The Search for Muon Neutrinos from Northern Hemisphere
Gamma-Ra y Bursts with AMAND A

A. Achterberg!, M. Ackermanr?, J. Adams®, J. Ahrens*, K. Andeer?, J. Au en berg,
J. N. Bahcall34, X. Bai®, B. Baret®, S. W. Barwick'!, R. Bay'?, K. Beattie'®, T. Bedka®,
J. K. Beker'?, K.-H. Beder'*, P. Berghaus®, D. Berley'®, E. Bernardini?, D. Bertrand?®,

D. Z. Bessod’, E. Blaufusg®, D. J. Boersm&, C. Bohm*8, J. Bolmont?, S. Beser,

O. Botner!®, A. Boudtta'®, J. Braun®, C. Burgess®, T. Burges$®, T. Castermang®,
D. Chirkin'3, B. Christy®, J. Clem®, D. F. Cowerf?!, M. V. D'Agostino'?, A. Davour'®,
C. T. Day®3, C. De Clercf, L. Demirers®, F. Descamp#’, P. Desiati®, T. DeYound,

J. C. Diaz-Vele?, J. Dreyer'?, J. P. Dumm®, M. R. Duvoort?, W. R. Edwards'3,

R. Ehrlich'®, J. Eisth?3, R. W. Ellsworth'8, P. A. Evensor{, O. Fadiran?*, A. R. Fazely®,
K. Filimonov'?, M. M. Foerste, B. D. Fox®, A. Franckowiak!* T. K. Gaisse?,

J. Gallagher®, R. Ganugapati®, H. Geenef?*, L. Gerhardt!?, A. Goldsdmidt?*3,

J. A. Goodman'®, R. Gozzint*, T. Griesef, A. Gro ?/, S. Grullon®, R. M. Gunasingh&>®,
M. Gurtner#, A. Hallgren®®, F. Halzer?, K. Han®, K. Hansor?, D. Hardtke'?, R. Hardtke?®,
J. E. Hart®, Y. Hasegava®®, T. Hausdildt®, D. Hays'3, J. Heisé, K. Helbing'4,

M. Hellwig*, P. Herquet®, G. C. Hill®, J. Hodge$, K. D. Ho man ¢, B. HommeZ?,

K. Hoshinz, D. Hubert®, B. Hughey, P. O. Hulth*8, J.-P. Hul *2, K. Hultqvist8,

S. Hundertmark®, M. Inaba®’, A. Ishihara®, J. Jacobsef®, G. S. Japaridze®,

H. Johanssoff, A. Jones?, J. M. Joseph®, K.-H. Kampert!4, A. Kappes$#’, T. Karg*4,
A. Karle®, H. Kawai®®, J. L. Kelley®, N. Kitamura®, S. R. Klein'3, S. KlepseF,

G. Kohner?®, H. Kolanosk?®, L. Kepke!, M. Kowalski’®, T. Kowarik*, M. Krasbergp,

K. Kuehn'!, M. Labare’, H. Landsmar?, H. Leich?, D. Leier'?, I. Liubarsky?®,

J. Lundberg'®, J. Lunemanr®, J. Madsert3, K. Mase®, H. S. Matis*3, T. McCauley*3,
C. P. McParland®?, A. Meli'®, T. Messariug®, P. Mesaros?!, H. Miyamoto™®,

A. Mokhtarani*3, T. Montaruli >3°, A. Morey*?, R. Morse’, S. M. Movit?!, K. Menich®®,
R. Nahnhauef, J. W. Nam'!, P. Nie en®, D. R. Nygrent3, H. Ogelmar?, A. Olivas'®,

S. Patton®?, C. Pena-Garay’, C. Perezde los Heros®, A. Piegsd, D. Pieloth?,
A. C. Pohl**3¢ R. Porrata'?, J. Pretz*®, P. B. Price'?, G. T. Przybylski'3, K. Rawlins®,
S. Razzaqué?!, E. Resconi’, W. Rhode'®, M. Ribordy?°, A. Rizzd’, S. Robbins'4,
P. Roth!®, C. Rott®, D. Rutledge®, D. Ryckbosth??, H.-G. Sandef, S. Sarkar®,
S. Sdlensted®, T. Sdimidt'®, D. ScineideP, D. Se&el, B. Senburg4, S. H. Sed,

S. Seunariné, A. Silvestri*!, A. J. Smith'®, M. SolarZ?, C. Song, J. E. Sophet3,

G. M. Spiczak?, C. Spiering, M. Stamatikos38, T. Stane?, P. Ste en?, T. Stezelterger's,
R. G. Stokstad'3, M. C. Stoufer'3, S. Stoyanov®, E. A. Strahler®, T. Straszheint®,
K.-H. Sulanke?, G. W. Sullivan®®, T. J. Sumner?®, I. Taboada?, O. Taraswa?, A. Tepe4,
L. Thollander*®, S. Tilav®, M. Tluczykont?, P. A. Toale®, D. Turcan'®, N. van Eijndhovent,



{2

J. Vanderbroudke'?, A. Van Overloop??, V. Viscom®, B. Voigt?, W. Wagnet?, C. Waldck*®,
H. Waldmanr?, M. Walter?, Y.-R. Wang®, C. Wendt®, C. H. Wiebusd®?, G. Wikstrom®,
D. R. Williams®, R. Wischnewsk?, H. Wissing®?, K. Wosdinagg?, X. W. Xu?®, G. Yodh,
S. Yoshida®, J. D. Zornoz&3’ (the IceCube Collaboration), and M. Boer®, T. Cline%,
G. Crew®, M. Feroci®!, F. Frontera®?, K. Hurley*3, D. Lamb*, A. Rau®*®, F. Rossf?,
G. Ricker*°, A. von Kienlin“® (the InterPlanetary Network)



{3

1Dept. of Physics and Astronomy, Utrecht University/SRON, NL-3584 CC Utrecht, The Netherlands
2DESY, D-15735Zeuthen, Germary

3Dept. of Physicsand Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
4Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germary

SDept. of Physics, University of Wisconsin, Madison, WI 53706,USA

5Dept. of Physics, Pennsylhania State University, University Park, PA 16802,USA

“Institute for Advanced Study, Princeton, NJ 08540,USA

8Bartol Researt Institute, University of Delaware, Newark, DE 19716,USA

Vrije Universiteit Brussel, Dienst ELEM, B-1050 Brussels,Belgium

Opept. of Physics, Universitat Dortmund, D-44221Dortmund, Germany

1 Dept. of Physics and Astronomy, University of California, Irvine, CA 92697,USA

2Dept. of Physics, University of California, Berkeley, CA 94720,USA

13 awrence Berkeley National Laboratory, Berkeley, CA 94720,USA

4Dept. of Physics, University of Wuppertal, D-42119Wuppertal, Germany

BSuniversite Libre de Bruxelles, ScienceFaculty CP230, B-1050 Brussels, Belgium

8Dept. of Physics, University of Maryland, College Park, MD 20742,USA

"Dept. of Physics and Astronomy, University of Kansas, Lawrence,KS 66045,USA

18Dept. of Physics, Stockholm University, SE-10691Stockholm, Sweden

9Division of High Energy Physics, Uppsala University, S-75121Uppsala, Sweden

20University of Mons-Hainaut, 7000 Mons, Belgium

21Dept. of Astronomy and Astrophysics, Pennsylhania State University, University Park, PA 16802,USA
22Dept. of Subatomic and Radiation Physics, University of Gert, B-9000 Gert, Belgium

Z3Dept. of Physics, University of Wisconsin, River Falls, Wl 54022,USA

24CTSPS, Clark-Atlanta University, Atlanta, GA 30314,USA

25Dept. of Physics, Southern University, Baton Rouge, LA 70813,USA

26Dept. of Astronomy, University of Wisconsin, Madison, Wl 53706,USA

2"Max-Planck-Institut fur Kernphysik, D-69177 Heidelberg, Germany

2|nstitut fur Physik, Humboldt Universitat zu Berlin, D-12489Berlin, Germany

29Blackett Laboratory, Imperial College, London SW7 2BW, UK

30Dept. of Physics, Chiba University, Chiba 263-8522Japan



{ 4
* Corresponding author K. Kuehn: kuehn@HEP.ps.uci.edu
ABSTRA CT

We presen the resultsof the analysisof neutrino obsenations by the Antarctic
Muon and Neutrino Detector Array (AMAND A) correlated with photon obser-
vations of more than 400gamma-ray bursts (GRBs) in the Northern Hemisphere
from 1997to 2003. During this time period, AMAND A's e ective collectionarea
for muon neutrinoswas larger than that of any other existing detector. After the
application of various selectioncriteria to our data, we expect 1 neutrino evert
and < 2 badkground events. Basedon our obsenations of zeroewens during and
immediately prior to the GRBs in the dataset, we set the most stringent upper
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limit on muon neutrino emissioncorrelated with gamma-ray bursts. Assuming
a Waxman-Bahcallspectrum and incorporating all systematicuncertairties, our
ux upper limit hasa normalization at 1 PeV of

E? 6.3 10 ° GeVcm 2s 1sr

with 90%of the everts expectedwithin the energyrangeof 10TeVto 3PeV.
The impact of this limit on se\eral theoretical models of GRBs is discussedas
well as the future potential for detection of GRBs by next generationneutrino
telescoges. Finally, we briey descrike seweral modi cations to this analysisin
order to apply it to other typesof transient point sources.

