PHYSICAL REVIEW C, VOLUME 60, 018201

7r7r pairs in nuclei and the oo meson
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In-medium pion-pion correlations were studied via their effect on experimental observables measured for the
m"— 7t 7* reaction in nuclei A: 1°C, °Ca, and?%®Pb) and in deuterium, from which it is inferred the
observables for the nucleo™N( n andp). The measurements were performed at TRIUMF using a positive-
pion flux with a bombarding energy of 283 MeV. Ther invariant mass distribution®! ... were measured
from the 2m,, threshold up to the kinematic maximum, and total cross sectigrdeduced. Therm medium
modifications were investigated by forming the composite r@fig= (M2 _/a7)/(M" _/a¥) which proved to
be only weakly affected by then(,27) reaction mechanism. In tHe=J=0 channel thecf”, distributions are
peaked at the &, threshold and increases with For pion pairs in thd =2, J=0 channel the:f\m distri-
butions are nearly independentAf The distinctive behavior ottfm may be related to the appearance of the
o meson[S0556-28139)00707-4

PACS numbegps): 25.80.Hp, 13.75.Lb

The o intera+cti0n in+ nuclei was studied at TRIUMF by T2: The intensity of therm mass distribution around the
means of them"A—m " 7~A" (m,2m) reactions, which 2m_ threshold depends markedly gn The intensity in-
were measured simultaneously. Although the measuregioases as the average nuclear density increases.

«* 7" invariant mass distributions! .+ .+ exhibited little A T3: The enhancement of tHd . distribution around
N m T

dependence, the same distributions in $hel =0 channel : ) . -
M+, increased in strength near then? threshold with itrSGIéSn%?:tlae“inEd forp<<py, that is, for nuclear densities of

increasing nuclear mass numizefl]. It was further realized . . .
that this increase was not due to the reaction mechanism 14: In spite of the fact that all the models use quite dif-
since the quasifree nature of the interaction mechanism i¢rent approaches, they all find that the accumulation of
independent ofA [2], and the elementaryr ' n— =t p  strength around ther2, threshold is due to ther(m), ;-
reaction has ar* 7~ invariant mass distribution of negli- interacting system.

gible intensity near thresholfB]. A similar behavior was The broad mass distribution predicted by various models
presented in an earlier article describing e+ - distri-  for the o meson I’ ,~500 MeV, indicates that it is a short-
bution as a function of [4], although in that experiment the lived resonance with a lifetime~10 2% s, which is on the
apparatus was only able to detegtr pairs with M+ - time scale of strong interactions. This large width of the
>300 MeV. prevents a direct measurement of its invariant mass distribu-

These experimental results inspired a number of theoretition over a nonresonant background. Thus, éhewhich is
cal works[5-7] which addressed the issue of the influence ofresponsible for the midrange nucleon-nucleon attraction, is
the nuclear medium on then(r),- ;- properties, a topic commonly treated as affectivemeson. That is, as a system
extensively studied for vector mesons. All the models satisfyof two pions coupled to thé=J=0 channel but not neces-
chiral constraints, and predict some common features, whichkarily bound. This can be contrasted with the case of the

for convenience of discussion are labeled strongly decayingp meson, which has a width of’,
T1: The mass distribution of thew system ap=0 (i.e., = =150.7 MeV (',~3I',), and is usually regarded as a real

in the vacuum appears as a broad peak with a width particle. For the 4,27) reaction, the observation of two

~500 MeV [5-8] while for 0<p=<p,, where p, pions in theJ=1=0 channel does not necessarily infer the

=0.17 fm 3 (the saturation densitythe mass distribution existence of a scalar-isoscalar resonafite o meson,
splits into two branchelb—7]. The low energy branch peaks since it is not possible to exclude a direct, nonresonant, con-
at, or even below, ther,, threshold. tribution to thew " n— 7" 7w~ p reaction. Therefore, only the
detection of a peak in the# invariant mass distributiofor
in a quantity related to jtover a continuous background
*Corresponding author. Electronic address: Grion@ts.INFN.it would indicate the presence of a resonance patrticle.
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TABLE I. Measured total cross sections for the pion-production reaction at an incident pion energy of 283
MeV, and their comparison with other available experimental data. The notatipnsando; * refer to the
measured cross sections for the =77~ and #*—# 7" channels, respectively. The quantitibs
accounts for the depletion of the outgoing 7= flux due to nuclear absorption.

