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High energy neutrino astronomy with Telescope Array detector

M. Sasaki, Naohiro Manago!, and the other Telescope Array collaborators
Lnstitute for Cosmic Ray Research, University of Tokyo, Japan.

Abstract. We present the potential of the Telescope Array Spectrum Radio Quasars, while the rest are BL-Lac objects
(TA) detector for deeply penetrating air-showers initiated by (Mattox et al., 1997). Blazars apper also to be able to ex-
high energy neutrino from the most interesting source classeplain about 25% of the diffuse extragalactieray emission
such as active galactic nuclei jets. The observation of high(Mukherjee and Chiang, 1998). TeMray emission has been
energy neutrino (HE») fluxes to correlate with these sources observed from blazars, the BL-Lac objects Mrk 421, Mrk
would be direct evidence for these objects to be the dominanb01, and 1ES2344+514 (Catanese, 1998). The data therefore
sources of extremely high energy cosmic rays (EHECR). Addstrongly suggests that the highest energy photons originate in
ing to the highly-sensitive optical devices in the TA detector, jets beamed to the observer (Punch et al., 1992) (Quinn et al.,
the advanced frontend and trigger electronics fully utilizing 1995) (Schubnell et al., 1996). Particles are expected to be
high technology such as digital signal processor (DSP) willaccelerated by Fermi shocks in bunches of matter travelling
greatly contribute to maximizing the detection sensitivity ir- along the jet with a bulk Lorentz factor of order10. Ultra-
relevant of air-shower kinematics. The TA detector, there-relativistic beaming with this Lorentz factor provides the nat-
fore, will probe astrophysical accelerators using good statisural interpretation of the observed superluminal speeds of ra-
tics of clearly identified neutrino-induced air-showers of the dio structures in the jet (Rees, 1966) with the Doppler factor
primary energy above 10GeV with essentially no contami- T of the same order as the Lorentz factor (Urry and Padovani,
nations from protons and atmospheric neutrinos to lead opent995).

ing the window of the HE~ astronomy. Most theoretical work ony-ray emission in AGN jets in-
volved electron accerleration and inverse Compton scatter-
ing, and these models will predict no neutrinos. In elec-
tron blazar models the multi-wavelength spectrum consists
of three components: synchrotoron radiation produced by the

Active Galactic Nuclei (AGN) are a class of galaxies (Quasarsﬁejlhe(;téag l?:eoartrr]n t(())rr]1 tglcea?eargge:(;c ;Iie'r? g:];?e Je;’ ?Kgcglg)cttr%nn
Blazars, Radio Galaxies, Seyferts, Optically Violent Vari- P g gy by

, . : . _beam to produce the highest energy photons in the spectrum
ables, BL Lac’s) Wh'Ch. are chara_cterlzed by large radio (.)Ut (Sikora Begelman and Rees, 1994). In order to reproduce the
put and by large redshifts indicating not only extremely high

power output: 1% to 10erg/s but extremely comapct (Jang observed high energy luminosity, the accelerating bunches

. ; have to be positioned very close to the black hole. The same
and Miller, 1995). They are assumed to consist of a SUPET yense target will efficiently absorb the high ener hotons
massive black hole, having as much a8stflar masses sur- g y g 9y'p

. X by v~ collisions. The natural cutoff therefore occurs in the
rounded by an accretion disk and a torus of hot gas. Jets ar, . : .
, . o 0-100 GeV region (Sikora Begelman and Rees, 1994). Fi-
often seen along the axis of the disk. In a unified scheme o

AGN, they corespond to Radio Loud AGN viewed from a po- nally, in order to preve_nt the eIeptrons from losing too mugh
energy before producing the high energy before producing

sition illuminated by the cone of a relativistic jet (Urry and the hiah ener hotons. the maanetic field in the iet has to
Padovani, 1995). The 3rd EGRET catalog of high-energy 9n ¢ gy p ' 9 e

; . “be artificially adjusted to less than 10% of what is expected
~-ray sources (Hartman et al., 1999) contains 66 high confi-,

dence indentifications of AGN and 27 lower confidence po_frolm equa:(utrl]on with thsl rad|at|or(1jd|e nsity. . .
tential ones. All belong to the blazar subclass, mostly Flat N Some o t € proto_n azar models e”erge“c protons in-
teract with radiation via pion photoproduction (Protheroe,

