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Search for D„1232…-resonance excitation in heavy-ion collisions around 100 MeV/nucleon
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Correlations among protons and neutral pions emitted in the reaction36Ar127Al at 95 MeV/nucleon have
been studied. The analysis of the (p02p) invariant-mass and relative-angle distributions shows evidences of
D~1232!-resonance excitation. The experimental data are in agreement with the predictions of microscopic
theoretical calculations.@S0556-2813~96!51511-6#

PACS number~s!: 25.70.Ef, 14.20.Dh, 24.30.Gd
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The study ofD~1232!-resonance excitations in nucleon
nucleus and nucleus-nucleus collisions is a topic of gr
importance in nuclear physics since it allows a direct inve
tigation of the influence of nuclear matter~Pauli-blocking,
reabsorption, etc.! on subnucleonic degrees of freedom suc
asD-mass and lifetime. Isobar excitations represent, on
one hand, an incomparable tool in the analysis of sp
isospin modes in nuclei@1# and, on the other hand, an inter
esting doorway channel that could be responsible of the la
energy pooling needed in the far-subthreshold particle p
duction @2–10#.

Up to now,D production has been mainly observed i
deep-inelastic and charge-exchange reactions induced
photons, electrons, pions, protons, and complex nuclei
bombarding energies ranging from the nucleon-nucleon p
duction threshold~about 650 MeV! to a few GeV per
nucleon@1#. In the last years, the availability of large-solid
angle multidetectors has allowed, with proton beams at 8
and 1600 MeV@11#, Ni and Au beams at 1.9 GeV/nucleon
and 1 GeV/nucleon@12#, and Si beam at 14.6~GeV/c!/
nucleon@13#, a more direct observation ofD-resonance ex-
citation by means of the simultaneous detection of pion a
proton coming from its main decay mode. No data exist
lower bombarding energies.

In this paper we report on the very first search for fa
subthresholdD-isobar excitation in heavy-ion collisions a
intermediate energies through the analysis of the invaria
mass and relative angle distribution of neutral pions and p
tons simultaneously detected in the reaction36Ar1 27Al at 95
MeV/nucleon.

The pairs of photons coming from thep0 main decay
mode and the protons have been detected by the BaF2 ball of
the MEDEA multidetector@14# that covered the whole azi-
muthal angular range between the polar anglesu540° and
u5138° with respect to the beam direction. Owing to th
angular acceptance, the unwanted contribution of all tho
particles coming from more peripheral processes~such as
projectile spectator protons! is avoided. The aim of the un-
dertaken study is the observation of a definite correlati
between pion and proton due to the energy-momentu
conservation constraints acting on each single nucle
nucleon collision. The reliability of the results is guarantee
by the small value ofnp51.3060.01 of the efficiency-
546-2813/96/54~5!/2138~5!/$10.00
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corrected mean proton multiplicity detected~within the
above-mentioned angular dynamics! in those events where
pion is also present. When building the pion-proton invaria
mass distribution one must, in fact, take care to treat in
same way all the pion-proton couples present in the ev
because it is not possible toa priori decide which proton, if
any, comes fromD decay. This means that ifnp protons are
present in the event one has to calculatenp different values
of the (p02p)-invariant mass for each pion-proton pair an
fill the invariant mass spectrumnp times in that event. Thus
if the proton multiplicity in pion events was very large, th
combinatorial background introduced would become so la
as to invalidate any result.

Photons and protons have been selected and identifie
means of the usual shape analysis of the analog si
coupled with the time-of-flight information. The energy ca
bration for photons has been carried out using both a 6
MeV g-ray PuC source and cosmic rays, while that for p
tons has been carried out using momentum-tagged secon
beams of charged particles~the so-calledBr technique!. The
kinetic energy ranges in which particles have been dete
and identified span from about 20 MeV to 230 MeV f
photons and from about 10 MeV to 230 MeV for proton
Neutral pions have been identified in the kinetic ener
range from zero to about 120 MeV and in the whole 4p solid
angle by imposing severe conditions on the relative-an
and invariant-mass distributions of all detected two-g events
as functions of the total energy of the two photons@15,16#.
Reports on the performances of the BaF2 ball of MEDEA as
a neutral pion and proton detector can be found in Re
@17–20#.

