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Abstract

The possibility of performing a neutrino astronomy by means of a detector above the
ground depends critically on the feasibility of a rejection power on the order of 1011
required to discriminate the enormous background of cosmic downward going muons from the
signal of upward going muons produced by neutrinos. In order to check whether and how this
rejection is obtainable, we have built in the Physics Department of the University of Bari a
horizontal cosmic muon telescope (MINI) instrumented with Resistive Plate Counters. By
performing time of flight measurements, we have estimated the rejection power of our
telescope for left and right coming cosmic muons. The rejection dependence on a few
fundamental parameters like minimum number of points per track, telescope length, RPC
time resolution and on trigger configuration has been investigated.



In ion

One way of identifying astrophysical sources of high energy neutrinos relies on the
possibility of detecting upward going muons produced by charged current interactions
of these neutrinos in the rock below the telescope. The main requirements of such a
detector are : a) an excellent angular resolution, in fact the muon direction lies within
1° with respect to the direction of the parent neutrino; b) a high capability of
discriminating against the background muons which are produced by cosmic ray
interactions in the atmosphere. Two techniques are currently employed: the first
exploits the directionality of the Cerenkov radiation created in a large body of water by
fast muons ( IMB [1] and KAMIOKANDE [2]); the second one is based on the time of
flight measurement of crossing muons performed by two or three layers of
scintillation counters coupled to a tracking device ( BST [3] and MACRO [4]). Such
telescopes are located in underground sites to lower the background from cosmic ray
muons to a level of about 105-108 times the expected signal, therefore they require a
rejection power of the order of 108-107 to operate successfully.

On the other hand the present estimates of neutrino fluxes from candidate sources
(compact sources such as X-ray binaries in our galaxy or active galactic nuclei)
indicate that very large sensitive areas, larger than 104 m2, may be required to detect
the signals [S]. Such large area apparatus cannot longer be located underground
because of the severe space limitations imposed by any underground laboratory.

A recently proposed approach [6] for constructing above-ground neutrino
detectors suggest to use a stack of Resistive Plate Counters (RPCs) interleaved with
thick concrete layers. Since RPCs are able to provide a very high time resolution, the
time of flight technique could discriminate between upward and downward going muons
at the level required by a surface neutrino detector. Such an apparatus can be large and
can be expanded as necessary to perform searches for astronomical point sources of
multi-GeV neutrinos.

Any signal would be observed in the presence of three forms of background. One
background is due to upward going muons produced by the atmospheric neutrinos.
These muons are an unavoidable background which depends weakly on the zenith angle.
With a muon threshold of 2 GeV, it has been estimated to be near 3.510-'3 cm2 s-!
sr-1 [7]. The effect of this background on the sensitivity of a neutrino point source
detector is greatly reduced by increasing the angular resolution of the detector. The
background in a 1° radius angular region is only about 1 countyear in 10000 m2 .

Another background is due to the muons backscattered in the ground around and
below the detector. This flux has been caiculated (8] and found to be a limiting factor
only for directions within about 11° (24°) on the horizon for Eu> 5 (2) GeV; at

higher elevation angles the backscattered muon flux is negligible when compared to the
atmospheric neutrino background.

The last background source is instrumental in origin, arising from mistakenly
reconstructed tracks: a downward going muon might be reconstructed and tagged as
upward going. Due to the enormity of the cosmic ray muon flux, compared with the
predicted signal flux, it aprears that a surface neutrino apparatus requires a rejection
power on the order of 10 1 1o reduce this background to levels such that they do not
limit the sensitivity of the detector.

Since the first two sources of background can be kept under control, the possibility
of performing neutrino astronomy on the surface is critically dependent on the
feasibility of a rejection power of the order of 1011 .

To check whether this rejection is achievable, we have built at the Physics
Department of the University of Bari a horizontal cosmic muon telescope instrumented
with RPCs. By performing time of flight measurements we have studied the
discrimination power between left and right coming cosmic muons achievable by MINI
and more generally by a telescope of his type.



