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Baryon resonances in carbon-carbon collisions at 4.2 GeVÕc per nucleon
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The production ofD0 and D11 resonances in high energy collisions of carbon nuclei with the carbon
nucleus, using a 2-m propane bubble chamber, was investigated. From invariant masses of (p,p6) pairs the
masses and widths of the resonances were obtained. The ratios of pion production from delta decays and direct
pion creation were estimated, as well as the relative number of nucleons excited toD0 at freeze-out conditions.
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I. INTRODUCTION

In relativistic nucleus-nucleus collisions a considera
number of pions is produced. Carrying information conce
ing conditions under which they have been created, th
pions are significant for understanding the mechanism
nucleus-nucleus collisions. However, directly produced pi
have to be distinguished from those created later, mainl
baryon resonance decays. The decays ofD resonances are
the most important mehanisms of pion production. In
model of independent nucleus-nucleus interactions, theD
resonance is predominantly created in the reactionNN
→DN, which is concurrent with the processes of direct pi
production: NN→NNp, NN→NNpp, etc. We analyzed
the production proceses ofD11,

pp→D11n1kp ~k50,1, . . .!, ~1!

with the decayD11→pp1 and production proceses ofD0,

NN→D0N1kp ~k50,1, . . .!, ~2!

with the decayD0→pp2. Several earlier papers@1–3# sug-
gest that the width and mass of theD resonances, produce
in high energy nucleon collisions and in nucleus-nucleus c
lisions, could be different. In our previous work@4# we ana-
lyzed D11 production in C1C collisions at 4.2 GeV/c per
nucleon. This study, based on relatively small statistics,
not confirmD11 mass shift to lower values, but we foun
that theD width G is slightly lower than that for free nucleo
collisions. New experimental verifications@5–10# that the
properties of hadrons are modified in dense nuclear ma
created in proton-nucleus and nucleus-nucleus collisions
to a mass reduction ofD(1232), which explains the interpre
tation based on the thermal and isobar models@11#.

The main intention of this paper is the test of these sta
ments, using new, higher statistics data for carbon-car
collisions at 4.2 GeV/c per nucleon and comparing the pro
erties of D11 and D0 reconances produced in such col
sions. The paper is organized as follows. The summary of
experimental procedures, as given in Ref.@4#, is reproduced
in Sec. II. Section III presents the results and discuss
Conclusions are given in Sec. IV.
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II. EXPERIMENTAL PROCEDURES

Using the data obtained at the 2-m propane bubble ch
ber exposed to a12C beam at Dubna Synhrophasotron, w
have studiedD11 andD0 resonance production. At inciden
momentum of 4.2 GeV/c per nucleon, 20 594 C1C inelastic
interactions were selected~compared to 3421 C1C inelastic
interactions in our previous work@4#!. Practically, all the
secondary interactions have been detected in the chambe
separatep1 from protons we use momentum-range relatio
and the detection ofp1m1e1 decay. The measured mo
menta of protons and pions were used to calculate the inv
ant mass of thepp6 system,M, from the relation

M25~Ep1Ep!22~pW p1pW p!2, ~3!

whereEp ,Ep ,pW p ,pW p are the energy and momentum of th
proton and pion, respectively. The invariant mass distribut
for (p,p2) measured pairs is shown in Fig. 1~solid line!.
For many of such (p,p) pairs the resulting invariant mas
distributiondn/dM contains a large background contributio

FIG. 1. The invariant mass distribution for (p,p2) measured
pairs in C1C collisions at 4.2 GeV/c per nucleon~solid line! and
the background distribution~dashed line!.
©2002 The American Physical Society09-1
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from uncorrelated pairs~Fig. 1, dashed line!. To eliminate
their contribution as much as possible, we analyzed the a
between the proton and pion. If theD resonance decays i
flight, the anglea between the outgoing proton and pion,
the laboratory frame, is defined by

cosa5
1

pppp
S EpEp2

MD
2 2Mp

2 2M p
2

2 D , ~4!

wherepp andpp are proton and pion momenta,Ep andEp

are their energies, andMD51232 MeV/c2. We compared
this value with the cosine of experimentally measur
angleb,

cosb5
pW p•pW p

pppp
. ~5!

The experimental invariant mass distribution,dn/dM for
(p,p6) pairs was produced using the following criteria:

~1! We kept only the combination satisfying the inequal

ucosb2cosau,e, ~6!

wheree is an arbitrary cutoff parameter theoretically lying
the interval @0,2#, while, if the momenta of protons an
pions are measured with high precision, the upper limit
the interval should be low.

