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Search for the electromagnetic decay ofD„1232… resonance in nuclear matter
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In order to inquire into the existence and significance of non-nucleonic degrees of freedom in the
intermediate-energy regime, the production of protons and high-energy photons (Eg.30 MeV! emitted in the
reaction36Ar127Al at 95 MeV/nucleon has been studied. The quantitative analysis of the (g-p) invariant-mass
and relative-angle distributions shows evidences ofD(1232)-resonance excitation andD→Ng decay. Experi-
mental data are in agreement with microscopic theoretical calculations.@S0556-2813~98!02801-5#

PACS number~s!: 25.70.Ef, 14.20.Dh, 24.30.Gd
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I. INTRODUCTION

Heavy-ion collisions at bombarding energies rang
from about 100 MeV/nucleon up to a few GeV/nucleon re
resent a unique tool to study the excitation of non-nucleo
degrees of freedom like baryonic resonances in exc
nuclear matter far from ground-state conditions, i.e., outs
the usual domain of existing nuclear structure informati
Indeed, in a recent paper@1# we have already demonstrate
the existence of the elementaryindirect process
NN→ND→NNp0 in 36Ar127Al collisions at around 100
MeV/nucleon and we have deduced from experimental d
the relative cross section. NotwithstandingD→Np is by far
the most favored decay channel@branching ratio ~B.R.!
;100%@2##, it is not, however, the best-suited one to stu
the signals of excitation and propagation ofD(1232) reso-
nance in nuclear matter because of the high distortion in
duced by the final-state interactions of pions with the s
rounding medium. In this context, the electromagnetic de
D→Ng would be, on the contrary, much more appropria
due to the almost complete absence of interaction of pho
with nuclear matter. Thefree branching ratio of that deca
channel is, however, only 631023 @2#, and the successfu
realization of an experiment aimed to the detection ofg ’s
coming from D decay has to reckon with the existence
several serious drawbacks:~i! In order not to have contami
nation from other mechanisms~such as statistical photo
emission and/or giant-resonance deexcitation! a lower-
energy cutoff of at least 25–30 MeV must be imposed on
data and this strongly reduces the yields,~ii ! it is well known
that high-energy photons are mostly emitted in the elem
tary direct processNN→NNg so that one has to identify
reasonable ensemble of conditions on the available obs
ables apt to disentangle theindirect mechanism from the
direct one, and~iii ! in order to reduce as much as possib
the strong background due to photons coming fromp0 de-
cays, the bombarding energy should not be much larger
100 MeV/nucleon and, at the same time, it should not
much smaller than that value because of the consequen
duction of the phase space available for the excitation of
D resonance.

In spite of this quite discouraging framework, several th
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oretical studies@3–5#, based both on statistical@3# and mi-
croscopic@4,5# calculations, have drawn the conclusion th
g ’s coming fromD electromagnetic decay should be eas
observable as they are responsible for the presence of a b
~or, more simply, for a change in the slope! in the photon
energy spectrum aboveEg5100 MeV in heavy-ion colli-
sions at bombarding energies between 35 and 200 M
nucleon. Since then, several experiments either expre
dedicated@6# or not @7–9# to this issue have measured with
great accuracy theinclusiveenergy spectrum of hard photon
emitted in heavy-ion collisions at intermediate energies a
no deviation from an exponentially decreasing trend h
been observed up toEg.300 MeV.

In this article we report on the first study of the excitatio
of theD(1232) resonance and its electromagnetic decay
formed analysing the data of a trulyexclusiveexperiment,
where high-energy photons emitted in the reactions indu
by a 95 MeV/nucleon36Ar beam on a27Al target ~the same
reaction studied in Ref.@1#! have been detected in coinc
dence with protons by a large-area and high-granularity m
tidetector. For the first time it has been possible to get
estimate of the branching ratios(D→Ng)/s(D→Np) in
nuclear matter and a comparison with itsfreevalue. This has
a great significance since it implicitly allows a quantitati
investigation on the weights of two very important proces
such as pion reabsorption (pNN→NN) and rescattering
(pN→D→Ng) which can sensibly affect thein medio
branching ratio with respect to thefree one.

The paper is organized as follows. The next section
devoted to a description of the experimental setup and
ticle identification. Experimental results concerning both
clusive and exclusive data are reported in Sec. III. A su
mary and conclusions are given in Sec. IV.

II. EXPERIMENTAL SETUP

A. Generalities

The experimental setup used basically consisted of
BaF2 ball of the MEDEA multidetector. In the experimen
described in this paper it was made up of 144 trapezo
scintillation modules of barium fluoride~20 cm thick! placed
166 © 1998 The American Physical Society
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at 22 cm from the target point and arranged into six rings
order to cover the whole azimuthal angular dynamics
tweenu540° andu5140° with respect to the beam dire
tion. A very detailed description of this multidetector can
found in Ref.@10#.