Subjet headings: gamma-rgy bursts, high energyastrophysics, neutrino astron-
omy, AMAND A

1. Intro duction
1.1. Gamma-Ra y Bursts

Gamma-ray bursts (GRBs) are amongthe most energeticphenomenain the universe;
basedon their luminosity and the cosmologicablistancesderived from redshift measuremets
of burst afterglows and/or host galaxies(Costa et al. 2003), GRBs require the releaseof an
enormousamourt of energy(E  10°®> /4 erg,where isthe solid angleof the GRB jet)
in aslittle asa fraction of a second(Frail et al. 2001). Basedon the obsenations of the Burst
and Transient SourceExperimert (BATSE, seeFishmanet al. 1993)and other space-based
detectors,they are expectedto occur throughout the obsenable universeat a rate of &700
per year, though currert instrument do not have su cient sky coverageor sensitivity to
detectewery burst. Long duration (&2 sec)bursts are believed to originate from the collapse
of a massie stellar progenitor into a black hole (Woosley 1993;Paczynski 1998),whereas
short duration (. 2 sec)bursts are believed to result from the mergerof two compactobjects
into a black hole (Eicher et al. 1989). Though thesetwo types of bursts comefrom dif-
ferert progenitors,both are consistem with the canonicalpicture of gamma-ra/ burstsj|the
reball scenario(Paczynski 1986; Goodman et al. 1986). A reball is generatedduring
the formation of the black hole whenthe out o wing plasmais acceleratedo ultrarelativistic
speeds. Subsequetly, in an optically thin region (outside of the progenitor), the kinetic
energyof the plasmais corverted to radiation, either through interaction with an external

1For a more recert treatment of the compact object merger scenario, see(Paczynski 1998b; Lewin et
al. 2006), and for an alternativ e description of the GRB progenitor scenario,seealso (Roming et al. 2006).
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medium or through self-ineraction within the ow (Narayan 1992;Rees 1992). If the
stellar environment cortains enoughbaryonic material, it will be ertrained with the acceler-
ated plasm&. Subsequen photo-pion production by baryon interaction with syndirotron or
inverseCompton scatteredphotonswill lead to seweral decg/ products, including neutrinos
and antineutrinos in a ratio of 2:1 (Waxman & Bahcall 1997). The primary reactionis:

p+ ! I % +n (1)
followed by
T+ (2)
after which the muon will further decyg to
Toet+ o+ (3)

Similarly, \precursor" neutrinos may be generatedby p-p interactions either within the
star or in the immediate circumburst environmen (seeSection2). Due to their minuscule
interaction crosssection (Gandhi et al. 1998), neutrinos will readh the AMAND A detector
after traveling nearly unimpededfrom the GRB ervironmert. AMAND A hasbeensearding
for high-energyneutrinos from various astrophysical uxes (both discrete and di use) for
nearly a decade;in this work we focus on the analysisof AMAND A data correlated with
photon obsenations of more than 400 GRBs from 1997to 2003.

1.2. The AMAND A Detector

The AMAND A detector (Ahrens et al. 2002)is an array of Optical Modules (OMs)
deployed at depths between1.5 and 2 km beneaththe surfaceof the ice at the South Pole.
An OM consistsof a photomultiplier tube housedin a glasspressuresphere. During the
years 1997-199%he detector operated with 302 OMs on ten strings placed in a circular
geometrywith a diameter of about 100 m, and was known as AMAND A B-10. From 2000
onward, nine additional strings werein operation, placedwithin a diameter of about 200 m,
bringing the total number of optical modulesto 677. This phaseof the neutrino obsenatory
(dubbed AMAND A-I1) operated through 2004,and cortinuesas a high density componert
of IceCube, a km-scaledetector currertly being constructed (Achterberg et al. 2006a).

2Alternate mechanismsfor GRB emission,such asthe "P oynting ux-driv en" bursts (Lyutik ov & Bland-
ford 2003), are basedupon electromagneticrather than hydrodynamic sourcesof energyto power the burst.
Sudh medanisms do not predict signi cant acceleration of baryonsin GRBs; thus, the expected neutrino
ux from Poynting ux-driv en bursts is essetially zero. A positive detection of GRB neutrinos is one clear
way to di erentiate thesetwo medanisms. We do not treat the E&M mechanism further in this work.
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The optical modulesin AMAND A are designedto detectthe Cherenlov emissionfrom
neutrino-induced muonsthat travel through or near the instrumented volume of ice. While
other neutrinos may be detectedwith this seart, the e ciency for . or detectionis sig-
ni cantly smaller. Other multi- a vor GRB neutrino seartieswhich don't require directional
information have beenperformed (Achterberg et al. 2007); we focus here on the seard for
GRB muon neutrinos from the Northern Hemisphere( from 0 to 90). Due to the limited
volume of ice above the detector, few downgoingextraterrestrial neutrinoswill interact above
and be detectedby AMAND A. At the energiesof interest to this analysis,the down-going
ewerts in the AMAND A datasetare primarily the atmosphericmuon badkground which will
completely overwhelm any potential downgoing signal. Thus, our extraterrestrial signal is
primarily con ned to the horizontal or up-going direction. As thesemuon neutrinos travel
through the ice, they may interact with nearby nucleonsto create energeticmuons:

+ N ! + X; (4)

where N is a nucleonand X represets other reaction products. Muons produced in this
reaction cancarry a signi cant fraction of the original neutrino energy(Gandhi et al. 1996).
Depending on its energy the muon can travel up to tens of kilometers through the ice; for

in the energyrangeof greatestinterestto AMAND A ( 10° GeV), the muon path length
is 10km (Lipari & Stanev 1991).

Since AMAND A can detect suc a muon anywhere along its substartial path length,
the e ective detector volume is signi cantly larger than the actual instrumented volume. A
muon that has su cient energywill cortinuously emit Cherenlov radiation, and will also
generateadditional particlesdueto stochastic processesThe iceat a depth of morethan one
kilometer is extremely clear,and thus the Cherenlov photonshave large scattering(L¢ ) and
absorption(L,) lengthsjat = 400nm, LS 25mandL, 100m (Ackermannetal. 2006).
The Cherenlov light thereforehasthe potential to readh numerousOMs asthe muon travels
through the detector, and the relative timing of the hit OMs provides the basisfor a set of
maximume-likelihood reconstruction algorithms to determine the muon's direction of origin
(Ahrens et al. 2004). The algorithms applied to this analysisare basedon variations from a
randomly-seeded rst guess"track using the Pandel function to parametrize the sequence
of OM hits. The likelihood of the initial track is calculated, and then the procedureis
iterated (up to 32 times) to determine the most likely muon track. Iterations beyond the
rst incorporate increasingly complex features of the detector responseto the Cherenlov
photons, the details of which are beyond the scope of this work®. Detector simulations,

SAn alternativ e track reconstruction known as a \parab oloid t" is also relevant for our secondarydata
selectioncriteria, seeSection 3.3 for further details.
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along with obsenations of downgoing cosmicray muons, have shovn that this procedure
providestrack reconstructionsaccurateto within a meanvalueof 2 . Atmosphericmuons
are almost ertirely removed from the dataset by constraining our seard to those bursts
occurring in the Northern Hemisphere allowing the detectorto be shieldedfrom a substartial

badkground ux by the bulk of the earth. Upgoing atmosphericneutrinos causedby cosmic
ray interactions in the Northern hemispheremay also be detected by AMAND A, as their

spectrum extendsinto the energy range of relevanceto the GRB seartr. Howeer, they
likewiseare removed from the dataset by requiring strict spatial and temporal correlation
with photon obsenations of GRBs. With theseselectioncriteria applied, we expect lessthan
0.01 atmosphericneutrino events in our dataset.

In Section 2 we descrike seweral models for GRB neutrino emission. In Section 3 we
discussthe method for determining periods of stable detector performanceand for separating
the expected GRB neutrino signal from all misreconstructedbadkground everts, as well as
the systematicuncertainties assaiated with this analysisprocedure. In Section4 we compare
the results of the AMAND A obsenations with the models, as well as provide a spectrum-
independert method for determining the uence upper limit from GRBs. We concludewith
the future potertial of AMAND A/lceCub e, for both the standard GRB seard in the Swift
era (Markwardt et al. 2005) and for seartes optimized for other transiert point sources,
sud asjet-driven supernovae.