Nucleus o1 (mb) o1t (ub) T.(MeV) oi 1ot fabs
2H 0.360+0.036[3] 41.4+4.3[3] 283 8.7-0.9 1.00
2c 1.69+0.20 196+24 283 8.6+1.0 1.33
%0 2.25+0.35[17] 280 1.41
“Cca 4.19-0.59 43661 283 9.61.1 1.88
208ppa 6.48+0.91 50170 283 9716 3.37

8.7+2.2[11] 280 3.37

3For this nucleus the ratiof ~/oF *

is divided for the quantity /Z)?" since 2°%Pb is aN+Z nucleus.

“The new results that will be presented in this article along  E3: The kinetic energy of the detected pion pairs is rather
with those of theM .+ distributions in nucle{1,4], pre-  unaffected by final-state interactions with the residual
vious results of th€,2m) reaction in nucle{2] and a re- pycleus.
cent study of the’H(m",7"7*)NN reaction atT,+ E4: Near the 2, thresholdz* 7~ and#* 7" pion pairs

=283 MeV[3] should yield significant experiment_al giiid- havel =J=0 andl = 2,J=0 quantum numbers, respectively.
ance toward the und_erstanding of ther dynamics in The total cross sectionsrf) of the 7t A— 7t A’ re-
nuclear matter and, ultimately, on the nature oféheneson.  ,qtions which were measured in the present experiment are

The data were collected on the M11 channel at TRIUMFjiseq in Table 1, along with some total cross sections mea-
using the CHAOS spectrometg®]. CHAOS is composed
of four cylindrical wire chambers surrounded by a ring of 20
telescopes which are employed to mass-identify charge
particles €, ,p,d) and to deliver the first level trigger. Each
telescope consists of two layers of plastic scintillators
followed by one layer of lead-glass for Cerenkov light de- abs abs . o
tection. Particle detection with CHAOS is limited to NUCIEUSTA™=0a/o™, wherey is the intrinsic total cross
+7° from the horizontal plane but allows for a solid angle Section of themA—mmA’ reaction, andoa™ is th;abstotal
coverage of up to~1 sr. Particle kinetic energies were Cross section after pion absorption. Baifs and o'y™ are
maximum (FWHM)]. The 283 MeV incident positive theor's andof /o7 are not corrected fof 3. The re-
pions were selected with a kinetic energy spread\@/T  sults listed in Table I lead to the following experimental
~3% (FWHM). The targets employed were solid self- points.
supporting foils for'2C(0.332 g/crf), “°Ca(0.180 g/crfy, E5: The value of the ratiary /o7 " is fairly constant
and 2°%b(0.604 g/crf), and liquid for ?H which was con-  with A and its mean value is 9410.6. For the elementary
tained in a cylindrical vessel of 5 cm in diameter by 5 cm in7WN— 77N reaction the ratio is 790.8. This was calcu-
height. The targets were accommodated in the central vertlated by averaging the total cross-section values listed in the
cal axis of the magnet. The number of events analyzed fodatabase of Ref13] and the results of a recent measurement
each of the solid targets was about 3000 for thé [14]. The cross sections considered were those included in
— a7~ channel and about 400 for thet — 7" 7+ chan- the energy interval AT/T~3% (FWHM) with T
nel, while for the deuterium the number of events was abouts283 MeV. The values of the two ratios are the same
12000 and 1500, respectively. A comprehensive discussiowithin the error bars thus implying that a common reaction
of the experimental apparatus and data analysis are given inechanism underlies ther(27) process whether it occurs
Refs.[9,10]. on a nucleon or a nucleus.

Comprehensive discussions of the features of #ieA E6: A significant fraction of the 4,27) reaction strength
—at 7= A’ reaction at an incident pion energy of 283 MeV is lost because of pion nuclear absorption. The loss of flux
were highlighted in previous articldd—4,11. Those fea- can be expressed in terms of a mean free paffivia the
tures which are most useful for the present discussion arelationfibs: exp(a/A®Y, wherel , is the overallr 7 propa-
labeled a<i in the following summary. gation length before pion absorption. In the case?%Pb

E1: The (,27) reaction on nuclei is a quasifree process.outgoing pions have an average kinetic energy of about 35
From the deuterium data it was learned the dynamics of thleV [4] which corresponds to a?’~6 fm [8,15]. Pion
pion-production on a neutron and on a proton,’n pairs can thus propagate a distancelgic7 fm in the

sured in earlier experiments. Also given in Table | are the
ratios of the measured total cross sectioas (/o7 ), and

e quantityfa® which predicts the decrease in the mea-
sured @r,27) cross sections due to nuclear absorption of the
produced pions during their passage through the residual

