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Abstract. The ππ interaction in the scalar isoscalar channel is studied as a function of the baryonic density
in the framework of a chiral unitary approach which successfully reproduces vacuum π-π phase shifts. We
present some results on the σ-meson pole, which is generated dynamically in our model, in nuclear matter.
Finally, we analyze the (γ, ππ) reaction on nucleons and nuclei in the kinematical region where the scalar
isoscalar ππ scattering amplitude is influenced by the low mass of the σ in nuclei, and thus, presents a
large enhancement close to the position of its pole. Indeed, we find, that the final-state interaction of the
pions modified by the nuclear medium produces a large shift of strength of the two-pion invariant-mass
distribution in the (γ, π0π0) channel consistent with recent experimental data.

PACS. 14.40.-n Properties of specific particles: Mesons – 25.20.-x Photonuclear reactions – 21.65.+f
Nuclear matter

1 Introduction

In the past years, much effort has been devoted to the
study of the ππ scattering amplitude in nuclei and its
possible experimental signals, like the enhancement of the
ππ invariant-mass distributions close to the ππ threshold,
seen in the experiments of pion-induced two-pion produc-
tion in nuclei [1], and the large strength shift found in the
(π, π0π0) process [2].

The idea of strong threshold effects due to the ππ in-
teraction in a dense nuclear medium was first suggested in
ref. [3]. These effects would show up in the scalar-isoscalar
—σ— channel and could be interpreted as due to a drop
of the σ mass in nuclear matter. Later works, paying at-
tention to the chiral constraints of the ππ amplitude and
trying to use realistic potentials, found indeed an appre-
ciable enhancement of the ππ scattering amplitude close
to threshold [4–7].

These theoretical ππ scattering amplitudes in the nu-
clear medium have been used in the analysis of the (π, ππ)
reactions in nuclei [8–10]. Although the modifications of
the ππ invariant-mass distributions produced by the ππ
scattering go in the right direction, the calculations have
not been successful in fully reproducing the medium ef-
fects found in the experiment. A much better agreement
has been obtained in the case of the (γ, ππ) reaction [11,
12], which has the obvious advantage of exploring higher
nuclear densities. Additionally, the N(γ, ππ)N scattering
amplitude is simpler and does not have the strong inter-
ference between different mechanisms that occurs in the
elementary πN → (ππ)I=0N reaction.
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Fig. 1. Terms of the meson-meson scattering amplitude ac-
counting for ph and ∆h excitation.

In this paper, we will present briefly our results on the
in-medium ππ interaction in the s-wave, I = 0 channel.
We will consider the σ pole dependence on the nuclear
density and finally, we will discuss the experimental sig-
nature of these medium effects in the (γ, ππ) reaction.

2 σ-meson in the medium

2.1 ππ interaction and the σ pole

The pion pion interaction in nuclear matter has been cal-
culated in the framework of a chiral unitary approach
which generates the f0- and σ-resonances and repro-
duces well the meson-meson phase shifts in vacuum. The
pions undergo multiple scattering which is accounted for
by means of the Bethe-Salpeter equation,

T = V + V GππT, (1)

where V is given by the lowest-order chiral amplitude for
ππ → ππ in s-wave and I = 0, and Gππ is the loop
function of the two-pion propagators properly renormal-
ized. The nuclear medium effects are basically driven by
the attractive p-wave pion self-energy, represented by the
particle-hole bubbles in fig. 1, and are incorporated by
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Fig. 2. σ mass and half-width as a function of the density.
Dashed lines include also the 2ph pion self-energy pieces.
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Fig. 3. Imaginary part of the ππ scattering amplitude at sev-
eral densities.

modifying the pion propagators and including new pieces
in the Bethe-Salpeter equation. Some of these pieces are
shown in fig. 1. Full details of the calculation can be found
in refs. [6] and [13].

In fig. 2, we present our results for the σ mass and its
width as a function of the baryon density [13]. We find that
both mass and width decrease as the density increases,
reaching a mass around 250 MeV and a similar width at
1.5 times the nuclear density. Even at intermediate densi-
ties the σ pole is close to the 2π threshold. The influence of
this pole is clear over the real energy axis and produces a
peak in the ππ scattering amplitude at low energies as can
be seen in fig. 3. The accumulation of strength depends
quite strongly on the density, and therefore one should not
expect any dramatic enhancement in peripheral reactions
like A(π, ππ)X.