B. Particle identification

Particle identification has been accomplished coupling
fast-slowtechnique with the time-of-flight information. Two
differently attenuatedslow signals ~slow1 and slow2!, be-
longing to two contiguous regions of the whole energy d
namics, have been separately digitized@10#. Typical fast-
slow and time-total ~total5slow11K* slow2! scatter plots
relative to an element of the detector are shown in Fig. 1
Fig. 2, respectively. Photons, which stay above the l
drawn in Fig. 1 and in the lower part of Fig. 2, appear ve
well separated from both neutrons and charged particles.
drogen isotopes are clearly visible and fragments with cha
Z52 have been correctly identified and separated. Neut
photon separation is also shown in Fig. 3 where it is repor
the time-total scatter plot for those events havingfast-slow
coordinates falling inside the contour drawn in the inset
the figure.

Charged-particle energy calibration has been acc
plished using momentum-tagged secondary beams
charged particles~the so-calledBr technique in use at the
GANIL facility where the experiment was performed!. The
calibration for low-energy particles (E,25 MeV! has been
slightly scaled in accordance with Ref.@11# in order to take
into account quenching effects. The low-energy cutoff
about 10 MeV for protons and about 25 MeV forZ52 frag-
ments which represent altogether almost all particles
tected in the ball. The problem of energy resolution in t
BaF2 ball of MEDEA has been deeply analyzed@12#. Real-
istic values of ~2–4! % @full width at half maximum
~FWHM!# have been found in the experiment discussed

FIG. 1. Fast-slowscatter plot relative to an element of the d
tector.
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the present article which are in agreement with those
ported in Ref.@12# ~see discussion about Fig. 3 of Ref.@12#!.

The g rays are detected in the BaF2 ball of MEDEA by
means of the calorimetric collection of the electromagne
showers they induce into the detector material. The deter
nation of the energy and angles of the detected photon
carried out using the following procedure. All modules ha
ing a value of the deposited energy different from zero
scanned in order to find the ‘‘most-touched’’ detector~i.e.,
with the highest value of the deposited energy!. Let us call it
( i max, j max), where the indexi ( i 51,2, . . . ,24) is anorder
parameter running over the elements of one ring and

FIG. 2. Time-totalscatter plot relative to an element of the d
tector.

FIG. 3. Time-totalscatter plot relative to an element of the d
tector. Only those events havingfast-slowcoordinates falling inside
the contour drawn in the inset of the figure have been plotted.
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168 57A. BADALÀ et al.
index j ( j 51,2, . . . ,6) is anorder parameter running ove
the useful rings of the ball. When this detector is found
analysis code looks at all detectors verifying the relat
( i max2 i )21( j max2 j )2<2 in order to determine whether o
not the electromagnetic shower spreads out in these ne
boring modules. If none with a deposited energy greater t
its threshold is found, the photon energy is fixed equal to
deposited energy in the central detector and the polar
azimuthal detection angles are uniformly randomized wit
that detector. Otherwise, as is mostly the case, the energ
the photon-induced shower is obtained by summing over
elements of the array and the photon detection angles
evaluated as the averages of the corresponding~randomized!
angles of the single detectors of the array, weighted over
deposited energy in each array element. When the en
and the detection angles of the first shower are determ
and the shower multiplicity is greater than 1, the first ‘‘mo
touched’’ detector and the involved neighboring modules
excluded from the loop and the program starts again to fin
new ‘‘most-touched’’ detector. As has been shown in Re
@10,13#, this kind of procedure minimizes the sideward lea
ages of the shower~the full side dimension of each detectio
module is nearly twice the Molie`re radius of barium fluo-
ride!, ensuring a good estimate of the detector respons
photons. In order to considerably reduce the background
to neutrons, the condition that the energy deposited in
central detector only must be larger than 20 MeV is alsoex
officio applied to the data.

The energy calibration for photons has been carried
using both a 6.13-MeVg-ray PuC source and the value
the energy deposited by cosmic rays entering the detec
along their longest side~the energy loss of those minimum
ionizing particles is about 6.7 MeV/cm for the BaF2). The
energy dynamics in which photons have been detected
identified spans from about 20 MeV to 230–250 MeV. T
response function of the ball counters of MEDEA to energ
tagged photons has been experimentally determined@14# and
successfully compared with fullGEANT3 @15# simulations
@13# ~see next section!.

Neutral pions also have been detected in this experim
They have been recorded in the whole solid angle and in
kinetic energy range between zero and about 120 M
through the simultaneous detection of the couples of pho
coming from their main decay mode (p0→2g, B.R.
598.8%). These photons are separated from others pair
imposing severe conditions on the experimental distributi
of the relative angleu12 and invariant massminv as functions
of the total energyE11E2 of the two detected photon
which are reported, for the27Al target, in the upper pane
and in the lower panel of Fig. 4, respectively. The cuts dra
in both panels of Fig. 4 select those photons coming fromp0

decay and derive from the results of fullGEANT3 simulations
performed to determine the detector efficiencye(Ep ,up) as
a function of the pion kinetic energy and detection an
@13,16# ~see next section!.

In these last years the capabilities of the MEDEA m
tidetector as a photon and neutral pion spectrometer h
been both extensively simulated@13,14,17,18# and experi-
mentally verified@10,17–20#. The reader is then addressed
those papers for more details.
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III. RESULTS

A. Event selection

In order to reduce as far as possible all sources of ba
ground which might have been relevant in the context of t
paper, various off-line conditions have been imposed to
data before they could be analyzed.

