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The 7t A — 7tat A’ reactions were studied on 2H, 2C, *°Ca and
208Ph nuclei at T+ = 283 MeV. Pions were detected in coincidence using
the CHAOS spectrometer. The composite ratio CA between the 77+
invariant masses on nuclei and on the nucleon is presented. Near the 2m,
threshold pion pairs couple to (77);=j—¢ when produced in the
7T — 7t~ reaction channel. There is a marked near-threshold enhance-
ment of C;r“ .— Which is consistent with theoretical predictions addressing
the partial restoration of chiral symmetry in nuclear matter. On the other
hand, nuclear matter only weakly influences C;F“JrﬂJr, which displays a flat
behaviour throughout the energy range regardless of A.

PACS numbers: 25.80.Hp

1. Introduction

The influence of the nuclear medium on the #7 interaction was in-
vestigated at TRIUMF using the pion induced pion-production reactions
nt A — ntrT A" (henceforth labelled 727). The initial study was directed
to the reactions in deuterium, that is, to 7™ n(p) — 777 p(p) and 7 p(n) —
7w tn(n), in order to understand the 727 behaviour on both a neutron and
a proton through quasi-free reactions. The 727 process was then examined
on the complex nuclei 2C, *°Ca and 2°®Pb in order to study possible mm
medium modifications by direct comparison of the 727 data. To ensure the
validity of this approach, the following experimental method was applied.
All the 727 data were taken under the same kinematical conditions. The
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final 77 pairs were detected in coincidence to ensure a reliable identifica-
tion of w27 events. Pion pairs were analysed down to 0° w7 opening angles
to determine the 77 invariant mass at the 2m, threshold. The energy of the
incident pion beam, T+ = 283 MeV, was chosen to enable the investigation
of the mA — wm A’ reaction in the near-threshold region.

Some 727 articles were recently published by the CHAOS collaboration
at TRIUMF. The data highlighted some properties of the in-vacuum znw
interaction [1-3], as well as the in-medium modifications of the 77 interac-
tion [4-6]. The appearance of the CHAOS results have renewed theoretical
interest, which now bases the interpretation of the 727 and n7 data on some
common features:

1. The 7 interaction is strongly influenced and modified by the presence
of the nuclear medium when the 77 interaction occurs in the (77) 7= j—¢
channel, conventionally called the o-channel [7-10].

2. Nuclear matter affects the (wm)—g j—¢ interaction only weakly [9,11].

3. Models which only include standard many-body correlations, #.e. the
P-wave coupling of 7's to p—h and A-h configurations, are able to
explain part of the observed M f+r yield near the 2m, threshold
[7,9,11].

In recent theoretical works on the (77)7—7—¢ interaction in nuclear mat-
ter [12], the effects of standard many-body correlations have been combined
with those derived from the restoration of chiral symmetry in nuclear matter.
The resulting M ;‘ . distributions regain strength near the 2m, threshold
as A (thus the average nuclear density p) increases. Such behaviour was out-
lined in some earlier theoretical works, which demonstrated that the M %4 .
enhancement near threshold is a distinct consequence of the partial restora-
tion of the chiral symmetry at p < p,, the nuclear saturation density [10].

2. The experiment

The experiment was carried out at the TRIUMF Meson Facility. The
M11 pion beam line transported the 282.7 MeV positive pions to the final
focus which was located at the centre of the CHAOS spectrometer. CHAOS
is a magnetic spectrometer which was designed for the detection of multi-
particle events in the medium-energy range [13]. The magnetic field is gen-
erated by a dipole whose pole tip is 66 cm in diameter. There is a 12 cm bore
at the centre for the insertion of targets, which were solid self-supporting
plates of '2C (0.332 g/cm?), 4°Ca (0.180 g/cm?) and 2°8Pb (0.604 g/cm?),
and a vessel for the liquid deuterium (H: 5 ¢cm, ¢: 5 cm). Fig. 1 illustrates a
reconstructed 7TZT" — w71 p event on 2C, and shows the geometrical dispo-
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Fig. 1. Reconstructed particle trajectories in CHAQOS for the 71';" — 7wt 7 preaction
on 12C, the geometrical disposition of the wire chambers (WC), the first level trigger
hardware (CFT) and the magnet return yokes in the corners.

