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Abstract

The Soudan 2 deep underground tracking calorimeter has recorded cosmic ray muon tracks from the direc-
tion of the galactic x-ray binary Cygnus X-3 on most transits during the interval 1989-1998. We analyze these
events in the context of previous reports of Cygnus X-3-related muon flux during major radio flares of that
source. We find some evidence for excess flux during a small number of transits coincident with major radio
flares. We also find an indication that these events maybe distributed around the source with a Gaussian point
spread fimction with u = 1.3°, larger than the instrumental angular spread of < 0.3°, verified by observation
of the shadow of the moon.

1 Introduction
Cygnus X-3 is a galactic binary star system known to emit highly variable fluxes of radio, infrared and

x-ray radiation (Bonnet-Bidaud, 1988 and Nagle, 1988). Episodically, radio fluxes from Cygnus X-3 vary
over three orders of magnitude within a few days (Waltman, 1994). However, such major flares are infrequent,
occurring on average every several years. The best current understanding of Cygnus X-3 is that it is one
of several known “microquasars,” non-thermal star systems in our galaxy that from time to time emit strong
radio flares associated with relativistic jets pointed towards the earth. Microquasars are smaller versions of
extragalactic quasars, which also produce highly collimated radiation through relativistic jets.

Over a number of years, cosmic ray air shower and deep underground muon detectors have reported both
positive and negative observations of TeV or above quanta associated with Cygnus X-3. Several observations
have identified high energy muons as secondaries in Cygnus X-3-related events. At TeV energies, only stable,
neutral particles can travel the > 8 kpc distance from Cygnus X-3 to the earth along trajectories which point
back to the source. The known stable, neutral particles-photons and neutrinos-have only small probabilities
for producing detectable muons. Thus, observation of TeV muons associated with Cygnus X-3 requires either
exotic interactions of known primaries, exotic primaries or very large fluxes of neutrinos or photons. The lack
of a conventional physical model and the sometimes contradictory reports of transient fluxes have decreased
recent interest in Cygnus X-3 as a TeV or higher energy source. For the past 5 years, there have been no
published reports concerning such particles from Cygnus X-3.

The last published, positive Cygnus X-3 muon observation reported excess deep underground muons ob-
served by the Soudan 2 detector (Thomson, 1991: Paper I and Thomson, 1992) apparentl y in association with
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OZ1 rule. 1 The small decay energy for I#+K+K- (m@– 2mK = 32MeV) and
the consequent narrow width(4.43MeV) suggest that the @ meson yield should
be very sensitive to any modifications of bon and/or # meson properties in
the hot and dense hadronic matter, which could serve as a good experimental
observable for the chkal symmetry restoration. 23 In addition, accurate mea-
surements of the yield and mt spectra are of importance in understanding the
strangeness production and dynamics of heavy ion collisions at the AGS (p,T)
regime. In this contribution, preliminmy results on the centrality dependence
of @-meson production are presented.

2 Measurement and Analysis

The data were taken using the E917 apparatus, which is based on the E802
magnetic spectrometer 4, upgraded with an improved data acquisition system,
an enlarged trigger chamber and a high resolution beam vertex detector during
the E917 1996-97 operation at AGS. A second-level trigger was implemented
to select events with pair(s) of lam candidates of either sign, or events with
candidate P tracks. Centrality selections are based on off-line software cuts on
the projectile energy deposited and measured in the Zero-degree CALorime-
ter(ZCAL). The number of total participants for each centrality bln is
estimated from the measured EzC~l.

In the off-line analysis, measured time-of-flight is used to unambiguously
identify kaons up to a momentum of 1.75 GeV/c. Typical tracking momentum
resolution is t$p/p= 1.OZ1.5%. All events used in the analysis were required
to pass standard beam-quaMy cuts which eliminate overlapping events and
upstream interactions of beam particles. The absolute momentum scale is
checked by reconstructing A’s from F– pairs in the same data set. Thk
procedure is also used to establish that there was no significant variation in
the momentum scale over the entire running period. The invariant mass of
K+K– pairs was then constructed, as shown in Fig. 1 A distinct peak is seen
above the background. Within the limit of current statistics of the data, the
mass and width of the measured + are found to be consistent with the values
of free @ mesons. Details of the analysis can be found elsewhere. 5

3 Prelisnhm.ry Results

3.1 mT spectra and ~

Transverse mass spectra of #-meson for data with different centraWy cuts are
obtained. An example is shown in Fig. 1. The inverse slopes T and ~ are
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extracted by fitting the mT spectra to the form of

~d3N dN 1
@ = ~ “ 2n(m@T+ T2) “

~–(fnT-?n+)/T
> (1)

and are shown in Table 1. The error bars shown are statistical only. The @
yield per participant is also listed, which shows a steady trend of increase as NP,
though the statistical uncertainties are comparable to the scale of the increase.
One can see that the ~ of peripheral AUAU is close to the corresponding ~

measured in central SiAu ‘(7% TMA, at a higher energy of G = 5.39 GeV).
This is in contrast to the big differences of kon yields seen in SiAu and AuAu:
kaon yields in Si+Au are significantly larger than those in Au+Au for the
same NP, which is consistent with the different collision geometries for lam
production in the two system. 7 We now observe a rather weak dependence of
# yield on both the@ and the different collision geometries in Au+Au(fi =
4.87GeV) and in S1+AU at close NP.

It is known that the yield of ~ production in pp collisions shows a very
strong dependence on the energy: 8 over a narrow range of W from 4.53GeV
to 6.80GeV, the yield increases by over 2 orders of magnitude. Here the weak
dependence of 4 yield on both + and collision system geometry may suggest
that the dominant contribution of #J’sare not from the nucleon-nucleon colli-
sions in a heavy ion collision at AGS. However, to what extent the measured ~
yields could be explained by secondary hadronic rescattering or other alterna-
tive mechanisms, not excludlng a possible formation of a baryon dense QGP
or the predicted medium modtication of @ properties, presents an intriguing
question worth of further consideration.

