies, Fig. 8, reflected also by
the energy dependence of the rms-radii, Fig. 9, underline the
ambiguity problem clearly. Therefore, here we refrain from
discussing potential depths separately as was done e.g. [20]
and similar studies, frequently assuming direct proportion-
ality of potentials to the nuclear density distribution at all
energies.

Typically, the rms-radii of potentials follow the rms-
radius of the ground state density, possibly augmented by
the range of the projectile-target interaction. For “>Nb the
RMF calculations lead to a total ground state density with
v <r?> >~ 459 fm. However, the potential rms-radii of
Fig. 9 rarely match that value: Only close to threshold the real
parts attain rms-radii of that magnitude whereas the rms-radii
of the imaginary potentials start at lower values. Around the
transition from attraction to repulsion the sizes of the poten-
tials increase by about 10% reaching for the real parts values
close to 5 fm while at higher energies the rms-radii decrease.

@ Springer

In the transversal potentials the interference of S-wave and
P-wave components lead to an oscillatory pattern.

4.4 Low-energy parameters

Once self-energies and the deduced potentials are available,
it is tempting to investigate global properties of w-nucleus
dynamics. Of special interest is the behaviour of an inter-
acting quantum system at low energies. Setting the focus
on w + A s-wave interactions, the dynamics at threshold are
characterized by the scattering lengths a; ;7 and the effective
ranges /7, describing the dependence of the s-wave phase
shifts 87,7 (¢) at the kinematical threshold ¢ — 0 according
to the well known effective range formula

geotdiyr > ——— + sqPrur, 0)

ar)t 2
which corresponds to a next-to-lading order momentum
expansion of the s-wave K-matrix. Close to threshold the
longitudinal and transversal potential converge to the same
limiting values. Hence, one finds for the scattering lengths
a; = ar = ag and, correspondingly, 71 = rr = r, for the
effective ranges. Since the potentials are complex-valued,
also the derived scattering length a; = 5.6542 —i0.9041 fm
and the effective range ry = 3.7669 — i0.5759 fm are
complex-valued.

4.5 Indications for a w + >Nb bound state?

Excitingly and unexpectedly, the real part of a; is positive.
A positive scattering length, however, indicates the presence
of a weakly bound @ + >3Nb configuration. The most well
known example of this kind is the triplet-even (TE) nucleon—
nucleon interaction channel where the positive scattering
(arp >~ 5,427 fm, rrg ~ 1.755 fm) is reminiscent of the
deuteron with binding energy E; = 2.224 MeV. In such
cases, the effective range expansion, Eq. (20), provides a
decent extrapolation into the nearby below-threshold region,
allowing to explore the bound state as pole of the S-matrix.
In low-energy approximation, the poles are determined by
the roots of k cot § (k) — ik = 0. Using Eq. (20), the physical
relevant solution is kg = i (1 — /T —=2r¢/ay) /rs, corre-
sponding to an energy with real part eg = —0.488 MeV
and an imaginary part corresponding to a dissipative width
F%A) = 4.445 MeV. Adding the free decay width the total
width is I'p = 13.125 MeV. Hence, the model calculations
predict a very weakly bound state close to threshold with a
width of about 25 times the binding energy. Thus, a major
part of the spectral distribution overlaps with the w + >3Nb
continuum, implying a rapid decay of that states. One must
be aware of the uncertainties on the existence and location of
nuclear omega bound states because they will be affected in
addition by couplings to the nuclear scalar and vector mean-
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Fig. 9 Volume integral per nucleon (left) and rms-radii (right) of the Schrodinger-like potentials for w + *3Nb. Results for the longitudinal (top

row) and the transversal (bottom row) potentials, respectively, are shown

fields and the afore mentioned higher order dissipative self-
energies affecting the mesonic decay channels of the omega.
Although the above analysis does not exclude a tighter
bound w + 23Nb s-wave state, it clearly rules out the deeply
bound states appearing in other approaches. For example,
some time ago, Klingl et al. [34] investigated omega bound
states in finite nuclei, assuming at that time potentials as deep
as -100 MeV at the nuclear center. That conjecture is not sup-
ported by the present results. With their model assumptions
they obtained rather deeply bound omega s-wave states, e.g.
in ¥K a 1s-state with e ~ —87 MeV while here no evi-
dence is found for strong omega-binding in a nucleus.

