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We presenta study of the correlationsin the arrival timesof about 106 single and multiple
muonsdetectedby the first two MACRO supermodules.The time correlations,from millisec-
ondsto several hundredsof seconds,have beenanalyzed in terms of the random distribution,
with which theyare consistent.An analysisof the arrival times (up to 180 ns)of themuonsfrom
the samemultimuon eventis alsogiven.

1. Introduction

It is generallyassumedthat galactic cosmic rays have a random arrival time
distribution. But theremaybe mechanismswhich introducetime modulations.For
example,Weekessuggestedthat the arrival timesof cosmicraysoriginatingfrom a
nearbypulsarcouldbe modulatedwith a frequencyequalto the rotation frequency
of thepulsar[1]. Similar effectscould arisein other typesof sourcesof cosmic rays.
For chargedprimary cosmic rays (protons,light and heavynuclei) the magnetic
fields betweenthe sourceandthe earthwill reduceor eliminatesuchmodulations,
with the exceptionof the highestenergycosmic rays. Although the characteristic
period of the pulsar might be completelymasked(becauseparticleswith slightly
different pitch angleswill have different flight times), the pulsed injection could

still lead to a generally anomalousdistribution on short times scales. Also the
injection of cosmicraysfrom supernova-likeeventscould yield similar detectable

effects.
A numberof experimentshavereporteda non-randomcomponentin the arrival

times of very high energycosmic rays [2,3]. Bhat et al. [21,analyzingCherenkov
light pulsesproducedin the atmosphereby the showersgeneratedby protonsand
other hadronic cosmic rays with E~>100 TeV, reported a correlation at times
~ 40 s. Badino et al. [3], usingan undergrounddetectorin the Mont Blanc tunnel

at a depth of 5000 hg/cm2 of standardrock, reporteda similar signalat timesof
38 s for muons with energies larger than E,, 380 GeV, originating from

primarieswith E~~ 50 TeV.
Otherexperimentshavenot found any signal[4—10].
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In this paperwe reporta studyof the time distributions of singleand multiple
muonsdetectedby the streamertube systemof the first two MACRO supermod-
ules and by the scintillators of the first supermodule.MACRO is a large-area

undergrounddetectorlocated in the Gran SassoNational Laboratory,Assergi,
Italy, at an averagedepthof 4000 m.w.e.[11]. Its primary aimsare the searchfor
rare particlesandrarephenomenain the cosmicradiation. Becauseof its size (140

m2 persupermodule)it canstudyhigh-energycosmicrayswith largestatistics.The
meanenergyof the muonsreachingMACRO from aboveis KEJ.,) 200 GeV; the
correspondingminimum muon energy at the surface is 1.4 TeV; the primary

cosmic ray has an energy ~s20 TeV [12]. For eventswith muon multiplicity ~ 2
the meanprimary energyis ~ 200 TeV.

About 106 muon eventswere observedin a period of about one year. The
arrival time distributions of consecutivemuons from millisecondsto severalhun-
dred secondshavebeenmeasuredandanalysedin terms of the randomdistribu-
tion function, with which they are consistent.A study is also madeof the arrival
times, from 18 ns to 180 ns, of the muons from the samemulti-muon event.
Delayedmuonsmay arise from decaysof massive,quasi-stableparticles.Thus the
physicsmotivations for this searchare quite different from thoseof the previous
two searches,which are mainly astrophysical.Neverthelesswe include them here
becausethis paperis mainly concernedwith a generalsearchof time correlations
arising from any cause.

2. Data and analysis

We have used data from the first supermodule(SM) and also from the
combination of the first and secondsupermodules.One supermodulehas dimen-
sions 12 m X 12 m X 4.8 m, SQ = 800 m2sr. It is madeof two horizontal layersof
liquid scintillation counters,ten horizontal layersof limited streamertubes and
one horizontal layerof track-etchdetectors.Threeof the vertical sides are closed
by six layersof streamertubesandone layerof scintillators[11].

In the first SM threemuon triggerswerebasedonly on scintillation information
and onemuontriggerwasbasedonly on streamertube information.In the second
SM only the muonstreamertube trigger wasoperational.

