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Search for lightly ionizing particles with the MACRO detector

F. Cei for the MACRO Collaboration
Dipartimento di Fisica dell’ Universit di Pisa and INFN, 56010, Pisa, Italy

Abstract. We present a search for fractionally charged par-2 The MACRO experiment and its capabilities as a frac-
ticles in the penetrating cosmic radiation using the MACRO tionally charged particle detector
detector. The search was performed using tracking informa-

tion from the streamer tubes and energy loss measuremenighe MACRO experiment (MACRO, 1993) was a modular

from the scintillator subsystem. The MACRO energy thresh-getector composed by six different supermodules, each of

old allowed a search sensitive to charges as low/as The them divided into a lower and an upper part (“Attico”). All

90 % C. L. flux upper limitis1.5 x 107" cm™?sec™"st™".  supermodules were equipped with three different sub-sys-

tems: limited streamer tubes (ST) for particle tracking &

1 cm), liquid scintillation counters (LSC) for energy loss

and fast timing measurements and nuclear track detectors.

The overall size of the apparatus Wet6 x 12 x 9.3m3

and the acceptance for an isotropic flux of particles was

1 Introduction 10*m?sr. The detector was active, in various different con-
figurations and with an increasing number of on-line super-

modules, from autummh989 until the end 02000. The STs

The quantization of the electric charge is one of the most o deployed ir4 horizontal andi2 vertical planes; each
fundamental of nature’s puzzles. It is not explained within ; \p o \wasi2 m long with a cell size 08 x 3cm?. The LSCs
the framework of the standard model, but it naturally ari:ses(476 individual counters) were organized insohorizontal
within grand unification theories as a consequence of the Non 44 vertical layers. Each horizontal counter wias<0.75 x
trivial commutation relations between the operators of theo.2 m? in size and each vertical counter x 0.50 x 0.25 m3:
theory (Frampton and Kephart, 1982; Barr et al., 1983; YU, 5| poxes had an active length 11 m. Both the STs and
1984; Yamamoto, 1983; Dong et al., 1983; DejRa etal.,  ho | 5Cs were equipped with multiple electronic systems:
1978). Despite dgcades of s_earches in accelerator and cosmjig e we mention only the ST muon trigger (the “Bari trig-
ray based experiments (Smith, 1989; Klapdor-KIemgrothausger”) and two of the LSC circuits, the stellar gravitational

and Staudt, 1995; Lyons, 1985; Jones, 1977; Halyo et al'collapse trigger PHRASE (MACRO, 1993, 1992) and the

ZOQO) no one has yet r_eported a convincing evidence for th%eneral muon trigger ERP (MACRO, 1993, 1992). The ST
existence of free fractionally charged particles. Presently, trigger used the hits recorded i@ us shift regis-

the best limits on the flux of fractionally charged particles ter (“Fast Chain”) to form an appropriate OR-combination
come from the water Cherenkov Kamiokande-lI experimentof all signals coming from the same plane. The output sig-

(Kamiokande, 1991); such limits, atthe % confidence level, nals of all planes were sent to a coincidence circuit, which

are2.1 and2.3x 10715 cm~?sectsr~! forchargeg/3and  oarched (with 8.3 MHz sampling frequency) for appro-
2/3 e respectively. Here we present the results of a search fopiate preselected combinations of them, like (for instance)
particles having a fractional charge fran to 2/3einthe e gianal in four contiguous planes of the lower part. The
penetrating cosmic radiation based on the data.collected bYrigger condition was generated when one of these combina-
the MACRO experiment. The results of a previous searchyjong \yas obtainedPHRASE(Pulse Height RecorderAnd
were recently published by MACRO (MACRO, 2000). SynchronousEncoder) was a low energy trigger, developed
for detecting neutrinos from supernova explosions. This cir-
cuit could operate with two different energy thresholds: the
Correspondence td=. Cei (fabrizio.cei@pi.infn.it) primary atEp'"" ~ 7 MeV and the secondary & p**° ~
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PHRASE Efficiency as a Function of Energy