5 Discussion and outlook

Interactions of omega mesons in nuclear matter and finite
nuclei were investigated in a microscopic model based
on dispersive self-energies including NN~! and N*N~!
modes. Different to other approaches, self-consistent rela-
tivistic mean-fields (RMF) from relativistic Hartree theory
were included for nucleons and resonances. The polarization

tensors were calculated in asymmetric nuclear matter with
the proton-to-neutron ratio of >>Nb. The coupling constants
were determined directly by fits to the data of Ref. [20] on
the omega in-medium width in >Nb at central density. The
data could be well described with dispersive self-energies
of particle-hole type originating from P-wave and S-wave
modes only. Initially, the complete spectrum of seven P-
wave and seven S-wave resonances up to about 2.5GeV were
used. Finally, however, in addition to the N N ~! high-energy
tail only two P-wave (P;1(1710),P;1(2300)) and two S-wave
(S13(1875),513(2120)) states were found to contribute signif-
icantly to N*N~! polarization self-energies describing the
observed width. The S-wave polarization modes are essen-
tial for the proper description of self-energies in the threshold
region while the modes involving Pj-states become impor-
tant at higher omega-energies. However, the derived coupling
constants are affected by considerable uncertainties of up to
40%. The P- and S-wave self-energies were projected into
longitudinal and transversal self-energies, revealing the per-
sisting dominance of transversal modes in nuclear matter.
The coupling of vector mesons to polarization modes leads
naturally to transversal and longitudinal self-energies. The
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available data, however, do not distinguish such details which
has to be accounted for by theory when adjusting parame-
ters on measured values. The model calculations predict that
the width distribution is dominated by about 90% by the
transversal in-medium self-energies, to which both P-wave
and S-wave modes contribute. It is worth emphasizing that
these findings imply that vector current conservation persists
in nuclear matter still on a level of 90%. The role played by
the value of the width at threshold, I';;, was investigates in
exploratory numerical studies showing that 'y, controls the
spectroscopic composition of self-energies over the whole
energy range.

The momentum dependent variations of up- and down-
ward shifts of the peak structures in the theoretical spectral
functions point to a problem which requires special attention
for the interpretation of spectroscopic data. The important, in
fact no-surprise, message is that peak structures in mass dis-
tributions are affected by the self-energies where the momen-
tum dependence of the real parts of self-energies is of spe-
cial importance. As seen e.g. in Fig. 5 the real parts change
as functions of momentum from attraction to repulsion thus
producing downward and upward shifts in spectral distribu-
tions. These shifts are pure many-body effects. They do not
indicate chiral restoration. The calculated spectral distribu-
tions strongly emphasize that first the in-medium dynamics
of a meson has to be understood in due detail before safe
conclusions on “chiral restoration” can be drawn.

The self-energies, calculated initially in infinite nuclear
matter, were used in Local Density Approximation (LDA)
to derive radius-dependent self-energies for the w + >3Nb
system. The LDA self-energies were obtained by using the
RMF-Hartree proton and neutron ground state densities, thus
guaranteeing consistency between the spectroscopic content
of self-energies and their radial distribution. In a further step,
Schrodinger-type potentials were defined. Volume integrals
per nucleon and rms-radii of the real and imaginary potentials
were studied as functions of the invariant & + °>Nb momen-
tum. The considerable variations over the energy range cast
doubts on the validity of the frequently used separability
hypothesis of energy and density dependence. The logical
next step for quantitative studies of omega interactions on
a finite nucleus is to formulate a reaction theory account-
ing properly for transversal and longitudinal meson-nucleus
interactions. Such a theory should also account for omega-
nucleus interactions of mean-field type obtained by cou-
pling to the condensed nuclear scalar and vector fields. That
requires the knowledge of three-meson vertices with tree-
level coupling constants f,,s and f,qe. Hints on the values
of these couplings may be derived from the SU(3) descrip-
tion of meson-meson-baryon interactions, see e.g. Ref. [13],
but leaving the coupling constant largely undetermined.

