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�0 Meson Production in the pp ! pp���� Reaction at 3:67 GeV=c
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Total and differential cross sections for the exclusive reaction pp! pp� observed via the ����

decay channel have been measured at pbeam � 3:67 GeV=c. The observed total meson production cross
section is determined to be �23:4	 0:8	 8
 �b and is significantly lower than typical cross sections used
in model calculations for heavy-ion collisions. The differential cross sections measured indicate a strong
anisotropy ( � cos�CM� ) in the �0 meson production.

DOI: 10.1103/PhysRevLett.89.092001 PACS numbers: 14.40.Cs, 13.75.Cs, 25.40.Ve
this Letter, we report on the first measurement of the
exclusive total and differential cross sections of the �0

of conditions defined on two-dimensional distributions of
particle momentum versus Čerenkov light and energy loss
The study of the production of vector mesons (such as
�0) in both hadronic and electromagnetic processes is
considered an excellent tool to investigate the properties
of the hadrons both inside the nuclear medium and in free
space. These properties are closely related to the QCD
vacuum structure characterized by the presence of a non-
vanishing quark condensate breaking chiral symmetry [1].
In QCD inspired models, in-medium �0 mass modifica-
tions have been proposed as a signal for chiral symmetry
restoration in dense and/or hot baryonic matter [1]. Based
on these calculations, sizable changes in the �0 spectral
function have been predicted for near-threshold �0 produc-
tion in proton-, pion-, and nucleus-nucleus reactions [2,3].
Furthermore, modifications of the in-medium �0 spectral
functions can also rise from �� N coupling as indicated
by hadronic model calculations [4,5]. Such modifications
could have a significant impact on the role of the �0 as one
of the mediators of the nuclear force at small distance,
mainly in the tensor part of the interaction [6,7].

A measurement of the � production cross sections in pp
collisions close to threshold is of particular importance for
the understanding of the �� N coupling. Unfortunately,
the large � width � � 0:15 GeV=c2 and a small cross
section hampered up to now successful �0 identification
for excess energies above threshold � � 1:1 GeV [8]. In
0031-9007=02=89(9)=092001(4)$20.00 
production in proton-proton reactions at � � 0:33 GeV,
measured at the SATURNE II facility at Saclay.

The proton beam of momentum 3:67 GeV=c was inci-
dent on a liquid hydrogen target, and charged particles
were detected using the DISTO spectrometer, which is
described in detail elsewhere [9]. This spectrometer con-
sisted of a large dipole magnet (40 cm gap size, operating
at 1:0 T m) which covered the target, located at the
center, as well as two sets of scintillating fiber hodoscopes.
Outside the magnetic field, two sets of multiwire propor-
tional chambers were mounted, along with segmented
plastic scintillator hodoscopes (SH) and water Čerenkov
detectors (ČD) for particle identification.

The acceptance of all detectors ( ’ 2� to ’ 48� horizon-
tally and ’ 	15� vertically) on both sides of the beam
allowed coincident detection of four charged particles with
sizable efficiency. The multiparticle trigger, which was
based on the multiplicity of SH elements and the scintillat-
ing fibers, selected events with at least three charged tracks
in the final state. With this trigger many exclusive chan-
nels, e.g., ppK�K�, pp�����0 [10–12] and pK�, pK�
[13] were simultaneously measured.

The exclusive �0 meson production (pp! pp�0) was
measured via its dominant (�100%) ���� decay chan-
nel. Proton and pion identification was achieved by means
2002 The American Physical Society 092001-1



FIG. 1. Proton-pion invariant mass distributions Minvp� selected
according to the absolute value of the four-momentum transfer t:
Minvp1�� with the lower j t j value (left frame) and Minvp2�� with the
larger j t j (right frame). The curves are fits to the data as
explained in the text.
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measurements in the ČD and the SH, respectively. It was
found that less than 10% of the pions could be misidenti-
fied protons. The selection of the pp! pp���� reaction
was based on two kinematical conditions that were
checked with Monte Carlo simulations: (a) the four
particle missing mass has to be zero �Mmiss4p 
2 � 0	
0:015 GeV2=c4, and (b) the proton-proton missing mass
has to be equal to the ���� invariant mass �Mmisspp 
2 �
�Minv����
2 	 0:2 GeV2=c4. The residual background below
the �Mmisspp 
2 bump amounts to only about 2% of the total
yield and can mainly be attributed to events from the
pp�����0 reaction.

The acceptance of the DISTO spectrometer for the
pp���� channel was determined using Monte Carlo
simulations, which after digitization were processed
through the same analysis chain as the measured data.
The production of a meson X with the given mass MX, in
the exclusive reaction pp! ppX ! pp����, was as-
sumed for the final state particles generation. Eight linearly
independent degrees of freedom are necessary to fully
describe a four body final state. We have chosen the
following variables: �Minvp1X


2; �Minvp2X

2, and three Euler

angles �CMX ;�CMX ;  CMpp in the center of mass frame (CM)
that characterize the ppX system, and MX; �X�;�X

� which
describe the X ! ���� decay [12]. The spectrometer
acceptance has been determined as a four-dimensional
function of the variables �Minvp1X


2; �Minvp2X

2; �CMX , and MX,

assuming isotropic distributions in the remaining four vari-
ables. Symmetry reasons ensure that the distribution of
�CMX must be isotropic, and the isotropic assumption for
the remaining three variables was corroborated by the
measured data.