1.2 MeV. PHRASE was meant as an almost-zero dead times
trigger with a dedicated acquisition system; therefore, the ¢
PHRASE event buffers were built separately from the rest
of MACRO, but were written in the same data stredfaiRP 12
(Energy ReconstructionProcessor) was the main scintilla-
tor muon trigger of the experiment and also had good stel-
lar gravitational collapse capabilities. ERP had an energy
threshold higher than that of PHRASE{ ~ 15 MeV). Un-
like PHRASE, the ERP buffers were managed by the general os
MACRO acquisition system, together with the data of the ST
and of the other LSC triggers. Both PHRASE and ERP were
easily and reliably calibrated using cosmic ray muons (which
released- 40 MeV in the MACRO liquid scintillation coun-
ters) and natural radioactivity. We verified that in the energy
rangel0 + 100 MeV the PHRASE and ERP measurements
were in agreement withif0 % or better in more thaf5 % 02
of all liquid scintillation counters.

Fast charged particles crossing the liquid scintillators lose
an amount of energy, by excitation and ionization, propor-
tional to the square of their electric charge; therefore, rela-

tivistic particles having a charge|e| (|| < 1) are expected  Fig 1. The measured efficiency of triggering the low-energy

to release an energy” that of a particle with unit charge of  pHRASE trigger and the LIP trigger as a function of the energy

the same velocity, like a cosmic ray muon. For instance, theeleased in the liquid scintillation counters. Some measured effi-

energy loss rate of a cosmic ray muon in the MACRO scin-ciencies were greater thaf0 % because the normalization factor

tillation counters was.8 MeV /cm, while those expected for  used was an estimate of the true normalization as a function of en-

particles of charge®/3 e ande/5 were0.8 and0.07 MeV /cm  ergy.

respectively. Because of their reduced energy loss, the frac-

tionally charged patrticles are called “lightly ionizing parti-

cles” (LIPs). (MACRO, 2000). The analysis presented here is based on
The LIP signature in MACRO was then a low-ionization & different philosophy which made use of the good position

track; the combination of a high resolution tracking systemand energy resolution (compatible with that of the WFDs) of

and high efficiency scintillator made MACRO a uniquely suit- Poth PHRASE and ERP.

ed apparatus to look for LIPs. A custom made circuit (the

LIP) which combined the ST and PHRASE low threshold

information was developed to identify fractionally charged 3 LIP search path

particles. This circuit split the whole MACRO LSC system Th .  th vsi he following:

in three parts: top, center and bottom, and generated a trigger e main steps of this analysis are the following:

condition when a four-fold time coincider_me betwee_n these 1) we performed a preliminary selection of the run quality,

three parts and the ST occurred. The width of the time co-

incidence window between the three scintillator signals (set

at400 ns) defined the velocity threshold of the LIP trigger to

be~ 0.1 c. The measured LIP/PHRASE trigger efficiency as
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requiring that the apparatus was taking data in its full
configuration and rejecting runs which suffered from
hardware problems, high dead time, acquisition crashes

a function of the energy released in the liquid scintillator is et

shown in Fig. 1; since the expected energy loss fofiepar- 2) we required the ST trigger to fire and selected the events
ticle crossing a MACRO liquid scintillator was 1.6 MeV, with a clean single track;

the LIP trigger was sensitive to charges dowa 6. The de-

tection efficiency was- 75 % for charges equal te/5 and 3) we required the LIP trigger to fire and used the digital
grew rapidly to100 % for higher charges. Note that the ST information provided by this circuit to identify the scin-
system was> 99 % efficient in generating tracks for LIPs be- tillation counters involved in the trigger. Using a Monte
cause the ST ionization threshold wa<.01 that of a min- Carlo simulation and the cosmic ray data we evaluated
inum ionizing particles (m.i.p.) (MACRO, 2000; Battistoni that the trigger condition required by the LIP circuit se-
et al., 1985). When a LIP circuit fired, a system260 MHz lected tracks which intercepted (in more th@h% of
custom-made wave form digitizers (WFDs) was stopped to the cases) no more than three detector layers and two
record the waveforms of all counters involved in the event; adjacent scintillation counters in the same layer. Then
the WFD data could then be analyzed to reconstruct the en-  we used more conservative cuts, requiring hits in no
ergy loss in the scintillators and identify the possible LIP can- more than four scintillator layers and six scintillation

didates. This approach was followed in our previous paper  counters in the same layer. These topological cuts were
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expected to have no impact on LIP selection, but effi-

ciently rejected the cosmic ray muons accompanied by Moximum d/dx from PHRASE among the three foces
. ntries
electromagnetic showers; I