The Schrodinger-like potentials have been used to deter-
mine the w 4+ *>Nb low-energy parameters. Solving the

@ Springer

Schrodinger equation at threshold energies, the s-wave K-
matrix was calculated and analyzed in the effective range
expansion up to order ¢2. The positive scattering length sig-
naled the existence of a @ + *>Nb bound state just below
threshold. The large width, however, indicates that about 50%
of the spectral strength is shifted into the continuum region,
making the state partially particle-unstable. The results of
Sect. 4.4 and Sect. 4.5 are encouraging for the ongoing
searches for bound states of heavy mesons. However, further
studies are necessary addressing the full spectrum of w + A
interactions from static mean-field potentials to dynamical
self-energies. Because of the long life time of the omega-
meson, w + A bound states are the ideal cases for detailed
studies of static and dynamical meson-nucleus interaction.

Last but not least, it is worth to return to Fig. 2 where the
results of the separate P- and S-wave fits are displayed. The
S-wave results are especially instructive for a comparison to
the large threshold widths predicted by former meson cloud
studies, amounting to 'y, = 121 £ 10 MeV by Ramos et al.
[13] and to I';j, = 130...200 MeV by Cabrera and Rapp
[14]. As discussed in the context of Fig. 2 depending on the
fitting strategy the large error bars of data close to threshold
induce a corresponding large spread of results, finally leading
tolyy, = 504_'?7)4 MeV. Thus, within the error bars the present
approach leads to results fully compatible with those of the
meson cloud calculations although at first sight the assumed
physical scenarios seem to be quite different. Interestingly,
the S-wave width distribution is of pure N* character, thus
complying with the arguments given in Appendix A because
the S-wave resonances contain naturally a 7 + N component
and even multi-pion configurations.

Here, interactions in cold nuclear matter at normal den-
sity and under mechanical and thermodynamical equilibrium
conditions were considered. That state is hardly comparable
to the environment encountered in high energy heavy ion cen-
tral collisions as explored e.g. in [17]. An important question
left for future work is to clarify if there may be conditions
under which leading the particle-hole contributions and the
dynamically more complex sub-leading meson cloud mech-
anisms will be distinguishable.
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()] w
L
(a) (b) Bp
T
(O] w

Fig. 10 In-medium omega-meson interactions of higher order involv-
ing meson loops modifying the mesonic decay channels illustrated by
the case w — pm. Graph a describes the coupling of the intermediate
rho-meson and graph b the coupling of the pion to dispersive self-
energies as in Fig. 1, including both NN~! and N*N~! modes of the
background medium

give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

A Self-energy ambiguities

In this appendix the self-energy ambiguity mentioned in the
introduction is elucidated qualitatively for the dominating
® — 1 + p decay channel. In Fig. 10 Born diagrams are
shown which contribute to the coupling of either the pion or
the rho-meson to (isovector) particle-hole excitations of the
background medium. In such processes - studied extensively
by various theoretical methods e.g. in [11,13,14,17,21,22]
- the decay and the propagation of the emitted mesons are
modified by dispersive self-energies as of Fig. 1. However,
although the present data are of outstanding high value,
they provide information only on F,(f,) but not on partial in-
medium decay widths. Hence, branching ratios e.g. to the
in free space dominating 7w + o channel are not available.
The lack of detailed information on the decay spectroscopy
poses problems for theoretical model building. While in free
space, the source of emitted mesons (or other radiation) is
easy to identify this is no longer true in a nuclear environ-
ment. Mesons can result either from the direct decay of the
omega, e.g. w — T + p — 3m, or they can be produced in
o+ N — N* — m+ N processes, including at high enough
energies even multi-pion emission.

As illustrated in Fig. 11 the in-medium meson cloud sce-
nario and the particle-hole polarization scenario are over-
lapping and their contributions to the omega in-medium

(0))

(0]

Fig. 11 Illustrating the relation of in-medium meson loops to baryon
particle-hole loops for the w — 7 + p decay for the case where the
rho-meson couples to an isovector excitation of the nuclear background
medium

width are hardly distinguishable. Hence, ambiguities occur
because part of the in-medium meson-loop contributions will
be already be contained in the (leading) dispersive particle-
hole self-energies, especially those given by N*N ~! excita-
tions.