First of all, both low-energy and small-angle cutoffs
Eg530 MeV andug560°, respectively, have been applie
to all detected photons. The first condition is quite comm
in the analysis of this kind of experiments and usually p
vents the presence of soft photons coming from other mec
nisms~evaporation, giant-resonance decay, etc.!. The second
one has been used to avoid any possible residual contam
tion of neutrons and/or charged particles~mostly high-energy
protons! in the sample of particles identified as photons
means of the technique described in the previous section

Moreover, only those events where photons have b
detected in coincidence with charged particles have b
kept for further analysis. This selection criterion has be
chosen and imposed to reduce to a negligible amount
otherwise huge background induced by cosmic radiation~see
Ref. @17# for all details on that issue!.

B. Inclusive data

As has been already stated in the Introduction, all so-
performed experiments either directly aimed or not to
quest for photons coming from the deexcitation of t
D(1232) resonance have dealt~in accordance with theoreti
cal prescriptions! with careful analyses of the shape of th
inclusive photon energy spectrum.

FIG. 4. Relative-angle~upper panel! and invariant mass~lower
panel! versus total energy distributions of the pairs of photons
tected in the reaction. In both plots, the contours defined by
GEANT simulations~see text! select those pairs of photons comin
from p0 decay.
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The same technique has been applied to high-energy
tons detected in this experiment. Owing to the importan
and delicacy of the problem, however, some comments ar
order before showing the results. In fact, when one want
study the shape of the photon energy spectrum, both a
tailed knowledge of the detector response function an
quantitative evaluation of the background induced by p
tons coming from thep0 main decay mode are mandatory

Concerning the first argument, which is linked to the
ficiency of finite real detectors in containing the whole ele
tromagnetic shower induced by theg ’s inside the detector, a
full GEANT3 simulation of an exact software replica of th
BaF2 ball of MEDEA has been performed@13,17#. In order
to give an idea of the accuracy in the photon energy de
mination, Figs. 5 and 6 show the mean value and the FW
of the energy deposited in the detector~and reconstructed in
the Monte Carlo simulation! as functions of the incident pho
ton energy. Moreover, in order to give an idea of the ac
racy of the knowledge of the detector efficiency for photo
Fig. 7 shows the comparison between a realistic~Boltzmann-
like with a slope parameter of 25 MeV! input photon spec-
trum and that reconstructed after filtering through the de
tor.

Concerning neutral pion contamination in high-ener
photon events, which is the more important the higher is
bombarding energy, it is worth stressing here that it cons
of two parts: those events where both photons coming fr
p0 decay hit the detector and those events where only
photon is detected and the other one gets lost due to
metrical ~solid angle coverage! and/or physical~thresholds!
inefficiencies of the used detector. The first contributi
might be in principle inferred from the ratio between t

FIG. 5. Mean value of the deposited energy in the central
tector~single module of the BaF2 ball! and in the overall array~see
text! including the central one, as a function of the incoming pho
energy. The dashed line is the linear~ideal! dependence. Error bar
indicate rms deviations.
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measured photon and pion cross sections~if one knows the
efficiency of the detector to neutral pions! while the second
one absolutely needs a computer simulation to be wor
out. As part of the same above-citedGEANT3 simulations, the
efficiency of the BaF2 ball of MEDEA to neutral pions has
been also evaluated as a function of the pion kinetic ene
and emission angle~see Fig. 8!. In order to give an idea of

-

n

FIG. 6. FWHM of the deposited energy spectrum as a funct
of the incoming photon energy. The dashed line refers to the cas
the single detector and solid line to that of the array~see text!.

FIG. 7. Comparison between a realistic input photon spectr
and that reconstructed after filtering through the detector.
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170 57A. BADALÀ et al.
the accuracy in the knowledge of the detector efficiency
pions, Fig. 9 shows the comparison between a realistic~ex-
perimental! input pion spectrum and that reconstructed af
filtering through the detector.

For each module of the ball, the numberNgp0(Eg) of

photons having a given energyEg and coming fromp0 de-
cay has been evaluated as

FIG. 8. Detector efficiency forp0’s as a function of the pion
kinetic energy and emission angle.

FIG. 9. Comparison between a realistic input pion spectrum
that reconstructed after filtering through the detector.
r

r

Ngp0~Eg!5~N1g1N2g!
Np0

expt

Np0
sim , ~1!

whereN1g is the number of simulated events where only o
photon coming fromp0 decay is detected,N2g is the number
of simulated events where both photons coming fromp0

decay are detected,Np0
expt is the total number of pions~cor-

rected for the efficiency! detected in the same experiment
run of g ’s, andNp0

sim is the total number of simulated pions
In order to be as realistic as possible in the evaluation ofN1g
and N2g high-energy photons were generated in the ph
space according to the results of a moving source analysis@9#
which foresees for them an exponential energy spectrum
an isotropic1dipolar angular distribution in their sourc
frame. Neutral pions were generated according to the w
known distribution

S d2N

dVdED
lab

5pE8
d2N

p82dp8dV8
, ~2!

where

E85g~E2b0pcosu lab!, ~3!

g5~12b0
2!21/2, ~4!

and

d2N

p82dp8dV8
}

1

4pm3

e2E8/t

2~t/m!2K1~m/t!1~t/m!K0~m/t!
.