2.2 The A(γ, ππ)X reaction

In contrast with the (π, ππ) reactions, the photon beam
is not strongly distorted, and two-pion photoproduction
probes deeper regions of the nuclei. For the elementary

+ + +  . . .

Fig. 4. Diagrammatic series for pion final-state interaction in
I = 0.

(γ, ππ) reaction we follow the model of ref. [14] which
couples the photons to mesons, nucleons and the reso-
nances ∆(1232), N∗(1440), N∗(1520) and ∆(1700). This
model reproduces all the charge channels at low energies
well. Final-state interaction of the πN system is accounted
for by means of the explicit use of resonances with their
widths.

The two final pions undergo multiple scattering which
can be accounted for by means of the Bethe-Salpeter equa-
tion as shown diagrammatically in fig. 4.

The two-pion final-state interaction is incorporated in
the I = 0 part of the (γ, ππ) amplitude by factorizing the
on-shell tree level γN → ππN and ππ → ππ amplitudes
in the loop functions:

T Iππ=0
(γ,π0π0) −→ T Iππ=0

(γ,π0π0)

(
1 + GππtI=0

ππ (MI)
)
, (2)

where Gππ is the loop function of the two-pion propaga-
tors, which appears in the Bethe-Salpeter equation, and
T I=0

ππ is the ππ scattering matrix in isospin I = 0, taken
from ref. [6].

In fig. 5, we can see the results for the invariant-mass
distribution of the two pions for hydrogen, 12C and 208Pb.
Apart from the in-medium ππ interaction, other nuclear
effects like the nucleons Fermi motion and Pauli blocking
and the final pion distortion (absorption + quasielastic
scattering) have been included in the calculation. That
these other effects are well under control can be seen
in the right panels showing the reactions (γ, π+π0) and
(γ, π−π0). In this case the two pions have isospin one or
two and therefore interact weakly at these low energies.
Our calculation incorporating the elementary γN → ππN
and the quoted trivial nuclear effects agrees well with the
experiment.

On the other hand, as one can see in the figure, there
is an appreciable shift of strength to the low invariant-
mass region due to the in medium ππ interaction in the
π0π0 channel. Whereas in hydrogen the distribution peaks
around 340 MeV, in nuclei the peak moves towards the
2π threshold. This shift is also well reproduced by our
calculation.

These results show a clear signature of the modified
ππ interaction in the medium. The fact that the photons
are not distorted has certainly an advantage over the pion-
induced reactions and allows one to see inner parts of the
nucleus. In this sense, it is worth noting that, from our
calculations, we can determine the average nuclear density
felt by the reaction which turns out to be 35% and 65% of
the normal nuclear density for 12C and 208Pb, respectively.

Although we have been mostly discussing this reaction
in terms of the ππ interaction in the nuclear medium, its
relation to the modification of the σ-meson in the medium
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Fig. 5. 2π invariant-mass distribution for the (γ, ππ) reaction
in hydrogen, 12C and 208Pb. Solid lines: full model including
medium final ππ interaction. Dashed lines: idem using vacuum
ππ interaction. Experimental data from [11].

is clear. We have mentioned that the reason for the shift of
strength to lower invariant masses in the mass distribution
is due to the accumulated strength in the scalar isoscalar
ππ amplitude in the medium. Yet, this strength is mostly
governed by the presence of the σ pole.

3 Conclusions

Present experimental data on both (π, 2π) and (γ, 2π) pro-
cesses seem to confirm the importance of the 2π final state
interaction in the scalar-isoscalar —“σ”— channel. In our
approach, which is based on a conventional many-body

expansion beginning with the standard chiral La-
grangians, the σ-meson both in the free space and in the
nucleus is generated dynamically. Studying the evolution
of the σ poles as a function of the nuclear density we find
that the pole position of the σ moves to smaller energies
as the density increases and produces as a consequence
some accumulation of strength in the ππ interaction close
to threshold.

Using this model, we are able to reproduce the exper-
imental results of the (γ, 2π) reaction from hydrogen to
lead. Given that the (π, 2π) reaction is more peripheral,
and therefore sensitive to lower densities we expect the
effects of the final-state interaction to be smaller in this
case, what calls for some additional mechanism that could
explain the large enhancements found experimentally.
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