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Abstract Papers related to neutrino physics, submitted irin this short rapporteur report, only papers that have notable
the categories NU-EX (experimental results), NU-IN (meth-results have been selected.
ods, techniques, and instrumentation) and NU-TH (theory,
model, and simulations) are reviewed with a brief introduc-
tion on the current understanding of neutrino masses an2iNeutrino Masses and Mixings
mixings.
Before discussing the contributed papers at ICRC2013, our
Keywords Neutrino current understanding of neuro masses and mixings will
be described. The relation between the mass eigenstates (
v2, andvz) and the weak interactiofflavor) eigenstatesy,

1 Introduction v, andv;) can be written:

The categories NU-EX, NU-IN, and NU-TH at ICRC2013 [ Ve Uer Ue2 Ues V1
cover neutrino physics over a wide energy range. As showr{ Vx| = | Uu1 Uu2 Ups V2
in Fig. 1, neutrino sources include solar neutrinos with ener- \ V= Ur1r Ur2 Urs V3

gies of several megaelectronvolt, supernova burst neutrinclﬁ1e unitary matrix U which is referred to as the
with energies of a few tens of MeV, atmospheric neutri- y ma ' .
. . Pontecorvo-Maki-Nakagaw8akata (PMNS) matrix, can
nos with energies from a few hundred megaelectronvolt t . -
e decomposed into three mixing angles( 0623, 613) and

a petaelectronvolt, and high-energy astrophysical neutrinoS : . :
. : one Charge conjugation Parity (CP) pha®esi follows:
with energies of several teraelectronvolt or more. 9 119 y (CP)p

The number of papers submitted to the various cate-/1 o 0 c13 0 spge’d c21 s12 0
gories are 1 for solar neutrinos, 5 for supernova neutrinos{ o c¢,3 s,3 0 1 0 —s12 ¢12 0
13 for atmospheric neutrinos, 64 for high-energy astrophys-\ g —s,5 ¢o3 —s513¢7 % 0 c13 0 01

ical neutrinos, and 5 for other topics. So, a total of 88 papers

were submitted, and all of them are impressive in one wayvherec;; = cosg;; ands;; = sin6;;. The general expres-

or another. But, since it is impossible to cover all of themsion for the neutrino oscillation probability in a vacuum,
P(vy = vg; L), is

[ Am? L
M. Nakahata (<)) Sap — 42 Re<Uaj Ug; ;kUﬁk) sin? 41]5
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Fig. 1 Energy range covered by

i Atmospheric neutrinos
neutrino physics Solar neutrinos p

High energy neutrino astronomy

Energy (eV)

The value of siA(26,3) and the absolute value aﬁmgz 3 Solar Neutrinos
have been measured usingmaspheric and accelerator
neutrinos, and the resulting contours are shown inEig.  Solar neutrinos have beeneasured in the Homestake,
The value of siR(2023) is close to unity andAm§2| is  Kamiokande, SAGE, GALLEX/GNO, Super-Kamiokande,
about 24 x 10-3¢ V2. The sign ofAm§2 is notyetknown;a SNO, KamLAND, and Borexino experiments. Figuée
positive sign is referred to a®ormal and a negative sign is shows thev, survival probability ¢ (v. — v.)) as a func-
referred to asnverted. sirf(2012) andAmg1 were measured tion of neutrino energy, determined by combining the results
using solar neutrinos and inlang baseline reactor experi- of these experimentg].
ment (KamLAND), and the resulting contours are shown in  The expected probability for neutrino oscillations, tak-
Fig. 3. ing into account the Mikehev-Smirnov-Wolfenstein (MSW)
sir(f12) is 0.304 + 0.013 andAm3, is 7.457020 x  effect, is also shown in the figure for the best-fit parame-
10%¢ V2. Recentlyg;3 was measured in accelerator exper-ters from solar global and solar+KamLAND analyses. At
iments (T2K and MINOS) andwrt baseline reactor exper- ICRC2013, the latest results from the Super-Kamiokande
iments (Daya Bay, RENO, and Double Chooz). A summaryvere presented?]. Because of the matter effect on neu-
of the measured values is shown in Fg. trinos passing through the Earth, the flux at night is
Combining the results of the reactor experimentsexpected to be higher than that during the day. The results
sinf(2613) is 0.093 + 0.009. So, we know now all three of the Super-Kamiokande observations indicated that the
mixing angles and two independent values\of?. As yet,  day/night asymmetryApy = (Paay — Prighr)/ 3 (Paay +
unknown properties are the mass hierarchy, the CP pha$®ign)) is —3.2 + 1.1 + 0.5 %, and it is 2. away
8, and the absolute value of neutrino masses. A graphicdfom zero. Figure7 shows the observedpy as a func-
summary of known masses and mixings is shown in &ig. tion of Am3, together with the expectetlpy. The obtained

