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Abstract

Cosmicray showversinteractingwith theresonaninassgravitationalwave an-
tennaNAUTILUS have beendetected. The experimentalresultsshow large
signalsataratemuchgreatetthanexpected.Thelargestsignalcorrespondso
anenepy releasdan NAUTILUS of 87 TeV. We remarkthata resonanimass
gravitationalwave detectorusedasparticledetectorhascharacteristicsliffer-
entfrom theusualparticledetectorsandit coulddetecinew featureof cosmic
rays.Amongseveralpossibilities,onecaninvokeunexpectedoehaiour of su-
perconductingAluminium as particle detectoy producingenhancedsignals,
the excitation of non-elastianodeswith large enegy releaseor anomaliesn
cosmicrays(for instancethe shaversmightincludeexotic particlesasnucle-
aritesor Q-balls). Suggestionfor explainingtheseobsenationsaresolicited.

PACS:04.80,04.30

1. Introduction

Thegravitationalwave (g.w.) detectoNAUTILUS hasrecentlyprovento becapableof recordingsignals
dueto the passagef cosmicrays[d]. In the ongoinganalysisof the dataobtainedwith NAUTILUS in

coincidencewith cosmicray (c.r.) detectorsve found new interestingresults,which we aregoingto

reporthere. The work initially doneby Beron and Hofstander{2, &, Strini and Tagliaferri [4] and
refinedcalculationsby several authors[B, 8, 7, 8, 8] estimatedhe possibleacousticeffectsdueto the
passagef particlesin ametallicbar It waspredictedthatfor thevibrationalenegy in the longitudinal
fundamentamodeof a metallicbarwith length . thefollowing formulaholds:
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whereF istheenepy of theexcitedvibrationmode,% is theenegy lossof theparticlein thebar, p is
thedensity v thesoundvelocityin thematerialandy is theGriineisercoeficient(dependingntheratio
of thematerialthermalexpansiorcoeficientto thespecificheat)whichis commonlyconsidereadonstant
with temperature.The adoptedmechanismassumeshat the mechanicavibrationsoriginatefrom the
local thermalexpansioncausediy the warmingup dueto the enegy lost by the particlescrossingthe



material. The above formula hasbeenrecentlyverified by an experimentat room temperaturdid ],
usinga small Aluminium cylinder andan electronbeam. We noticethatthe g.w. barusedasparticle
detectorhascharacteristicsery differentfrom the usualparticledetectorspecausehe usualdetectors
are sensitie only to ionizationlosses. The resonant-masg.w. detectorNAUTILUS [i1], operating
at the INFN FrascatiLaboratory consistsof an aluminium2300-kgbar cooledat 140 mK, below the
superconductingransitiontemperaturl 2] of 0.92K. Applying eq:1to thecaseof NAUTILUS we find
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whereF is expressedn kelvin units, W in GeV unitsis the enegy deliveredby the particleto the bar
andf is ageometricafactorof theorderof unity. The barandaresonantransducermroviding theread-
out, form a coupledoscillatorsystenmwith two resonantmodeswhosefrequenciesare906.40 H z and
921.95 H z. Thetransducecorvertsthe mechanicalibrationsinto anelectricalsignalandis followed
by a dcSQUIDelectronicamplifier The NAUTILUS data,recordedwith a samplingtime of 4.54 ms,
areprocessedy a filter [13] optimizedto detectimpulsesignalsappliedto the bar, suchasthosedue
to ashortburstof g.w. In the presentataanalysiswe considerantennaeventsdefinedasfollows. We
applyto thefiltered dataa thresholdcorrespondingdo signalto noiseratio SN R = 19.5, andfor each
thresholdcrossingwe takethe maximumvalueabove thresholdandits time of occurrence.Thesetwo
guantitiesdefinethe eventof theg.w. detector We wish to stresghatherewe consideronly eventswith
enegy greaterthanabouttwenty timesthe noise. The eventsproducedoy NAUTILUS are postedon
the WEB within the IGEC collaborationamongthe groupsthat operateresonang.w. detectordgil4].
NAUTILUS is equippedwith a c.r. detectorsystemconsistingof seven layersof streamettubesfor a
total of 116 countergd5]. Threesuperimposethyers,eachonewith areaof 36 m?2, arelocatedover
the cryostat. Four superimposedayersare underthe cryostat,eachonewith areaof 16.5 m?. Each
countermeasureghe chage, which is proportionalto the numberof particles. The detectoris able
to measureparticle densityup to 5000% without large saturationeffects andit gives a rate of
shaversin good agreementvith the expectednumber[i5, i6], as verified hereusingthe up particle
density which is not affected by the interactionin the NAUTILUS detector We have searchedor
coincidencebetweerthe NAUTILUS eventsandthe signalsfrom thec.r. NAUTILUS detectorsn the
periodfrom 11 Septembef998until the endof theyear1998,for atotal obsenationtime of 83.4 days
wherewe have 26466NAUTILUS eventsand94775c.r. events. We have determineda) the numberof
coincidencesuysinga time window [4] of 0.5 s, asa functionof the particledensityof thec.r. events,
b) the correspondindpackgroundf accidentatoincidencegstimatedy performingonehundredtime
shifts of the NAUTILUS eventtimes,in stepsof 2 seconds.Theresultof the analysis,.e. the number
nc of obsered coincidencesindthe estimatechumbern of accidentakoincidencesersusthe particle
densityis givenin fig.d.

