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The neutral 7° and » mesons are studied ifF’Au-'7Au collisions at an incident energy of
800A MeV, substantially below the threshold fay production inN-N collisions. While the gross
7% multiplicity increases almost linearly with the number of participant nucleons, the multiplicities of
n and hardz® mesons show a stronger than linear dependence. The nonlinearity is governed by the
average transverse-mass exc@sd — (/s — 2my) of the mesons and is insensitive to their final-state
interaction in the nuclear medium. [S0031-9007(98)06389-3]

PACS numbers: 25.75.Dw, 13.75.Cs, 25.70.Ef

Heavy-ion collisions at incident energies aroundaction. The experiment was performed with the two-arm
1A GeV provide a unique tool for studying nuclear photon spectrometer (TAPS) [8] at GSI Darmstadt. Au
matter at high density and temperature. In the course dfieams from the heavy-ion synchrotron with an average in-
the collision the initial kinetic energy is converted not tensity of1.6 X 107 particles per spill (duration 8 s) were
only into compression and thermal motion but also intoused, impinging on a metallic target 200 mg/cn?.
intrinsic excitation. A substantial fraction of the nucleons Designed to measurg® andn mesons via their decay
is excited to short-lived states which decay via mesonnto two photons, the TAPS spectrometer consists of
emission [1,2]. Because of their higher masses thes&84 individual Bak scintillators with separate plastic
resonance states may serve as a short-term energy resscintillators for charged-particle detection positioned in
voir, facilitating the population of still heavier resonancesfront of each Bak module. In the present experiment
by multistep excitation [3,4]. This mechanism makes itthe hexagonally shaped detector telescopes were arranged
possible to produce mesons in collisions between heaviyn six blocks of 64 modules each. Mounted in two towers
nuclei at beam energies below the production threshold ion opposite sides of the beam undef,5fe arrays had a
free N-N collisions. The signature for multistep produc- target distance of 140 cm and were tilted by anglesof 0
tion should be a more than linear increase of the mesoand =22° with respect to the horizontal plane containing
multiplicity with the number of nucleons participating in the beam axis. In this configuration mesons emitted near
the reaction. midrapidity (0.40 = y = 0.78) were detected.

Previous investigations of subthreshold meson produc- Two additional detector systems, both based on plastic
tion in heavy collision systems have been confined to hardcintillators, were used to measure charged particles. One,
pions [5,6] and th&k " meson [7]. The present Letter ex- an array of 48 modules arranged in three rings around
tends these studies to themeson. The reaction chosen the beam tube, had a distance of 10 cm from the target
is '7Au + "7Au at an incident energy 0800A MeV. and covered the polar angles from °1tb 42°. The
In the N-N system this corresponds to an available en-detector registered the occurrence of target reactions and
ergy for particle production of/s — 2my = 365 MeV, a  provided the time-zero signal for the events. It detected
value halfway between the® and then mass. Thus, the the particles emitted from the collision zone, and the
gross 7° yield is essentially unaffected by energy con-multiplicity of responding modules/,.... was a measure
straints, whereas the participant nucleons in the overlafor the centrality of the reaction. In a separate run at low
zone of the collision partners have to pool their energybeam intensity8 X 10° particlegspill) the reaction cross
to createn and hard7z® mesons with transverse mass section was determined with this detector by counting the
m, in excess ofy/s — 2my. For a givenm, > m, the incident projectiles in an auxiliary beam monitor. Our
two mesons will have quite different transverse momentaresulto.... = 5.9 = 0.5 b is in good agreement with the
probing complementary regimes in their final-state interross section atA GeV [9], with the uncertainty coming
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mainly from the extrapolation to very peripheral collisions 102
for which the reaction counter was not fully efficient and
where the nuclear reactions were masked by intehse
electrons.