~5!

E, p, E8, andp8 are the pion total energies and linear m
menta in the laboratory and source frame, respectively.u lab
is the detection angle in the laboratory frame andm is the
rest mass of the neutral pion.K0 and K1 are the modified
Bessel functions of order 0 and 1, respectively, also kno
as MacDonald functions@21#. The source parameters are re
resented by the slope parametert and the velocity of the
source in the laboratory frame,b0. In our simulations we
used b050.2 and t520 MeV as typical mean values i
agreement with the existing systematics at these bombar
energies.

The comparison between the hard-photon raw ene
spectra~open symbols!, measured at different polar angles
the laboratory system of reference, and the relative contr
tion from p0-decay photons~solid symbols!, as obtained
from GEANT3 simulations, is reported in Fig. 10. Obviousl
one has to calculate, energy by energy and angle by an
the difference between those spectra to obtain the fi
~cleaned! photon spectra whose shape is the subject of
subsection.

Cleaned photon energy spectra are reported in Fig.
together with the results of the usual moving source analy
Straight lines drawn in the various panels of Fig. 11 refer
fact to the result of a best-fit procedure simultaneously
plied to all photon energies and detection angles with
function
d
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d2s

dVdE
5

s0

X S 12a1a
sin2u lab

X2 D e2XElab /E0, ~6!

where

X5
~12bcosu lab!

A12b2
, ~7!

b is the velocity of the source in the laboratory frame,E0 is
the slope parameter,a is the relative amplitude of the dipola
component of the angular distribution, ands0 is a normal-
ization factor. The found values of the best-fit parameters
b50.2460.05 ~close to the nucleon-nucleon center-of-ma
velocity bNN50.22),E05(3061) MeV ~in agreement with
the existing systematics as a function of the bombarding
ergy @22#!, a50.260.1 ~the large error is due to the lack, i
the data to be fitted, of the photon spectra at the most
ward angles in the laboratory!, and s05(1562)
mb sr21 MeV21.

Beyond the physical meaning of the best-fit paramet
what is worth noting here is that up toEg larger than 200
MeV the shapes of all photon spectra reported in Fig. 11
simultaneously well described by a decreasing exponen
function. Neither bumps in the spectra nor changes in
slopes are observed in agreement with previously perform
experiments@6–9# but in contrast with theoretical expecta
tions @3–5#. In order to support and validate the result of t
moving source analysis, experimental photon energy spe
have been also compared with the forecasts of a microsc
theoretical model, based on the solution of Boltzman
Nordheim-Vlasov~BNV! transport equation, which has bee
successfully used in the past years to study both hard-ph

FIG. 10. Comparison between the hard-photon raw energy s
tra ~open symbols!, measured at different polar angles in the lab
ratory system of reference, and the relative contribution fr
p0-decay photons~solid symbols!, as obtained fromGEANT simula-
tions discussed in the text.
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and pion production in heavy-ion collisions at intermedia
energies. The physical picture underlying the hypothese
the model is that hard photons are produced in single
incoherent nucleon-nucleon collisions which take place
the overlap volume between the two interacting nuclei at
very first stage of the collision. A new parametrization of t
elementarynp→n8p8g cross section has been used@23,24#.
Indeed, the usual formula which gives the elementary pr
ability d2Pnpg

elem/dEgdVg has been modified to take into ac
count the quantal contribution due tointernal radiation~i.e.,
bremsstrahlung from the exchanged charged mesons! which
is responsible for an increase of the inverse slope param
of the photon energy spectrum~for all details see Refs
@23,24#!. Unlike the model described in Ref.@4#, however,
no isobaric excitation is explicitly included in the calculatio
so that we are looking here for any possible disagreem
between theory and experiment.

The results of the calculations are compared with the
perimental data in Fig. 12~as in Fig. 11, photon spectra ar
cleaned of the neutral pion contamination!. Apart from a
slight overestimation at forward angles and highest energ
the model is able to satisfactorily reproduce both the yie
and the shapes of the photon spectra and no room seem
be left over for any other production mechanism.