The simulations indicate a very low acceptance of the
apparatus for the X produced in the backward hemisphere
in the CM frame. However, since the initial system consists
of two identical particles, a reflection symmetry about
�CM � 90� exists; thus the backward data are redundant
for the total cross section determination. In the forward
hemisphere the detector acceptance was found to be non-
zero in every bin over the full kinematically allowed
region, thus eliminating the need for any model dependent
extrapolations of the cross section into unmeasured regions
of phase space. As a result, the acceptance corrections for
the DISTO spectrometer are independent of the actual final
state distributions, except for residual effects related to the
size of the kinematic bins and the detector resolution,
which have been accounted for in the estimate of the
systematic error. Finally, the data presented below have
been corrected on an event-by-event basis, via a weighting
factor obtained from the acceptance function for the ap-
propriate kinematic bin.

Compared to the other mesons identified in our experi-
ment [10–12], the extraction of the �0 yield from the
nonresonant background is much more difficult because
of its larger width. Therefore, different selection criteria
had to be applied. For each of them the effect on the
092001-2
acceptance for �0 and background events has been evalu-
ated using the Monte Carlo simulation mentioned above. A
first selection was applied on the three body p����

invariant mass Minvp���� > 1:6 GeV=c2 for both p����

combinations. It was found that this rejects 35% of the
pp���� events, whereas the simulations indicate that
only less than 4% of �0 events are lost by this restriction.

A further investigation of the remaining events shows
that, as observed at higher energies [8], most two pion
events originate from the pp! ���p�� channel. Fig-
ure 1 shows the acceptance corrected p�� invariant
mass distributions for events fulfilling the Minvp���� >

1:6 GeV=c2 condition discussed above. The Minvp1�� and
Minvp2�� have been obtained, selecting the events according
to the absolute value of the four-momentum transfer j t j ,
from the incoming beam proton to the outgoing p��

system. Minvp1�� and Minvp2�� denote the invariant mass of the
p�� pair with smaller and larger momentum transfer,
respectively. The prominent ��� peak at Minvp�� �
1:231	 0:008 GeV=c2 is visible in both distributions. A
fit to the data using a relativistic Breit-Wigner distribution
[3] of width � � 0:12 GeV=c2 added onto a third order
polynomial background shape indicates that 77% of all
pp���� events involve ��� production.

In order to reduce the background related to ���

production, it was required that the invariant mass for
both p�� combinations be 1:15 GeV=c2 <Minvp�� <
1:28 GeV=c2 and that the three body invariant mass
Minvp1���� < 1:74 GeV=c2. With such conditions 50% of
the ���� pairs were rejected, whereas the simulation
showed that only 10% of those from �0 decay are lost. A
similar selection on p�� invariant mass was judged un-
necessary, since events involving �0 production are much
less abundant than those with ��� and therefore will not
enhance the �0 signal to background ratio.

For the events surviving all the criteria described above,
Fig. 2 presents the final, acceptance corrected Minv����
092001-2



FIG. 3. Upper frame: M���� distribution measured for
cos��CM
 > 0:5. The solid line shows the fit using a relativistic
Breit-Wigner function added onto a third order polynomial for
the background, as described in the text. The dotted line shows
the meson line shape, and the dashed line presents the Minv����

distribution obtained for cos��CM
< 0:4 normalized to the same
maximum. Lower frame: The �0 (circles) and ! (triangles)
differential cross sections as a function of the meson CM
emission polar angle. The solid and dashed lines show fits using
the first three even Legendre polynomials.

FIG. 2. ���� invariant mass distributions obtained in four
different CM angular bins as indicated in the figure. The dashed
line represents the smoothed invariant mass distribution for the
0< cos��CM
< 0:2 normalized to the maximum.
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distributions for four equal bins in cos��CM
 between
cos��CM
 � 0:2 and cos��CM
 � 1:0, where �CM is the
CM polar emission angle of the di-pion system with re-
spect to the beam axis. The dashed line shows the
smoothed Minv���� distribution for 0< cos��CM
< 0:2 nor-
malized to the maximum, which reproduces well the gen-
eral shape of the ���� nonresonant spectra. It should be
noted that this yield is almost independent of cos��CM

indicating a nearly isotropic ���� nonresonant produc-
tion. A structure near the �0 mass M� � 0:77 GeV=c2 is
clearly visible.

