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Constraintson Cosmic Neutrino Fluxes from the ANITA Experiment
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We report new limits on cosmic neutrino fluxes from the tegihfliof the Antarctic Impulsive Transient
Antenna (ANITA) experiment, which completed an 18.4 dayhfiigf a prototype long-duration balloon payload,
calledANITA-lite, in early 2004. We search for impulsive events that coulddseeiated with ultra-high energy
neutrino interactions in the ice, and derive limits thatsteain several models for ultra-high energy neutrino
fluxes and rule out the long-standing Z-burst model. We sé8a 8L integral flux limit on a pur& —2 spectrum
for the energy range 18° eV< E, < 10?®° eV atE2F <1.6x 10 6 GeVem?2s1srl.

Cosmic rays of energy abovex310° eV are almost cer- The intensity of all of these GZK neutrino spheres sums to
tain to be of extragalactic origin. Their gyroradius far ex-a quasi-isotropic cosmogenic neutrino flux, unless any ef th
ceeds that required for magnetic confinement in our galaxyassumptions above is strongly violated, which would in turn
At this energy pion photo-production losses on the cosmiconstitute a serious departure from Standard Model physics

microwave background radiation (CMBR) via the Greisen- Neutrinos may not only be cosmogenic byproducts, but
Zatsepin-Kuzmin (GZKI[1]) process limit their propagation ¢oyld also be closely associated with sources of the UHECR,
distances to the local supercluster, of order 40 Mpc or lessnough this possibility is far more speculative. If there ar
However, the neutrinos that result from this process [2]dou large fluxes of neutrinos at energies of orde?2t82 eV, they

be observable out to the edge of the visible universe. Receln anninilate with Big-Bang relic cosmic background nieutr
studies make compelling arguments that input from neutringyos (1, ~ 1.9K) in our own Galactic halo via the interaction
observations will be necessary to resolve the ultra-high@n v _ 70, the Z-burst process|[10, 11, 12, 13]. Decays of the
cosmic ray (UHECR) problem/[3]. Neutrinos are coupled toneytral weak vector bosdazf then yield UHECRS, overcom-
the highest energy cosmic rays both as a direct byprodutit, anng the GzK cutoff because of the nearby production. More-
perhaps as a potential source of them. Straightforwar@reas oyer, Topological Defect (TD) models [9] postulate a flux of
ing indicates there is a required cosmogenic neutrino fllix [2syper-heavy (13 eV) relic particles that decay in our current
with & broad peak in the energy range of-16° eV. First,  epoch and within the Earth's GZK sphere, yielding both neu-
Lorentz invariance allows transformation of the crossisect trinos and UHECR hadrons in the process. Variant versions
for photo-pion production at center-of-mass energies 8€or  of sych models, including hypothetical mirror-matterl [14]

1 GeV, theA*-resonance energy, up to GZK energies, a boostan evade standard bounds to TD models; such variants cur-
of order 18 Second, precision measurements of the CMBRrently have the weakest experimental constraints. Linits o
establish its flux density for all cosmic epochs and thus detpe fluxes of ultra-high energy (UHE) neutrinos can constrai
termine the number density of boosted targets for the photas, eliminate such models as sources for the UHECR. Both
pion production process. Third, we apply the standard cesmayf these classes of neutrino models predict fluxes well above
logical postulate that the cosmic-ray sources are not @fyqu the current predictions for cosmogenic GZK neutrinos. In al
overdense (and hidden) in our local supercluster compared tnodels, the neutrino fluxes in the 020 eV energy range are

the cosmic distribution. Finally, evidence from compasiti  \ye|| below what can be observed with a cubic kilometer target

able to evade interaction with the CMBR, even if they are o . ,
) . The ANITA mission is now completing construction for
as heavy as irori[[5]. We conclude that any localized source . . .
. ) . " a first launch as a long duration balloon payload in 2006.
of UHECR at any epoch is surrounded by a “GZK horizon o ; . .
. : o The mission has a primary design goal of detecting EeV
beyond which the opacity of the CMBR to photo-pion inter- ; . - : _
. : - cosmogenic neutrinos, or providing a compelling flux limit.
actions is sufficient to completely attenuate the chargee pr

) S . . . . ANITA will detect neutrino interactions through cohereat r
genitors, yielding pion secondaries which decay to neagin . - L
dio Cherenkov emission from neutrino-induced electromag-
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lite prototype flew as a piggyback instrument aboard the QriL'Zde_ Bandpass fiters
Trans-Iron Galactic Element Recorder (TIGER) payload. The homs | noise Flight computer &
compact-PCl bus
payload launched Dec. 18, 2003, and was aloft for 18.4 days, L amps o pedseTt
spending a net 10 days over the ice in its 1.3 circuits of Antar §QX'sors§ slow-ADC & DAC
tica. The payload landed on the ice sheet several hundred km T
from Mawson Station (Australia) at an elevation of 2500 m. Digitizer & Trigger
ANITA-lite investigated possible backgrounds to neutrites

I
tection in Antarctica and verified many of the subsystem®to b

i i ithi i tel 11
netic (EM) particle cascades within the ice sheet. The ANITA [Sgai%%egys

used by the full-scale ANITA. The payload operation was suc- _ny omparators
cessful, and we have searched for neutrino-induced cascade , > coincidence
among the impulsive events measured. While ANITA-lite did 00 derC” M :p i
not have adequate directional resolution to establish @égth hybrids
tainty that the origin of any event was within the ice, theadat z N
quality was sufficient to distinguish events that were censi Iy ever
tent with cascades, and exclude events which were not, thus Tur_\neI;
enabling us to establish flux limits in the absence of caridida detestors
events.