C. Exclusive data

Coupling the negative experimental evidences shown
the former subsection with the rest of the existing pheno
enology hoarded so far one could be easily tempted to d
nitely conclude about the nonexistence or the impossibi
of detection of photons directly coming from the deexci
tion of isobaric resonances created in nuclear matter thro
nucleon-nucleon collisions. Before drawing any hurried co

c-
-

FIG. 11. Hard-photon energy spectra at different laborat
angles measured in the reaction36Ar127Al at 95 MeV/nucleon.
Data are cleaned of neutral pion contamination. Solid lines refe
the result of the moving source analysis discussed in the text.
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172 57A. BADALÀ et al.
clusion, however, one should also admit that all investi
tions conducted up to now have a character strictlyinclusive.
This crucial point deserves a deeper reflection. It is by n
well known that high-energy photons are mostly created
single and incoherent nucleon-nucleon collisio
NN→NNg. This direct and very rapid contribution to th
production cross section largely overwhelms any other ch
nel like the indirect one NN→ND→NNg which we are
interested in in this paper. Furthermore, one also has to
into account that whenD ’s are created inside nuclear matt
during the collision they almost exclusively decay into
nucleon and a pion, inducing a very large background w
respect to the signal one wants to observe. Thus, it sh
not be so surprising if experimental inclusive energy spec
which also suffer of an unavoidably finite energy resolutio
do not show any signal in the region where it is theoretica
expected to be. The situation is not hopeless, however
fact, if a D resonance is excited in a nucleon-nucleon co
sion and then it transforms into a photon and a proton,
final four-momenta of these two particles must be someh
affected by the fact that they come from the decay of a re
nant state. Then, a study of kinematical and geometrical
relations between high-energy photons and protons em
in the same event could provide valuable information ab
any eventual excitation of non-nucleonic degrees of freed
in nuclear matter at these energies. This is much more th
possibility since in a recent paper@1# we already successfully
used this powerful technique of analysis to investigate
D→Np0 excitation and decay with the same system at
same bombarding energy.

In the analysis of exclusive (g-p) events we added th
further condition that only one high-energy photon be d
tected in the event. This cut allows, from one side, to elim
nate all two-photon events which have a large probability
come fromp0 decay~the detector efficiency of the detectio
of both photons coming fromp0 decay is about twice that o

FIG. 12. Comparison between the hard-photon energy spe
and the BNV calculations described in the text.
-
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the detection of only one photon! and, on the other side, to
reduce the average proton multiplicity in photon events
np51.9160.03. The question of the value of the proton mu
tiplicity has been already addressed in Ref.@1# but its impor-
tance deserves a later comment. When building any (g-p)
correlation function one must, in fact, take care to treat in
same way all theg-proton couples present in the event b
cause 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 given (g-p) correlation variable for eachg-proton
pair and fill the correlation function spectrumnp times in
that event. Thus, if the proton multiplicity in pion events w
very large, the combinatorial background introduced wo
become so large as to invalidate the results.

The first correlation distribution we analyzed was the (g-
p) invariant-mass distribution. For those events where
high-energy photon is detected in coincidence with at le
one proton, the (g-p) invariant-mass distribution has bee
calculated using the formula

minv5Amp
212EpEg~12bpcosu rel!, ~8!

with an obvious meaning of the symbols. In order to be s
from any possible stray angular correlation, proton detect
angles~which enter into the calculation ofu rel) have also
been randomized within the angular range covered by
fired detector.

In order to extract a true correlation signal above a
combinatorial background level, the same distribution h
also been calculated for a sample of so-calledmixedevents
which has been generated in accordance with the pres
tions of Ref.@25#, i.e., taking the photon from one event an
the proton from another randomly chosen event. In orde
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 spect
between the real- andmixed-event invariant-mass distribu
tions normalized each other to the same integral is show
panel~a! of Fig. 13. It is worth emphasizing that both in re
and mixeddistributions the detector efficiencye(u rel), as a
function of the photon-proton relative angle, has been pr
erly taken into account. From a technical point of view th
means that when building the distribution, each event,
matter if it were real ormixed, has been included with a
weight equal to 1/e(u rel) instead of 1. This efficiency, which
is shown in Fig. 14, has been calculated by means of the
GEANT3 simulations discussed above. For protons having
energy above threshold (Eth.12 MeV!, the detection effi-
ciency is, for this kind of detector, practically equal to 1
all angles. This ensures that the difference spectrum repo
in Fig. 13 is free from any inefficiency in the coinciden
photon-proton pair measurement which could not be pres
in the mixedpairs. It is also worth noting that the bin of 2
MeV used has been chosen equal to the worst invariant-m
resolution (s value! possible in this experiment. The abov
value has been estimated using the above-citedGEANT3

simulations but it can also be easily calculated starting fr
the typical experimental resolutions. In fact, considering t
the proton mass is not directly measured, the invariant m
reported in Eq.~8! is only a function of the photon energ

tra
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Eg , of the proton kinetic energyTp „the dependence on th
velocity bp can be expressed in terms ofTp as bp

5A12@mp /(mp1Tp)#2
…, and of the cosine of the photon

proton relative angle cosurel . Then, the application of the
rule of the propagation of errors gives

sminv
5AS ]minv

]Eg
D 2

sEg

2 1S ]minv

]Tp
D 2

sTp

2 1S ]minv

]cosu rel
D 2

scosurel

2 ,

~9!