Clear coincidenceexcessabove backgrounds found, whenthe shavers have particle density
largeenoughto giveasignalin thebar Theeighteercoincidencesbtainedor thedown particledensity
greaterthan300 22247° with with expectednumberof accidentals: = 2.1 areshavn in tablel.

For a particledensitygreaterthan600 222> the coincidenceseduceto twelve, with n =0.78.
For eachcoincidencewe give the quantity 7. ¢ ¢, the noiseof the g.w. detectorduring the ten minutes
precedinghec.r. event. Thetimeis thatrecordedy thec.r. detector We noticeanunexpected=xtremely
large NAUTILUS eventin coincidencewith a c.r. event,with enegy E=57.89elvin. Both the up and
down particledensityof thec.r. detectorarethelargestonesin this case.Thefilteredandunfiltereddata
for thiseventareshavnin fig. 2. Thetime of theNAUTILUS eventis obtainedwith goodaccurag from
the data,giventhe very large valueof SNR=1586010=2123.928& with anerrorof the orderof 10 ms.
Thetime whenthec.r. eventhasbeenobseredis 2123.9222 with atime errorof the orderof aboutl
ms. The differenceof 6 msis within the experimentalerror of theg.w. time events(at presenpurtime
accurayg for theNAUTILUS apparatusiasbeensinceimproved).
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Fig. 1: Coincidencebetweertheg.w. detectoNAUTILUS andthec.r. detector The asterisksshow theintegral numberof
obsenred coincidencewversusthe particle densityobsened by the c.r. counterdocatedunderthe NAUTILUS cryostat. The
continuoudine showsthe estimatechumberof accidentatoincidences.

Tablel: List of eighteercoincidencebetweerNAUTILUS andthec.r. detector
day | hour | min S enegy of the | noiseof the | up particle | down particle
event g.w.detector| density density
[K] Terrinmk [m=?] [m=?]
262 23 | 11 | 29.581 2.28 0.003 37 312
277 22 | 26 | 35.771 0.04 0.002 118 405
285 17 | 23 | 14.9779 0.06 0.002 1238 2494
286 O 35 | 23.9222 57.89 0.004 2442 3556
295| 21 0 | 34.3376 0.07 0.003 235 536
297 21 | 38 | 49.9765 0.37 0.011 547 1374
303| 10 | 38 | 36.5147 0.42 0.016 227 360
306| 8 19 | 59.5765 0.12 0.006 629 1409
311| 15 24 | 27.1148 0.12 0.003 751 390
311 15 | 26 | 21.0289 0.14 0.004 148 623
311 23 | 22 | 8.4868 0.45 0.021 223 407
324| 14 14 | 47.3926 1.14 0.044 258 785
350 20 | 56 | 18.6130 0.22 0.004 392 1323
354 23 | 54 | 19.2230 0.37 0.004 1064 1972
356| 3 17 | 35.7440 0.09 0.004 434 2169
358 O 19 | 21.9564 0.04 0.002 286 1234
361 12 | 49 | 13.9211 0.09 0.003 258 983
365| 12 | 35 | 40.6593 0.32 0.007 324 1490