2. Mo dels of Neutrino Emission

According to the canonicaldescription provided above, gamma-ray bursts result from
the dissipation of the energy of relativistic out o ws from a certral engine. Basedon the
assumptionthat GRBs are the sourceof ultra-high energy cosmicrays (UHECRSs), Wax-
man and Bahcall predicted an annual muon neutrino ux assaiated with GRBs of E?

9 10 ° GeVcm 2s lsr ! from 100 TeV to 10 PeV (Waxman 2003)“. Murase & Na-
gataki (2006a)predict a similar spectrum to Waxman and Bahcall for long-duration bursts,
though their simulations include a wider range of parameters,leading to a wider variation
in predicted uxes. Inclusion of neutrino oscillations reducethesepredictions by a factor of

4For the original formulation of this neutrino ux prediction, see(Waxman & Bahcall 1997). Note that
this GRB neutrino ux is distinct from the Waxman-Bahcall upper bound on the di use neutrino ux due
to UHECRSs.
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two’. Additional modelsrequiring morespeci ¢ assumptionsabout the nature of GRBs have
also beenproposed. Razzaqueet al. (2003a) hypothesizea scenarioin which a supernova
precedesa long-duration GRB by se\eral days to a week. In this \supranova" scenario,the
supernova remnart provides target nucleonsfor pp interactions leading to precursor neu-
trinos with energyE 10 TeV. Furthermore, the remnart will produce target photons for
p interactions, which will alsoyield muon neutrinos up to 10'¢ eV, albeit with a di erent
spectral shape than that predicted by the Waxman-Bahcall modelf. This model also has
implications for gamma-ragy dark (or \choked") bursts, which are brie y discussedn Section
5. Furthermore, though a number of modelsexplicitly incorporate only long-duration bursts
into their models, the GRB certral engineis in principle independen of burst type. Thus,
though the ux upper limits for thesemodelsinclude long bursts only (except, importantly,
for the model of Waxman & Bahcall), the models could potertially be expandedto include
neutrinos from short bursts as well. Within the AMAND A dataset long bursts dominate
over short bursts; incorporating short bursts would have a small, though not insigni cant,
e ect on the overall limit (seeSection 4 for details). Figure 1 shaovs the expected GRB
neutrino ux basedon four represetative models. The precursormodel predicts a neutrino
ux asearly asse\eral tensof secondgrior to the obsened GRB photons,whereasthe other
models tested here predict a neutrino ux in coincidencewith the GRB photons’. Other
models of GRB emissionalso exist (see,e.g. Dermer & Atoyan 2006,2003);though we do
not explicitly focuson sud modelshere,a ux upper limit canbe calculatedfor sud models
using the Green'sFunction method detailed in Section4.

Many theoretical models (most notably, the Waxman-Bahcallmodel) are basedon as-
sumptionsregardingthe burst ervironmernt aswell asthe averageproperties of bursts (total
emissionenergy redshift, etc.) which do not correspnd directly to the properties of speci ¢
bursts. It is possibleto estimate the muon neutrino ux for individual bursts, but these
estimatesvary substartially, and often bradket the predictions of the averagedproperties
(Stamatikos 2005). For those bursts where redshift and spectral information is available,
more accurate estimatesof muon neutrino ux canbe made on a burst-by-burst basis. For
extremely bright, nearby bursts (e.g. GRB030329),the predicted uxes can be asmuch as

SOscillations modify the avor ratio from 1:2:0 at the sourceto 1:1:1at Earth. However, see(Kashti &
Waxman 2005)for a discussionregarding di erent a vor ratios due to energylossesof the and .

5Though the supranova model is still within the realm of possibility, it is somewhatdisfavored basedon
obsenations of GRB060218,in which the supernova precededthe GRB by at most a few hours|not long
enoughto provide an ideal circumburst environment for a signi cant neutrino ux.

"Any time delay in observingthe neutrinos due to the neutrino massis assumedto be negligible compared
to the time scaleover which we seard for the burst emission.
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two orders of magnitude greaterthan the meanburst ux (Stamatikos 2006). Finally, our
simulations assumea : ratio of 1:1. AMAND A doesnot distinguish the muon charge;
howeer, neutrino event rates are larger than anti-neutrino ratesfor an equal ux, sincethe
neutrino crosssectionis larger up to energiesof 10° GeV. Thus, any models proposing a
ratio other than unity will resultin adi erent expectedewen rate and, ultimately, a di erent
ux upper limit for this analysis.

3. Observation Pro cedure
3.1. Correlated Observ ations

This AMAND A GRB seard relies on spatial and temporal correlations with photon
obsenations of other instrumerts including BATSE aboard the Compton Gamma-Ray Ob-
senatory (CGRO), aswell asHETE-I |, Ulysses,and other satellites of the Third Interplan-
etary Network (IPN) (Hurley 1998). As stated previously our seart is restricted to that
half of the bursts occurring in the Northern Hemisphere.Furthermore, becauseengineering
and maintenancework is performedon the AMAND A detector during the austral summer
(Decenber-February), only a few bursts from thesemorths can potertially be obsened eah
year. For eadh GRB in the dataset, we seart for muon neutrino emissionduring the coinci-
dert phaseof burst emission. The coinciden phaseis determinedby either the T o9 start and
endtimes of the burst, or the ertire duration of emissionin excesf the badground rate (for
bursts without well-de ned Tgg). A period of time beforeand after ead burst is addedto
the seart in orderto accommalate the timing errors of the photon obsenations (which vary
from burst to burst). Most bursts have prompt phasedasting from a few secondsup to to a
few tens of secondsthough there are someexceptionalbursts lasting hundreds of seconds.
To investigatedi erent model predictions for the bursts occurring during 2001-2003we also
performed an extended seart for precursor neutrinos from 110 secondsbefore the burst
start time until the beginning of the coincidert seart window. BATSE obsenations were
the solesourceof data for the AMAND A B-10 analysisfor 1997{1999.0Other IPN-detected
bursts wereincluded beginningwith the AMAND A-I | datasetin 2000,and the analysisthen
relied exclusiely on IPN data from other satellitesonceCGRO wasdecommissioned May,
2000. Additional bursts were alsodiscoveredin the BATSE archival data (Kommers 1998;
Stern et al. 2001);the relevant time periods of the AMAND A data were seartied for muon
neutrinos from thesebursts as well. We do not, howewer, include this particular subsetof
bursts in the ux or uence upper limits for the models addressedin this work, because
non-triggered bursts were not incorporated into the primary models of GRB neutrino emis-
sion. The instruments participating in the Interplanetary Network through 2003 are given
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in Table 1 and the number of bursts seartied in ead year of AMAND A obsenations is
listed in Table 2; information on the speci ¢ bursts includedin this analysisis alsoavailable
(Kuehn 2007).

3.2. Background and Detector Stabilit y

To determinethe badkground rate and to establishdata selectioncriteria for ead burst,
a larger period of one hour and 50 minutes of data is analyzed|from one hour beforethe
burst to one hour after the burst, with the 10 minute period during and immediately sur-
rounding the burst excludedto ensurethat the data quality cuts are not determined in
a biased fashion (a \blind" analysis). Prior to determination of the data selection crite-
ria, we study detector stability in this badkground period. The specic stability criteria
for AMAND A B-10 have beendiscussedpreviously (Hardtke 2002); here we descrike the
AMAND A-11 stability criteria in more detail.