with an obvious meaning of the symbols. As a general tre
the invariant-mass resolution increases with the photon
the proton energies. One should keep in mind, however,
the spectra of both particles are exponentially decreasing
function of the energy and then high energies are less p
able. Moreover, as will be more clear in the next section~see
Fig. 17!, photon and proton energies are anticorrelated
that when one of them is large the other is small. Nevert
less, let us try to calculate the invariant-mass error in
worst case where bothEg5250 MeV andEp5250 MeV,
i.e., at the extreme tail of their energy distributions. Abo
the photon-proton relative angle, some comments are in
der. Following what is already said above, both photon a
proton detection angles are randomized inside thefired de-
tector module. This means that the resolution of the rela
angle between those two particles can be easily evalu
from the width of the relative-angle distribution of two pa
ticles sent to two modules of MEDEA and whose ang
have been correctly randomized within those modules.
result of a very simple Monte Carlo code gives a resolut
~FWHM! of about 6° in the whole angular coverage of t
detector. Anticipating what will be discussed afterwards~see
Fig. 16!, photons and protons appear to be correlated

FIG. 13. ~a! Difference spectrum between normalized real- a
mixed-event (g-p) invariant-mass distributions.~b! The same as in
panel ~a! for Eg.100 MeV. ~c! The same as in panel~a! for Eg

,100 MeV. In all panels data are corrected for the relative-an
efficiency ~see text!.
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around u rel;120° which gives~FWHM! cosurel
.0.1. Then,

calculating the derivatives which appear in Eq.~9! and tak-
ing into account that~i! (FWHM)g520 MeV ~see Fig. 6!,
~ii ! (FWHM)p510 MeV ~4% of 250 MeV; see Sec. II B!,
and ~iii ! (FWHM)cosurel

50.1, we getsminv
.18 MeV.

The distribution plotted in the panel~a! of Fig. 13 shows
a correlation aroundminv51000 MeV ~even if points have
large error bars! and a smaller but clearer ‘‘negative
positive’’ signal aboveminv51060 MeV ~indicated by the
arrow in the panel!. In order to quantitatively estimate th
significance of these two signals with the respect to the n
distribution ~i.e., no signal at all! we separately applied th
x2 test to the points below and aboveminv51060 MeV. The
results of the test arex2/nd fuminv,1060 MeV51.15 and

x2/nd fuminv.1060 MeV598.12, indicating that the first signal i
statistically much smaller than how it appears looking at
figure while the second one is absolutely real. The phys
interpretation of the first one is quite easy: it is related
those photons emitted in incoherent nucleon-nucleon co
sions and it is present here only because of the combina
of the proton rest mass with the average values of proton
photon energies above their thresholds (mp1 Ēp1 Ēg
;1000 MeV!. The second signal is, on the contrary, qu
unexpected and its interpretation is not obvious at first sig
It is, however, placed in the same range of invariant mas
where we observed the signal due to the hadronic deca
the D resonance~see Fig. 1, upper panel, of Ref.@1#!. In
order to further investigate its origin, we then condition
the invariant-mass difference spectrum plotted in panel~a!
with two separate regions of the photon energy spectr
Results are reported in panels~b! and~c! of Fig. 13. Panel~b!
refers to those photons with an energy larger than 100 M
~we shall call them ‘‘high-energy’’ photons or HE photons!,

e

FIG. 14. Detector efficiency as a function of the cosine of t
photon-proton relative angle.
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while panel ~c! refers to those photons having an ener
lying between 30 and 100 MeV~we shall call them ‘‘low-
energy’’ photons or LE photons!. The energy threshold o
100 MeV has been chosen looking at the results of the
oretical calculations performed in Refs.@3–5# where the au-
thors claim that photons coming from the electromagne
decay of theD resonance should have an energy greater t
100 MeV in this bombarding energy regime.

For HE photons the correlation around 1000 MeV
mains alive while it almost completely disappears for L
photons. This supports the picture that the correlation
tween photons and protons coming from single nucle
nucleon collisions should be the more pronounced
smaller is the available phase space for the proton in
elementary collision~similar conclusions have been reach
by the authors of Ref.@26#, reducing the available phas
space for the photon emitted in the elementary nucle
nucleon collision!.

Concerning the most important signal around 1100 Me
it is still present almost entirely in the case of HE photo
while it vanishes in the case of LE photons.

Before drawing any conclusion about the provenance
photons and protons producing the signal observed aro
minv;1100 MeV, one has to show, however, that no expe
mental bias can invalidate the results shown in Fig. 13. So
considerations to exclude other possible explanations dif
ent from theD-resonance excitation have been already d
cussed in Ref.@1# and hold for this case too. The reader
then addressed to that paper for more details. Here we
want to report about the investigation on the possible b
due to particle misidentification. We have extracted from
perimental data the difference spectra between the real-
mixed-event invariant-mass distributions relative to bo

FIG. 15. ~a! Difference spectrum between normalized real- a
mixed-event (gp-p) invariant-mass distributions~see test for the
meaning ofgp). ~b! The same as in panel~a! for (g-a) events. In
all panels data are corrected for the relative-angle efficiency~see
text!.
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(gp-p) and (g-a) events. These spectra are plotted in t
panel ~a! and ~b! of Fig. 15, respectively. No signal abov
the statistical errors is observed. The samex2 test discussed
above has been applied to the points of the distributions p
ted in panel~a! and ~b!. The results arex2/nd f53.77 for
panel-~a! distribution andx2/nd f51.32 for panel-~b! distri-
bution.