sition of the Wire Chambers (WC), the CHAOS first level trigger hardware
(CFT), and the magnet return yokes in the corners. The CFT hardware
consists of three adjacent cylindrical layers of fast-counting detectors [14].
The first two layers (AE1 and AE2) are NE110 plastic scintillators 0.3 cm
and 1.2 cm thick, respectively. AFE1 is 72 cm from the magnet centre and
spans a zenithal angle of +7°; thus, it defines the geometrical solid angle
of CHAOS {2 = 1.5 sr. The third layer is a SF5 lead-glass 12.5 cm thick,
about 5 radiation lengths, which is used as a Cerenkov counter. For the
pion-production experiment, the CHAOS momentum resolution is ~ 4% (o)
for 130 MeV/c pions. The field (0.5 T) and the energy deposited by the
particles emerging from the target in the WC’s and AF1 media determined
the CHAOS threshold, which was 57 MeV /c for pions. The CHAOS accep-
tance is irregular in the (pr, ©;) plane due to the finite segmentation of the
CFT, the two missing CFT segments, and the pion decays inside CHAOS.
All these sources of non-uniformity were accounted for by assigning a weight
to each m — mm event. The weights were determined using GEANT Monte
Carlo simulations, as described in more detail in Ref. [1].

In the case of pion-production studies, pions must be selectively sepa-
rated from other reaction byproducts, essentially from e,p and d, because
o4, is from 2 to 3 orders of magnitude lower than the cross section of other

27T
competing reactions, as for instance, the quasi-elastic scattering and the
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pion absorption processes. For the single charge exchange, the background
arises from the 7° — vy decay followed by the «y conversion v — ete™. In
this case the eTe™ pair may emulate a 777 pair. Particles were identified
by combining the information provided by WC’s (particle momentum and
polarity) and CFT’s (pulse heights). For reactions with protons (deuterons)
in the final state, i.e. ges and abs, the particle separation was easily achieved
through the different response function of AE1 and AFE2 to «’s and p’s (d’s).
However, the same method of particle separation could not successfully be
applied to 7’s and e’s for momenta exceeding 140 MeV /c. Thus, Cerenkov
counters were used. These counters were capable of separating 7’s from e’s
with an efficiency of about 98% for particle momenta below 210 MeV /¢ [14]
Fig. 11. Finally, the m to p and e discrimination turned out to be 100%
when the following soft kinematic cuts were applied to particle momenta
and angles:

— Protons which passed the pion PH test were definitively rejected by
restricting their momenta below 210 MeV /¢, the maximum momentum
available to pions.

— Electron pairs, which might emulate 77~ pairs, appeared with open-
ing angles < 2°. Therefore a 2° cut was applied during the analysis.

3. Models of the w27 reaction and the 7= interaction
in the nuclear medium

Fig.2. Diagrams depicting a) the P-wave coupling of pions to p—h and A—h corre-
lated states and b) the S-wave coupling of ¢ to the nuclear medium.

Before discussing the data and the comparison with the available models
for both the 727 reaction and the behaviour of a 77 interacting system in
nuclear matter, some details of the models are presented below.
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(1) M1: In order to understand the main features of medium modification
on the nm interacting system [11], the pion-production reaction on nuclei
is modelled by means of the two leading reactions: (i) one-pion exchange
7t N — 77t N, which contributes to both the isoscalar and isotensor chan-
nels, and (4i) N* excitation 7+ N — N* — N(n7m);=j—o. The in-vacuum
7 interaction is accounted for by the chirally-improved Jiilich model [15].
The S-wave wr (final state) interaction is modified in the nuclear medium
through standard renormalization of the pion progagator (see Fig. 2(a))
which determines the following: in the 77~ channel, the isoscalar wm am-
plitude is strongly reshaped which finally provides the near-threshold M +,-
enhancement observed in the CHAOS data; in the 777+ channel, the nu-
clear density has little effect on the pure isotensor w7 amplitude. In order to
have a realistic comparison with the CHAOS results, the model deals with
Fermi motion and pion absorption although using approximate approaches,
and calculates the many-fold differential cross sections by accounting for the
CHAOS acceptance.