We perform two teststo idertify non-statistical uctuations in the data rate that could
producefake ewverts (\false positives") or unarticipated deadtime (\false negatives") in the
detector. The rst test comparesthe obsened ewvert court per 10 secondtime bin to the
expected,temporally uncorrelated,distribution of badkground events. This testsfor any non-
statistical uctuations in data rate due to temporary instability in the detector. Without
this test, an upward uctuation in the data rate not causedby neutrinos could potentially
be misinterpreted as a signal evert. This test has three successi® steps basedon the P-
value of the ewert rate distribution. The P-value of a data segmehn is de ned asthe percen
di erence betweenthe RMS variation of the data evert rate and the width of a Gaussian t
to the data rate distribution. The rst stepiderti es all those bursts with stable periods|
those having a P-value of lessthan 6% (correspnding to variations of lessthan 1 relative
to the overall distribution of P-values). The secondstep identi es bursts with marginally
stable detector performance: 6% P 12%(1{2 ). Additional tests are performedon these
bursts; speci cally, the data rate of the previously blinded 10-minute period is exploredin a
region of the sky far away from the GRB (the \on-time, o -source" region). This maintains
the blindnessof the analysis,while allowing a more detailed exploration of detector stability.
Marginally stable burst periods areincludedin the analysisif they are alsomarginally stable
in the on-time, o -source region (P-value lessthan 12%), and if the evert rate hasonly small
(3 ) variations throughout the on-time, o -source region. The vast majority of all burst
time periods were stable accordingto thesecriteria. The nal step of this test is applied if
the rst two stepsareinconclusiwe. It requiresany event rate variations greaterthan 3 to
occur at a signi cant distancefrom the burst time. Two bursts fall into this category;they
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had marginally stable o -time periods and insu cien t statistics for an on-time/o -source
stability test. Howewer they were included in this analysis becausethe largest evert rate
variations were separatedin time from the burst by seweral minutes. Only onetime period
asseiated with a burst in the AMAND A dataset had o -time and on-time/o -source P-
valuesgreaterthan 12%,and this burst was excludedfrom the analysis. Figure 2 shows the
data rate per 10 seconddor a sampleGRB period, overlaid with the Gaussiant. They are
in very good agreemenh showing a stable data rate for this period of detector activity.

The secondtest utilizes the time betweensubsequeh ewvens ( t) to ensurethat there
is not an anomalouslylarge amourt of time betweendetector triggers. The amourt of time
betweentriggers canvary widely, but larger gapsoccurwith much lessfrequencythan shorter
gaps. There is alsounavoidable (but quarti able) deadtime betweenead trigger while the
detector is being read out. The overall e ect of the expected dead time is to reducethe
detector's signal acceptanceby appraximately 17%,and this quartity hasbeenincorporated
into the expected neutrino obsenation rate for this analysis. Howewer, large unexpected
gapsbetweentriggers would indicate a period of unstable detector performance,and would
mean that an otherwise detectable neutrino signal might not be obsened during sud a
period. We test the 1 hour and 50 minute time periods surrounding eat burst to ensure
that no sudh gapsoccur. An exampleof the temporal distribution of triggers comparedwith
an exponertially decreasingt to the t distribution is shovn in Figure 3. The variations
obsened in the data for this time period are within 2 of the obsened t for all valuesof

t. Thus there are no unexpected variations in the time between detector triggers, and we
conrm that AMAND A is collecting data as expected occurring during the on-time window
for this burst. All data periods ass@iated with GRBs that passthe rst test also passthis
secondtest for stable detector operation.

3.3. Data Selection Criteria

For those bursts determined to be stable by the above criteria, data quality cuts are
then selectedto separatethe predicted signal from the obsened badkground ewerts. This
processreliesprimarily on the simulated signal events and the obsened badkground evens.
The simulation of the detector responseto signal and badkground ewents is descriked in
Ahrenset al. (Ahrens et al. 2004). The simulation procedureusesthe neutrino generation
program NuSim (Hill 1997)for signal evert simulations. Badkground everts are simulated
with CORSIKA (Hed et al. 1998), which implemerts the 2001 version of the QGSJET
model of hadronic interactions (Kalmykov & Ostapchenko 1993). Once the neutrino or
other cosmic-rg primaries are generatedand propagatedto their interaction vertex, we
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simulate the secondarypropagation with the Muon Monte Carlo (MMC) padage (Chirkin
& Rhode 2004). Finally, we simulate the AMAND A detector responsewith the software
padkage AMASIM. We then are able to comparesimulated signal, simulated badkground,
and obsened badkground data.

In the caseof the GRB seart, the badkground rate is measuredusing the o -time
window, where no signal is expected. Thus, unlike other AMAND A analyses(Ahrens et
al. 2003a,b),the badkground ewvernts do not needto be simulated, nor do the data ewens
needto be scranbled in time or azimuth to retain a blind analysisprocedure. Exploring the
variations betweenobsened badkground events and simulated everts does, howewer, ensure
that we understand the systematic errors assaiated with the simulation process. For ex-
ample, Figure 4 shavs excellen agreemehin $ ..o, the log(Likelihood) of the reconstructed
tracks of the simulated and obsened badkground ewvens. Giventhis level of agreemen the
errorsarising from discrepanciedetweenthe simulated and obsened events are expectedto
be small. Additionally, atmosphericneutrinos have previously beenobsened by AMAND A
up to TeV energiesand studies showv that neutrinos from this proven sourcecan be recon-
structed with a high degreeof accuracy(Andreset al. 2001). Likewise,studies have been
performedwhich comparesimulated signal everts with high-quality downgoing muon everts
(Hodges 2006). Becausethese downgoing everts have similar properties to the simulated
signal ewvens, this provides additional assurancethat the simulated signal everts will have
similar propertiesto the actual signaleverts we are attempting to obsene. Section3.4 gives
a quartitativ e discussionof systematicerrors.

To determinethe set of data selectioncriteria that will producethe optimal ux upper
limit in the absenceof a signal, we minimize the Model Rejection Factor (MRF) (Hill &
Rawlins 2003). The MRF is basedon the expecteddetector sensitivity prior to obsenations:

MRFE = QO(NBG;Exp) (5)
NSig

where g is the Feldman-Cousin®©90%averageevert upper limit (Feldman& Cousins 1998)
derived from the expected number of badkground everts (Ngg.exp) and Ngjq is the expected
number of signal everts. Nsjq is determined by corvolving the theoretical spectrum (=
dN /dE) with the detector's energy-and angle-degndert e ective neutrino collecting area
(Aeff: ) and integrating over the angular acceptanceof the detector, the energy range of
interest (10? to 10’ GeV), and the obsenation time (assuming700bursts cortribute equally

to the annual expected ux):
ZZ

Nsig = (E; ; )JAe:. (E; )dEd dt : (6)

As an intermediate step in the determination of the expected number of signal everts, we



{ 14{

thereforeneedto determinethe detector e ective collectionarea. A, . is determinedby the
fraction of simulated neutrino ewens that are retained after all data selectioncriteria are
applied. This areaalsoaccourts for neutrinos that generatemuons passingnearby (but not
through) the detector and still causethe telescope to trigger.

In determining the optimal data selectioncriteria for the coinciden seard, we assumea
Waxman-Bahcallneutrino spectrum (Waxman 2003);for the precursorseart, we assumea
Razzaquespectrum (Razzaqueet al. 2003a).In addition to temporal coincidencedescrited
previously the most relevant selectioncriterion for this analysisis the angular mismatch
(i) betweenthe burst position and the reconstructed evert track. This mismatch is
determined for ead of four separatemaximum-likelihood pattern recognition algorithms (i
= 1to 4) applied to the timing of the hit OMs (as descriked in Section2). The di erent
algorithms are basedon di erent initial seedsand apply a di erent number of iterations to
the track reconstruction procedure, thus they are able to provide di erent measuresused
for discrimination between expected signal and badkground events. Though they are not
completelyindependen, they do o er improvemeris to the MRF whenapplied consecutiely.
The inherert dierence in the muon and neutrino paths, as well as the inaccuraciesof
the reconstruction algorithms, prevernt perfect characterization of all signal and badkground
ewerts. Newertheless,the angular mismatd is quite e ective as a selectioncriterion. For
example,selectingevents with a mismatch angle  ; of lessthan 12° retains more than 90%
of the expected signal everts, while reducing the badkground to lessthan 0:5% (Figure 5).
Dependingupon the changesin the detector characteristicsand the analysistools from year
to year, the MRF optimization procedure allowed for somevariation in the specic track
reconstruction algorithms applied, as well as the mismatch angle values selectedfor eah
algorithm (seeTable 3).

Se\eral secondarycriteria were also used to improve the separation between signal
and badground ewerts. Included in the secondarycriteria is the measurednumber of hit
channels|that is, the number of OMs patrticipating in the reconstruction of eah ewen.
The number of direct hits|hits that occur within -15/+75 ns of the arrival time for light
propagating from the reconstructed muon track to the OM in question|also senesas a
useful criterion for data selection. Direct hits should be due to photonsthat do not scatter,
or scatter minimally; their straight trajectories give them a well-de ned behavior, making
them most usefulin determining the muon direction. Additionally, the likelihood of a given
reconstruction and the angular resolution () of the alternate evert track reconstruction
(the \paraboloid t*) provide a usefulewernt discriminator, sincehigh quality signal events
will have higher likelihoods and superior angular resolution comparedto the badkground
ewerts. One additional criterion usedin this analysisis the uniformity of the spatial distri-
bution of the hit OMs|ev ents with hit OMs spreadewenly along the track are more likely
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to be single high-energyneutrino-induced muons, whereaseverts with hit OMs clusteredin
time and spacealong the track are more likely to be badkground ewvens. Dierent combi-
nations of thesecriteria were applied in the 1997-19992000,and 2001-2003imeframes, as
new analysistools were deweloped and applied to the GRB neutrino seart (seeTable 3).