As an example, we consider the case w — 7 + p where
he rho-meson induces a nuclear particle-hole mode (left dia-
gram) the pion moves freely. The 4-momentum brought in
by the omega-meson is divided among the decay particles
taking care of by an appropriate integration over intermedi-
ate momenta. The self-energy is obtained by de-excitation
of the background mode and recombination 7 + p — w.
For momentum transfers less than the meson rest mass the
rho-meson propagator may be replaced by a constant, lead-
ing to an effective point-coupling interaction as depicted in
the center diagram. The pion may be attached to the N or
N* particle state, thus contributing to a nucleon resonance
configuration, displayed in the right hand graph.

Apparently, one faces the principal problem that there is
an overlap between the omega self-energies induced by the
direct coupling to NN~ and N*N~! modes, Fig. 1, and the
(sub-leading) self-energies affecting the meson cloud pro-
duced by the decaying omega. The same kind of result is
obtained by exchanging the role of the pion and the rho-
meson. More exotic (but less important) channels e.g. involv-
ing combinations of strange and anti-strange mesons like K K
channels as considered e.g. in Ref. [13] or effects related to
in-medium w-¢ mixing may be treated similarly.

Obviously, inclusive I',4 data alone are not sufficient to
distinguish the contributions from the competing channels
like the one discussed here. Moreover, including straight for-
wardly both the leading polarization self-energies and sub-
leading in-medium meson cloud self-energies in an approach
relying on empirical input will lead to overcounting.
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B The Vector-Meson propagator and spectral functions

The propagator of a free, stable spin-1 particle with bare mass
mg and four-momentum ¢ = (qo, q)7 is given by:

_(oMV _ a*q”
(8 m )

DO (q) =
2
qz_mo
v
_ _(g;w - qq;{ ) 1 q'“qv 21
=t 3> 2D
q° —mg mg 4

where in the second line of Eq. (21) we have separated the
propagator into a longitudinal and a transversal part. The
coupling of the meson to (pionic) decay channels gives rise
to a self-energy 1" (¢2). Current conservation demands that
the self-energy is transversal, expressed by:

qu =M (g% = 0. (22)

Because of this, only the first term in Eq. (21) is modified,
when a self-energy is taken into account:

n v

—(g’”——qqg) 1 g"*q¥

e T 3)
g —my— Xy(g®) my g

D" (q) =

The explicit form and composition of X, depends on the
vector meson under consideration, e.g. Ref. [10] for the rho-
meson case.

The real part of X, is taken into account approximately by
the introducing the physical mass m, ~ mqo + Re(Ego(qg))
where g2 = m?2. Thus we use:

2(q) = —imy Ty(g?). (24)

For two-body decay channels v — mm> of angular momen-
tum ¢ the total decay width is appropriately parameterized
as:

ny

Cpymy (M%) = Tp — (

(25)

m

q (m) 20+1
q (mv)> ’

q(m) = |q(m)]is the three-momentum of the emerging cloud
of decay particles in the rest frame of the decaying vector
meson of invariant mass m,; ['g is the width at rest. Equa-
tion (25) contains precisely the energy dependence of the
imaginary part of the self-energy that comes out of a one loop
calculation. At high invariant mass m >> m,,, regularization
by an appropriately chosen form factor will be necessary.

A well studied example is the mentioned 2-pion p-wave
decay of the rho-meson, e.g. [10]. A different situation is
encounter for the omega decays ending finally in three-pion
compound, see [35] for a dispersion theoretical description.
As is obvious from the rather tiny total width of the omega-
meson, [') = 8.68 MeV, the mesonic decay channels are
much less important for an omega-meson than for a rho-
meson. The proper description of three-pion decay of the
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omega-meson is more involved but may be treated effec-
tively by the dominant « — p + 7 — 2w + 7 process
depicted in Fig. 10. However, the broad spectral distribution
of the intermediate rho-meson must be taken into account -
as discussed e.g. in [11].

The most important contribution of real part of the meson-
loop self-energy is taken care of by using the physical meson

mass, m? = m%—i—Re(Ev(mv)). Then, the energy dependence

v - ~
of the residual self-energy Ev(mz) = Zv(mz)—Re(Zv(m%))
has only little influence on the vacuum spectral function

defined as:

s 1 1
Avlg) == Im| e

1 1
=—Im|————+ 26
T (qz_mz_zv) (20

and is therefore neglected here.