For those events where a neutral pion is detected in c
cidence with at least one proton, the (p02p) invariant mass
distribution has been calculated using the formula

m5Amp
21mp

212EpEp~12bpbpcosu rel!, ~1!

with an obvious meaning of the symbols. Since pions are
directly recorded~due to their very short lifetime! but iden-
tified by detecting the couples of photons coming from th
main decay mode, pion detection angles are then distribu
in the whole solid angle~not only that covered by the detec
tor!. The minimum measurable relative angle between a p
R2138 © 1996 The American Physical Society
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ton and a pion is practically zero degrees. In order to be sa
from any possible stray angular correlation, proton detecti
angles~which enter into the calculation ofu rel) have also
been randomized within the angular range covered by t
touched detector. The experimental resolution ofu rel has
been evaluated~by the Monte Carlo simulations discusse
below! to be about 6 degrees.

In order to extract a true correlation signal above an
combinatorial background level, the same distribution h
also been calculated for a sample of so-calledmixedevents
that has been generated in accordance with the prescripti
of Ref. @21#, i.e., taking the neutral pion from one event an
the proton from another randomly chosen event. In order
minimize the statistical error in themixed-event invariant-
mass distribution, the total number ofmixedevents is 150
times larger than that of real events. The difference spectru
between the real- andmixed-event invariant mass distribu-
tions ~normalized to the same integral! is shown in the upper
panel of Fig. 1. It is worth emphasizing that both in real an
mixed distributions the detector efficiencye(Ep ,up) for
pion detection, as a function of both pion energy and dete
tion angle, has been properly taken into account. From
technical point of view this means that when building a
distributions reported in this paper, each event, no matter i
was real ormixed, has been included with a weight equal to
1/e(Ep ,up) instead of 1, whereEp and up are the kinetic
energy and detection angle, respectively, of the pion detec
in that event. This efficiency has been calculated through f
GEANT3 @22# simulations using an exact software replica o
the real experimental setup. All details can be found in Re
@17#. For protons having an energy above threshold~Eth. 12
MeV!, the detection efficiency is, for this kind of detector
practically equally to 1 at all angles. This ensures that th
difference spectrum reported in Fig. 1 is free from any ine

FIG. 1. Upper panel: difference spectra between normaliz
real- andmixed-event (p02p) invariant-mass distributions. Lower
panel: difference spectra between normalized real- andmixed-event
(p02a) invariant-mass distributions.
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ficiency in the coincident proton-pion pair measurement th
could not be present in themixedpairs. The characteristic
‘‘negative-positive-zero’’ shape of this kind of plot, expecte
if D resonance has been excited~see, for example, Fig. 2 of

ed FIG. 2. Ratios between real- andmixed-event yields as a func-
tion of the cosine of the correlation angle. Left panel refers
experimental data relative to (p02p) coincidence events. The right
panel refers to experimental data relative to (p02a) coincidence
events.

FIG. 3. Comparison between the ‘‘indirect’’-channel (p02p)
invariant-mass distributionA(minv) ~upper panel!, extracted from
the best-fit procedure discussed in the text, and theD mass distri-
bution ~lower panel! predicted by the BNV theoretical calculation
for the same system at the same bombarding energy.
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R2140 54A. BADALÀ et al.
Ref. @11#, Figs. 2 and 3 of Ref.@12#, Fig. 3 of Ref.@13#, and
Fig. 8 of Ref. @21#!, is indeed observed. It is worth notin
that the used bin of 20 MeV has been chosen equal to
invariant mass resolution that has been evaluated by
above-cited GEANT3 simulations.