(2) M2: The effort in Ref. [9] is to model the 77 A — 7+7T A’ reaction
through a microscopic description of the elementary # N — wwN reaction
and a detailed study of the production reaction in nuclei. The elementary
pion-production reaction relies on five Feynmann diagrams, which have N’s,
A’s and N*’s as intermediate isobars. The relative scattering amplitudes
are derived from chiral lagrangian. The purely mesonic 7 amplitude is cal-
culated by means of the coupled-channel Bethe-Salpeter equation. In the
nuclear medium, the (77)7—7—¢ interaction is strongly modified due to the
coupling of pions to p—h and A-h excitations. This results in a displace-
ment of the Im T, strength toward the 2m, threshold as the nuclear density
increases. Conversely, the nuclear medium weakly affects the (77)r—2 =0
interaction. The model includes several nuclear effects: Fermi motion, Pauli
blocking, pion absorption and quasi-elastic scattering. The w27 process is
found to occur at a mean nuclear density p =0.24p,, [16]. Finally, the model
employs a Monte Carlo technique to generate and propagate w27 events,
thus their phase space can easily accommodate the CHAOS acceptance.
(3) M3: The work of Ref. [10] aims at studing the possibility of the o-meson
identification in nuclear matter, where the elusive particle might be detected
as a consequence of the partial restoration of chiral symmetry. Due to the
strong interaction of ¢ with the nuclear medium, the description of the o
properties in terms of parameters like m, and I, appears inadequate, and
a proper observable becomes the o spectral function. By using a simple but
general approach, [10] proves that in the proximity of the 2m, threshold the
partial restoration of the chiral symmetry implies that the o spectral func-
tion strength enhances as the o total energy approaches 2m,. In order to
render this general finding more quantitative, the theory uses the SU(2) lin-
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ear sigma model, with the mean field correction in nuclear matter accounted
for only by the leading diagram sketched in Fig. 2(b).

(4) M4: This work [12] studies the (77)7=j=¢ interaction in nuclear matter
by constructing a microscopic theory for both the o-meson propagator (D)
and the mm T—matrices in the framework of the linear sigma model. In-
medium pions are renormalized through their P-wave coupling to correlated
p-h and A-h states (Fig. 2(a)). Bare sigmas, of the linear sigma model,
are coupled to the nuclear medium via the diagram sketched in Fig. 2(b).
The P-wave renormalization of sigmas leads to a downward shifts of the o
mass, which ultimately produces a strong enhancement of the o-meson mass
distribution (i.e. Im D,) around the 2m, threshold. This enhancement is
further increased by a factor of 2 to 3 by the S-wave renormalization of
the bare o-meson mass (i.e. by the partial restoration of chiral symmetry),
which presents a similar behavior near the 2m, threshold.

4. Results of the m — @@ reaction in nuclei

A general property of the w27 process on nuclei in the low-energy M,
regime was outlined by previous experimental works: it is a quasi-free pro-
cess both when it occurs on deuterium [17] and on complex nuclei [5]. Fur-
thermore, a common reaction mechanism underlies the process whether it oc-
curs on a nucleon or a nucleus [6]. Thus the study of the 7+ 2H — 77t NN
reaction is dynamically equivalent to studying the elementary m#*n — 7T 77 p
and 7tp — 777 n reactions separately.

4.1. The 7 invariant mass

Fig. 3 shows the single differential cross sections (diamonds) as a func-
tion of the wm invariant mass (M, MeV) for the two reaction channels
77 — ntr~ and 7T — 77wt . Horizontal error bars are not indicated since
they lie within symbols. The 7A — 7w N[A — 1] phase space simulations
(dotted histograms) are also shown, and are normalized to the same area
as the experimental distributions. Regardless of the nuclear mass number,
the invariant mass distributions for the 7+ — 777" channel closely follow
phase space, and the energy maximum increases with increasing A, that
is, with increasing nuclear Fermi momentum. The 77 — 777~ channel
displays a different behaviour. Compared to phase space, the 2H invariant
mass displays little strength from 2m, to 310 MeV, while, in the same en-
ergy interval, the 12C, °Ca and 2*Pb 77~ invariant mass distributions
increasingly peak as A increases. In order to explain the nature of the reac-
tion mechanism contributing to the peak structure, it was useful to examine
cosOCM distributions (not shown) for those events with invariant masses
2my; < M, +,- < 310 MeV. A partial wave expansion limited to the three
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Fig.3. Invariant mass distributions (diamonds) for the 7+ — 7#F7~ and 7+ —
atrT reactions on 2H, 12C, 4°Ca and 2°°Ph. The shaded regions represent the re-
sults of phase-space simulations for the pion-production reaction 7A —wwN[A — 1].

lowest waves, i.e. S, P and D was used to best-fit the @M distributions.
For all the nuclei studied x? < 1 which indicates that a proper number of
waves was used in the expansion. In the case of heavier nuclei, the 77—
system predominantly couples in S-wave ~ 95% (or £ = 0) and a remaining
5% is spent in a D-wave (¢ = 2) state. Furthermore, within the sensitivity
of the x2-method, any P-wave (£ = 1) coupling of the two pions is excluded.