In nuclear matter, Lorentz-invariance is broken and vector
meson self-energies are characterized by two scalar functions
instead of one. Using the transversal projector:

0 0
j7ay _ L
P! (o 5y — 14 ) 27)

and the longitudinal projector, respectively:

w o 4"q”

P =
L q2

) - Py

2

t=]

“4
72

2 (28)
wgi ©°qiq;
> q%q®

g
'QQI\)

the in-medium self-energy is decomposed
=M(g) = P TL(q) + PrY S (q) (29)
into the longitudinal and transversal parts

Yp(w,q) = Piwzp,v(w’ qQ

(30)
r@ @) =3 PF S, q)
Then the dressed vector meson propagator becomes:
r”
q?—m2 —Zp(w,q) — Zy(w, q)
Pr’ q"q"
q* —m3 —Er(w,q) — Zy(w, q)

D" (w, q) = —

(€29
miq?

Thus, a transversal and a longitudinal spectral function can
be defined:

1
Ar/(w, q) = - Im

1
. 32
(wz_qz_m%_ET/L(wt (I)—Ev(w, (I)) ( )

For q = 0, AT = A’ is obtained.
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C w-Baryon interactions

For the present study the dynamics are described in non-
relativistic reduction, still obeying the global intrinsic sym-
metries, including current conservation. For four-momentum
transfer g* = (v, q)7 and the omega-meson given by the
four-vector o* = (°, )T the interactions are defined by
the set of Lagrangians

w +

‘Cz(r{t)zglvyz;gv %Tg/N(axq)-wwN fOl‘]:%

= Sy (S x q) - @ PN for J = 3"

:g’x_/;wl//; (0 -wv—0 -q) waorJ:%7

:%wlz (S.wv—a)OS~q) YN forjzg_
(33)

S is the spin-% — % transition spin operator, nucleon and
resonance field operators are denoted by ¥ and ¥, respec-
tively. The J = %Jr case includes the coupling to the nucleon,
as indicated. Current conservation of the elementary vertices
- as incorporated above - is an essential prerequisite that the
omega in-medium self-energies fulfill that condition as well
[10]. The coupling constants are determined directly from
data by a fitting procedure discussed in the main text.

D Self-energies of an @-meson in nuclear matter

D.1 Nuclear polarization tensors

Assuming that the interactions intrinsic to A can be separated
into (a matrix of) mean-fields ¢/4 and (a matrix of) residual

interactions V4 the polarization propagator is given formally
by the Dyson equation

ny'? =n® + nPu,nM” (34)
My =0 + 0 Pv,m,. (35)

Hf) is the nuclear polarization propagator without interac-
tions. With the susceptibility tensors X;I% =1+ HES)Z/{ 4 and

xil=1+ H;M )y, the polarization propagators attain the
structure

nM" = xpyrm? (36)
My = x5 (37)

Thus, a meaningful leading order approach is to evaluate
the polarization tenors in mean-field approximation, IT)," ~

l'[’/f,,vF. In the following, we use TT#" = l'[’jv = H;MF)W.

D.2 Particle-hole Lindhard function

Particle-hole dynamics is contained in the reduced 4-point
propagators, given here in a non-relativistic hybrid formula-

tion by the Lindhard function:

(w. Q) / 3k
w — —_—
Lyg(w,q) =Cnp 27)3

0k, —kHO((k +q)> — k7))
w+ EN(k) — Ef(k+q) + Ayp + 5T np

O(k% — (k — @)*)0 (k> — k% )
+ Fy a o . (3%)
—w+Ey(k—q) — Ezk) +Ayg — 5N8

with the spin-isospin factors Cp and the nucleon Fermi-
momenta kr,, N = p, n.

The Lindhard functions by themselves behave for large
spatial momenta asymptotically as ~ ql, which, however, is

compensated by the transversal pre-factor S(TB) = :}1—22, thus
resulting in an constant value, growing in principle unlimited
with the number of N* N ~! self-energies. In order to cure that
problem,1 convergence is enforced by the (covariant)) cut-off
vertex form factor

- A2 "
Fp@H=|—-2—] . (39)

where ¢ is the invariant relative 3-momentum in the center-
of-momentum frame:

L M) (s — (mey — Ma)? 40
q —4S(s (mey + Ma)*)(s — (mg A7) (40)

determined by the invariant center-of-mass energy s. Note
that the form factor is equivalent to a cut-off in the resonance
on-shell energies, E%(q). In practice, dipole form factors
(n=2) are used with cut-off Ap =2 GeV/c.