This analysisprocedurewas applied to bursts with localization errors from the satellite
obsenations that are relatively small (typically lessthan 1 ) and therefore inconsequetal
on the scaleof the AMAND A seart bin radius. Howeer, seeral hundred IPN bursts have
large localization errors (&1/2 of the seart bin radius), but still lie completely within the
eld of view of AMAND A. Thesewere either marginal detectionsnear the edgeof BATSE's
eld of view or they were detectedby only two IPN satellites, which prevens triangulation
of their position but allows localization to an annular segmeh Eleven of the bursts in the
AMAND A datasetareonly poorly localized;the increasedseard areafor thesebursts results
in a correspnding increasein the expected badkground rate. To ensurethat this increase
doesnot diminish the overall sensitivity of the GRB seard, morerestrictive selectioncriteria
are applied to thesebursts. Whether well localized or poorly localized, ead burst has an
assaiated badkground expectedduring the burst time, calculatedfrom the evert rate of the
o -time badkground region multiplied by the duration of the time window during which we
seard for signal evens.

The initial criteria were independerily selectedto optimize the MRF and were then
collectively optimized in an iterativ e fashion. The optimal criteria dependedon the zenith
angle of the burst, due to the higher obsened badkground rate for bursts closerto the
horizon. The criteria for higher badkground rates (i.e. low zenith angle bursts) were also
appliedto bursts with large satellite localization errors, regardlessof the actual zenith angle
of the burst. Table 3 lists all data selectioncriteria usedfor the year-by-year GRB analyses,
as well asthe selectioncriteria for the precursorseart applied in 2001-2003.Though the
data selectioncriteria are optimized for speci ¢ models of neutrino emission,other models
can also be tested using the Green'sFunction FluenceLimit Method (seeResults). While
the muon track reconstruction algorithm is very accurate,there is a small probability that
a downgoing muon will be misreconstructedin the upgoing direction; sud ewerts are the
primary badkground for the GRB seart. After the application of data selectioncriteria,
badkground ewerts have an obsened rate of 5 10 °Hz (with some seasonalvariation),
leading to a total of 1.74 expected badkground eens over the ertire obsenation period.
Figure 6 shaw the e ective area for neutrinos for the AMAND A-I| detector after all data
selectioncriteria are applied. Due to the large instrumented area and modest badkground
rejection requiremerts of this analysis, AMAND A-11 has an Ag+ signi cantly larger than
any other contemporaneously-ograting neutrino detector (e.g. Baikal (Spieringet al. 2004),
SuperKamiokande (Fukudaet al. 2002),and SNO (Aharmim et al. 2000)). A determination
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of the relative MRF for a subsetof bursts from the year 2000 analysisis shovn in Figure
7 (the arrow indicates the MRF for the selectedcriteria). Using Equation 6, the number
of expected GRB neutrino ewerts for the Waxman-Bahcallmodel is shavn in Table 3. We
expect lessthan 1 ewert to occur in coincidencewith all of the 419 bursts in the dataset.

Basedon thesevalues,we now calculatethe ux sensitivity to simulated GRB neutrinos
prior to \un blinding" the analysisand determining the number of everts we actually obsene.
Results from the 268 bursts obsened from 1997to 1999 have been preserted previously
(Bay 2000;Hardtke 2002). We combine theseinitial obsenations with the results from
the analysisof 151 bursts in the data collectedin 2000-2003.The ux sensitivity for all 419
bursts is the MRF prior to obsenations (seeEquation 5) multiplied by the normalization of
the input spectrum; that is, E?2 2 10 8 GeVcm 2s sr ! for a Waxman-Bahcallmuon
neutrino spectrum with 90% of the events expected between 10 TeV and 3 PeV. This
sensitivity is calculated prior to the inclusion of systematicuncertairnties.

3.4. Uncertain ties in Observation and Mo deling

There are se\eral potential sourcesof systematicuncertainty in this analysis,including
the Monte Carlo simulations of signal everts, the modeling of the scattering and absorption
lengths of the South Pole ice, and the OM responseto incident photons. For the ux
upper limits incorporating IPN bursts, the potential for inclusion of bursts which do not t
models basedupon BATSE triggered bursts cortributes to the overall uncertainty as well.
Additionally, somebursts are of unknown duration{for the purposesof this seart, they were
classi ed aslong-duration bursts sothat we would not needlesslyexcludeany possiblesignal
events. Howewer, including all sud bursts will potentially overestimate the signal event
predictions for modelsbasedsolelyupon long-duration bursts. Finally, previousresultsfrom
1997-1999were applied only to the Waxman-Bahcall model; limitations in the simulation
proceduresin place at that time meansthat adapting these results to other models will
introduce uncertairties in the expected neutrino evert rate.

The scattering and absorption lengths of the ice were measuredduring the 1999-2000
austral summer with in situ lasersand LED ashers (Ackermann et al. 2006). While
these measuremets were extremely accurate, the limited precisionwith which they were
implemerted in our detector simulations cortributes about 15%to the overall uncertainty.
Furthermore, the quantum e ciency of the photomultiplier tubesis known to within 10%,
while the transmissione ciency of the glasspressurehousingandthe optical gelisknown to a
comparableprecision. However, triggering dependson the detectionof photonshby 24 or more
PMTs, sothe uncertainty in a single OM doesnot translate directly into an uncertainty in
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the expected ux. Detailed simulations shav that the quantum and transmissione ciencies
together cortribute only about 7% uncertainty in the expected neutrino ux (Ahrens et
al. 2004). Though the GRB seart implemerts a di erent methodology from other IceCube
analyses(e.g. the point sourceseart detailed in Achterberg et al. 2006b), the valuesfor
the individual cortributions to the uncertainty are consistem acrossthesedi erent analyses.

Additionally, a statistical correction is required when IPN bursts are incorporated into
the ux upper limits for modelsinitially basedon BATSE obsenations. In principle, BATSE
hasa sensitivity comparableto the suite of other IPN satellitestreated collectively; obsena-
tionally, their duration distribution seemgyualitativ ely to be derived from the samebimodal
population (Figure 8). Howewer, the characteristics of the bursts detectedby satellites with
di erent sensitivities are not completelyidentical. BATSE non-triggeredbursts have on av-
eragelessthan 1/10 of the peakphoton ux of their triggered courterparts, and if we assume
that the neutrino ux scalesasthe photon ux, then including non-triggeredbursts in the
upper limit calculation would arti cially increasethe expected number of signal everts, and
thusleadto a ux upper limit that is too restrictive. We calculate (seeAppendix A) that
12%of the IPN bursts should not be consideredequivalert to BATSE triggered bursts, and
thus should be excludedfrom the dataset. This leadsto a 3% correction in the number of
expected signal evernts. Furthermore, for models basedsolely on long-duration bursts sud
as (Murase & Nagataki 2006a;Razzaqueet al. 2003a),the inclusion of bursts of unknown
duration may also lead to an overestimation of the number of expected signal everts. In
Appendix A, we derive a statistical correction of 6% to the expectednumber of signal everts
dueto this e ect.

Next, we determine the statistical correction required by the incorporation of position
uncertairties in the BATSE GRB localizations. The meanposition uncertainty for the 1997-
2000BATSE burstsis 4.1, but this is skewed by a small number of bursts which have larger
uncertainties (and which are not includedin this analysis). The median position uncertainty
for 1997-200BATSE burstsis 3.2 ; this is the quartit y that is corvolved with the AMAND A
seardbin radius to determine the statistical correction to the AMAND A results. Placing
eadt burst 3.2 o -center in its seartibin is equivalert to shifting the seardbin radius by 3.2
in either direction (see,e.qg.,Figure 5, wherethis would result in a shift of the acceptance
regionby 1-2bins). A decreasen the seartbin radius reducesthe signal acceptancan that
direction, but that alsonecessitatesan increasein the seartbin radius (and thus an increase
in the signalacceptance)n the opposite direction. The majority of the expectedsignalis at
very low ; the decreasean the expectedsignalis thereforelarger than the correspnding
increase.Thuswe determinethat the BATSE position uncertairties will reducethe expected
signal from the BATSE bursts by no more than 4%. Becauseroughly 1/2 of our total
signal everts are expectedto comefrom the BATSE bursts, this resultsin a nal statistical
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correction of only 2%. It is important to note that the vast majority of the IPN bursts
were obsened with ground-basedfollow-up obsenations, thus their position uncertainties
are on the order of arcminutes (or even arcseconds)which is very much smaller than the
AMAND A seartbin and the resulting uncertainty in the AMAND A analysiscan therefore
be neglected.

