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Abstract. We present experimental results on the nucleariteevent, we investigate position corresponding to the track on
search with the TL stack detector. The absence of penetrathe TL sheets. The TL sheet analysis would provide infor-
ing tracks in the analysis of 6.6%of the TL stacks with an  mation on the3-M relation of the nuclearite, if the number
average exposure of 2.7 years yielded the 90 % C.L. nucleef background TL photons due to natural radio isotopes and
arite flux limit of 1.3 x 10713 s~'cm~2sr-!. Further results  cosmic rays is sufficiently small. Thus, 3 raf TL stacks
from the investigation of other 5.4%wof the TL stacks with  have been set at the LVD (Large Volume Detector) located in
an average exposure of 4.4 years is also presented. the underground laboratory of LNGS (Laboratori Nazionali
del Gran Sasso), Italy.

. 2.1 TL stack acceptance
1 Introduction P

. . , At the underground site, the energy loss of nuclearites in rock
Experiments searchlpg for nuclearites .have been performe%ust be taken into account in the calculation of the detec-
(see for example Barish et al. (1987); Liu and Barish (1988)'tor acceptance for different masses or velocities of nucle-

Azrggg et al. (\1/392); Astone gtv?ll_' (192:23;4An;]brosio Et al. arites. (The average rock thickness cannot help us for this
(2000)) since Witten proposed (Witten, ) that quark mat-c.o - 1ation since the acceptance for a thin rock thickness re-

ter consisting of aggregates of up, down and strange quarI:jaion cannot compensate the one for a thick region.) For ex-
in roughly equal proportions may exist and be stable an ample, to maintaind > 103 after having traversed 4 km
De Rijula and Glashow suggested several experimental techy o of rock. the initﬁlﬂ must be greater thai x 10~3
niques to detect them(Delftila and Glashow, 1984; Deliila, ¢ 1o nuclea’rite masd/ = 5 x 10 GeVe 2. Figure 1

1985). shows the nuclearite velocity underground relative to the ini-

In the search for slow and massive nuclearites, it is 'm'ti?\l elocity as a function of the rock thickness traversed for
portant to make different attempts because the responses A — 1017.106.10%5.2 x 104 and5 x 103 GeVe—2

detectors have to be extrapolated from ordinary heavy-ion The cumulative TL stack acceptance relative to the max-

experiments or estimated from theoretical expectations. W‘?mum as a function of the rock thickness at the Gran Sasso
have developed the TL stack detector and tried to detect nuanderground laboratory is shown in figure 2. About 95%

clearites with it, (Aglietta et al., 2001; Okei, 2001; Okei et of the TL stack acceptance is covered by directions of rock

al., 2001). I_n this paper, the recent analyzed result of the Thhickness of less than 10 km water equivalent (w.e.).

stack experiment is reported. Taking the nuclearite energy loss and the TL stack sen-
sitivity (Aglietta et al., 2001; Okei, 2001; Okei et al., 2001)

2 Experiment at LNGS into accou.nt, we calculated the effective TL stack acceptance
as shown in figure 3.

The procedure of the TL stack analysis is as follows: 1)
we investigate the inner four X-ray films which are sand-
wiched between two TL sheets_; 2) 'f we found coincident Since usual relativistic particles cannot make their tracks in
black marks (a track), then we investigate the other four X-yno 11 stack detector unless they have charge of larger than
ray films; 3) if the track found seemed to be a nucleante50 (Aglietta et al., 2001; Okei, 2001; Okei et al., 2001), they

Correspondence tof. Wada are of no concern to us as backgrounds in nuclearite search
(wada@science.okayama-u.ac.jp) with the TL stack detectors even at sea level. High energy

2.2 Background
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Fig. 1. The nuclearite velocity relative to the initial one as a function
of material traversed fab/ = 10'7,10'6,10'5,2 x 10**, and5 x
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rock thickness [km w.e.] Fig. 3. The acceptance for nuclearites calculated for £ afthe

TL stack set at the LNGS underground laboratory as a function of
M for several values of the initig# (top) and as a function of the
Fig. 2. The cumulative TL stack acceptance relative to the maxi- initial 8 for M = 10'°,10'%,10'7,10'8,10'° and10%° GeVc 2
mum as a function of rock thickness at the Gran Sasso undergrountbottom).
laboratory.

crons. Thus, we calculated the chance probability by setting;
muon interactions; e~ pair production, bremsstrahlung and the mean number of isotope events per X-ray film to be 100
photonuclear interactions, would not give a background ei-and the positional precision to be 1 mm, in order to evaluate
ther(Okei, 2001). the upper bound.