The other detector was the small-angle hodoscope of 8 .
the KaoS Collaboration [10]. Located 5.2 m downstream £ ~ @
from the target, the hodoscope covered the full azimuth & 0L ’ i
for polar angles between 0.and 10.3 with 320 detector g b ]
modules. The charge of the registered particles, mostly
fragments of the projectile spectator, was deduced from
their energy loss and from their flight time. :

The event selection trigger required hits with an energy [ % ]
E =15MeV in any two TAPS blocks for them® 10" LN .
measurement and neutral hits with = 90 MeV, at ; ’¢ ]
least one in each tower, foy mesons. The neutrality [ *\ ]
condition implied that only the BaFelement of a given 10k Zﬁ?
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detector telescope fired. In both triggers a signal from ]
the reaction counter was mandatory but did not introduce ST ST N ]
any additional bias on the centrality of the collision. To 0 100 200 300 400 500 600 700 800

enhance the) content of the data sample, the trigger m, [MeV]

was downscaled by a factor of 128. distributi P and
A i tant step in the data analvsis is the se aratioFIG' 1. Transverse-mass distributions fof and n mesons.
nimpor P y p Hhe spectra are derived from transverse-momentum spectra

of photons from the particle background as described ifvhich were compressed 850 MeV/c (7°) and 100 MeV/c¢

Ref. [11]. For each pair of photons in a given event(n) per channel. Dashed line: fit of the distribution given by
the invariant massn,, is calculated from the energies EQ. (1) to the” data aboven,,.

of the two photons and from the opening angle between

them. Ther" andn mesons show up as structures in themeson temperatures equal to the experimental inverse
invariant-mass spectrum on top of a large combinatoriaslope parameters. The meson cross sections observed in
background. By an event-mixing technique [12], whichAy and extrapolated té7 are listed in Table I.

accounts for the photon multiplicity of the events and Using the information available from the particle detec-
which keeps track of the transverse momentpmof  tors, the meson production can be studied as a function of
the photon pairs, this background can be reproducethe number of nucleons in the collision zone [13]. Fig-
and subtracted with high accuracy. The resulting mesonre 2 shows the correlation between the summed charge
intensities are 103007° and 5900 at signal-to- Zg., registered in the small-angle hodoscope and the par-
background ratios of 27% and 2.3%, respectively. ticle multiplicity M., Observed in the reaction counter.

A similar procedure for generating background-ldeally, in the symmetric system under study, the num-
subtracted spectra also applies for other invarianber of participant nucleons is given BA(1 — Zywm/2Z),
quantities besides:,,. Figure 1 shows the transverse- whereA andZ are the mass and charge numbers of the
mass distributions. These spectra are corrected for thepllision partners. In reality, however, the reaction dy-
acceptance of the spectrometer which was determinegamics prevents a clear-cut separation between spectators
in a Monte Carlo simulation as described in Ref. [12].and participants. Furthermore, the limited solid angle and
For m;, = m, the #° and n differential cross sections the marginal granularity of the particle detectors give rise
have comparable magnitude and their spectral shapes a@nonlinearities in the detector response.

similar. A fit to the data with a distribution of the form In the analysis the multiplicity spectrum of Fig. 2 was
1 o - ' divided into five bins, and for each bin the correspond-
S dy e /T with m, = ym? + pi () ing average valud ., of participant nucleons was deter-
mi t

mined together with the meson yield and the number of
gives inverse slope parametefs= 71 = 7 MeV and nuclear reactions in the target. Monte Carlo simulations
T =49 = 5MeV for #° and n mesons. In ther®  with IQMD events [4] were used to correct for the non-
spectrum additional intensity is observed at lewabove linearities of the detectors. Weighted by the partial reac-
the extrapolation from the high region. This part of tion cross sections thesg,.,; values provide the average
the spectrum, which represents the bulk of thtyield, inclusive number of participants in the A4 Au system.

is characterized by’ = 50 = 3 MeV, remarkably close The result{4,,) = 125 = 15 differs by less than two
to the inverse slope parameter of thespectrum. For the standard deviations from the model estimaf = 98.5
extrapolation to the full solid angle we assume isotropicallywhich corresponds to the geometrical overlap of two col-
emitting thermal sources at midrapidity & 0.613) with  liding sharp spheres.
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TABLE |. Average transverse massés,), differential cross sectiondo /dy, and extrapo-
lated, model-dependent total cross sectionfor 7° and » mesons near midrapidity. Also
given are theA,..-inclusive average meson multipliciti€®/) = o/ 0 eace, the production
probabilities P = (M)/{(A,a), and the exponents in the power law used to describe the
Ay dependence of the differential meson multiplicities, together with yAevalues of

the fits.
a0 w0 (m, = my) n
(m;) 244 + 7 MeV 630 = 10 MeV 610 = 10 MeV
do/dy 85+09b 65+ 8 mb 55 = 8 mb
o 11.8*=12b 60 = 7 mb 44 = 6 mb
(M) 2.0+ 03 (102 = 1.4) X 1073 (75 = 1.2) X 1073
P (1.6 £ 0.3) X 1072 (8.1 + 1.5) X 107 (6.0 £12) X 107
a 12+02, y>=1.1 1.7 02, y>? =158