—~ o LI H
h3) F ok av (9 < n/4) 90%CL .
3~ 0.004— - o T
= :-.T2K3v(92>1t/4)90%CL ] x 8
= C ++» T2K 2011 2v 90% CL ] g s
“‘E“" 0.0035 - — MINOS 2013 2v 90% CL - o A e Th
=< - — SK zenith 2012 3v 90% CL . o 18[Am?, =7 45*8 123 x10%eV2 | [Green: Solar global
- ==SKL/E20122v 90% CL /. .coierrrrrvennnnnn . o 16/ sin20,,=0.304%0.013 dashed only SK+SNO
0003~ et £ 44 o Blue: KamLAND reactor
E e o 40 Red: Solar global+KamLAND
C <% 30 b !
0.0025— 10} ]
L A 8 Combined .\ s | i
[ v T2K 3v (8,,<7/4) best f|t 6 | KamLAND,
0.002|~ o T2K 3v (9 >n/4) best fit A Solar |\ Bl |
H 1 1 3) 1 1 1 1 A A BB 525+0.20
082 084 086 088 09 092 094 096 098 1 2 Data ._..]I ¢q 5(105,(szs)ec)
sin(260,) 01 02 03 04 052468
sin™(6,,) Ay©
Fig. 2 Contours for siR(2623) and the absolute value @fm%z (from
[ Fig.3 Contours for sif(612) and the absolute value afn3, from [2]
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oreme Solar + KamLAND Pee e
Daya Bay all solar 06
s —4 BORE-
RENO XINO 0.55
I / SW (solar&KL] o5
MSW (solar
NH, 5=0 T2K ( ) 0.45
IH, 8=0
MINOS — 0.4
H, 5=0
0.35
bl ra bgs gl g o g gy W fon gy g figeg 2.0 g C|_
0 0.1 sin?2 13 0.2 0.3
Fig. 4 Measured values k3 0.25
0.2
. L. . . . - 0.15
Apy is statistically consistent with the expectations for the 10 1 10
Am3, values obtained from the KamLAND and solar global v Energy in MeV
analyses. Fig. 6 v, survival probability determined by solar neutrino experi-

ments P]. Also shown are the expected probability curves considering
the MSW effect for the best fit parameters obtained from solar global

4 Supernova Neutrinos and solar+KamLAND analyses

Core collapse supernovae are the most energetic stellar phe-
nomena in the universe. The total energy released by a coildhe second longest running is the LVD experiment, which
collapse is estimated to be 3 x 10°%erg, and 99 % of this is a 1,000-ton liquid scintillator detector. LVD also found
energy is carried by neutrinos. no supernova candidate and established an upper limit of
Figure8 shows the history of underground detectors that<0.12/year at a 90 % CL4]. Table 1 shows the list of
are sensitive to galactic supernova bursts. The one witburrently operating supernova detectors and their sensitivity.
the longest operational history is the Baksan experiment, The Super-Kamiokande detector is able to detect several
which is a 330 ton liquid scintillator detector located in thousand supernova events for a galactic supernova, and it
the Baksan laboratory. Since no galactic supernova candis possible to get directional information using neutrino-
date has been found during the 28-year period from 1980 telectron scattering eventsh& IceCube detector is capable
2013, this places an upper limit on the galactic supernovaf measuring the precise time profile of bursts containing
rate of <0.082/year at a 90 % confidence level (CI3].[ many neutrino interaction events in ice. As a result of an

Fig.5 Graphical summary of Normal hierarchy? Inverted hierarchy? Degenerate?
neutrino masses and mixings

I —
Am,,2=~7.4x105 eV2 = [T ]
[

Amg,?=~—2.4x10"3 eV?