The MINI telescope

The RPC is a gas filled detector [9] consisting of two plane phenolic polymer
electrodes (bakelite), 1 x 2 m2 large, separated by a 2 mm gap filled with a gas
mixture of Argon and Butane with a small amount of Freon. Depending on the gas
mixture, a voltage of 8 to 10 kV is applied on the external face of the bakelite which is
graphite coated. Typical signals from the RPC are 400 mV in amplitude and 10 ns long,
with a 3 ns rise time. They can be coliected by an external pick-up system like strips
or pads of conducting material, the resistive electrodes being aimost transparent to
fast e.m. pulses. The discharge area is ~10°1 cm2.

The Fig.1 shows the MINI telescope [10] layout: ten RPC planes, (1+1) x 2 m?2
each, are separated by nine 1 m thick concrete absorbers corresponding to an energy
threshold of ~4 GeV for muons crossing the entire apparatus. The total length of the
telescope is 11 m corresponding to an elevation angle on the horizon of about 10°. in
our case the RPCs are operated with a gas mixture of 47% Argon, 50% Butane, 3%
Freon. In the telescope are present two kinds of RPCs having bakelite resistivity
respectively of 10'0 Q=cm (planes nr. 3,4,5,6,7,8) and 10'! Q«cm (planes nr.
1,2,9,10). The applied voitage is 8.8 and a 9.4 kV respectively with typical currents
of a few hundreds of pA for the first type and a few tens of uA for the second type. The
RPC planes nr. 1, 2, 4, 5, 6, 7, 9 and 10 are equipped with 2 m long, 3 cm wide,
horizontal (along the Y direction) pick-up strips, while planes nr. 3 and 8 have
vertical (along the X direction) strips . The crossing point along the strip direction is
obtained from the difference in time between the signal arrivals at the opposite ends of
the strip. The time measurements are carried out by means of Lecroy 2228A TDC
module operated at 0.25 ns/chan.. Each TDC channel serves the OR of the 64 strips of
a RPC read on the same side. Fig. 2 shows a typical muon event as seen by MINI.

Data analysis

in one month of operation (1990) the telescope has collected more than 100.000
events with the trigger provided by the coincidence of the planes 1St and 10th and the
majority of 3 among the central ones 4th, sth, 6th and 7th,

In order to reject horizontal showers and to select muon events, we have selected as
candidate muon events those having not more than 20 strips fired in 15 clusters (a
cluster is a set of contiguous strips), then the candidate event was required to have at
least 4 planes with only one strip fired. The muon track was reconstructed by a
straight line fit both in X and Y view, and the candidate event was accepted only if
x2y/d.o.f. < 3. and x2y/d.o.f. < 3. The time response of the chambers has been

computed excluding one chamber at a time from the time sequence tq,ta,....t1g of the

track, then performing on the "reduced” time sequence a linear fit of time versus
position where a loose cut was applied, x2yd.o.f. < 10. Finally the delay time of the

chamber under consideration was calculated with respect to its ideal time defined by
the fit. The contamination of the selected sample due to fake muon events has been
estimated to be less than .1%. The efficiency of each chamber was found to be contained
in the range 88% to 96% as reported in Tab 1.

The crossing point along the strip is very well reconstructed. Fig. 3 shows the
distribution of the difference between the X position reconstructed in the chamber 8 by
means of the TDC information and the "true" one, defined by the fit in the XZ view using
the strip information. Each strip has been calibrated separately and the time has been
corrected for the calibration constant relative to the fired strip. The r.m.s. is 3.5 cm.

The Fig. 4 shows a typical RPC time response distribution (chamber 6); the
chamber time resolutions go from 3 to 5 ns as shown in Tab. 1. The Fig. 5a reports the
time response distribution of all the chambers as if they were crossed by a muon
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travelling at the speed of the light and proceeding from the 10th to the 15t chamber,
the mean crossing times are defined by the telescope length assuming that the 1St
chamber is hit at time 0.0 ns. The distributions are normalized to 1.0 so that on the
vertical axis we have the probability P(t) that the RPC response occurs at the time t
after the hit.