In order to be sure that the signal shown in the upp
panel of Fig. 1 is not due to statistical fluctuations, both t
x2 test @23# and the Kolmogorov test@24# have been per-
formed. The probability that the difference spectrum is
compatible with the null distribution is, in both tests, grea
than 99%. In order to show further on that no experimen
bias can invalidate the results shown in Fig. 1, we also p
ted the invariant mass distribution relative to the (p02a)
events. It is reported in the lower panel of Fig. 1. No signi
cant signal above the constant zero level is eviden
in this case. Thex2 and Kolmogorov probabilities that the
(p02a) difference spectrum is incompatible with the nu
distribution are smaller than 1%. The correlation observed
the difference spectrum can then be attributed to the exc
tion of theD resonance. Other possible explanations, such
correlations with the reaction plane and/or correlatio
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among all final-state particles can be, in fact, rejected obse
ing that ~a! the bombarding energy used to perform this e
periment~95 MeV/nucleon! is very close to the balance en
ergy for Ar induced reactions, and~b! subthreshold pion
production in heavy-ion collisions at intermediate energi
mostly takes place in quite central collisions with a man
body final state characterized by a large particle multiplici
~see, for example, Fig. 4 of Ref.@19#!; the excitation energy
of the participant system~the so-calledfireball! is also so
large @10,25# that the four-momenta carried away from th
pion and the few protons~practically only one in this experi-
ment! emitted in coincidence with it are only a very sma
fraction of the total available phase space.

The excitation ofD resonance can be investigated lookin
not only at the momentum-energy correlations~as done so
far! but also at the geometrical ones. Pions and protons co
ing from D decay should indeed evidence definite correl
tions in their relative angle distribution. Starting from th
(p02p) invariant mass, it is easy to calculate theD kinetic
energy using the formula
KD5F 2mD
2

~12X2!~12bpbpcosu rel!12@~mp
21mp

2 !/~Ep1Ep!2#
G1/22mD ~2!
d
s

ta.

e

e

-
o-
where

X5
Ep2Ep

Ep1Ep
• ~3!

The obtained distribution results are strongly peaked at ab
20 MeV only, which allows us to expect an almostback-to-
backangular correlation in the laboratory frame between th
pion and the proton. In the left panel of Fig. 2 is plotted th
ratio

Rr /m5
~dN/du rel!real events

~dN/du rel!mixed events
~4!

between the normalized (p02p) real- and mixed-event
relative-angle distributions~note that a bin larger than the
experimental resolution ofu rel has been used!. The overall
trend of the distribution does evidence a continuous a
monotonic increase ofRr /m going from forward to backward
direction. Even in this case the situation is completely diffe
ent for (p02a) coincidence events. TheRr /m distribution
for those events, reported in the right panel of Fig. 2, show
a strong increase fromu rel50° up to u rel.70° and then
becomes almost flat, within the statistical uncertainties, f
larger relative angles.

One of the most important goals when searching f
D-resonance excitation in pion-proton correlation studies
to evaluate the amount of the contribution of the ‘‘indirect’
channelNN→ND→NNp separating it from the combinato-
rial background. In the most general way, the raw (p02p)
invariant mass distribution~corrected for the detector effi-
out
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ciency! can be written asF(minv)5A(minv)1B(minv) where
the first term in the right-hand side is the searche
‘‘indirect’’-channel contribution and the second term refer
to the background. AsA(minv) we took an asymmetric
Gaussian function defined as

A~minv!5HCexp@~minv2mD!2/2s1,D
2 # if minv,mD ,

Cexp@~minv2mD!2/2s2,D
2 # if minv.mD ,

~5!

whereC, mD , G1,D[s1,DA2ln2, andG2,D[s2,DA2ln2 are
free parameters to be fitted to the experimental da
B(minv) has been chosen equal to themixed-event invariant
mass distribution, which correctly gives the shape of th
combinatorial background@21#, multiplied by a numeric fac-
tor l ~which has to be fitted to the data too! that gives the
amplitude. The result of the best-fit procedure gav
mD51091.662.4 MeV and GD5G1,D1G2,D549.762.1

TABLE I. D mass and width extracted from the best-fit proce
dure discussed in the text as a function of the pion transverse m
mentum.

pt
p0

~MeV/c! mD ~MeV! GD ~MeV!