The results of two recent theoretical works, M1 [11] and M2 [9], which
have modelled the 727 reaction on nuclei, are reported in Fig. 4. The (short
and long) dashed lines denote the M1 calculations while the M2 predictions
are shown as full lines. In the case of Ca, R1 (R2) indicates the M1 predic-
tions for p=0.7p, (p=0.5p,), while V1 is the result of the M2 calculations
for a mean p=0.24p,,. For the purpose of the present discussion, the curves in
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Fig. 4 are normalized to the experimental data. For the 77 — 777 chan-
nel, the R1 and R2 distributions differ slightly from each other. The R1
distribution is broader, due to the larger nuclear Fermi momentum, which
is a consequence of the higher nuclear density used [11]. The lower p used
for R1 seems to describe the measured distribution better. This trend is
also supported by V1 whose M2 predictions agree well with the invariant
mass distributions. Therefore, both M1 and M2 indicate that the average
nuclear density of 4°Ca for which the production reaction takes place can-
not exceed 0.5p,. In the 7t — 777~ channel the distribution predicted
by M2 for 2H is able to describe the data, thus placing the construction
of nuclear medium effects on reliable grounds. The M2 approach to 4°Ca
includes Fermi motion, pion absorption, pion quasi-elastic scattering, and
(m7)7=7=0 medium modifications. Nevertheless, the model is unable to re-
produce the observed M, strength in the near threshold region. An increase
of p from 0.24p,, to 0.5p, and to 0.7p, is unlikely to improve the agreement
with the experimental cross section, see also Fig. 9 of Ref. [9]. In the case
of M1, the R2 prediction (0.5p,) seems to reproduce the M, distribution
better, although some of the near-threshold yield already comes from the
7T ?2H — w7 pp production. The model, in fact, overestimates the cross

+ - + o+
a - T 717 v - 17T

5 \ \ \ \ \ \ 7.5

60 | Vi 6.0
—~
> 45 FR2 4.5
)]
= 30| B 3.0
E 15 | . 15
3 . 3
= o0 N 0.0

£ 8 L 08
=

= 6! 1t los
o
W 4 1 4 L 10.4
)
= 2 _ 1t Jo2

0 Lotvet Lee P A ‘ $4.4440.0

260 300 340 380 420 260 300 340 380 420

M (MeV)
T

Fig.4. Invariant mass distributions (diamonds) for the 77 — 7t7~ and 7+ —
ntrt reactions on 2H and *°Ca. The dashed curves are taken from Ref. [11] and
the model is explained in M1, R1 and R2 are the results for 0.7p, and 0.5p,,
respectively. The full curves (V1) are from the theoretical work of Ref. [9] M2
with a mean p = 0.24p,. The curves are normalized to the experimental data.



Scalar Meson Pairs in Nuclei, Experimental Results 2653

section at low invariant masses whose amount is shown in Fig. 4. The R1
solution (0.7py) provides the correct M, near-threshold intensity but does
not describe the remaining part of the distribution very well. Therefore, V1,
R1 and R2 suggest that the missing M +,- strength near the 2m, threshold
should be searched for in a stronger p-dependence of the (w7);—;—¢ inter-
action, rather than by requiring the pion-production process to occur in an
unlikely high-density nuclear environment.

4.2. The C2_ ratio

In this paragraph the observable CZ_is presented in comparison with re-

A N
cent theoretical predictions. wa is defined as the composite ratio %’,ﬁ ]\j]“\,“ ,
T T