Counts

4) we used the ST track to reconstruct the hit position along
the counter and the path length of the particles in the
scintillation counters. At this stage we applied also some
geometrical cuts (path length betwerand70 cm and
hit position along the counter within the centtél8 m
part of it) which selected the events with more reliable
energy and tracking reconstructions. When the posi-
tion along the counter provided by the LSC timing was
available, we required that this one and the position re-
constructed by the ST system were in agreement within
80 c¢m, corresponding te- 8 o of the distribution of the
difference between these reconstructed positions. This
cut reduced the possibility of errors in the tracking al- T | P T
gorithm due to some random noise in the ST system.

The detector acceptance, when all the analysis and geo-
metrical cuts were folded, was ab@300 m? sr for an
isotropic flux of particles;

1
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Fig. 2. Energy loss as measured by PHRASE for #i@6 LIP
5) we assigned the energy deposit as measured by ERP &yents that passed the track quality and geometry cuts and sat-
be the energy loss for each surviving LIP trigger. If isfied the requirement of a maximum energy loss rate (measured
the ERP information was not present, the correspondby ERP) less than.1 MeV/cm. The signal region is in the
ing PHRASE information was looked for and used as [0,1.4] MeV /cm interval. For the events in the signal region, see
a measurement of the particle energy loss. The energi/'® Xt
loss rated E /dx could be computed and the LIP candi-

dates selected. at least two of the boxes involved in the trigger. This match-

ing procedure was studied in detail using much larger sam-
4 LIP data-set and analysis ples ¢~ 10° LIP and ST triggers) and its inefficiency was

found to bex~ 0.07%. In order to convince ourselves that
We applied the analysis chain outlined above to two yearghis inefficiency was not an energy threshold effect, we per-
of MACRO data, from Mayl, 1998 to May 4, 2000. After formed the same efficiency measurement using LIP triggers
the steps 1) and 2) we were left withé x 10° single ST  of much larger energy loss: on a sample of tracks selected
triggers in a live time ob58.5 days;4.0 x 10% of the LIP ~ requiring a minimum energy loss raid /dz = 3 x m.i.p.
triggers associated with these tracks survived the topologicaive measured a matching inefficiency fully compatible with
cuts (step 3). We computed the energy loss rate using the Sthat obtained without any energy selection. Out of 326
and ERP information (steps 4) and 5)) and selected, as pog-IP triggers selected in step 5), we fouAd24 PHRASE
sible LIP candidates, the events with a maximum energy losgvents which satisfied the matching requirements. Two of
rate of 1.1 MeV /cm, about35 % larger than that expected the LIP events without ERP information were not matched
from a2/3 |e| particle. Using the maximum energy loss rate in the PHRASE system and an energy loss rate equal to zero
among the counters as a measure of the particle ionization revas assigned to them.
duces the chance that any reconstruction error could imitate a The energy loss rate of the5&26 events as measured by
LIP signal. There weré126 LIP events which satisfied this PHRASE is shown in Fig. 2. As already said, the expected
requirement and 5093 of them the ERP information was signal region for this analysis was set belowtheMeV /cm
totally absent (i.e. there were no ERP triggers). level as measured by the ERP. To be conservative and to

