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The mass and decay width of the ¢ meson in cold nuclear matter are computed in an effective
Lagrangian approach, with the medium dependence of these properties obtained by evaluating
kaon-antikaon loop contributions to the ¢ self-energy. At normal nuclear matter density, we find
a downward shift of the ¢ mass by a few percent, while the decay width is enhanced by an order
of magnitude. We also present ¢—nucleus bound state energies and absorption widths for some
selected nuclei, using complex optical potentials obtained in the local density approximation. Our
results suggest that the ¢ should form bound states with all the nuclei considered. However, the
identification of the signal for these predicted bound states will need careful investigation because

of their sizable absorption widths.
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1. Introduction

The properties of the ¢ meson at finite baryon density, such as its mass and decay width, have
attracted considerable experimental and theoretical interest over the last few decades [1]. This has
been in part due to its potential to carry information on the partial restoration of chiral symmetry,
the possible role of QCD of van der Waals forces in the binding of quarkonia to nuclei [2], and
the strangeness content of the nucleon [3]. However, a experimental unified consensus has not yet
been reached among the different experiments concerning the ¢. A large in-medium broadening of
its decay width has been reported by most of the experiments performed, while only a few of them
find evidence for a substantial mass shift [4]. The study of the ¢—nucleus bound states [5, 6] is
complementary to the invariant mass measurements, where only a small fraction of the produced ¢
decay inside the nucleus, and may be expected to provide extra information on the ¢ properties at
finite baryon density, since a downward mass shift of the ¢ in a nucleus is directly connected with
the existence of an attractive potential between the ¢ and the nucleus where it has been produced.
This new experimental approach will produce a slowly moving ¢ such that the maximum nuclear
matter effect can be probed. On the theoretical side, various authors predict a small downward
shift of the in-medium ¢ mass and a large broadening of its decay width [7] at normal nuclear
matter density. An important question is whether this attraction, if it exists, is sufficient to bind
the ¢ to a nucleus. Using simple quantum mechanical arguments, the prospects of capturing a ¢
seem quite favorable, provided that the ¢ can be produced almost at rest in the nucleus. However,
a full calculation using realistic density profiles of nuclei is required for a more reliable estimate.
The work presented at this conference has been published in Refs. [8, 9]. In Ref. [8] we computed
the ¢ mass shift and decay width in nuclear matter by evaluating the KK loop contribution to the
¢ self-energy, with the in-medium K and K masses explicitly calculated using the quark-meson
coupling (QMC) model [10]. This initial study is been extended in Ref. [9] to some selected nuclei
by computing the ¢—nucleus bound state energies and absorption with a complex optical potential
calculated in the local density approximation.

2. ¢ mass and decay width in nuclear matter

One expects that a significant fraction of the density dependence of the ¢ self-energy in nuclear
matter arises from the in-medium modification of the KK intermediate state in the ¢ self-energy,
since this is the dominant decay channel in vacuum. We briefly review the computation [8] of the
¢ self-energy in vacuum and in nuclear matter using an effective Lagrangian approach [11]. The
interaction Lagrangian contains only the ¢ KK vertex, and is given by

Z(;)K? = ig¢¢“ W(au[() - (auE)K] ) 2.1

where K and K are isospin doublets. The contribution from the ¢ KK coupling to the scalar part of
the ¢ self-energy, Iy (p), is given by

d q .
iy (p g?p

(9)Dk(q—p), (2.2)

where Dk (q) = 1/ (¢* — m +i€) is the kaon propagator; p = (p° = m¢,6) for ¢ at rest, with my
the ¢ mass; mg (= mg) is the kaon mass, and g4 = 4.539 [8] is the coupling constant. The integral
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in Eq. (2.2) is divergent but it will be regulated using a phenomenological form factor, with cutoff
parameter Ag [8]. The sensitivity of the results to the value of Ag is analyzed below. The mass
and decay width of the ¢ in vacuum (my and I'y), as well as in nuclear matter (m;‘, and Fz), are
determined [8] from

mﬁ, = (mg)2+9?H¢(mé), (2.3)
_ 2
Ty = =, -STa(m). 2.4)

The density dependence of the ¢ mass and decay width is driven by the intermediate KK state
interactions with the nuclear medium. This effect enters through the Lorentz scalar mass mj in
the kaon propagators in Eq. (2.2). The in-medium properties of K and K are calculated in the
QMC model [10] (see Ref. [12] for a review) considering infinitely large, uniformly symmetric,
spin-isospin-saturated nuclear matter in its rest frame, where all the scalar and vector mean field
potentials, which are responsible for the nuclear many-body interactions, become constant in the
Hartree approximation. In Figure 1 (left panel) we present the resulting in-medium kaon Lorentz
scalar mass (=antikaon Lorentz scalar mass) as a function of the baryon density. At normal nuclear
matter density po = 0.15 fm~ the effective kaon mass has decreased by about 13%. We recall that
the isoscalar-vector @ mean field potentials arise both for the kaon and antikaon, but they can be
eliminated by a variable shift in the loop calculation of the ¢ self-energy, and therefore are not show
them here. In Figure 1, we present the ¢ mass shift (centre panel) and decay width (right panel) as
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Figure 1: Left panel: In-medium Lorentz scalar kaon (=antikaon) mass mj; centre and right panels: ¢
mass shift and decay width, respectively, for three values of Ag.