where 04t (od) is the measured total cross section of the m2m process in nu-

clei (nucleon). This observable has the property of yielding the net effect
of nuclear matter on the (m7m);—j—¢ interacting system regardless of the
727 reaction mechanism used to produce the pion pair [6]. Therefore, C2_
can be compared not only with the M1 and M2 predictions which explic-
itly calculate both M<? and M;}TI, but also with the theories described in
M3 and M4 because they calculate the mass distribution of an interact-
ing (wm)r=y=o system (i.e. Im D) both in vacuum and in nuclear matter.
Since the calculations are reported either in arbitrary units [9,11] or in units
which are complex to scale [10,12], theoretical predictions are normalized
to the experimental distributions at My, = 350 & 10 MeV, where the C4_
distribution is flat.
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Fig. 5. The composite ratios C2, for 2C, “°Ca and 2°*Pb. The curves are taken from [9]
(full) and the model is described in M2, [10] (dash-dotted) M3, [11] (dotted) M1 and [12]
(dashed) M4. Further details are reported in the text.
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For both reaction channels, the full [9] and dotted [11] curves in Fig. 5
are obtained by simply dividing M2/ Mfr,lf It is worthwhile recalling that
for [11] the option p = 0.5p, is used while for [9] p = 0.24p,,. Furthermore,
for both approaches the underlying medium effect is the P-wave coupling of
7m's to p—h and A-h configurations, which accounts for the near-threshold
enhancement. When applied to the C$2, both M1 and M2 predict the same
result, which describes the behaviour of Cgﬁ_ fairly well throughout most of
the M, energy range, but only reproduces a small part of the near-threshold
strength for C{2 . M3 [10] and M4 [12] examine the medium modifications
on the scalar-isoscalar meson, the o-meson. Nuclear matter is assumed to
partially restore chiral symmetry, and consequently m, is assumed to vary
with p. The variation is parametrised as 1 — p(p/pp), where is p = 0.2 and
p = pn. The choice p—p,, may result appropriate for 2°8Pb but it is not for
medium (i.e. 4°Ca) and light (i.e. '2C) nuclei. In Fig. 5 the predictions
of M3 and M4 are shown as the dash-dotted curves and dashed curves,
respectively. M4 predicts a larger near-threshold strength, which is due to
the combined contributions of the in-medium P-wave coupling of pions to p-
h and A-h configurations, and to the partial restoration of chiral symmetry
in nuclear matter. These two models, however, are still too schematic for a
conclusive comparison to the present data, and full theoretical calculations
are called for.

5. Existing 727 results

Novel 727 results [18] were recently presented by the Crystal Ball (CB)
Collaboration at the AGS. The =~ A — 7°7°A’ production reaction was
studied on H, '2C, 2"Al and %*Cu at T,- = 291.6 and 623.3 MeV. The
figures presented in Ref. [18], however, are only for the results obtained at the
higher energy. The M4 _./MS . ratio in Ref. [18] has marked similarities
to the observable C;‘r‘+7r_. Namely, the two ratios are flat at around 400 MeV
invariant mass but increase as M, approaches the 2m, threshold, and, near
threshold, both ratios increase as A increases. Unlike the CHAOS data, the
invariant mass distributions in [18] show no evidence of a peak at the 2m,
threshold. However, the CB and CHAOS spectra do share relevant features:
they both have meager M, strength near threshold for H (2H for CHAOS),
and show a dramatic increase of strength with increasing A.
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6. Conclusions

In this article the results of an exclusive measurement of the 7+ A4 —
ntrt A’ reactions on 2H, 12C, 4°Ca, and 2°Pb, at an incident pion energy
T.+ = 283 MeV, were presented. The primary interest was directed to the
study of the mw-dynamics in nuclear matter.

C2 . was found to yield the net effect of nuclear matter on the 77 system
regardless of the 727 reaction mechanism used to produce the pion pair.
These distributions display a marked dependence on the charge state of the
final pions. The C;‘ .- distributions peak at 2m, and their yield increases
as A increases, thus indicating that pion pairs form a strongly interacting
system. Furthermore, the 77 system couples to I = J = 0, the o-meson
channel. In the 7t — 77t channel, the CZ, distributions show little
dependence on either A or T, thus indicating that nuclear matter only weakly
affects the (7m)s j=2,0 interaction. The C;f+r observable was compared with
theories which included the (7w7);— —¢ in-medium modifications associated
with the partial restoration of chiral symmetry in nuclear matter, and with
model calculations which only included standard many-body correlations,
i.e. the P-wave coupling of 7’s to p—h and A—h configurations. It was found
that both mechanisms are necessary to interpret the data.

Monte Carlo simulations of the 7+ 4 — 7t 7T N[A — 1] reaction phase
space proved useful in the interpretation of some of the 727 data. In the
case of M 4.+, the distribution of 77T pairs follows phase space. For
the M, +,- distributions, the 77 dynamics overwhelms the dipion kinemat-
ics. Unlike the phase space simulations, the near-threshold 77~ yield is
suppressed in the elementary production reaction, 7t ?H — ntax pp in
the present work, while, in the same energy range, medium modifications
strongly enhance M +,-. Any interpretation of the shape of the M;r4+7ri (or
C;?hri) distributions should combine the effects of the restoration of chiral
symmetry in nuclear matter, and standard many-body correlations. Such an
approach would not require a high-density nuclear medium to obtain strong
7w medium modification in the proximity of the 2m, threshold. The results
of the present measurement were compared with results from the Crystal
Ball Collaboration at the BNL, which are the only relevant ones available.
The exclusive 727 CB measurement independently confirms that the nuclear
medium strongly influences the w7 interaction in the I = J = 0 channel.
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