The muonsampleswere selectedfrom the datausingour softwarereconstruc-
tion stream.In order to further clean the sample,a few loose additional require-
mentson the streamertube informationswere added.The selectioncriteria were
[11]:
(i) The ORof the following conditions:

~ 4 planesof horizontalwires
~ 3 planesof the West, the Eastor the North facewires.
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TABLE I
Runningperiodsandnumberof singleandmultiple muoneventsfor themuonsamplesfrom the

limited streamertubesystem.Multiplicities largerthan I werecomputedon thebasisof wire tracks
only.Two supermoduleswereoperationalin thelast two periods.Seetext for perioddefinitions

Period Muons Total After cuts SM

A single 240970 227880 1
multiple 9610 9020 1

B single 179940 175410 1
multiple 7260 6910 1

C single 125280 109420 1+2
multiple 7810 7110 1+2

D single 445230 407420 1 + 2
multiple 21290 19820 1+2

The subsequentrequirementfor finding a track is basedon the alignmentof at

leastfour horizontal streamertubeshits (wiresor strips);
(ii) Rejectionof eventsthat havea largeelectromagneticshowerand/ornoisein

the streamertubes.
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Fig. 1. The numberof singlemuonsper hourfor the 183 selectedrunsof period(D). (a) Timeevolution
and(b) histogram;the solid curveis the fit with a gaussiandistribution(its halfwidth is consistentwith

what is expectedon the basisof statistics).
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For all events selectedin this way, a Data SummaryTape (mini-DST) was
made,basedon the event header;in particular,the time of arrival was obtained
from the atomicclock, both for the streamertube dataand for scintillator data.
The precisionof the clock is about 1 ms absoluteand0.1 ms relative.

The datawere divided into four periods(see table 1):
(A) From February28 till May 30, 1989 (Spring 89);
(B) From November11, 1989 till January27, 1990 (Fall 89);
(C) From May 10 till June 15, 1990, two supermodules(Spring 90);
(D) From June21 till September12, 1990, two supermodules(Summer90).

Eventsoccurringduring calibrationswererejected;runswhich lastedless than 3
hours were not consideredsince they were test runs or endedbecauseof power

failures(a typical run lastedon the average10 hours).A singlemuoneventmeans
a trackwith multiplicity equalto 1 both in the wire and strip streamertubeviews.
Multiple muons are eventswith multiplicity > 2 in the wire view. In fig. 1 the
numberof singlemuon eventsperhour areplotted for period(D). The datafalls
well within the expectedstatistical fluctuations. Period (D) has larger statistics
than the otherperiodsandmostof the detailedanalysisis doneon thesedata. In
table 1 the numberof eventsconsideredarealso given.We haveaboutan order of
magnitudemore datathan previousexperiments.

For the analysisof the time correlationswe studyfor eachmuonarrivingat time
t
1J~the time differenceof the nextmuon~ — t0) andof the following four muons,
(t2 — t0), (t3 — t0), (t~— t0) and (i’5 — t0).

The datawerecorrectedfor muontrigger deadtimes: after eachtrigger thereis

anaveragedeadtime of 70 ms in the first supermodule,wherealso scintillatorsare
operational, 10 ms in the secondsupermodulewhere only streamertubes are
operational.In theperiodswith two supermodules55% of the triggerswere dueto
muons;the remainingtriggersweredueto non-muonevents(natural radioactivity,
etc).The effect of this deadtime is apparentin the (t1 — t0) distribution at small
times,seeinsert in fig. 2. We estimatedin period(D) a lossof 2670 muonevents,
outof 407420.The (t1 — t0) distribution wasfitted usingdataat timeslarger than
100 ms, whereno lossesoccur, andusingdataafter repopulatingthe bins at small
times: thereis no change in the parameters.The (~2— ~ (t3 — t0), (t4 — t11) and
(t5 — t~)distributionswerecorrectedby re-populatingthe DSTwith 2670 eventsat
an averageweightedtime of 30 ms after every407420/2670events.

The experimentaltime distributions, shown in figs. 2—5, will be discussedin
terms of the randomdistribution andof the Kolmogorov—Smirnovtest.

3. Fits of the data to the gammafunction

The time distribution datawere fitted to the gamma function (poissonianof
orderM)

A(At)M~ e~t
G(t; A, A’!) =N (A’!— 1)! ‘ (1)
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Fig. 2. Distributionsof the time separationbetweentwo consecutivesinglemuon events(t1 — t4) for the
four periods(A)—(D) of table I. The lines (visible only at large times) representthe exponentialfits of

table 2 aftercorrectingthe datafor deadtime.

where A is the inverseof the meanvalue of the time difference(t1 — t~)between
two consecutivemuons, M is the order of the distribution and N is a normaliza-
tion factor. For the (t1 — t~)fits we left 1/A as a free parameter,using M = 1.