R n wer_ calculation

method

In order to estimate the rejection power we have to remark that the events we want
to compute the probability are very rare so that a usual Monte Carlo estimate would
imply almost infinite cpu time. Therefore we have chosen the technique of the
"weighted” Monte Carlo.

We have to estimate how many times a muon travelling from the 10th to the 1St
chamber with velocity B =v/c=+1 (C: light speed) is tagged as traveling from the 1St
to the 10t chamber . The times at which each chamber is crossed by this muon are in
a well defined sequence as shown in Fig. 5a.

As an event is defined by a sequence of observed times ty.t5,....t1g @ sequence was

generated by taking each time t; randomly and uniformly in -50. to 50. ns, provided

the ith chamber was fired according to the efficiencies reported in Tab. 1. The sequence
of generated times was then submitted to a linear fit (time versus position) as for
real events, and was accepted as an event if the x2/d.o.f. < 3. The choice of this value
comes from an optimization of the cut, a harder cut does not improve significantly the
rejection factor, while the two cuts in x2/d.o.f., namely 3. and 2., correspond to a loss
of 5% and 10% respectively of real events. This fit defined the P of the event. Once the
sequence was accepted, its probability was computed as the product of the chamber
time probabilities TIj P;(t;) with the index i going from 1 to 10 over all the fired

chambers. At this point the event enters in a B histogram with a weight equal to IT;
Pi(tj). We generated 5+108 random sequences. The number of selected events is

reported in Tab. 2. The weighted B distribution which comes out has a maximum around
+1.0 as expected. After normalization of this distribution between -2.0 and +2.0, the
inverse of the integral probability in the range -2.0 to +0.0 has been taken as the
rejection power of the apparatus.

The unweighted B distribution is almost symmetric with respect to 0.0, with a
light overabundance of events having B > 0. since, looking at Fig. 5a, the probability
for high and negative response times of the chamber is zero.

In the rejection power estimation, the value of B has been limited to the range
-2.0 to 2.0 because the real data B distribution shows that, even though there are
events such that |B] 2 1.5, the tail of B beyond |B| 2 2.0 is practically zero,

In the computation, a constant probability was added to the probability resuiting
from the experimental time response distribution (see Fig. 5) only for times
corresponding to a positive delay with respect to the ideal time. This constant
probability that we refer to as constant probability tail has been estimated, chamber
by chamber, by taking the events contained between the point where the experimental
time response distribution ended to be continuous, or where the first hole appeared,
and 50 ns. Typical value for the probability tail is the order of 10-5/ns, the values
for each chamber are reported in Tab. 1. Adding this constant probability corresponds
to double the probability for long delay time response.

results

We have studied the rejection as function of the x2/d.o.f. cut, the minimum number
of points per track, the trigger and the telescope lenght.

The Fig. 6 shows the behaviour of the rejection as function of the minimum number
of points per track, nptm;n /track, for two values of the probability tail, namely the
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estimation that comes from data and twice this value. The result is that the rejection
depends very weakly on the tail estimation or even a factor of two error on the tail
estimation does not change the result very much. Therefore the sensitivity of the
rejection estimation to the tail estimation is weak when compared to other
dependences.

The Fig. 7 shows the rejection still as function of nptyn /track for different

trigger configurations that correspond to different minimun lever arms, lang;,, of the
time fit expressed in number of chambers, namely lagn;,=10, lamin=9 and lamin=8.
We note that lapin=10 corresponds to our trigger. The effect of the trigger is evident
at nptmin /track 25 and disappears at nptq;, /track = 8.

In Fig. 8 the rejection is reported for different telescope lengths. The dependence
here is very strong as more as nptqi, /track increases. Actually increasing the

telescope length corresponds to better resolve from each other the curves of response
time of the chambers what implies that longer times on the tails are needed to inverte
the sign of B, but longer times correspond to lower probabilities so this strong
dependence is explained. An estimation of the errors has been performed by looking
for the same point at many estimations of it done in a few subsample of the total
sample. The result is that half an order of magnitude is a good error estimate for the
points relative to L=11m, instead between half to one order of magnitude error can be
attributed to the points belonging to L=15.5 m and to L=20 m.