In addition to the mean-fields, there are energy-dependent
dispersive self-energies Syp = Dyp— % Iy p accounting for
dissipative effects of the nucleon hole states and the particle
states B = N, N*.Real and imaginary parts are connected up
to a substraction constant Dy through a dispersion relation.
Hence, specifying the width is sufficient to determine the
spectroscopy of an particle-hole configuration BN ~!. Here,
we are interested only on a schematic description on a global
level. A convenient approach, inspired by [36,37], is to use

I'yg(w, p) =Tp(w) + Ty(w) — ynp(w, p) (41

P [ r ’
Dyp(w, p) = _Ef dw/% +Do.  (42)
0 _

The NN~! and N*N~! particle-hole widths I'yp are
expressed in terms of the total free-space decay width I'p,
the nucleon hole width I'y and the (imaginary part of the)

I At first sight, a not fully satisfactory aspect of this solution is that the
configuration space problem is shifted to the momentum dependence.
However, at the mass-shell, the momentum cut.off is identical to an
energy cut-off, thus regularizing the increasing level density.
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particle-hole correlation self-energy y g, the latter account-
ing also for dependencies on the nuclear density p. Tak-
ing into account also time-like vector mean-field potentials
Un B, the N B-mass shift due to time-like self-energies is
obtained as

Ang(w, p) = Un(p) — Up(p) + Dyp(w, p). 43)

D.3 Nuclear polarization tensors and self-energies

Self-energies containing P-wave Resonances

The coupling of a vector meson to P-wave resonances car-
rying positive parity leads to transversal, current conserving
self-energies of purely spatial character

e (w, @) = (1 — 81 = 8")SY L (w, q) : (44)

Hence, 2*0 = 20V — Oforpu,v=0...
components are given by:

3. The space-like

. 1 B
Zypw. @) = 3 (5” "qq ) =P w, g). (45)

where the reduced P-wave self-energy is given by

2

S\ W, @) = 2g% 5, Fr (q) +Lys(w, Q). (46)
w

such that the trace becomes

Y shpw.q) = =Y pw. q). @7)

i

The total transversal P-wave self-energy is obtained by sum-
mation over nucleons and resonances:

E;"P)(wf qQ = Z

N=n,p;B=N,N*

=M w, @) (48)

We define a generalized off-shell width distribution

1m (5P, ) = /TR w, @) (49)

For on-shell conditions, q2 = mczu, the P-state contribution
to the physical width is obtained:

r@ = ——Im (57 (E@. ). (50)

which by Eq. (48) is seen to be a superposition of partial
widths:

ril @ = Z Iy @. (51)
Each partial width is defined analogously to Eq. (50).
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Self-energies containing S-wave resonances

The negative parity S-wave resonances, observed in 7 N S-
wave scattering, lead to self-energies of a more complex ten-
sorial structure:

1
BN @) = T — B0 (. @), (52)

v
with the reduced S-wave self-energy

Shp W, @) = gX 5o Fs (@) Lys(w, @) (53)

Regularization is introduced by the cut-off form factor,
defined as above:

A2 " Az "
Fs@=——"33—] =+ . (54)
<A§+mg—q2 A+ @2

In practice, as in the P-wave case a dipole form factor (n=2)
is used with cut-off Ag = Ap =2 GeV/c.
The tensor

2 .
T”U(w, q) — < q w2q] > , (55)

wq; w 5,‘/'

is decomposed by means of Eq. (28) into transversal (Pr)
and longitudinal (P ) components:

T = w?Pl +¢* P! (56)

Hence, the self-energies involving S-wave resonances are
superpositions of longitudinal and transversal components:

S w,q) = PESw, @) + PSS E(w, ) (57)
where
2
shw g = L8 w.q) (58)
mU
5 w? _(s)
z(w,q) = WE (W, q). (59

v

Under on-shell conditions, q2 = m% and w? = q2 —i—m%, one
finds

s w, @ = =) w, 9) (60)
2
s w, q) = (1 + q—z) ¢ w, q). 61)
mv
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