Finally, we determine the uncertainty introducedwhen the previousresults from 1997-
1999are applied to theoretical predictions other than the Waxman-Bahcallmodel. Though
the uncertairties speci cally for the Waxman-Bahcall model are well understood and are
incorporated into the previousresults, limitations in the simulation proceduresat the time
of the previous analysis lead to a further uncertainty in the neutrino ewert rate for the
Murase-Nagatakiand Razzaqueet al. modelsof 20%. When we combine the results from
the 268 bursts from 1997-1999with the resultsfrom 151 bursts from 2000-2003nto a single
ux upper limit, we assumeconsenatively that the neutrino event rate for the bursts from
1997-1999s overestimatedby 20%.

All signi cant sourcesof uncertainty for the GRB analysis, along with the correction
factors, are summarizedin Table 4. While the reduction in the expected neutrino event
rate for the 1997-19%ursts is not speci cally enumerated in this Table, it is incorporated
into the relevant ux upper limits discussedn the next section. Assuming no correlation
amongthe other uncertairties, we summedthe di erent factorsin quadrature and applied
the other relevant correctionsto obtain a total uncertainty of +12%/-22% (+6%/-28% for
models basedon long-duration bursts only) in the total detector exposure, and therefore
in the number of signal everts and the ux and uence upper limits. This is comparable
to the uncertainty determined by (Hodges 2006), who also characterized the agreemenh
betweenthe simulated signal everts and high-quality downgoing muon events, which sened
asa proxy for the expectedsignal everts for AMAND A analyses.

4. Results

We obsene zero ewvents from the 419 Northern Hemispherebursts sear@ied during the
years1997to 2003, which is consistem with the badkground estimate of 1.74 events (Table
5)8. Sincethe obsened number of ewerts is lessthan the expected badkground, the ux
upper limits for the coincidert muon neutrino seard is nearly a factor of three better than

8We alsoseardedfor neutrino emissionfrom 153additional non-triggered bursts discoveredin the BATSE
archival data; we obsened zero events from thesebursts aswell. We do not include theseresults in the ux
upper limits or MRF determinations.
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the expectedsensitivity (i.e. the obsened MRF for a Waxman-Bahcall ux is 1.36compared
to the expected value of 3.80). Figure 9 shavs the 90% C.L. ux upper limits relative to
the Waxman-Bahcall, Razzaque,and Murase-Nagatakimodels. Though our analysis was
restricted to bursts located in the Northern Hemisphere(2 sr), all ux upper limits are
for the ertire sky (4 sr). Including the systematicuncertainties in the manneroutlined by
Conrad et al. (2003), we calculate the coincidert muon neutrino ux upper limit for the
Waxman-Bahcallspectrum to have a normalization at 1 PeV of

E? 6.3 10 ° GeVcm ?s sr
with 90% of the everts expectedbetween 10TeV and 3 PeV.

We place similar constraints on the model parametersof Murase & Nagataki (2006a).
Basedon our null result, Parameter Set C is highly disfavored for all variations in their
parameters,though this particular set is disfavored on other grounds as well, and is only
briey descrited in their work. Parameter Set A is ruled out (MRF=0.92) by the current
AMAND A obsenations at the 90% con dence level. Howeer, it is important to note that
ParameterSetA usesa baryonloadingfactor that is ne-tuned to provide signi cant neutrino
ux. Other, possiblymore realistic, valuesfor the baryon loading would signi cantly reduce
the expectedneutrino emission,and thereforeresult in an MRF that is higher by an order of
magnitude or more. The original model incorporates only long-duration bursts that follow
the cosmicstar-formation rate (Murase & Nagataki 2006c);incorporating all short bursts
would yield ux upper limits that are better than those presened here by approximately
13%, which includesremoving the \correction” due to incorporating of bursts of unknown
duration (seeSection3.4).

Our combined resultsfrom 1997-2003&lsoconstrainthe suprano/a model of Razzaqueet
al. We beginby consideringthe assumptionthat all GRBs are precededby supernovae that
produce a circumburst ervironment ideally suited for neutrino production. The obsened
MRF for this caseis 0.45,and thus we excludethe predicted neutrino ux at the 90%level.
Furthermore, the ux upper limit determined for this model is derived from obsenations
of long bursts only. As with the results of Murase & Nagataki (2006a), if this model is
expandedto include short-duration bursts, the ux upper limit improvesby approximately
13%. Howewer, only a very small number of all bursts ( 4 out of many thousands) have
beenobsened in assaiation with SNe. And, as descrited in Section 2, at least a fraction
of these SNedid not occur at an ideal time relative to the burst. Thus, AMAND A's results
conrm previous obsenations that lead us to expect lessthan maximal emissionfrom this
model of GRB neutrino production.

Finally, we obsene zero everts (on an expected badkground of 0.2 events) from the



{ 20{

precursor time period of the bursts from 2001-2003(Table 6). The precursor model of
neutrino production was tested for only a small subset of the long-duration bursts, and
the neutrino energyspectrum peaksat a level wherethe AMAND A-I| sensitivity is greatly
reduced. Thus, the ux upper limit for the precursormodel is signi cantly lessrestrictive.

The results of theseanalysescan alsobe applied to any other hypothesizedspectrum by
usingthe Green'sFunction FluenceLimit formula, in a method similar to that presened by
the Super-KamiokandeCollaboration (Fukudaet al. 2002). By folding the energy-degnden
sensitivity of the detector into a desired theoretical spectrum, one can straightforwardly
calculatea ux upper limit for that speci c spectrum. The Green'sFunction uence upper
limit for AMAND A-11 (Figure 10) extends seeral orders of magnitude in energy beyond
the rangeof the Super-Kamiokandelimit, and is approximately an order of magnitude lower
than the Super-Kamiokande results in the region of overlap, primarily due to the much
larger e ective areaof AMAND A-l 1. For example,at 100TeV we calculate F 1.7 107
cm 2 (seealsoAppendix B). As this method doesnot rely on averagingburst properties (as
marny speci ¢ models do), it is particularly e ective for incorporating large burst-to-burst
variations in expected muon neutrino ux (e.g. for GRB030329,seeStamatikos 2006).

5. Conclusion and Outlo ok

The AMAND A datasethas beenseartied for muon neutrino emissionfrom more than
400GRBs basedon temporal and spatial coincidencewith photon detectionsfrom numerous
other obsenatories. We determined that the detector was operating in a stable fashion
during all of these bursts, and we have shown that the application of a number of data
selectioncriteria lead to an optimized value of the Model Rejection Factor for the Waxman-
Bahcall neutrino spectrum. After the application of thesecriteria, zeroneutrino everts were
obsened in coincidencewith the bursts, resulting in the most stringent upper limit on the
muon neutrino ux from GRBsto date. We have comparedthis limit to the ux predictions
from seeral prominent GRB models basedon averagedburst properties. We constrain the
parameter spaceof a number of thesemodelsat the 90% con dence level; in particular, our
ux upper limit is morethan a factor of 2 below the most optimistic predictions of Razzaque
et al. Howewer, we do not yet rule out the predictions of the canonicalWaxman & Bahcall
model. Furthermore, becausendividual bursts vary signi cantly in their expected neutrino
spectra, we have presened a spectrum-independert method for determining ux upper limits
for thesebursts. The obsenations detailed in this work will play a signi cant role as future
analysesseekto further constrain various theoretical models.

Finally, AMAND A's seart for muon neutrinos from more recet GRBs will benet
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greatly from the advancedcapabilities of the Swift satellite (Burrows et al. 2005), as will

the GRB seartiesof other neutrino obsenatoriescurrertly in operation (Spieringet al. 2004;
Reswanis et al. 2003;Aguilar et al. 2006). While Swift's rate of GRB detectionsis lower
than that of BATSE, the spatial localizations of the bursts by Swift are much more pre-
cise, which will obviate the needfor a special analysis of poorly-localized bursts with its

accomparing reduction in signal detection e ciency. Additionally, the InterPlanetary Net-
work of satellites will cortinue to operate, and will incorporate newer instrumernts as they
comeonline. In particular, future missionssud asthe Gamma-Rg Large Area SpaceTele-
scope (Carson 2006)will provide an even greater number of GRB localizations for usein

neutrino seartes. Furthermore, while analysessimilar to the one presenied here will con-
tinueto seard speci cally for muon neutrino ux in coincidencewith photon obsenations of
gamma-rgy bursts, the method descrilked herecanbe expandedto seart for neutrinos corre-
lated with other transient point sourcesaswell (seeAppendix C). In the future, AMAND A

and its successor|ceCube, will have many more opportunities to detect neutrino emission
from a host of astrophysical sources.Construction of IceCube is currertly underway, and the
instrumented volume for the partial detectoris already signi cantly largerthan the nal in-

strumerted volume of AMAND A. A fully-instrumented IceCube detectorwill be 20-30times
more sensitive than AMAND A, and should surpassAMAND A's ux upper limits within its

rst few yearsof operation.
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Facilities: AMAND A