For M = 1, eq. (1) reducesto an exponentialfunction

G(t; A, 1) =‘NA c_At. (2)

The fits of the (t~— t0) datato eq.(1) havereasonable~
2/d.o.f. (typically equal

to 1, seetable 2). The A-coefficient shouldbe numericallythe samefor all order
distributionsof the sameperiod. In factthe experimentaldistributionsof orderM
(M ~ 2) arewell describedby the gammafunction of order M with parameterA
determinedfrom the (t

1 — t0) first-order distribution, but with ~
2/d.o.f. slightly

larger than 1. Direct fits of the higher-orderdistributionsto eq.(1) yield valuesof
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Fig. 3. Thedistributionsof thetime separationbetweentwo consecutivemulti-muoneventsfor samples
(A)—(D). The lines representtheexponentialfits of table 2.

1/A equal, within errors, to that from the (t~— t0) distribution yield x
2/d.o.f.

valuesof order 1 (seetable 2).

4. The Kolmogorov—Smirnov test

In order to searchfor possiblestructuresin the time arrival distributions,we
haveusedthe Kolmogorov—Smirnovtest,which comparesthecumulativedistribu-
tion F(x) of the experimentaldatawith the expectedrandomdistribution H(x).
The measureof the deviation is d=maxlF(x)—H(x)j, where F(x) and H(x)
arethe cumulativedistributionsof f(x) (data)and h(x) (expected)respectively.In
terms of this quantity,F(x) agreeswith H(x, A), where A is takenfrom the data,
with a probability of compatibility between the expected and the measured
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Fig. 4. (a)The (t2 — t~)time distributionfor singlemuonsof period(D). (b) Thecorrespondingquantity
y is equal to the theoreticalrandom (t2 — t0) distribution minusthe experimental(t2 — t~)distribution
divided by the theoreticalrandom (12 — t0) distributionvs. (t, — t0). (c) TheKolmogorov—Smirnovtest.

The probabilityof the randomdistributionis 15.0%.

distributions given by Pk(d > observed)= QkSUN
Td), where Qk,(x) =

2~7_~(— 1)’ e_12x2 [13].

5. Discussionof the time correlations with streamer tubes

Fig. 2 showsthe distributionsof the time separationbetweenconsecutivesingle
muon eventsfor the four data periods mentionedabove. The distributions are
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Fig. 5. Timedistributionsof (t3 — t5), (t4 — t5) and(t5 — t~)for multiple muonsof period(D). The lines
areobtainedfrom the fits of the (t1 — t~)datato thegammafunction, seetable2.

clearly exponential, indicating the randomnature of the bulk of the cosmic ray
muon arrival times. Table 2 gives the parameterA of eq. (1) after fitting the
distribution to the data.The fit hasa reasonable~

2/d.o.f. Also the resultsof the
Kolmogorov—Smirnovtests is given in table 2. The slopes of the distributionsfor
periods(C) and (D) are about twice those for period (A) and(B) becauseof the
different acceptance.

Fig. 6 showsfor the (t~— t
0) singlemuondataof period(D): (a) thepercentage

differencebetweenthe dataand the fitted randomdistribution and (b) the result
of the Kolmogorov—Smirnovtest: F(x) — H(x) I versus(t1 — t0); the fit to the
randomdistribution yieldsa probabilityof 88.4%.

Fig. 3 showsthe time distributions(t1 — t0) for multiplemuoneventsof periods
(A)—(D). The multimuon selection correspondsto selecting higher energy pri-
maries.Also thesedistributionsarewell representedby exponentialfunctions.
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TABLE 2
Resultsof thefits of the M-fold time distributions for singleandmultiple muoneventsto thegamma
functionleq. (1)] for thedataof period (D). Notice that thefits usedatapoints in finer bins thanwhat

is shownin thefigures

Distribution Fit to eachdistribution Probabilityof

I/k g
2/d.o.f. Kolmogorov test

(5) (%)
Singlemuons
(t

1 t~) 14.66±0.03 228/249 88.4
(t, — t0) 14.77±0.03 325/346 13.8
(t3— t~) 14.73±0.02 478/399 32.2
(t4 — t~) 14.70±0.02 495/449 49.6
(t5 — t~1) 14.69±0.02 702/499 64.2

Multiple muons
(t1 — t~) 306±3 194/199 97.8
(t2 t~) 306±2 294/299 63.3
(t3 — t~) 306±2 280/299 86.2
(t4 — t~) 305±2 362/349 50.2
(t5 t~) 305±2 370/399 29.0

>• 0

o 25 50 75 100 125 150 175 200

(t1—t0) (0.5s/b~n)

0.01

b)

Q ~ ..I.I,, I I I I I I I I

0 25 50 75 100 125 150 175 200
(t1—t0) (O.5s/bmn)

Fig. 6. (a)Thequantity of fig. 4 vs. (t, — t0) for the single muon data of period (D). (b) Resultsof the
Kolmogorov—Smirnov test of the (t1 — t~) distribution for the same period (D) (see text). The

probabilityof the randomdistributionis P5 = 88.4%.
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The time region between0 and 60 secondswas further explored in detail in
both single and multiple muon samples: they do not show any indication of
structure.