,70 108564 2564
702120 110562 4263
.120 112765 5764
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54 R2141SEARCH FORD~1232!-RESONANCE EXCITATION IN . . .
MeV with a reducedx2 of 0.992. A rough estimation of the
‘‘indirect’’-channel cross sectionsD can then be made using
the formula

sD5SND

Np
Dsp , ~6!

whereNp is the total number of inclusive pion events~cor-
rected for the detector efficiency!, ND is the integral of the
functionA(minv), expressed as the number of events whe
pions are detected everywhere in coincidence with proto
detected within the detector angular coverage, andsp is the
measured inclusive total pion production cross section. F
the studied system we found a value ofsD52164 mb,
which represents about 16% of the total pion cross secti
@19#. Owing to the above-cited limits in the proton detectio
this value obviously represents a lower limit.

Figure 3 shows the comparison between the correlat
partA(minv) of the experimental invariant-mass distribution

FIG. 4. ‘‘Indirect’’-channel (p02p) invariant-mass distribution
A(minv) for various bins of the pion transverse momentum.
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~extracted from the best-fit procedure discussed above! and
theD-mass distribution foreseen for the same system at
same bombarding energy by a microscopic theoretical mo
@3,10# based on the numerical solution of the Boltzmann
Nordheim-Vlasov~BNV! transport equation. This model has
already been successfully used in the study of subthresh
pion production in heavy-ion collisions at intermediate ene
gies @10,18–20#. As the other existing models@8,25#, it ex-
plicitly includes theD channel within the parametrization of
Ver West and Arndt@26#, who take into account the depen
dence ofmD on the available energy in the nucleon-nucleo
center-of-mass frame. The position of the peak is well repr
duced while the experimental spectrum evidences a wid
quite larger than the theoretical one. This widening is e
plainable by the fact that the theoretical calculations do n
take into account the experimental energy and angular re
lutions. It is worth noting that both the experimental an
calculated values of the centroid and width of the distributio
are smaller than the corresponding ‘‘free’’ ones equal
1232 MeV and 120 MeV@27#, respectively. This should not
have to be surprising as there is a quite strong correlatio
depending of the nuclear medium density, between the va
of the D mass and its width as it is shown in Ref.@7# ~see
Fig. 4 of that paper! through the results of Boltzmann-
Uheling-Uhlenbeck~BUU! calculations. In two recent papers
@28,29# S. Basset al. have demonstrated, by means of som
calculations performed with the IQMD model, which use
the same parameterization of Ref.@26#, that both the values
of mD and its width are strongly dependent on the availab
phase space. They shift towards the ‘‘free’’ values as t
violence of the collision, measured by the value of the pio
transverse momentumpt

p , increases~see Fig. 7 of Ref.@29#!.
This trend is indeed observed in our experimental data. T
(p02p) invariant-mass distributions, relative to theD con-
tributionA(minv), are plotted in Fig. 4 for various bins of the
pion transverse momentum. The best-fit values of theD mass
and width are reported in Table I.

In conclusion, pion-proton correlation represents a pow
erful method to investigate possible isobaric excitations
nucleus-nucleus collisions even in the extremely low bom
barding energy regime. The analysis described in this pa
does provide evidence ofD~1232!-resonance excitation in
heavy-ion reactions at 100 MeV/nucleon.

The authors wish to thank S. Bass and J. Quebert for ve
fruitful discussions.
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