ANITA exploits a property of EM cascades that has become FIG. 1: The ANITA-lite system block diagram.

known as the Askaryan effec¢t [6]. During the development of
the EM cascade, selective electron scattering procesads le
to a negative charge asymmetry, inducing strong coherent ra
dio Cherenkov radiation in the form of impulses with uniquedata acquisition system is shown in Fig. 1. The H- and V-
broadband spectral and polarization properties. Whenta higpolarization antenna voltages are first filtered to limitplass-
energy neutrino showers in the ice sheet, which has a radigandto 0.2-1.1 GHz. A notch filter (not shown) removes a re-
attenuation lengthy > 1 km [1%], the resulting impulses can 9ion around 400 MHz used by payload telemetry. The signals
easily propagate up through the surface to the balloon payare amplified by low-noise amplifiers (LNAs) with approxi-
load. From balloon altitudes of 37 km, the horizon is at nearl mately 100 K noise figure, for a net gain of62 dB. The
700 km distance, giving a synoptic view 6f1.5 M km? of resulting signals, with thermal-noise levels correspngdd
ice, or~ 2 M km? volume to a depth of- Ly. ANITA will ~ 35 mV rms, are split equally between the digitizers and the
consist of a 2 array of dual- polarization antennas designedtrigger coincidence section.
to monitor this entire ice target. ANITA-lite flew only two  Coherent Cherenkov emission from showers in solid media
first-generation ANITA antennas, with a field-of-view cover is 100% linearly polarized 7], and Antarctic ice does nat-pr
ing about 12% of the 5 M km? ice sheet area within its hori- duce significant depolarization over the propagation dista
zon at any time, but the 170,000 kn? area of ice in view still  (~ 1 km) required for detection of neutrino interactions [16].
represents an enormous monitored volume for the uppermosiNITA-lite takes advantage of this characteristic by requi
kilometer of ice to which we were primarily sensitive. This ing that any trigger have roughly equal amplitude in leftd an
leads to the strongest current limit on neutrino fluxes withi right-circular polarizations (LCP & RCP). This favors sig-
its energy regime. nals with a high degree of linear polarization, and provides
The ANITA-lite antennas are dual-linear-polarizationtirer  of order a factor of two improvement in rejecting circularly
cal (V) and horizontal (H) quad-ridged horn antennas, senpolarized backgrounds. The conversion from the H- and V-
sitive over 230-1200 MHz, over which their angular re- polarizations received from the antennainto LCP and RCP is
sponse remains single-mode, with a nearly constant eféecti done by broadband 9Gybrid-mode combiners.
directivity-gain of about 9-11 dBi. The antenna beam is some The trigger system is critical to the sensitivity of a radio
what ellipsoidal in shape, with average beamwidths 6f&s8l  impulse detection system. It initiates digitization of ema
37 in E-plane and H-plane, respectively. The antenna borewvaveforms based on correlated pulse amplitudes among the
sights were offset from one another by 1 m lateral separatiortifferent antenna channels. For ANITA-lite, the trigger re
22.5° in azimuth, and were cantedl@ownward in elevation. quired a 1- to 3-fold coincidence among the four independent
The antennas were designed to retain an off-axis diregtiWit channels (two antennas and two polarizations), where each
> 6 dBi at the angles corresponding to the boresights of thehannel was required to exceed a power threshold during a
adjacent antennas; thus each antenna retains good sgnsitiv30 ns window. The pulse-height spectrum of received vokage
to trigger on events that are centered on its nearest neighbo due to ideal thermal noise is nearly Gaussian, and ANITA-
field-of-view. The combined field-of-view of the two anten- lite was operated with an average threshold corresponding t
nas taken in coincidence is of order’46 azimuth for typical 4.3 oy, whereoy = /k(Tss)ZAv for bandpass-averaged sys-
events, but can be significantly larger for strong impulses. tem temperature values ¢Tss) ~ 700 K during the flight.
A block-diagram of the ANITA-lite antenna, trigger, and Herekis Boltzmann'’s constanZ, = 50Q, andAv = 800 MHz
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FIG. 2: (Color online) Frequency dependence of the excésstizie 2
antenna temperatudT when pointing to the Sun and the Galactic 0.01 f ———- o letacey
Center [32]. The top band is a model of the expeaddd with a 10-3 | . GZK:saturoted
width equal to the systematic uncertainties. The lower taonds 10-4 ._ - ggf;gﬂse“"e
give contributions due to galactic and solar emissiongeetsvely.
The antenna frequency response is folded into the model. 107 3 ‘+‘ Zburst2
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Calibration of the system gain, timing, and noise temper-
ature was performed by several means. A calibrated noiselG. 3: (Color online) Limits on various models for neutrifloxes
diode was coupled to the system between the antenna and tg%gg\(zt(‘;] Ztﬁ\é S:ﬁ;%tezo;'l—(h%|li_”&iésrig‘?i tﬁg/'éggf_\;:;f;ﬁ g;l[ﬂ]’
first bandpass filter. Also, dur.lng the first day of the flight, and proje;:ted sensitivity fo'r the full A’NITA. Models showméa
a pu.lse ggnerator and transmﬂter_ante_nnalat the launch S%pological Defects for two values of the X-particle mas [@
(Williams field, near McMurdo Station) illuminated the pay- Tp model involving mirror matter[[14], a range of models for
load with pulses synchronized to GPS signals. An onboar@zK cosmogenic neutrino$l[4.121.122], and several model<Zfor
GPS signal synchronously triggered the ANITA-lite system.bursts [11[.20]. In the Z-burst models plotted as pointsfitieis a
These pulses were recorded successfully by the system out #@"row spectral feature in energy, and the error-bars shdioate
several hundred km distance. Timing analysis of these ﬁgnathe range possible for the central energy and peak flux values
indicates that pulse phase could be estimated to a pre@sion
150 ps for> 4o signal-to-noise ratio. Finally, the response
of the antennas to broadband noise from both the Sun and ttidtering the data with the expected signal shape and requir-
Galactic center and plane was determined by differentia-me ing the filtered data to show better signal-to-noise ratanth
surements using data when the payload (which rotated slowlthe unfiltered data. Analysis B primarily relied on reject-
during the flight) was toward or away from a given source.ing events which show high level of cross-correlation with
The results of this analysis are shown in . 2, showing the&known payload-induced noise events. This approach very ef-
spectral response function with the various contributfoms  ficiently removes the very common repetitive payload noise
astronomical sources. The ambient RF noise levels at ballocevents. These constituted about 90% of triggers, with the re
float altitudes were found to be consistent with thermal@ois mainder from unknown sources, probably also on the payload.
due to the ice alest ~ 250 K and our receiver noise temper- None of these resembled the expected neutrino signals- Anal
ature of 300- 500 K, which included contributions from the ysis A determined the signal passing efficiency by tightgnin
cables, LNA, connectors, filters, and power limiters. Otherthe cuts until the last background noise event was removed,
than our own ground calibration signals, we also detected nand found 53% of the simulated signal still passing the cuts.
sources of impulsive noise that could be established to be eXAnalysis B blinded 80% of the data, optimized the cuts with
ternal to our own payload. Several types of triggers were inthe other 20% using the model rejection factor technioug [24
vestigated for correlations to known Antarctic statioms ao ~ and found 65% signal efficiency. No data events pass either