20
17.5
15
12.5
10
.5
5
.5

N L“LLMLM M I m‘m“‘m W

O ‘\ J'ﬂ MIIJJM }JIJ “‘ ’whﬂ‘\“h u'um‘ Mu|m1u n\ﬂUxm “Vl ‘MA“‘” \J‘LJ‘LI'L‘JUINL\J.U\ li h J’U’\ln Jmﬂ, m}
2115 2120 2125 2150 2135 2140 27145 2150

|
i

s bt aborasb ik J.\ T

60
50
40
30
20
10

L Energy in kelvin

| ‘ Lususnah il 1| ‘ I ‘ I ‘ I I ‘ I ‘

O |
2115 2120 2125 2150 2135 2140 2145 27150

seconds

Fig.2: Time behaviour of thelargestcoincidentNAUTILUS event. In the upperfigure we showv the NAUTILUS signal(volt
squaredpeforeoptimumfiltering versusthe UT time expressedn secondsfrom the precedingnidnight. Fromthe decaywe
evaluatethe meritfactorof theapparatusQ=1.7105. Thelower plot shovs the dataafterfiltering, in unitsof kelvin.

2. Discussion

We have found coincidence®etweerNAUTILUS eventsandc.r. shavers.Usingeq.2, we find thatthe
largestNAUTILUS eventrequiresghatW=87 TeV of enegy bereleasedy the shoverto thebar There
areseveralpoints,which mustbeclarifiedanddiscussed:

1. Usingthedown particledensityshovn in Tableid, we cancalculatethe enegy of the NAUTILUS
signalsthatwe expectunderthe hypothesighe shaver consistsof electrons.In the previous work [1],
finalizedto thestudyof smallsignalswe hadfoundthatthisenegy is givenby F2 = A% 4.7 10710 kelvin
whereA is thenumberof particlesin thebar For thebiggesteventtheabove formulagivesE=0.019K,
thatis morethanthreeordersof magnitudesmallerthantherecordedb8K. In thesamewaywe calculate
enegiesmuchsmallerthanthosereportedfor all the coincidenteventsof Table1l. Thuswe conclude
thatall, or mostof, the obsened NAUTILUS eventsare not dueto electromagnetishavers. On the
contrarywhenusingtheNAUTILUS measurementst zerotime delaywith enegy of theorderor below
thenoiseandaddthemup atthecosmicraytriggertime,asdonein thepreviousanalysiswe find thatthe
electromagnetishoversaccountfor the enegy obsenationswithin a factor of three. For the previous
result[1] theenegy of thesmallsignalsis correlatedvith thec.r. particledensity Insteacho correlation
with thelower particledensityis foundfor the eighteerlarge signalsgivenin Tablet,. Thisis shovnin
fig.3, andit confirmstheideathatthe obseredlarge eventsarenot dueto electromagnetishavers. In
conclusionsthe NAUTILUS signalsareassociatetb two distinctfamiliesof c.r. shavers.In onefamily
thesignalscanbeinterpretedasdueto theelectromagneticomponenof theshawers,in the otherfamily
theknown c.r. particlesin theshowver do notjustify theamplitudeor therateof the obsenedsignals.