As has been shown in Ref.@1#, the excitation of theD
resonance in nuclear matter can be investigated looking
only at the momentum-energy correlations~as done so far!
but also at the geometrical ones. Photons and protons com
from D decay should indeed evidence definite correlations
their relative-angle distribution. Starting from the measur
(g-p) invariant mass, it is easy to calculate aD velocity
distribution which is peaked at small values, about on
fourth/one-fifth of the speed of the light. This should allo
us to expect a preferentialback-to-backangular correlation
even in the laboratory frame between the photon and
proton. In panel~a! of Fig. 16 is plotted the ratio

Rr /m5
~dN/du rel!real events

~dN/du rel!mixed events
~10!

between the normalized (g-p) real- and mixed-event
relative-angle distributions. It is worth noting that a b
larger than the experimental resolution ofu rel ~see above! has
been used and that the relative-angle efficiency has b
taken into account.

The distribution is strongly peaked at small relati
angles, where the contribution of photons coming from inc
herent nucleon-nucleon collisions is mostly expected, bu

FIG. 16. ~a! Ratio between real- andmixed-event yields as a
function of the cosine of the correlation angle.~b! Difference spec-
trum between normalized real- andmixed-event (g-p) invariant-
mass distributions for cosurel,0.6. ~c! The same as in panel~b! for
cosurel.0.6. In all panels data are corrected for the relative-an
efficiency ~see text!.
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also shows a signal at much larger relative angles~indicated
by the arrow in the panel!. In order to disentangle the con
tribution of direct photons from that due toindirect ones, we
conditioned the invariant-mass difference spectrum plo
in panel~a! of Fig. 13 with two separate regions of the (g-p)
relative-angle distribution. Results are reported in panels~b!
and ~c! of Fig. 16. Panel~b! refers to those photon-proto
pairs for which cosurel,0.6 ~we shall call them ‘‘large-
angle’’ pairs or LA pairs!, while panel~c! refers to those
photon-proton pairs having cosurel.0.6 ~we shall call them
‘‘small-angle’’ pairs or SA pairs!. In the case of LA pairs the
signal aroundminv51100 MeV is still present, while in the
case of SA pairs it completely disappears.

All experimental evidence described so far indicates t
we are really observing the excitation of theD resonance in
nuclear matter and its subsequent electromagnetic de
Then the energy of the photon and that of the proton can
be barely independent one from each other~since both par-
ticles come from the decay of a resonant state! and a corre-
lation signal should be visible in the (Ep-Eg) plane. In fact,
if two particles ~let us call them 1 and 2! come from the
binary decay of a resonant state, their energies must defi
locus in the (E1-E2) plane. This locus is the straight lin
E11E25const if the parent state is~almost! at rest in the
laboratory reference frame. As has been already said ab
the D velocity distribution is peaked at small values so th
one should observe a correlation all around the locusEp
1Eg5const independently of the photon energy and phot
proton relative angle. Actually, the real situation is not
simple due to the presence of the huge background com
from uncorrelated photons and protons and a compara
analysis of real- andmixed-event distributions is mandatory

FIG. 17. ~a! Bidimensional distribution of the photon energy v
the proton kinetic energy. The solid line indicates the locus of
points for whichEg1Ep5const.~b! Projection of the distribution
plotted in panel~a! on an axis perpendicular to the axisEg1Ep

5const.~c! Projection of the distribution plotted in panel~a! on the
axis Eg1Ep5const.
d

t

ay.
ot

e a

ve,
t

-

ng
ve

Panel~a! of Fig. 17 shows the ratio between the real- a
mixed-event bidimensional distributions of the photon e
ergy vs the proton kinetic energy. Indeed, a clear correla
signal emerges all around the locusEp1Eg5const, which is
drawn in the figure as a straight line. The existence of
correlation signal and its constant presence over all the p
ton and proton energy ranges are confirmed by the shape
the projections of the distribution plotted in panel~a! on an
axis perpendicular to the axisEp1Eg5const and on the axis
Ep1Eg5const itself, which are reported in panel~b! and~c!
of Fig. 17, respectively.

In the previous subsection we have demonstrated thain-
clusive observables, such as the photon energy spectr
various polar angles in the laboratory frame, do not sh
~contrarily to the theoretical expectations! any signal due to
the excitation of baryonic resonances in nuclear matter
they have been well reproduced by the BNV calculatio
which do not contain such non-nucleonic degrees of fr
dom. In this subsection, on the contrary,exclusiveobserv-
ables, such as the (g-p) invariant-mass and relative-ang
distributions, have shown clear indications of the excitat
of the D resonance and its electromagnetic decay. Then
should be very interesting and instructive to compareexclu-
sive data with the results of the same BNV model. To th
end we improved the BNV code in order to generate a s
tistically adequate sample of events, each containing a pro
having an energy larger than the experimental threshold
a more-than-30-MeV photon which were then filter
through a software replica of the real detector. The comp
son between the experimental real-event (g-p) invariant-
mass distribution~upper panel! and that calculated by the