Correspondence tadyl. Sasaki 1996). Because of reduced energy loss, protons can produce
(sasakim@icrr.u-tokyo.ac.jp) the high energy radiation further from the black hole. The
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favorable production-absorption balance makes it relatively = 3 T T T T T
easy to extend the high energy photon spectrum above 10 5 |
TeV energy, even with bulk Lorentz factors that are signifi-
cantly smaller than in the inverse Compton models, describ-
ing the multi-wavelength spectrum i of the AGN (Mannheim
et al., 1996) (Protheroe, 1996). Because the density of pho-
tons is still much higher than that of target protons, the high
energy cascade is initiated by the photoproduction of neu-
tral pions by accelerated protons on ambient light viashe
resonance. The protons collide either with synchrotron pho-
tons produced by electrons (Mannheim et al., 1996), or with Eo
the photons radiated off the accretion disk (Protheroe, 1996). g
Model-independent evidence that AGN are indeed cosmic i
proton accelerators can be obtained by observing high energy _10 [
neutrinos from the decay of charged pions, photoproduced on f , 1 ]
the A resonance along with the neutral ones. The neutrino  -11 | : .
spectrum can now be calculated from the observed gamma r 1
ray luminosity. We recall that approximately equal amounts ~ -12 bbb ‘£8‘ — ‘119‘ — ‘210‘ =1
of energy are carried by the four leptors (v, v.,7,) that log,,(E[eV])

result from the decay chanrt — v,u* — etv .7, The

cross sections for the procesges — pr® andpy — nat

at theA resonance are the approximate ratio of 2 : 1. Thusgjg 1. piffused neutrino flux from AGN (See text).

a ratio of neutrino tey-ray luminosities (., L~) of approxi-

mately 1 : 3 neglecting pair-production process.

We assume that the target photon density spectrum is depredictions assuming the neutrino productions in the cores
scribed by &~ power low and the number of target photons and in the jets are illustrated in Fig.1 assuming Blazars ap-
above photoproduction threshold grows when the proton enpear to be able to explain about 25% of the diffuseay
ergy is increased. For a standard non-relativistic shock, proemission and the electron and muon neutrinos contribute to
tons are accelerated to a power low spectrum with spectraghe flux but approximately the electron neutrino flux is a fac-
index 2, the threshold effect implies that the spectral index oftor of two below the muon neutrino for all cases. In Fig.1, the
the secondary neutrino flux is also a power low with an in- range of atmospheric neutrino background as the zenith angle
dex flattened by 1 as a result of the increase in target photonshanges from ©to 90° (Lipari, 1993), which appears to have
at resonance when the proton energy is increased. Therefok |arge spectral index that it cannot largely contribute to neu-
the normalizationV can be obtained by: trino detection in the higher energy region aba@éeV in

AN B 1 any proton blazar models.
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2 Detection of Active Galactic Nuclei Neutrino
dN, Maz 2
dE, ~ N (E)*") =L, ~ 3 The TA detector has been designed in order to clarify the
mystery of the origin of the highest energy cosmic rays (Sa-
In the case that the efficiency by which power in the shocksaki, 1997) (TA Design Report, 2000). The TA detector con-
is converted into acceleration of particles reach values closaists of 10 observational stations installed on the line in about
to 1, the maximum proton energy reachE%f“”ﬂ =eBRc = 30-40km interval in the Utah south. Each station consists of
5 x 10™%eV for B ~ 5 Gauss and® ~ 0.02 parsecs. The av- 40 telescopes with 3m-diameter f/1 mirror system on 2 layers
erage energy carried by the neutrino in the photoproductiorof supports. 256 2-in PMTs mounted on the focal plane are
and decay chain, is roughly 1/20 of the parent proton en-served as pixels of the fluorescence sensor of each telescope.
ergy. Finally the maximum neutrino energy is estimated toEach PMT covers the visual field which makes 1.2 degrees
be E}er = L EMar ~ 1018V . to be angular aperture. It is expected to provide excellent
In some proton blazar models (Halzen and Zas, 1997)particle identification as well as accurate directional deter-
only interactions of protons with radiation via pion photopro- mination of primary cosmic rays to test the source models
duction @) would lead to neutrino production as described at a high confidence level. by imaging fluorescence yielded
above. The other models (Protheroe, 1996) (Stecker an¢h air-showers reconstructing the longitudinal development
Salamon , 1995) (Szabo and Protheroe, 1992) (Mannheimyith a huge effective aperture.
1995) count contributions both from the processespof) ( We consider both deep inelastic charged and neutral cur-
and pp) which makes a significant change of the spectrum inrent interactions which always produce hadronic showers. In
the lower energy region below®eV. Diffuse neutrino flux  the case of charged current electron neutrino interactions the
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emerging electron contributes in addition a pure electromag-

netic shower carrying a large fraction of the incoming parti- — 37 ‘ ‘ ‘ ‘ ‘
cle energy. For a neutrino flukl,, /dE,, interacting through 375
a process with differential cross sectida/dy, wherey is 8 25
the fraction of the incident particle energy transferred to the = r