2. Onemustconsiderthe possibility that the large eventsare due to the contribution of hadronsn
the showers[17]. Previous calculationshave beenmade[il§, .[§] onthe frequeny of bothhadronsand
multihadronsshowvers. The calculatedvaluesappeaito disagreewith our obsenationby morethanan
order of magnitude. Recentlywe have estimatedthe expectedrate of hadroniceventsin the bar by
meansof new Monte Carlo calculations usingthe CORSIKA packagdid] with the QGSJETmodel
for the hadronicinteractionandsimulatingthe NAUTILUS detectomwith the GEANT package Thisis
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Fig. 3: Correlationbetweerthe NAUTILUS signalsandthec.r. particledensity The uppergraphshowsthe correlationof the
NAUTILUS enengy atzerodelay(respecto thec.r. events)versusthe corresponding.r. lower particledensity for the 92 data
pointsconsideredn the previousanalysis.The correlationcoeficientis 0.30,with a probabilityto be accidentabf lessthan
1%. If we eliminatethethreelargestdatapointswith enegy greatethan100mK, which belongalsoto thefamily of eventsof
Tablel, thecorrelationcoeficientincreaseso 0.42with 89 datapoints,with aprobabilitysmallerthan10~* for thecorrelation
to beaccidentalInsteadthelower plot shavsno correlationbetweerthe enegy of the NAUTILUS coincidenteventsanalysed
in this paperandthe corresponding.r. particledensity
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Fig.4: Comparisorbetweercalculationandmeasurement§.heasterisksndicatetheintegratednumberof coincidentevents
versusthe enegy deliveredby the c.r. to the bar, expressedn GeV units, to be comparedwith the pointshaving errorbars,
which give thenumberof eventsdueto hadronswe expectin the NAUTILUS bar Thedashedine is the experimentaintegral
spectrunfor the hadroniccomponenof the shavers,for the 83.4 daysof obsenation,obtainedby the Cascadexperiment.
Seetext.

comparedwith the integratednumberof coincidencesshown in Tabled, versusthe NAUTILUS event
enegy. (Thecoveredtime periodsaredifferentfor thevariousenegy thresholdswhich vary duringthe
obsenations,dependingon the noise. We have normalizedthe numberof detectedeventsto thetotal
time of 83.4days).Usingeq:2we canexpressheintegralnumberin termsof theenegy W deliveredto
the NAUTILUS barby the cosmicrays. Theresultis shovnin fig. 4.

In thisfigurewe alsoreportrecentmeasuremen{&(] of thehadroniccomponentsf extensive air
shavers,numberof hadronicshoversversustheir total enegy measuredvith usualparticledetectors.
The comparisonof thesemeasurementwith the resultof the Monte Carlo calculationshown in fig.
4 with the error barsprove that the calculationshave beendonecorrectly since,becausef the small
diameternof the bar, we expectthatonly afew percenof thehadronicenegy is absorbedy the bar, just
asshovnin fig4.

An immediatefinding is thatthe highestenegy eventoccursin atime periodmorethanonehun-
dredtimesshorterthanestimatedinderthehypothesighatthe signalsin thebararedueto hadronsThis
big specificeventcouldbeexplainedasdueto alargefluctuation but we alsonoticealargedisagreement
betweempredictedandobseredratesfor all otherevents. Thusour obserationsexceedthe expectation
by oneor two ordersof magnitude.

3. We mustalsoconsiderthe possibility that formula 2 doesnot alwaysapply, eitherbecausehe
Griineisencoeficient might be larger at the temperaturef NAUTILUS whenthe Aluminium is super
conductotandthespecificheatapproachegpidly zero,or becaus¢heimpactof a particlecouldtrigger
non-elasticaudiofrequeng vibrationalmodeswith a muchlargerenepgy release This hasbeenalready
suggestefPl] for the caseof theinteractionwith gravitationalwaves,to explain cross-sectionpossibly
higherthancalculated However, in this casetheagreemenive have foundfor thesmallsignalsbetween
experimentandcalculationusingeq. 2 requiresthatthe breakingof the modeloccurratherinfrequently
4. Otherpossibilitiesto explain our obsenationsmustbe consideredasanomalousompositionof



cosmicrays (the obsened shoversmight include other particles,for instancemassie nucleior exotic
particleslike nuclearitegv, 22, 23 or Q-balls[24]). Suggestiongor explainingtheseobsenationsare
solicited.

Finally weremarkthatthe presencef signalsdueto c.r. doesnotjeopardizea coincidencesxper
imentwith two or moreg.w. detectors Evenwithout the useof veto systemsmployingc.r. detectors,
thefew dozenof eventsin afile, whichincludesthousandevents,doesnotappreciablyaffectthenumber
of accidentatoincidences.
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