e FIG. 18. ~a! Experimental (g-p) invariant-mass distribution
relative to real events.~b! (g-p) invariant-mass distribution relative
to those events generated by the BNV code described in the tex
panel ~a! the solid line is relative to themixed-event distribution
while dashed line is drawn to guide the eye. In panel~b! the solid
line is drawn to guide the eye.
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BNV model ~lower panel! is reported in Fig. 18. In panel~a!
the solid line is relative to themixed-event distribution nor-
malized atminv5970 MeV ~far from the correlation region!.
The proton multiplicity in the BNV events is, by constru
tion, strictly equal to 1 so that there is no effect of the co
binatorial background and the comparison with the exp
mental data can obviously be only qualitative. Neverthele
the experimental distribution clearly shows the presence
signal ~a shoulder in the rangeminv51100–1150 MeV!
which is completely absent in the theoretical distributio
This signal is not due to any experimental bias and it
characteristic of (g-p) events as is demonstrated in Fig. 1
where the same experimental real-event (g-p) invariant-
mass distribution~upper panel! is compared with the (gp-p)
one ~lower panel! where no signal is observable. In bo
panels solid lines are relative to the correspondingmixed-
event distributions normalized atminv5970 MeV. The com-
parison between the experimental real-event (g-p) relative-
angle distributions~upper panels! and those calculated by th
BNV model ~lower panels! is reported in Fig. 20. LE pho
tons ~left panels! and HE photons~right panels! are sepa-
rately compared. Experimental distributions show the pr
ence of a signal at large relative angles whose size incre
as a function of the photon energy. The signal is comple
absent in the BNV distributions independently of the pho
energy. Both in the case of LE photons and HE photons
the contrary, the strong small-relative-angle component r
tive to direct photons coming from incoherent nucleo
nucleon collisions is well reproduced by the model.

The coupling of the results on the electromagnetic de
of theD resonance, reported in this paper, with those rela

FIG. 19. ~a! Experimental (g-p) invariant-mass distribution
relative to real events.~b! Experimental (gp-p) invariant-mass dis-
tribution relative to real events~see test for the meaning ofgp). In
both panels solid lines are relative to the correspondingmixed-event
distributions. The dashed line in panel~a! is drawn to guide the eye
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to the hadronic decay of theD resonance, performed in Re
@1#, offers the unique possibility to evaluate thein medio
branching ratio B.R.[sD→Ng /sD→Np . Moreover, compar-
ing it with the free value equal to 631023, one can have a
global quantitative estimation of the pion reabsorption a
rescattering effects inside excited nuclear matter. The m
sured cross section of theindirect channelNN→ND→NNg
has been evaluated here using the formula

sD→Ng5
sg

Ng
ND→Ng , ~11!

wheresg is the total photon production cross section,Ng is
the total number of high-energy photons detected, a
ND→Ng is the total number of high-energy photons comi
from the indirect channel. This latter quantity has bee
evaluated normalizing the real- and themixed-event (g-p)
invariant-mass distributions~which is a very good approxi-
mation of the combinatorial background! in the regionminv
,1000 MeV ~where no correlation is observed! and then
calculating the integral of the difference spectrum in the
terval minv51050–1150 MeV. The final result issD→Ng
5(1.661.2) mb which, together with the value reported
Ref. @1# for sD→Np , gives B.R.5(7.665.9)31022. Taking
into account the fact that in this experiment photons a
neutral pions have been detected in different angular ran
this value of the branching ratio, although affected by
rather large error bar, is compatible with that of 3.331022

foreseen in Ref.@4#.

FIG. 20. ~a! Ratio between experimental real- andmixed-event
yields as a function of the cosine of the correlation angle forEg

,100 MeV.~b! The same as in panel~a! for Eg.100 MeV.~c! The
same as in panel~a! for BNV events.~d! The same as in panel~b!
for BNV events.
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IV. SUMMARY AND CONCLUSIONS

A comparative analysis of inclusive and exclusive data
high-energy-photon production in heavy-ion collisions at
termediate energies has been successfully conducted in
to investigate the excitation of non-nucleonic degrees
freedom in excited nuclear matter which is a very delic
topic in this field of nuclear physics.

Indeed, the study of both kinematical~invariant-mass! and
geometrical~relative-angle! observables has allowed us
claim the first clear and direct observation of the element
indirect processNN→ND→NNg whose revealability was
predicted several years ago by theoretical calculations
never proved in any of theinclusiveexperiments realized s
far. Together with those reported in Ref.@1# about the el-
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ementaryindirect processNN→ND→NNp0 ~for the same
system at the same bombarding energy!, the results presente
in this paper represent the up-to-date most complete in
mation about the excitation and decay of theD(1232) reso-
nance in nuclear matter in this energy regime.

The first estimation of thein medio branching ratio
sD→Ng /sD→Np has been also performed and the result is
agreement with the prediction of a microscopic theoreti
calculation.

Explicitly dedicated experiments could in the future ta
advantage of these results to investigate in a more comp
and quantitative manner on the phenomena of pion reabs
tion and rescattering in nuclear matter far from the grou
state as well as on the space-time evolution of the react
gi,

gi,
ds

gi,
ds
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