~2! The protons with momentap.3 GeV/c and angles
between the beam and the emitted particleu,4° are treated
as spectators and are excluded.

~3! The protons emitted from the target carbon nucle
during the process of evaporation were eliminated.

~4! According to relations~1! and~2! the missing mass fo
proton-pion pairs should be equal to or greater then
nucleon mass.

~5! All events should lie in the kinematically allowed re
gion for NN interactions defined by the Byckling and Kaja
tie inequality @12#. These criteria should exclude the fals
physically uncorrelated proton-pion pairs.

Applying criteria ~2! to ~5!, the initial invariant mass
spectrum should be reduced at most by 30%. Only the m
important criterion~1!. is able to produce much stronger r
duction of the spectrum.

A set of experimental spectradn/dM for (p,p6) pairs
was produced using various cutoff parameterse. As an ex-
ample, Fig. 2~solid line! shows the invariant mass distribu
tion of (p,p2) pairs for e value: e50.22. The mass distri
bution has an obvious maximum. Ife is low, the statistics of
the invariant mass spectrum in the vicinity of the peak
poor and the effect of the chosen mass ofD in Eq. ~4! is too
strong. For higher values ofe (e.1), the shape of distribu
tion becomes similar to the distribution obtained without c
terion ~1!. We estimated that the resonable values ofe lie in
the interval@0.1,0.6#. To check if this peak belongs to theD
resonance, we performed a Monte Carlo simulation of
background spectrumdnb/dM including the cutoff criterion
~1!. This procedure was as follows: We calculated the inva
ant mass for (p,p) pairs randomly selected using a proto
from one event and a pion from another event~event mixing
03490
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method!. We respected the event topology in the way that
combined only events with equal particle multiplicities. Th
procedure was repeated until the total number of events
came equal to the spectrum value; i.e., the background
tribution was normalized to the number of pairs in the sp
trum. The uncorrelated background, without a sharp p
~Fig. 2, dashed line!, is quite different from the distribution
obtained by using correlated events, i.e., the experime
spectrum. In order to extract the mass distribution of
resonance, we analyzed the distribution of differences
tween invariant mass spectra for correlated and uncorrel
pairs, defined by

D~M !5
dn

dM
2a

dnb

dM
, ~7!

wherea is the normalization factor. The normalization fact
is simply connected to theD production rateR, which is a
ratio of the number of pions that do originate fromD and
from other mechanisms, by the relation

R512a. ~8!

We would like to note that difference distributionD(M ) may
take negative values in some parts of the spectrum. In su
case, we have concluded that the negative part may v
between 1% and 2% of the total positive intensity. Interpr
ing the distributionD(M ) as a pureD signal, we have ap-
proximated it by a relativistic Breit-Wigner shape@13#

b~M !5
GMMD

~M22MD
2 !21G2MD

2
, ~9!

whereMD and G are the mass and width of the resonan
The data setD(M ) for different values of the parameterse

FIG. 2. The invariant mass distribution for (p,p2) correlated
~solid line! and uncorrelated pairs~dashed line! for cutoff parameter
e50.22.
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anda was fitted by the Breit-Wigner functionb(M ) andx2

was found for each fit. The parametersMD andG were de-
termined by minimizing the differenceuD(M )2b(M )u. In
this way we got the set of two parameters for each exp
mental spectrum produced for chosen values of the par
eterse anda.

III. RESULTS AND DISCUSSION

The best values of the parameterse and a were deter-
mined from the behavior of the functionx2(e,a). The mini-
mums of x2 functions suggest the following value
e(D11)50.1060.03, e(D0)50.2260.03 and a(D11)
50.4060.05, a(D0)50.5060.05. The uncertaintyde is es-
timated from the experimental error of momentum,^Dp/p&
<10%. Figure 3 presents the difference distributionD(M )
for (p,p1) pairs for the best values of parameterse anda.
The corresponding distribution for (p,p2) pairs is shown in
Fig. 4. The experimental values for masses, widths, and
duction rates ofD ’s, obtained by using the best values
parameters, are given in Table I.