a function of the nuclear matter density, pp, for three values of Ax. The effect of the in-medium
kaon and antikaon mass change yields a negative mass shift for the ¢. This is because the reduction
in the kaon and antikaon masses enhances the KK loop contribution in nuclear matter relative to
that in vacuum. For the largest value of pg, the downward mass shift turns out to be a few percent
at most for all values of Ag. On the other hand, F}‘, is very sensitive to the change in the kaon and
antikaon masses, increasing rapidly with increasing nuclear matter density, up to a factor of ~ 20
for the largest value of pg. These results open the experimental possibility for studying the binding
and absorption of ¢ in nuclei. Although the mass shift found in this study may be large enough to
bind the ¢ to a nucleus, the broadening of its decay width will make it difficult to observe a signal
for the ¢—nucleus bound state formation experimentally. We explore this further in the second part
of this talk.
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3. ¢—nucleus bound states

We now explore the situation where the ¢ meson is placed inside a nucleus [9]. The nuclear
density distributions for all nuclei but 4He are obtained in the QMC model [13]. For *He, we use
Ref. [14]. Then, using a local density approximation the ¢—nucleus potentials for a nucleus A is
given by .

i
Voa(r) = Uy (r) — )

where r is the distance from the center of the nucleus and Uy (r) = mg (pg(r)) —my and Wy (r) =
Iy (pp(r)) are, respectively, the ¢ mass shift and decay width inside nucleus A, with pp(r) the
baryon density distribution of the given nucleus. In Figure 2 we show the ¢ potentials calculated [9]
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Figure 2: Real [Uy ()] and imaginary [W ¢ (r)] parts of the ¢—nucleus potentials for the nuclei studied here,
for three values of Ag.

for the selected nuclei. One can see that the depth of the real part of the potential is sensitive to
Ag. On the other hand, the imaginary part does not vary much with Ag. Using the ¢ potentials,
we next calculate the ¢ single-particle energies and absorption widths. We consider the situation
where the ¢ is produced nearly at rest [9]. Then, under this condition, solving the Proca equation
becomes equivalent to solving the Klein-Gordon equation

(=V2+u2+2uV(r) 6 (F) = £29(7), 3.2)

where u is the reduced mass of the ¢—nucleus system in vacuum, and V (r) is given by Eq. (3.1).
The calculated bound state energies (£) and absorption widths (I') [9], which are related to the
complex energy eigenvalue & by E = R&E — u and I' = —23 &, are listed in Table 1 with and
without the imaginary part of the potential. When the imaginary part of the ¢—nucleus potential is
set to zero we see that the ¢ is expected to form bound states with all the nuclei selected. The bound
state energy is obviously dependent on Ag, increasing as Ak increases. Adding the absorptive
part of the potential changes the situation considerably. We note that for the largest value of Ag,
which yields the deepest potentials, the ¢ is expected to form bound states with all the selected
nuclei, including 4He. However, in this case, whether or not the bound states can be observed
experimentally is sensitive to the value of Ag. One also observes that the width of the bound state
is insensitive to the values of Ak for all nuclei. Furthermore, since the so-called dispersive effect
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of the absorptive potential is repulsive, the bound states disappear completely in some cases, even
though they were found when the absorptive part was set to zero. This feature is obvious for the
“He nucleus, making it especially relevant to the future experiments, planned at J-PARC and JLab
using light and medium-heavy nuclei [5, 6].

Ax = 2000 Ax = 3000 Ax = 4000
E TI)2 E T)2 E T/2
;‘,He Is n (-0.8) n n(-1.4) n -1.0(-32) 83

;,ZC Is -2.1(-42) 10.6 -6.4(-7.7) 11.1 | -98(-10.7) 11.2
;,60 Is -4.0(-5.9) 123 | -89(-10.0) 125 |-12.6(-13.4) 124
1p n (n) n n (n) n n (-1.5) n
éOSPb Is | -15.0(-15.5) 174 | -21.1 (-21.4) 16.6 | -25.8 (-26.0) 16.0
Ip | -11.4 (-12.1) 167 | -17.4(-17.8) 16.0 | -21.9(-22.2) 155
1d -6.9(-8.1) 157 | -12.7(-13.4) 152 | -17.1 (-17.6) 14.8
2s -52(-6.6) 15.1 | -109 (-11.7) 14.8 | -15.2(-15.8) 14.5
2p n(-1.9) n -4.8(-6.1) 135 -89(-9.8) 134
2d n (n) n n (-0.7) n 22(37) 119

Table 1: ¢-nucleus single-particle energies E and half widths I'/2, for three values of Ax. When only the
real part of the potential is included, the corresponding single-particle energy E is given in parenthesis and

[N L]

I' =0 for all nuclei. “n” indicates that no bound state is found. All quantities are given in MeV.

4. Summary and discussion

We have calculated the ¢ meson mass and width in nuclear matter within an effective La-
grangian approach. The in-medium kaon masses are calculated in the QMC model, where the
scalar and vector meson mean fields couple directly to the light # and d quarks (antiquarks) in the
K (K) mesons. At normal nuclear matter density we have found a downward shift of the ¢ mass of
a few percent. On the other hand, the decay width has been broadened by an order of magnitude.
We have also calculated the ¢—nucleus bound state energies and absorption widths for various nu-
clei by solving the Klein-Gordon equation with complex potentials. We expect that the ¢ should
form bound states for all four nuclei selected, provided that the ¢ is produced in (nearly) recoilless
kinematics. This feature is even more obvious in the case where the absorptive part of the potential
is ignored. Given the similarity of the binding energies and widths, the signal for the formation of
the ¢—nucleus bound states may be difficult to identify experimentally. Therefore, the feasibility of
observation of the ¢—nucleus bound states needs further investigation, including explicit reaction
cross section estimates.
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