A. Mo del-Dep endent Statistical Corrections to Flux Upp er Limits

Thoughthe ux formulation of Waxman (2003)explicitly links GRB neutrinosto the
UHECR ux, elsewherea formulation basedon BATSE obsenations is treated in a compa-
rable fashion, and is consideredto arise from the sameunderlying phenomena(Waxman &
Bahcall 1997). Thus it is necessaryto addressthe limitations introduced by AMAND A's
relianceupon BATSE obsenations. As described in Section 3.4, models de ned initially in
terms of BATSE obsenations were also applied to bursts detectedby the other IPN satel-
lites. Howewer, we cannot assumethat characteristics of bursts detected by satellites with
di erent sensitivities are completely identical. Since BATSE was decommissionedn May
of 2000, there is no longer a way to cross-correlatehe two datasets. Non-triggered BATSE
bursts have on averagelessthan 1/10 of the peakphoton ux of the triggered bursts; assum-
ing that the energyof neutrinos scaleswith the energy carried by gammarays, we expect
only a small fraction of the standard neutrino ux from thesenon-triggeredbursts. Thus, if
non-triggeredbursts are inadvertently included in the ux upper limit, they will arti cially
improve that limit, becausehe extra bursts are assumedo have a larger neutrino ux than
they would actually possess.

During the period of simultaneousoperation from 1991to 2000,1088IPN bursts were
obsened by BATSE, 9530of which weretriggered. Undoubtedly someof thesebursts did not
trigger BATSE for reasonsother than a lower ux. For example, BATSE may have been
powered down, may have beenin the vicinity of the South Atlantic Anomaly, or may have
experiencedunrelated on-board performanceproblems. Howewer, we assumeconsenatively
that all sud bursts did in fact exhibit the lower ux commonto non-triggered bursts.
Therefore, 12% of the IPN bursts should not actually be a part of the dataset that is
comparedwith the modelsthat are basedupon BATSE's triggered GRB rate. BecauselPN
bursts are expectedto cortribute  25%of our detectablesignal, this e ect reducesthe total
expected neutrino ux by 3%. This correction is applied asymmetrically to the overall
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uncertainty, becauseit can hinder, but not improve, the e ectivenessof the analysis (see
Table 4).

For models basedsolely on long-duration bursts, sud as (Murase & Nagataki 2006a;
Razzaqueet al. 2003a),the inclusion of bursts of unknown duration may alsolead to an
overestimationof the expectedsignalevents, andthusa ux upperlimit that istoo restrictive.
In order to ensurethat we would not excludepotertially detectableneutrino events, the 75
bursts of unknown duration included in the dataset are assumedto last 100 s (for 1997-
1999) or 50 s (for 2000-2003). Thus, for purposesof data analysis, they are classi ed as
long-duration bursts. Howewer, this necessitates statistical correctionto the resulting ux
limits. We assumethat up to 1/3 of thesebursts may in fact be short-duration, basedupon
the standard ratio of short- to long-duration bursts obsened by BATSE. So, of the 389
bursts known (or assumed)to be long-duration, 25 were excludedfrom the relevant limits,
thus reducing the expected number of signal events by 25/389, or 6%. This correction is
likewiseapplied asymmetrically to the overall uncertairty.

B. Green's Function Fluence Upp er Limit Calculation

We showv here sample calculations of the di erential neutrino uence upper limit, as
well asa procedureto determinethe integrated uence and ux upper limits, following the
Green'sFunction method set out in Section 3 of Fukuda et al. (2002). The uence upper
limit calculation assumesa monochromatic neutrino spectrum; the calculation is repeated
at di erent valuesof the neutrino energy The benet of this method is that an integrated
uence upper limit canthen be determinedfor any input spectrum, whetherit be basedon
all of the bursts in this datasetor only on a subsetof all bursts.

The uence upper limit is de ned as

Nogo

"B ATE)

(B1)
whereNgo IS 90/N sursts @nd A . is the energy-dendert neutrino e ectiv e collecting area
(seeSection3.3)°.

Figure 10 is determined by the results of AMAND A's 2000-2003obsenations. For
example, oo = 1.30and Ngysis = 151;therefore,Ngo = 8.61 10 3,

%Instead of using the neutrino e ectiv e area, one could also usethe muon e ectiv e area multiplied by the
neutrino to muon corversion probability (asin Fukuda et al. 2002);in the caseof AMAND A one must also
accourt for attenuation of neutrinos in the earth.
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For E = 100TeV (near the peak of the predicted neutrino ux), A, . = 5.0 10
cn? thereforeF(100TeV) 1.7 10 “cm 2.

We now determinethe integrated uence upper limit explicitly for an E 2 spectrum, as
well the Waxman-Bahcallspectrum. First, the integrated uence, Fi,, for an E 2 spectrum

is
- [Z 107 GeV CE 2
250GeV F(E)
where C is the factor required to normalize the neutrino spectrum to unity|in  this case,
C = 250GeV. This integrated uence upper limit is signi cantly lower than the results of
similar calculationsperformedby Fukuda et al. (2002) (we conmbine the  and uences
into a singlelimit, while they presen two separate uence upper limits). Howewer, a direct,
guartitativ e comparisonbetweenthesetwo resultscannotbe madedueto the vastly di erent
energyrangesof the two instruments. Note also the limits of integration employed here|
though AMAND A is sensitive to neutrinos at higher and lower energies,the vast majority
of the ux from GRBs is expectedto comefrom neutrinos of a few hundred GeV to a few
PeV.

dE] = 1:4 10 °cm 2% (B2)

Now we determinethe integrated uence upper limit for the Waxman-Bahcallspectrum,
to provide a further exampleof the wide applicability of the Green'sFunction method:

Z
I:int [

10°GeV CE lEBr]éak dE . Z 107 CE 2

250GeV F(E) 10e F(E)

where C again is the constart required to normalize the overall spectrum to unity; here C
= 7.0 10 °GeV.

dE ] =53 10 ‘cm ?; (B3)

Finally, we comparethis uence upper limit to the ux upper limit derived for the
Waxman-Bahcallspectrum in Section4. To do this, we must corvert the integrated uence
upper limit into a di erential all-sky ux upper limit per burst; that is, from units of cm ?
to units of GeV cm ?2s lsr i

= =94 10 “cm “s “sr B4
t (4 )(3:15 10'=700) (B4)

Next, we multiply by the normalization of the energyspectrum and take the di erential
to provide a ux upper limit of

E2 1.3 10 ® GeVcm 2s 1sr 1,

This is nearly identical to the ux upper limit derived in the mannerdescriked in Section3
for 151 bursts from 2000to 2003(seealso Table 5, wherean MRF of 2.6 yieldsa ux upper
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limit of E2 1.2 10 8 GeVcm 2s 1sr 1, consisten with the result derived above to
within the applicable uncertairnties).

Thus we shav that the Green's Function Method agreeswith calculations which ex-
plicitly incorporated prior assumptionsabout the GRB neutrino spectrum. Therefore, this
alternate method provides a powerful tool for determining the ux upper limit basedon
AMAND A obsenations for any proposedneutrino spectrum.

C. Expanding the GRB Search to Other Transient Point Sources

While this work hasprovided the most stringernt upper limit to date speci cally for muon
neutrino ux for gamma-rgy bursts in coincidencewith photon obsenations, the method
descriked above can be expandedto seart for other transiernt point sourcesaswell. X-ray
ares occurring minutes to hours after a GRB are thought to be causedby re-activation
of the GRB certral engine, and are a natural candidate for correlated neutrino seartes
(Murase & Nagataki 2006b). Additionally, photon emissionfrom supernovae could be used
as a key elemen in seardes for neutrino emissionfrom jet-driven supernovae and -ray
dark (\choked") GRBs (Razzaqueet al. 2003b). Jet-driven supernovae are expected to
acceleratebaryonic material to mildly relativistic energies(the Lorentz boost a few),
which may subsequetly resultin signi cant neutrino emission(Ando & Beacom 2005). Not
all supernovaewill be jet-driven, but population estimatesvary between0.2%and 25%of all
type Ib/c SNe(van Putten 2004;Bergeret al. 2003;Saderberg 2005). Given the number
of sudh supernovae obsened annually, it is reasonableto sear® for a neutrino signal from
theseewerts.