. ™
target, the event rate for deeply penetrating showers can be g 2 [
obtained by a simple convolution: =, i
) [
8 [
Rate[Esp, > Ey) = S 15 :
oo 1 8‘ [
dr, do o 1
. — o L
NApazr /Et, dEsh/O dydEy (Eu)dy (Euay)e(Esh) ’ $ [
' =)
. , . . % 05
where N4 is Avogadro’s number angd,;, is the air den- ke v
sity. The energy integral corresponds to the shower energy ”
FEg, which is related to the primary neutrino energy in 07
a different way depending on the interaction being consid-
ered.c is a detector acceptance, a function of shower energy, -0.5 > ‘

A e e e e
which corresponds to the volume and solid angle integrals 16 165 17 175 18 185 19
for different shower positions and orientations with respect log,(E, [€V])
to the detector. The function is different for showers induced
by charged current electron neutrino interactions from those ¥ L B
arising in neutral current or muon neutrino interactions. This § 10 2.
is because hadronic and electromagnetic showers have differ-|7 i
ences in the particle distributions functions, particularly for
muons. Fo(v, +7.)N charged current interactions, we take
the shower energy to be the sum of hadronic and electromag- N
netic energiesF,;, = E,. For (v, +7,)N charged current 10 :-.Z:j\\
interactions and for neutral current interactions, we take the
shower energy to be the hadronic enerBy, = yFE,. For
the moment, we don't take into account any type of neutrino
oscilation during the propagation from AGN to the earth.
Adding that, to simplify the event rate evaluations, here we 1t
neglect the distribution og—‘;(El,,y) as a function of y re- i
placing it into 42 (E,,,y = 0.2)6(y — 0.2) in Eq.2 because
< y >~0.2 does not depend on the primary energy beyond

V

10%%eV in both cases of charged and neutral current inter- 10 AN
actions (Gandihi et al., 1995). We use new calculations of 16 165 17 175 18 185 19
the cross sections for charged-current and neutral current in- log, (E.. [eV])
teractions of neutrinos with nucleons (Gandihi et al., 1995), 10\ —th

according to the CTEQ4-DIS (deep inelastic scattering) par-
ton distributions (CTEQ, 1997.)' _— Fig. 2. Left Acceptance of the TA detector to neutrino induced air

For our event rate calculation we select the prediction of hower. Volume units are Kiof water eauivalentRiaht A |

. quivalentig nnual

(Szabo and Protheroe, 1992)’ labelled SZ'_P' MOSt re_cent moé\'/ent rates as a function of the neutrino energies in the TA detec-
els for the proton blazars site the acceleration in the jets theMgy, for neutrino induced air showers with fluxes from two differ-
selves. We use the prediction of (Mannheim, 1995), labelledsnt AGN models (see text). The higher, middle, and lower curves
M, which illustrates that the emitted neutrinos may extendcorresponds to events after preselection, track quality, and proton
well into the EeV region. rejection cuts.

Each simulation for a given primary cosmic ray (electron
neutrino, muon neutrino, or proton) was performed at fixed
energy. The shower energy of neutrinos depends on the gerirom the above interaction cross sections of neutrinos with
eration as described above. In the simulation we fix the ennucleons or that of protons, 83 2/GeV)~%-92g/cn¥ (Hon-
ergy transfer parameterto be the average value y >= da et al., 1993). The shower energy determines the shower
0.2, which is reasonable faE, > 10'eV. For each shower size at maximum,NN,, .. (Baltrusitis et al., 1985). Given
energy, the mean depth of proton shower maximum was deN oz, Xmaz, aNdX7, the complete longitudinal profile was
termined from simulations. For each primary particle at eachdescribed by the Gaisser-Hillas function (Gaisser and Hillas,
energy, the mean of the interaction lengfiwas determined  1977). The NKG lateral distribution function (Kamata, Ni-
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shimura, Greisen, 1958,1956) normalized with the Gaissefrom the observed spectrum above the energy 6\
parametrization has been used for the total number of elec-

trons and positrons in hadronic (electromagnetic) cascade

showers to determine the location where fluorescence light&eferences
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