Fig. 4 shows the distribution (12 — t
0) of the following consecutivemuons, for

singlemuoneventsfor datafrom period (D). The datahavea smoothappearance,
with no indicationsof structures,as confirmedby the plots of figs. 4b, c.

The Kolmogorov—Smirnovtestfor the (tM — ~ distributions(M = 1 ± 5) gives

probabilities ~k greater than 14% for all distributions, thus confirming the
agreementwith the randomdistribution.

Fig. 5 shows the (t3 — ta), (14 — t~)and (15 — ~ distributions for multimuon
eventsof period(D). No deviationsfrom smoothcurvesare seen.

6. Time correlations with scintillatorsdata

In orderto exploresmallertime intervalswe usedthe datafrom the scintillators

from the first supermoduleanalyzedby the PHRASE circuits [11],which represent
the dedicatedcircuitry for searchesfor neutrinosfrom stellarcollapses.

The datafor period(D) wereselectedusingthe samegeneralcriteria as for the

streamertubedata,that is eliminatingcalibrationsandrunswith durationssmaller
than 3 hours. The dead time of this apparatusis about 3 ms for a single
scintillation counter,but sinceit is unlikely that the next muonfalls on the same
scintillator, the effective dead time is at least 10 time smaller. Thus one can
explorevery small time intervalswith almostno deadtime losses.

The scintillation countersare groupedin three blocks: horizontal top layer,
horizontal bottom layer and verticals.A muon is definedas a coincidencewithin
160 nsof two layersof scintillation counters.No othersoftwarecut is applied.

Fig. 7 shows the (t~— t~)time distribution for single muonsfrom period (D)
analysedby the scintillators of the first supermodule.No structureis seenin the
time interval 20 ms—10 s. Fits of the distributionsmeasuredwith the scintillators
yield x

2/d.o.f. ‘~ 0.9. The A-valueobtainedfrom the scintillatorsmay be compared
with that obtainedfrom the streamertubeskeepingin mind that the differencein
effectivesurfaceis known to about2%. The A-valuesagreeto within this precision.

7. Search for time correlations on a submicrosecondtime scale

MACRO is instrumented to measuretime differences with 2 nanosecond

resolutionbetweenmuoninducedsignalsup to about 180 ns. We haveusedthis to
searchfor time correlationsbetweenmuonsin a single multimuon event in the
interval of 18 ns to 180 ns afterthe averagearrival time of a muongroup.
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Fig. 7. The (t1 — t~)time distribution at small time intervals for the dataof period(D) obtainedby the

scintillation counters(seetext). Eachbin is 10 mswide.
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Fig. 8. Distributionsof the time differencesbetweenthe averagearrival time and the arrival time of
eachmuon for a sampleof multi-muon events(notice the logarithmic scalein theverticalaxis). There

areno eventsin therange 18—180 ns.
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The temporaldecoherencebetweentheseveralmuonsin a multi-muon eventis
a distribution coveringabout±10 ns from themeanarrival time andthis is shown
in fig. 8 for 35 832 tracks of eventswith two or more tracks(each having two

counters intercepted and more than 4 m of path length). Here we are not
addressingthis decoherencedistribution andwe show it for referenceonly; it will
befully discussedin a futurepaper.We haveobservedno eventsin the 18—180 ns
time interval. This is consistentwith the numberof eventsexpected(0.0022)from
the numberof single muon trackswith two countersintercepted(631735) and
from the rate (about0.021 Hz).

8. Conclusions

We havepresenteddataon thetime of arrival distributionsof cosmicray muons
with energieslargerthan 1.4 TeV (at sealevel) in the first two supermodulesof the
MACRO detectorat the undergroundGran SassoNationalLaboratory.About 106
selectedeventswere used: the detailed analysisof period (D) (from June 21 till

September27, 1990) involves 407420 muons. The muon arrival times, from
millisecondsto severalhundredsof seconds,follow closely the random distribu-
tion; thereareno indicationsof deviationsor of time anisotropies.

The searchfor nanosecondcorrelationsin muonsfrom the samemuonbundle
yields resultconsistentwith theexperimentaltime resolution,with no indication of
delayedparticlesfor timesbetween18 and 180 ns.

We thank many colleaguesfor commentsand discussions.We gratefully ac-
knowledgethe technicalsupport providedby the Gran SassoNationalLaboratory
and by our Home Institutions. This work was supported by the Departmentof
Energy and the National Science Foundation. L.M. and R.C. thank INFN for
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