—a o p,and7 p—atain. nuclear interior before being absorbed. It should be pointed
E2: The (7,27) reaction occurs primarily at the nuclear out that pion absorption does not affect the shapes of the
surface. measuredrr invariant mass distributions since it only re-
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TABLE 1l. Corrected total cross sections for the" — 7" 7~ 10
channel and ratios between total cross sections. See text for more 4 -
details. s | m > |

7: Pb

Nucleus &+~ (mb) R~ (A—2)%° Rx~ - I: Ca
2H 0.36+0.04 1.0 1.0 1.0 < ¢ §: C
¢ 2.3+0.3 6.4-1.0 3.30 1.90.3 ©
160 32605  8.9-17 4.00 2204 4r i
40ca 7.9-1.1 21.9-3.8 7.37 3.605 I 1
208y 22.1-3.0  61.4-10.1 25.14 2404 2+ g .

L Hrasauast |
moves pion pairs from the outgoing flux, and the removal 260 300 340 380
rate is fairly flat at pion kinetic energies below 80 Mg15]. M (MeV)
Similarly, the mean free path for pion inelastic scattering T

(i.e., TA— ' A) exceeds 10 fm at pion energies around 35 FIG. 1. CA_= MA_/MP_ the bin-by-bin ratio ofrar invari-

MeV [15], and can thus safely be neglected. Othex reac- ant mass digtq;ibutiogg forwtﬁe two reactions A— w7 A’ and

tion channels have a negligible impact on e, shapes. m*p—mtatn, as a function of thevl . energy. The nucleiA)

As a result, therr invariant mass distributions are likely t0 gxamined areH (which plays the role of a protom), 1°C (open

retain their intrinsic shapes. Such a medium transparency t@amonds, “°Ca (full triangles, and 2°%Pb (open squarés

Trar pairs is also supported by the experimental findings sum-

marized inE3. dent energies between 230 and about 300 M&¥]. The
The measured total cross sections corrected for nuclealize of this effect was lately confirmed by a measurement of

absorption,ETzfibsx o, are given for ther" — ot 7~ the (mr,27) reaction of®O atT,+=280 MeV[17], and the

and 7" — 77" reaction channels in Tables Il and I, re- effect is known as théinding of the pions.

spectively. These tables also list the ratRys, which are the In order to focus on the medium modifications ofr

values of theor's measured for nuclei divided by; mea- ~ Properties, thf behavior of the obs.ervaé.,, was exam-
sured for deuterium. It was expecteBlq and Ref[16]) that ~ ined, whereC?_is defined as the bin-by-bin ratio between
RY~ would increase asA—2)?3 andR: " asz?3 As can Mh, and MU MAN=M2N1602™ and 7™ is the
be seen in Tables Il and Ill, this is not the case. The lasfNéasured total cross section for the2m) process imnuclei
column in Table Il gives the rati®; ~ betweenR- ~ and (nucleor).. Th.e Qeqtgrlum data for potM ™ e}nd.UT was
(A—2)?3 Similarly, the last column in Table IIIUIists the used, which is justified by the experimental findigd. The

ey " 2/3 L composite ratioC% is calculated for the range from the
ratio R, * betweenR- " and Z“*. The uncertainties in the

T

2m_, threshold to about 370 MeV, the upper limit being im-

cross sections and the relative ratios were evaluated by a8osed by the kinematics of theN— N reaction[3]. The
suming the(model CEEDEHdehDaramete'faAbsto beerrorfree.  featureES ensures tha€?%, is fairly unconstrained by the

. 4 _ D T
The ratiosR, ~=R; /(A=2)?*®andR, "=R; "/Z*°vary  (z,21r) reaction mechanism. Furthermore{*™’s are nor-
between 2 and 3 for all nuclei studied. This point is in quan-malized toc4™")’s thus the observablg” _is independent of
titative agreement with the prediction of a theoretical workthe varying number of scattering centers available in nuclei.
[12], which calculates total cross sections for the’A  Nuclear pion absorption, which depends Andoes not af-
—m oA’ reactions at intermediate energies. In this workfect MA_=M” /o® (thusC” ) since the same rate of ab-
the pion propagator in nuclear matter is dressed with an adsorption is embedded in both terms of the ratio. The same
ditional term with respect to the free pion propagator, theconsideration applies to the binding of the pions. Finally,
pion self-energy. The modified propagator for the outgoing,(N as found to display no evidence for a light isoscalar

pio_ns has the effect of.enhancing the, g) Cross sect_ion;. _ 7 resonancd3]; therefore, theC” _ distributions(Figs. 1
This enhancement varies from 2.0 to 2.5 for pions with inci-, g 2 yield the net effectof nuclear matter on the