ZCAL cut Np T (MeV) ~ (y - 1.15) (+)/NP
00-23% 301 174+56 0.252+0.107 0.84+0.35
12-39% 202 229+55 0.129+0.027 0.64&0.14
23-76% 105 199+44 0.058&0.015 0.55*0.14
7% SIAU 84 215+24 0.056&0.016 0.67+0.19

‘Ihble 1: Inverse slopes, ~, and normalized %(x 10-3) by Np, ss a function of tot~

number of participants, NP.

3.2 ~/K- Ratio

The extracted ~ yield as a function of NP are compared to K- yields at identical
centrality and rapidity bins, and shown as q5/K– ratio in Fig. 2. The ~/K-
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Figure 1: Left: The invariant mass distribution of K+ K- pai~ Right: Transverse msss
spectrum. Both are for minimum bhs set of 19° setting.

ratio in Au+Au is seen to be larger than that measured in central S1+AU
colliiion. This can be traced back to the differences in the observed contrast

‘N for ~ Wd K- as mentioned in section 3.1: a higherenergy dependence of ~

K– yield in Si+Au than in Au+Au and the similar # yield in the two systems
at close NP lead to a smaller @/K– ratio in Si+Au. A sin-alar behavior is seen

in the & ratio to be shown in the next.

It is already known that the $$ ratio in AUAU at ths beam energy is
independent of NP. Surprisingly, the ratio of #/K- also shows no significant
dependence on centrality. This observation further extends the puzzle: while
the differences among ~, K+ and K– are substantial(in terms of production,
absorption, and in-medium effects if any), their relative abundance shows no
signs of dependence on centrality. The underlying physics indications are yet
to be revealed, whkh may lead to further understanding of the exact nature
of strangeness production at AGS energy.

3.3 &. Ratio

The ratio of &_- are extracted for both central and peripheral bins, as shown
in Fig. 2, together with a measured point from SiAu @ measurement. GFor the
first time, we observed that the ratio of & systematically decreases as NP.
Qualitatively this result follows the power-law behavior predicted by simple
coalescence models which have been successful in describing the composite
nuclei productions(d, t, etc.) at Bevalac and AGS energies. 910 In anology to
a deuteron being formed via coalescence of a proton and a neutron, naively
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Figure 2: Centrality dependence of the ratio of -~ and
(dN/dy)4

(dN/dg)K+ -(dN/du)K- at.. .. ..
y = 1.15+ 0.25.

conceiving that a @ could be formed via a coalescence of a K+ and a K-,
one would expect that &cc&, or & cs~, where VBTCrepresents the

volume of the source where the “composite & are emitted.
However, a coalescence mechanism for # production cannot be as simple

as the deuteron case, where the proton and neutron are seen as simply joining
together without changing their internal structure. Calculations with a quark
model of @ coalescence from kions 11 in which the u and Ii quarks in kaons
annihilate in a time-reversed decay process of q% K+K–, indicates that the

overall coalescence via K+K– and K°K at quark level only account for at
most ~ - ~ of the me~ured $ yield in central SiAu at 14.6A. GeV/c, to which

our measured peripheral # yield is close. Even with an unjustifkd assumption
that the # is an L = 1, K+ K- molecule of relatively larger size, the model
still could only predict about 1/2 of the observed # yield. Therefore, it is of
importance that other mechanisms beyond the coalescence be included in a
cascade model, such as RQMD, to explore the hidden origins of @ production
at thk energy and baryon density regime.

4 Summary

E917 has measured &meson production as a function of centraMy in Au+Au
collisions at 11.7 A. GeV/c:

– Within the current statistics significance, the mass and width of the
measured ~ are found to be consistent with the values of free # mesons;
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– For the first time, the yield of $ is extracted as a function of centrality
at AGS energy: From the measured peripheral to central bins, the ~
increases by a factor of 4.3;

— The ~ of the peripheral # is close to that of central @ in Si+Au(7%TMA,

NP w 84) measured at a higher energy, showing a rather weak dependence
on both @ and the collision system geometry;

– No signs of significant centrality dependence is seen in the #/K- ratio;

— The ratio of & decreases from peripheral to central collisions which
quaMatively follows the power-law behavior predicted in the simple co-
alescence models. Further coalescence calculations 11 at quark level fail
to account for the measured ~ yield.

The results presented are preliminary. Additional statistics and tests based
on cascade models, such aa RQMD, are critical in understanding the true
nature of the observed # signals.

Acknowledgments

This work was supported by the Department of Energy, the National Science
Foundation (USA) and KOSEF (Korea).

References

1. Asher Shor, Phys. Rev. Lett. 54, 1122(1985).
2. C.M. Ko and B.H. Sa, Phys. Lett. B 258,6 (1991).
3. D. Lissauer and E.V. Shuryak, Phys. Lett. B 253, 15 (1991).
4. T. Abbott et al., Nucl. Instrum. Meth. A290, 41-60 (1990).
5. H. Xkmg, Ph.D. Thesis, Univ. of California, September, 1999.
6. Y. Akiba, et al., Phys. Rev. Lett. 76,2021-2024 (1996).
7. FUqiang Wang, preprint, nucl-ex/9905005
8. Yufeng Wang, Proc. of Heavy Ion Phys. at AGS, Jan’93, p.239
9. J. Barrette et al., Phys. Rev. C 50, 1077 (1999).

10. L.Able et al.,Phys. lieu. C , in preparation (1999)
11. A.J. Baltz and C. Dover, Ph~s. Rev. C 53,362 (1996).

6