such correlations were found. of the analyses. In both analyses, the systematic uncgrtain
ANITA:-lite recorded~ 113 000 events at an average live- in passing rates was estimatecha20%.
time of 40% [23]. Of these events,; 87,500 are 3-fold- To estimate the effective neutrino aperture and exposure

coincident triggers considered for data analysis. The iema for ANITA-lite, two different and relatively mature simula
der were recorded for system calibration and performanee vetion codes for the full ANITA instrument were modified to
ification. Two independent analyses were performed withiraccount for the ANITA-lite configuration. These simulaton
collaboration, both searching for narrow Askaryan-like im account for propagation of neutrinos through earth crust-mo
pulses, in which almost all signal power is delivered within els, for the various interaction types and neutrino flavfns,
10 ns about peak voltage, time-coincident in at least twadnelasticity, and both hadronic and electromagnetic ater
of four channels. Analysis A primarily relied on matched- tions (including LPM effects [25]). The shower radio emis-
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sion is estimated via standard parameterizations whicle hawthe balloon-based observations of the Antarctic ice. Samul
been validated at acceleratols [7| 26]. Propagation througtions for ANITA shown in Fig[B, indicate totals of order 5-50
the ice uses a frequency- and temperature-dependent modslents for the GZK model range shown for 50 days of flight
for Ly, based on data measured at the South Role [15]. Sutime, sufficient to detect these model fluxes for the first time
face refraction is accounted for using a combination of ray-
and physical-optics. Refracted emission is propagated geo This work has been supported by NASA. We thank the
metrically to the payload where a detailed instrument modelColumbia Scientific Balloon Facility and the National Sci-
based on lab measurements of the spare flight system, is agnce Foundation for their excellent support of the Antarcti
plied to determine whether a detection occurs. campaign.
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