Since the RPC time resolution reported in literature is < 2. ns [8}, in order to
investigate the dependence of our results upon it, we have simulated a set of
distributions with a time resolution a factor two better (c=gexp/2). This has been
done summing the bin contents in Fig. 5a two by two, or rebinning at 2 ns, then
rescaling the bin width from 2 to 1 ns, as shown in Fig. 5b. The constant tail, for each
chamber, has been taken as twice the value reported in Tab.1. The rejection power has
been computed for lagi, =10 and L=11m, the result is in Fig. 9. The statistics is in

this case of 3.5+109 generated sequences and the error that can be associated to the
points is half an order of magnitude. Being the behaviour of the rejection, as function
of nptmin /track, almost linear in log scale, this implies that we are in a situation

where adding a point to the track results in improving the rejection by an almost
constant factor 10" that, from the figure, can be taken as 102.

In all figures, it comes out that the dependence on the number of points per track is
strong. This means that efficiencies are important, but one has to keep in mind that
efficiency values higher than 95% are unrealistic for large RPC production.
Considering that our trigger imposes lamj, =10 and npty, /track= 5, looking in Fig. 7

at the line corresponding to L=11m we can say our present rejection with MINI to be
around 108. Nevertheless requiring at least 8 points per track, what select the 65% of
the events, the rejection is better than 108.

Conclusions

A telescope like MINI provided with 2 ns time resolution RPCs would reach a
rejection of 1011 by simply requiring at least 6 points per track. If, like in our case,
the chambers have a worst time resolution by a factor two, then a longer telescope, 16
m, is needed and at least 8 points per track are needed to reach 10'! with a 35% loss
of statistics. Otherwise, keeping the length at 11 m, the number of chambers has to be
increased so to have 10 points per track in an high percentage of events.
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Tables

Tab. 1 Efficiency, time resolution and constant probability tail for each chamber.
For meaning of constant probability tail see text.

Tab. 2 Number of selected events out of the 55108 (3.5+109 last row) trials
according to the used cuts (see the text for the parameter meaning and
explanations).

Figures

Fig.1 The MINI telescope.

Fig.2 Typical muon event as seen by MINI ( the figure is not in scale).

Fig.3 Spatial resolution with TDC information.

Fig.4 Typical time response distribution.

Fig.5 a) Time response distributions of all the chambers; b) Simulated time
response distributions with a better resolution : o=0gxp/2. The distributions
include the contribution of a constant probability tail which has been added to the
experimental probability and which is represented by the dashed line in each
histogram .

Fig.6 The rejection as function of the minimum point number per track

for two values of the probability tail.

Fig.7 The trigger effect.

Fig.8 The rejection for different telescope length.

Fig.9 The rejection with a better time resolution: g=cgxp/2.



TABLE 1

Chamber # | Efficiency | Time resolution | Probability tail
(%) (ns) (10=°/ns)

1 96 2.9 0.2

2 83 2.9 2.0

3 95 4.0 1.6

4 92 4.0 2.3

) 89 4.0 1.1

6 88 3.5 1.6

7 90 5.0 1.1

8 88 5.0 0.8

9 90 2.9 0.6

10 96 2.9 0.2

TABLE 2
nptmin/track
events 5 6 7 8 9 10

L=11 m, lay,;;=8 | 62812 | 58732 | 48047 | 30324
L=11 m, laniy=9 | 56579 | 53651 | 45083 | 29454 | 12523
L=11 m, lan;,=10 | 46728 | 44581 | 38073 | 25758 | 11605 | 2446
L=16 m, lan;;=10 || 10988 | 10015 | 7798 | 4635| 1767 | 320
L=20 m, lani,=10 | 3774 | 3245| 2293 | 1206| 382| 65
o(t) = Texp(t)/2 8660 | 7019 | 4313 | 1998| 490| 51
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