Another reasonto seart for neutrino emissionfrom supernovaebecomesapparern when
we considerthe recerly-established SN-GRB connection. Seeral supernovae (including
1998hw and 2003dh)are known to be asseiated with GRBs. Furthermore, Razzaqueet al.
(2003b)descrike a scenariowhereasmarny as 10 times the standard number of GRBs occur,
though in thesebursts the photon jet doesnot succeedn escapingthe stellar envelope (the

-ray dark GRBs). For thesetypesof bursts, no gamma-rg/s will be obsened. However, if
ewven a fraction of these GRBs are assaiated with SNe (the fraction for obsened GRBs has
beencalculated to be in the rangeof 10 2 to 10 3 (Bissaldi et al. 2006)), then it will be
possibleto seard for neutrinosin the time period surroundingthe SN emission(provided the
SN start time, the GRB time delay relative to the SN, and the duration of the GRB can be
estimated with su cient precision). Becausethese SNe are localizedtransiernt phenomena,
the primary selectioncriteria for the GRB analysis (spatial and temporal correlation) are
an excellen starting point for sud a seard, though it is possiblethat not all of the other
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data quality cuts usedin the GRB seart would be optimal for a supernova seard. Finally,
it is alsopossibleto complememn any of the transient point sourceseartiesdescrited above
by inverting the seart algorithm, that is, by implemerting Target of Opportunity photon
searties based on spatio-temporal localization of potertial neutrino everts (Kowalski &
Mohr 2007). Any of theseseardiescan potertially be of greatbenet to the long-term goals
of multi-messengerastronony.
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Fig. 1.| Predicteddierential muon neutrino ux asa function of energyfor four di erent
modelsof GRB neutrino production: the precursormodel (solid line), the canonicalWaxman-
Bahcall model (thick dotted line), the Murase-Nagatakimodel (thin dotted line), and the
supranova model (dot-dashedline). All models include the e ect of oscillations. The
di use neutrino bounds determined from cosmicray obsenations with (upper horizonal
line) and without (lower horizortal line) z ewlution are also shawvn for reference.
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Fig. 2.| A stableperiod of detectoractivity, shovn by the nearly Gaussianrandomtemporal
distribution of everts in ead 10-secondin during the o -time period of BATSE GRB 6610.
Initial selectioncriteria have beenapplied to thesedata, but the GRB-speci ¢ criteria have
not yet beenapplied.
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Fig. 3.] Time dierence ( t) betweensubsequenewens during the badkground time period
of a represetative GRB, after application of initial data quality cuts. There is no evidence
for signi cant gapsin the data that could produce a \false negative" result.
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Fig. 4.] A comparisonof the likelihood of track reconstruction, $ ., for obsened data
(solid line) and simulated badground ewerts (dashedline). Both curves are normalized
after preliminary data selectioncriteria are applied. The closeagreemen signi es that our
simulations are properly modeling the obsened ewens, thus providing additional evidence
for the trustworthinessof the simulated signal everts aswell.
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Fig. 5.| The expecteddistribution of angularmismatd 1 for a simulated muon neutrino
spectrum (shadedregion) and obsened badkground (open region). 1 = O is the position
of the burst determined from photon obsenations. Selectingeverts with 1 12 retains
more than 90% of the signal evens.
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Fig. 6.] Angle-avteragedmuon neutrino e ective areafor the AMAND A-l1 (years 2001-
2003) coinciden seard algorithm, basedupon Monte Carlo simulations of expected signal
ewerts from the Northern hemisphere.
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Fig. 7.| Relative Model Rejection Factor (MRF) asa function of angular mismatch ( ;)
betweenthe burst position and the reconstructedtrack, for the subsetof bursts from 2000.
The arrow indicatesthe mismatd angle selectedfor this analysis.
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Fig. 8.| Duration distribution of BATSE GRBs (upper, open histogram) and IPN bursts
for which durations have been determined (lower, shadedhistogram). Both distributions
appear to be drawn from the sameunderlying population.
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Fig. 9.] AMAND A ux upperlimits (solid lines) for muon neutrino energyspectra predicted
by the Waxman-Bahcallspectrum (Waxman 2003)(thick dashedline), the Razzaqueet al.
spectrum (Razzaqueet al. 2003a) (dot-dashedline) and the Murase-Nagatakispectrum
(Murase & Nagataki 2006a)(thin dotted line). The certral 90% of the expected ux for
eat model is shovn. For the Waxman-Bahcall model we include both long- and short-
duration bursts; for the other spectra, only long-duration bursts are included. Including
short-duration bursts would improve the ux upper limits by approximately 13%. While our
analysiswas restricted to bursts located in the Northern Hemisphere(2 sr), all ux upper
limits are for the ertire sky (4 sr).
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Table 1: Primary Instruments in the Third Interplanetary Network, 1997-2003

Instrument Energy Range(keV) Mission Homepage
BATSE LAD 30- 190 http://www.batse.msfc.nasa.gw
BeppoSAX GRBM 40- 700 http://www.asdc.asi.it/b epposax
BeppoSAX WFC 2-26 http://www.asdc.asi.it/b epposax
HETE-11 FREGATE 6 - 400 http://space.mit.edu/HETE/fregate.h tml
HETE-I1 WXM 2-25 http://space.mit.edu/HETE/wxm.h tml
HETE-I1 SXC 2-14 http://space.mit.edu/HETE/sxc.h tml
INTEGRAL 15- 10000 http://in tegral.esac.it/
Konus WIND 12 - 10000 http://www-sp of.gsfc.nasa.g@istp/wind/
Mars Odyssey 100- 8000 http://mars.jpl.nasa.gov/o dyssey/
NEAR XGRS 100- 1000 http://near.jh uapl.edu
RHESSI 25- 25000 http://hesp eria.gsfc.nasa.gghessi

Ulysses 25- 150 http://ulysses.jpl.nasa.gov
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Table2: BATSE Triggeredand IPN Bursts Per Yearin the AMAND A Analysis, by Duration

Year 1997 1998 1999 2000 2001 2002 2003
Nshort 12 15 9 7 1 1 2
Niong 51 50 61 77 15 21 24
Nunknown 15 29 26 3 0 0 0
N otal 78 94 96 87 16 22 26
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Table 3: Data SelectionCriteria, Year by Year

Criterion 97-99 00 01-03 Precursof
1, 10 ( <10) <20 (<6.5) <125 (<7) <12 (<8) <12 (<5)
>, 10 ( <10) N/A N/A <12 (<8) <12 (<6)
3, 10 ( <10) N/A N/A <16 (<8) <16 (<8)
4 10 ( <10) N/A N/A N/A <40 (<40)
b N/A N/A <5 (<5) <5 (<5)
Track Uniformity N/A <0.29(<0.29) <0.55(<0.55) <0.55(<0.55)
$ recd N/A <7.85(<7.5) N/A N/A
Direct Hits >10 N/A N/A N/A
Nowms in Event N/A N/A (>24) N/A N/A
Signal PassingRate  0.35(0.22) 0.69(0.54) 0.68(0.61) 0.69
ExpectedN ¢ 0.31 0.28 0.22 N/A

aThe precursortime period was searded only during the 2001-2003dataset.
bThe angular resolution of the paraboloid t.

®The log(Likelihood) of the reconstructed track.

dBasedon the ux of Waxman (2003), corrected for neutrino oscillations.
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Table 4: Uncertainties/Corrections in the GRB Analysis

Sourceof Uncertainty Quartity Reference

OM sensitivity 7% (Ahrens et al. 2004)

Simulation parameters(incl. ice properties) 15% Sections3.3& 3.4
Neutrino-nucleoncross-section 3% (Gandhi et al. 1998)
Uncertainties addedin quadrature 17%

Correction for IPN bursts not modeled -3% Appendix A
Correction for short bursts not modeled -6% Appendix A
Correction for BATSE position uncertainty -2% Section3.4

Total +6%/-28%
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Table 5: Resultsof GRB Analysis 1997-2003

Year 1997-1999 2000 2001-2003 2000-2003 1997-2003

NBursts 268 87 64 151 419

Ngc Exp 0.46 1.02 0.27 1.29 1.74

N obs 0 0 0 0 0

Event Upper Limit 1.98 1.50 2.30 1.30 1.10
MRFwg 2 6.9 5.7 11 2.6 1.36

M RFyn ° 5.4 3.4 6.8 1.5 0.92

M RFRaz© 2.6 1.6 3.3 0.75 0.45

aBasedon the ux of Waxman (2003), corrected for neutrino oscillations.
bBasedon the ux of Murase & Nagataki (2006a).
¢Basedon the \supranova" ux of Razzaqueet al. (2003a).
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Table 6: Results of PrecursorSeart 2001-2003

Year NBurstS NBG’Exp Nobs Evert U.L.

2001 15 0.06 0 2.38
2002 21 0.07 0 2.37
2003 24 0.07 0 2.37
2001-2003 60 0.20 0 2.30