While the ERP and LIP information were parts of the sametake into account possible differences between PHRASE and

event buffer, the PHRASE data were not. Thus the PHRASEERP calibrations and energy reconstructions, we extended
information could be used if one was able to recognize, in thethe signal region for PHRASE events up tal MeV /cm.
PHRASE buffer, the event(s) corresponding to a LIP trig- As one can see in Fig. 2, there were three events in this
ger. This was done by using the Universal Time informa- energy loss window: two withiF/dx = 0, corresponding
tion provided (with al00 ns resolution) by the atomic clock to the LIP triggers not matched by PHRASE, and one with
of the experiment, which was stamped in all (PHRASE anddE/dx ~ 1 MeV/cm. The energy loss rate measured by
non-PHRASE) MACRO events. A time window @00 ms ERP for this particular event was perfectly compatible with
around any LIP trigger was selected to search for the correthat measured by PHRASE. In the next section we discuss
sponding PHRASE events; we also required PHRASE hits inthe origin of these events and show that all of them were
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6 LIP flux limit and conclusions

100 [ Using the acceptance and live time quoted in Sections 3 and 4
I respectively and including a further conservath€ over-
all efficiency, we computed a detector exposurel gf x
10*° ecm? ssr. To extract a LIP flux limit we used the Feld-
man and Cousins prescription (Feldman and Cousins, 1998):
for an experiment withs expected and observed background
events, our exposure translated i®@&% confidence level
LIP flux limit of 1.52 x 107'%ecm~2s~!'sr~! in the charge
interval 1/5 + 2/3e. This limit improves our previously
published result by about one order of magnitude (MACRO,
2000). Presently we are extending this analysis to all MACRO
e " data with the LIP trigger in operation, corresponding+®
o 1 2 3 En:rgy p:cm (Miv) v 8 9 D0 years of live time. This should bring our final flux limit to
the level of~ 6 x 1071 cm =25 tsr— 1.
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5 Background sources in the LIP search

There were two sources of background in this search for fraCreferences

tionally charged particles: the inefficiency of the PHRASE-

LIP matching procedure and the finite resolution of the en-Barr S. M., Reiss D.B. and Zee A., Phys. Rev. LB, 317, (1983)
ergy and path length measurements. Battistoni G. et al., NIMA235, 91, (1985)

The first one came from the fact, already mentioned, thatDe Rijula A., Giles R. and Jaffe R., Phys. R&17, 285, (1978)
PHRASE and the general acquisition system operated asyr2ong F., Xue P., Tu T. and Zhou X., Phys. Ld&129, 405, (1983)
chronously. Using the measured inefficienéyof %) and Feldman G. J. and Cousins R. D., Phys. Re&7, 3873-3889,
the number of LIP/ST analyzed tracksl £6) we estimated (1998)

. . Frampton P. H. and Kephart T., Phys. Rev. L4€.1310, (1982)
Zé.é)sz\r/\elzg;s without a good PHRASE matching, whilevere Halyo V. et al., Phys. Rev. Let84, 2576, (2000)

) ) Jones L. W., Rev. Mod. Phy49, 717, (1977)

The second one came from the physical and instrumentak , miokande 1 Collaboration (Mori M. et al.), Phys. Rev43,
fluctuations of the energy and path length measurements. If 2g43, (1991)
one looks at a typical energy loss plot in a MACRO counter Klapdor-Kleingrothaus H. V. and Staudt ANon Accelerator Par-
(Fig. 3) one can observe a low energy loss tail which extends ticle Physics”(IOP, London, 1995)
within the LIP signal region. This tail comes from fluctua- Lyons L., Phys. Repl29, 225, (1985)
tions of the photoelectron statistics, inefficiency in the light MACRO Collaboration (Ahlen S. P. et al.), Astropart. Phys11,

collection and occasional tracking errors. The contamination (1992)

of the tail in the LIP signal region was 0.7 % for a single MACRO Collaboration (Ahlen S. P. et al.), N1324, 337, (1993)

counter; then, a three-fold coincidence reduced this contamiMACRO_Collaboration (Ambrosio M. et al.), Phys. ReD62,

nation to_th_e level ok 1/105. However, When_(_)ne looked at o P. Ann. Rev. Nucl. Part. SE9, 73, (1989)
high statistics samples of tracks, the probability of obserwngYam‘,ﬂmotO K., Phys. LetB120, 157, (1983)
this background in coincidence in more than one counter wasy,, W., Phys. LettB142 42, (1984)

not negligible; in fact, we estimated2 background events

due to tracking and energy reconstruction uncertainties in our

4 millions LIP triggers, whilel was observed.

052003, (2000),