In Fig. 3 the differential meson multiplicities are given by dM,, =, /dy, exhibit a stronger than linear depen-
as a function of the number of nucleons participatingdence onA,,;. Because of their nearly equéak,) and
in the collision. Them,-inclusive gross7° multiplicity — do/dy (see Table 1) they and highm, 7° data are con-
dM 0 /dy rises almost linearly with the number of par- sidered together. Following Ref. [6], we assume a power
ticipants, in agreement with earlier observations [6,9,14]law dM /dy = A5, to fit the multiplicities. The expo-
For the » and highm, 7° mesons, however, the situ- nentsa, which are listed in Table |, do confirm the quali-
ation is different. Here the multiplicities, jointly denoted tative trends already apparent from Fig. 3. Linear fits
of dM/dy and dM,, =, /dy, on the other hand, give

x> values of 3.2 and 19.0. While a linear dependence

2 N is also acceptable fodM ,0/dy, it can be rejected for
§ 108 | oo O gy ] dM,y,,=m, /dy with a confidence level of 95%.
1050 ; aesseseresesey T § Normalization of then and highm, =% multiplicities
i pe0000e®? D% Mn, ] 0 inlicity qi i iati
107 [ 04q000%® : | ; %t to the gross7” multiplicity gives the relative variation
1020 g | § ; ‘ooﬂé dM =, /dM o shown in Fig. 3c. These multiplicity
1020 MUL1 | MUL2 |MULS {MuLs | Mus  *T] ratios are less sensitive to systematic errors than the
£ It individual multiplicities. Fitting the power lawg,, to
N’ dM =, /dM 7o, we find arye = 0.5 = 0.2 (x* = 5.9).

] For a comparison of Au- Au with a light collision
] system, the TAPS results obtained f8Ar + "*Ca at

] 800A MeV [15] are included in Fig. 3. The gross’

] multiplicity in Ar + Ca depends linearly od,, but

] the slope is steeper than in Au Au. The lower 7°

] production probability in the heavy system, which applies
over the full range ofA,,;, may to a large extent be
explained by a reduction of the energy available for meson
] production, as more energy is converted into compression
] [16]. Also then multiplicity is suppressed in Ad- Au,

] at least in the collisions corresponding to the lower
two data points in Fig. 3b which represent about 70%
of owaet- The enhancement observed with increasing
centrality is evidence for a compensating mechanism

FIG. 2. ChargeZ, against multiplicity M....., as observed which is insignificant for the inclusiver’ production.
under then trigger (lower frame). The straight line is a linear During the high-density phase of the collision, no-

fit to the central part of the ridge, while the stars, connecteoh,Jlbl . ¢ di i fab i
by the dashed curve, represent the correlation simulated witfP'Y PIONS are trapped in a Cyclic process of absorption

IQMD events. The upper frame shows the projection ofand reemission which seems instrumental for subthresh-
the two-dimensional distribution (dots), together with the fiveold particle production [4]. Within this picture the ob-
multiplicity bins used for event claossification. Also shown served nearly linear dependence &%/ ,0/dy on Apart

are the multiplicity spectra for ther” trigger (squares) and yafiacts the total energy supplied by the participants, while

the minimum-bias trigger (triangles), the latter requiring only . . . .
a signal in the reaction counter. The partial reaction crosdN€ Stronger than linear rise @, ~,,/dy has its ori-

sections corresponding to the five multiplicity bins are 50%,9in in the extended time period over which the com-
22%, 14%, 11%, and 3% Gf . pression is maintained. This time period increases with

react
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FIG. 3. Differential meson multiplicities near midrapidity as a
function of the number of participants for At Au and Ar +
Ca at 8004 MeV. Shown are (a) the gross® multiplicity
dM 0 /dy, (b) the multiplicities ofn and highm, 7° mesons,
jointly denoted bydM,, =, /dy, and (c) the relative variation
dM =, /dM 0. The Au+ Au data are fitted by functions of
the formAy,,, (solid curves), while for Ar+ Ca a strictly linear
dependence is indicated (dashed lines). Fhend highwm, 7°
data points in Aut+ Au are displaced by=5 units in Ap,.