The results forD11 resonance fully agree with our pre
vious results@4# obtained at smaller statistics. The para
eters ofD0 resonance production are the new results and
obtained similar values as in the case ofD11 resonance. For
both resonances, the mass peak is near the expected po
and theD width is lower than that for free nucleon collisio
(G5114 MeV/c2) @14#. Also, because of the values of erro
we are not able to make any conclusion about expec
D0-D11 mass and width differences. Finally, the values
rates forD production confirm thatD decay is a dominan
mechanism of pion production in C1C collisions at
4.2 GeV/c per nucleon. Similar results are obtained in t

FIG. 3. The difference between invariant mass distribution a
uncorrelated background for (p,p1) pairs produced with the bes
values of parameterse anda. The line represents the fitted functio
b(M ).
03490
i-
-

o-

-
e

tion

d
f

case of collisions of heavier nuclei~Ni1Ni and Au1Au! at
energies between 1 and 2A GeV @10#.

On the other hand, in Ni1Ni and Au1Au collisions@10#,
as well as in Ni1Cu collisions@8# at energies between 1 an
2 A GeV, the resonances masses were found to be shifte
an average value of260 MeV/c2 relative to the mass distri
bution of the freeD resonance. In the case of C-C collision
we have not found any shift of resonances masses. Su
result is expected if we keep in mind that the absolute s
value is proportional to atomic masses of participant nuc
that became smaller with rising impact parameter@10,11#.
For example, in the near-central collisions the shift valu
are ;2100 MeV/c2 for Au1Au and ;250 MeV/
c2 for Ni1Ni nuclei. In our case, the collisions of relativel
light nuclei were studied and the results are averaged ove
impact parameter values.

On the basis of the results presented above, we estim
the relative number of nucleons excited toD0 at freeze-out
n(D)/n(nucleon1D). The D0 abundancen(D) can be ob-
tained by means of the relation@9#

n~D!5n~p2! f isobar

pD
2

pall
2

, ~10!

TABLE I. The experimental values for masses, widths, and p
duction rates ofD resonances in C1C collisions at 4.2 GeV/c per
nucleon.

M (MeV/c2) G (MeV/c2) R (%)

D11 123264 8568 6065
D0 123064 9368 5065

d FIG. 4. The difference between invariant mass distribution a
uncorrelated background for (p,p2) pairs produced with the bes
values of parameterse anda. The line represents the fitted functio
b(M ).
9-3



f

t

f

-

f

ied.
t
e

es,

.

f
e

hat

a
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wheren(p2) is the average number ofp2 per event,f isobar
is the prediction of the isobar model (N is the number of
neutrons,Z is the number of protons! @15#:

f isobar5
n~p21p01p1!

n~p2!
5

6~Z21N21NZ!

5N21NZ
, ~11!

andpD
2/pall

2 is our production rateR. The average number o
p2 per event in C1C collisions at 4.2 GeV/c per nucleon is
n(p2)exp51.5260.08 @16#, and this result is in agreemen

FIG. 5. The relative number of nucleons excited toD0 at
freeze-out as a function of the beam energy. The open triangle
squares are the results of the experiments E814@7# and FOPI@9#,
respectively.
03490
with the prediction of the quark-gluon-string model~QGSM!
~see, for example, Refs.@17,18# and references therein!
n(p2)QGSM51.59. For 6

12C nucleusf isobar53. Taking into
account the production rateR5(5065)% and the number o
participants, nucleons calculated by usingn(nucleon1D)
52^Np&1^nD&, where^Np&54.3260.07 is the average par
ticipant protons multiplicity in C1C interactions at
4.2 GeV/c per nucleon@19# and ^nD&50.76 is averageD0

multiplicity, the relative number of nucleons excited toD0 at
freeze-out was found to be:n(D)/n(nucleon)1D)5(24
65)%. The comparison of this result with the results o
E814 Collaboration@7# and FOPI Collaboration@9# is shown
in Fig. 5.

IV. CONCLUSIONS

The production odD0 andD11 resonances in collisions
of carbon nuclei with the carbon nucleus at 4.2 GeV/c per
nucleon, using a 2-m propane bubble chamber, was stud
From direct reconstruction ofD resonances by an invarian
mass analysis of (p,p6) pairs, we obtained the values of th
masses and widths of theD resonances. For both resonanc
the mass peak is at the expected positionMD;1232 MeV/
c2, but theD width is lower than for free nucleons collision
The ratios of pion production fromD decays and direct pion
creation were estimated to be at the level of (5065)% for
D0 and (6065)% for D11 resonance. It means thatD decay
is a dominant mechanism of pion production in C1C colli-
sions at 4.2 GeV/c per nucleon. Also, the relative number o
nucleons excited toD0 at freeze-out is estimated to b
(2465)%.
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