If dust containing natural radioisotopes such as radon is Since the effective area of one X-ray film is 500%rthe
contained between a TL sheet and a X-ray film in a vacuumexpected numbeuy,;, of isotope events within a bin of area
packed TL strack, radiations or fluorescence and phosphoreshi, C is,
cence from the TL sheet due to the radiations might make a
visible black mark on the X-ray film. The probability thatthe ;..
accidental coincidence of such black marks (isotope events) 500
mimic a nuclearite event depends on the site where the TL = 0.25m @)
stacks are set. Here, we evaluate the chance probability Slménd the probabilityPh;, (V) of observingV isotope events

ply for the experiment at the Gran Sasso underground labofollows Poisson distribution

ratory.
The observed number of isotope events in one X-ray film TN
is at most~20 including very small black marks undistin- Boin(N) = N eXP(—tbin)
guishable from defects of the X-ray film. Vacuum packing (0.25pim)N
provided us with the positional precision of few hundred mi- = ——— exp(—0.25in). 2

N!
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Fig. 4. A schematic diagram of a false nuclearite event.

Therefore, the probability of occurring a false nuclearite even

within a circular bin of radius 1 mmSy,;, = 0.1%27 cm?) is
calculated as,

0o 6
Pirack = Pbin(0)2 (Z Pbin(N)>
N=1

= Poin(0)*(1 — Poin(0))°

= exp(—0.4Spin) (1 — exp(—0.25pin))°

0.9875 x 6.038 x 10~ 14

5.96 x 10714, ()

This upper bound calculation shows that only one mimic
event would be observed ir)? TL stacks, or the expected
number of mimic events i$0~% when we analyze 1000 TL
stacks. Thus, we conclude that isotope events can not mimic
nuclearite events.

3 Result

The absence of penetrating tracks in the analysis of 6.6fm
the TL stacks with an average exposure of 2.7 years yielded
the 90 % C.L. nuclearite flux limit of.3x 10~ 13 s~ tecm=2sr!
(Okei, 2001; Okei et al., 2001). Recently, We investigated
5.4 n? of the TL stacks with an average exposure of 4.4
years. Since complete track was not found in the new anal-
ysis either, we set the combined 90 % C.L. upper limit for
the downward flux of nuclearites @ < 2.3/(the accep-
tance x the exposure time} 5.6 x 10~ s~tem2sr!

(F < 2.8 x 107 s~lecm2sr~! for the isotropic flux).

The limits for nuclearites oB = 2 x 1072, 1073 5 x
1074, 2 x 10~* and 10~* at sea level are shown in figure
5. The diagonal line shows the maximum cosmic flux for
each ofg, which assumes that all dark matter consists for nu-
clearites (De Rjula and Glashow, 1984; Deljula, 1985).
{:igure 6 shows the comparison of our limit for nuclearites
of 3 = 1073 at sea level (the thick full curve) and some of
the limits from several other experiments using various tech-
niques: scintillators (Barish et al., 1987; Ahlen et al., 1992),
gravitational-wave detectors (Liu and Barish, 1988; Astone
etal., 1993) and CR-39 (Ambrosio et al., 2000).
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Here, a false nuclearite event is as follows; at least one iso-
tope event exists in the bin on the all of inner 6 X-ray films References

and no black mark exists in the bin on the two outermost X-

ray films (see figure 4).
Sinceup, < 1 and P, < 1, the effective number of
bins per one TL stack BI Ny;..x can be written as,

500

and the probabilityPy;... of occurring at least one false nu-
clearite event in one TL stack is

Pstack = 1-— (]_ — Ptrack)NBINSt"‘“k
9.49 x 10719, (5)

Finally, if we analyze 1000 TL stacks, the probabiliy;
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of observing at least one mimic nuclearite event due to natu-

ral radioisotopes is,

PRI — 1— (1 _ P’stack)looo
~ 1075, (6)
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Fig. 5. The 90 % C.L. flux upper lim-
its for nuclearites ofs = 2 x 1073,
10735 x 1074, 2 x 100* and10™*
at sea level. The maximum cosmic flux
for each ofg is shown with the diagonal
line.

Fig. 6. The 90 % C.L. flux upper lim-
its for nuclearites of3 = 102 at sea
level. The thick full curve shows the
limit from this work. The thin full
curve labelled ‘Okei et al. (2001) is
the limit reported in (Okei et al., 2001).
The thin solid lines labelled ‘MACRO
(1992)' and ‘MACRO (2000)’ are the
limits from (Ahlen et al., 1992) and
(Ambrosio et al., 2000), respectively.
The other three thin solid lines are the
limits from (Barish et al., 1987; Liu and
Barish, 1988; Astone et al., 1993) iden-
tified by the author and year of publica-
tion.