Apare @nd is long relative to the collision time of the

with the trend suggested by, >,, and by previous re-
sults concerning neutral and charged pions [5,6]. The fact
that hard pionsy; mesons, and the antistrange” expe-
rience quite different final-state interactions in the nuclear
medium excludes meson absorption as a possible origin
of the nonlinearity, whereas the transverse-mass excess
seems to be a crucial parameter. A lowering of the
mass with increasing baryon density as predicted by [17]
thus could lead to a measurable deviation from the com-
mon Ay, dependence established now for pions,and

K" mesons.

In summary, we have studiegl and hard7° mesons
in subthreshold®’ Au-'"Au collisions as a function of
the centrality. Both thep and the highs, 7° multi-
plicity exhibit a stronger than linear increase with the
number of participant nucleons. This nonlinegy,, de-
pendence, which is also found in subthresh&ld pro-
duction, is characteristic of multistep meson production
in compressed nuclear matter. It is governed by the
transverse-mass excess of the produced particles and ap-
pears to be insensitive to their final-state interaction.

We thank P. Senger and the KaoS Collaboration
for their help and cooperation and C. Hartnack for
providing the IQMD events. This work was supported by
BMBF, DAAD, DFG, and GSI (Germany), by FOM (The
Netherlands), IN2P3 (France), GACR (Czech Republic),
CICYT and Generalidad Valencia (Spain), and by the
European Human Capital and Mobility Program.

*Present address: LH Specifications GmbH, D-63303
Dreieich—Sprendlingen, Germany.
TPermanent address: Slovak Academy of Sciences,
SK-84228 Bratislava, Slovak Republic.
*Electronic address: r.simon@gsi.de
[1] U. Mosel, Annu. Rev. Nucl. Part. Sci1, 29 (1991).
[2] V. Metag, Prog. Part. Nucl. Phy80, 75 (1993).
[3] Gy. Wolf, W. Cassing, and U. Mosel, Nucl. Phya552,
549 (1993).
[4] S.A. Basset al., Phys. Lett. B335 289 (1994).
[5] O. Schwalbet al., Phys. Lett. B321, 20 (1994).
[6] C. Miuntzet al.,Z. Phys. A357, 399 (1997).
[7] D. Miskowiecet al., Phys. Rev. Lett72, 3650 (1994).
[8] R. Novotny, IEEE Trans. Nucl. ScB8, 379 (1991).
[9] D. Pelteet al., Z. Phys. A357, 215 (1997).
[10] P. Sengeket al., Nucl. Instrum. Methods Phys. Res., Sect.
A 327, 393 (1993).

constituents. A similar dependence of the meson mull11] F.M. Marquéset al., Nucl. Instrum. Methods Phys. Res.,

tiplicity on the number of participants is known from
K™ production in Au+ Au at 1A GeV [7]. Fitting the
power lawAg,, to the differentialk = multiplicity we find

art

Sect. A365 392 (1995).
[12] R. Averbecket al., Z. Phys. A359, 65 (1997).
[13] W. Ahneret al.,Z. Phys. A341, 123 (1991).
[14] J.W. Harriset al., Phys. Rev. Lett58, 463 (1987).

ag+ = 1.6 = 0.3 at an average transverse-mass exCesgis] A. Marin et al., Phys. Lett. B409, 77 (1997).

(m;) — (/s — my — my) which is about 80 MeV higher
than the mass excess for the presgnand highwm, 7°
mesons (see Table ). The value fog-+ is in agreement

5284

[16] B. Honget al., Phys. Rev. (57, 244 (1998).
[17] D.B. Kaplan and A.E. Nelson, Phys. Lett. B75 57
(1986).