) mrar-interacting system regardless of the reaction mechanism
TABLE Il Corrected total cross sections for the" 77" ged to produce a pion pair.

channel and ratios between total cross sections. See text for more In the case of ther* — w+ o+t channel (Fig. 1) C’i+

details. shows almost n@ dependence. Its mean value and the 2

spread around itC% , ~1+0.5, indicate the following.

~++ ++ 2/3 ++
ucieus or_(ub) R z Ra E7: The 7" #" interaction, which couples to thie=2,
’H 41.4+4.3 1.0 1.0 1.0 J=0 quantum numbersH4), is unaffected by the presence
zc 261+ 32 6.3:1.0 3.30 1.90.3 of nuclear matter.
40ca 820r 115 19.8-3.4 7.37 2705 In the #* — 7" 7~ channel(Fig. 2 the data points dis-
208py 1688236 40.8-6.7 18.87 2.%0.4 play a distinctiveA dependence: the increase Afis fol-

lowed by an increase of tHg} _ yield for M ., approaching
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077 age kinetic energy of pions from the#,2#7) reaction is
ot ~100 MeV and their mean free path in nuclear matter is
8 L i only ~2 fm[15]. Such pions have little chance of escaping
_Pb% | from nuclear matter, unless they are produced on the external
6 L | rim of a nucleus wher@<p,. Such a selective nuclear fil-
-t % tering may distort measured invariant mass spectra, and the
@) Cad observation of &% _ enhancement atr@,, may then be due
4 ¢ §§§ 7 to effects other than in-mediumw(r), - ;- dynamics[18].
- §§g 1 The useful energy interval for observing the on-shell span of
2 F §@ . the o is 2m,<M” <330 MeV. This interval may seem
84 . quite narrow for tests of in-medium s models, considering
o L T8, the broad width of ther. However, theA dependence of
=260 300 340 380 variables such a€”_ provides additional information on

M (MeV) which to base model calculations of themass distribution.
nm As already mentioned, theoretical models predict a wider
FIG. 2. Same caption as in Fig. 1 but for the — =7~ re- ~ €nergy span for an off-shett, i.e., 0<M?,<2m,. How-
action channel. ever, it is not a trivial task to conceive of a process in which
such a virtualo excitation would lead to detectable decay
products which could be experimentally observed.
The experimental findingE1—E8 should provide guid-

oo . ) . ance for ¢r,2m) models aimed at studying in-medium
tributions progressively depart from unity to reach thelr(7T7T)|:J:O dynamics. Observables such @éw should be

maxima at the & threshold. This behavior suggests that : . . o

the #* 7~ system, when embedded in nuclear matter mayespgmally gseful fo_r comparison since they are sensitive o
develop strength ,below then2. threshold. Therefore ’vve 7rar in-medium modifications, fairly independent of the reac-
have tfﬁ)e foIIovg\]/ing ' ' tion mechanism, and free from well-known nuclear effects.

E8: A mr system is strongly modified by nuclear matter Conclusions from recent calculation§1-T4, are in sub-
onl When it interacts in thé=J=0 channel. that is. when stantial agreement with the experimental results discussed in
theypion pair has the same quantum numbe,rs aenméson the present article, although the calculations are still too in-
A trait of in-medium modifications is the capability of the complete for a direct comparison with the data.
7"~ pairs to build up strength at energies belom 2. The authors would like to acknowledge the support re-
The understanding af 7= dynamics in nuclei would likely ceived from TRIUMF, and the useful discussion with Z.
not improve if experiments were performed with more ener-Aouissat, G. Chanfray, E. Oset, P. Schuck, and M. Vicente-
getic pions, i.e.T ,>350 MeV. At these energies tliaver-  Vacas.

the 2m,. threshold. The conditio€”}; _~1+0.5 sets a limit
onM . at about 330 MeV. Below 330 MeV, th@” _ dis-
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