The �0 yield has been extracted from a fit to the Minv����

distributions using a function ��m
 � BW�m;�
Vps�m

describing the �0 line shape and a third order polynomial
background. The BW�m;�
 is a relativistic Breit-Wigner
function with a mass dependent pion decay width of the
meson given by [3]: � � ��mR
�

k��m

k��mR



3 mR
m , where

��mR
 � 0:15 GeV=c
2 is the full �0 width at its pole

position mR � M� and k��m
, k��mR
 are pion three-
momenta in the rest frame of the resonance with masses
m and mR, respectively. Vps�m
 stands for the phase space
available for the direct (no intermediate state) production
of the meson with a given mass m. We have calculated
Vps�m
 by numerical integration of the simulated pp�
Dalitz distribution including the ��� suppression cuts
discussed above. As an example, Fig. 3 shows the Minv����

distribution for cos��CM
 � 0:5 containing most of the �0

yield. The initial background parameters have been ob-
tained by fitting theMinv���� distribution for cos��CM
 � 0:4
and Minv���� � 0:55 GeV=c2 normalized to the same maxi-
mum (dashed line). The best fit (�2=� � 1:2) has been
obtained with a fixed ��mR
 � 0:15, MR � 0:772	
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0:003 GeV=c2 (dotted line), and background (solid line)
which differs only very little from its initial shape.

In order to extract the angular distribution for the �0

production and to extract the total production yield, a finer
angular bin size was chosen, and the fit procedure outlined
above has been applied. The total �0 yield has been ob-
tained as a sum of yields in the individual angular bins. The
total cross section of � � �23:4	 0:8	 8
 �b with sta-
tistical and systematic errors, respectively, was determined
by normalizing the acceptance corrected �0 yield to the
simultaneously measured exclusive � yield of known cross
section �� � 135	 35 �b. The � yield was obtained
using separate acceptance correction matrices but calcu-
lated with the same method [12]. This procedure to deter-
mine the absolute normalization was chosen because it
092001-3
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reduced the large systematic uncertainty associated with
the determination of the absolute beam intensity and trig-
ger efficiency. It was checked by detailed Monte Carlo
simulations that particle identification efficiencies and
yield reductions due to the analysis cuts applied for the
selections of various reactions are understood within 15%
[12]. Finally, the method was verified by comparing the
exclusive cross section for ! production measured in our
experiment [12] with other experimental results obtained
in a similar energy range. An interpolation between exist-
ing data points give �! � 45	 7 �b [14] in good agree-
ment with our result �! � 50	 3�18�16 �b.

The systematic uncertainty for the �0 cross section
contains two almost equal contributions: (a) errors from
absolute normalization and (b) uncertainties related to the
background subtraction, acceptance corrections, tracking
efficiency, and analysis cuts. In particular, a possible bias
in the analysis due to the ��� suppression has been
investigated by comparing the �0 intensity obtained with
and without the suppression. The observed yield reduction
of �10% was reproduced by the Monte Carlo simulations
mentioned above, was corrected for, and was completely
included in the systematic errors.

Polar angle differential cross sections have been pro-
posed [15] as a sensitive observable to extract the strength
of nucleonic and mesonic currents responsible in meson
exchange models for the vector meson production near the
threshold. Therefore, it is particularly interesting for vari-
ous reaction models to compare the differential cross sec-
tions for the production of �0 and ! as measured in our
experiment [12]. The lower part of Fig. 3 shows the �0

(circles) and ! (triangles) production cross section as a
function of cos�CM, the polar angle in the CM system of
the meson. The vertical error bars reflect the statistical
errors only. The distributions have been fit with the sum
of the first three Legendre polynomials (solid line) Pi
with the result d��

d! / �2:	 0:2
P0 � �4:4	 0:2
P2�
�0:8	 0:2
P4 and d�!

d! / �4	 0:1
P0 � �3:1	 0:2
P2�
�2:0	 0:2
P4 for the �0 and !, respectively.

The above results indicate a contribution of partial
waves up to L � 2 in the production of both mesons.
Clearly, the angular distribution for �0 production exhibits
stronger forward peaking, suggesting a dominance of the
nucleonic current characterized by a dipole � cos2�CM

dependence [15]. The angular distributions for ! produc-
tion at this beam energy and at the smaller excess energy
� � 0:173 GeV [16] show strong nucleonic contribution
too, but also an additional isotropic component signaling
the importance of the mesonic ��! ! fusion [15]. It
is also interesting to note that the observed ratio of the
total cross sections for �0 and ! production R �
���0
=��!
 � 0:46	 0:12 is very similar to the ratio
obtained at higher energy (� � 1:14 GeV) R �
092001-4
0:48	 0:13 [8] and seems to indicate similar scaling of
the cross section with

���

s
p

for both mesons.
In conclusion, the production of the �0 meson has been

studied in the pp reaction at pbeam � 3:67 GeV=c. A total
�0 cross section of � � �23:4	 0:8	 8
 �b has been
determined. It is significantly lower than typical cross
sections used by the hadronic models (�100 �b) for
meson production in pA and AA collisions [3,17].
Furthermore, the differential cross sections exhibit a
prominent d��

d! / cos2�CM dependence that might signal
the dominance of nucleonic current in �0; ! meson
production.
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