Am,,?=~7.4x10°5 eV?
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Fig. 7 Day/night flux
asymmetry measured by
Super-Kamiokandegfay band).
Also shown are the expected
asymmetry (ed) and+1o
ranges ofAm3, from the solar
global (green) and KamLAND
(blue) analyses (from3])

SK-LILIILIV Combine Day/Night Asymmetry
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Day/Night Asymmetry (%)
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IceCube collaboration, an difie burst search of the data expected SRN spectrums assung some effective temper-
from April 2008 to May 2011 was reported irb][ and  atures of the supernova burst are shown in Bigeft). v,
an improved data acquisition system that can record aklre expected to be the main neutrinos present in the energy
hit information from—30 to +60 s was presented i6]]  window from 10 to 30 MeV. The interaction rate in the
This improvement enabled profiles to be recorded withouBuper-Kamiokande detector is about 1.3-6.7 events/year.
the need for time binning (2-ms binning was previouslyln order to tag neutrons produced by inverse beta inter-
required) and allowed the mean energy to be estimatedctions (. + p — e* + n), it is planned to dissolve
by correlating the hits with an accuracy f30 % for a 100 tons of a gadolinium compound in the detector, a
supernova at a distance of 10 kpc. project which is referred to as GADZOOKS!. Neutron cap-
Core-collapse supernovae have occurred throughout thare by gadolinium produces a gamma ray cascade with
universe since its beginning. For this reason, a diffuse newn energy of 8 MeV (Fig9, right). Research and develop-
trino background is expected to be present, that is associatetent concerning this project (called EGADS) was reported
with all the supernovae that have ever occurred; such neun [7].
trinos are referred to supernova relic neutrinos (SRNs). The

5 Atmospheric Neutrinos

B R I 8 e ed id ] A A B ] W] A A 4 W A
2 2 2 2 2 2 2 2 2 2 g g 3 g 3 g g g g g 8 8 8 8 8 8 8 8 8 8 (1) (1) (1) (1) Atmospheric neutrinos are produced by cosmic ray interac-
AP AP AP L PP P1C () M 2®) tions with atmospheric molecules, and bothand v, are
E:AFSA’\;\‘B(?:‘O ”q'SC")r' bl created. At lower energy, the ratio of, and v, fluxes is
_-.' 21401 wat |): : : : : : : : : : : : : : : : : : glmost 2. However, Wlth increasing energy, this ratio also
g scid 1 I L UL increases because high-energy muons reach the surface of
| |4 1LvD(330>1000tlig.sch! 1112 E Y the Earth before they decay. The deficit of upward-going
Nhob7 | Super-Kamiokande (32000t wateh ! ' ' atmosphericv, observed by Super-Kamiokande was the
11111 Amanda/iceCubel | first discovery of neutrino oscillations. Given their energy

1
I _SNO (1000t D,0N 1 1 |
| KamLAND(1000t li.sg.)

through the Earth, upward-going atmospheric neutrinos pro-

| "Borexino(300t lig.sci) 1 vide a convenient means of measuring and Am3,. They
RO, 'TTTTT 11 canalso be used to investigate the mass hierarchy due to the
1

(I |
111 and traveling distance, which corresponds to the distance
L1y
[ |
UL

HALO (76t Pb, 3He counter) 1 R R .
AN A ] matter effect on neutrino oscillations.

et e 12}

- - =

Fig. 8 History of underground detectors sensitive to galactic super- Since6ys has b_een preC|se_Iy determ'r_]ed by Sh(_m base-
nova bursts line reactor experiments, a rtemo oscillation analysis has
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Table1l Summary of current supernova experiments and expected signal for a supernova at a distance of 10 kpc. The possibility of obtaining
directional information is indicated in the third column

Experiment Detector description and expected supernova signal at 10 kpc Directionality
Baksan (1980-) 330-ton liquid sdtithator in 3,180 tanks. No
~100v,p — e*n events.
LVD (1992-) 1,000-ton liquid scitillator in 840 tanks. No
~300v,p — e*n events.
Super-Kamiokande (1996-) 32,000-ton water Cherenkov detector. Yes
~7300v, p — e*n and~300ve — ve events.
KamLAND (2002-) 1,000 ton liquid sciillator, single volume. No

~300v,p — e*n, several tens of CC and NC events’de,
and~300vp — vp NC events.

IceCube (2005-) Gigaton ice target. Coherent increase of PMT single rates. No
Hit precision time profile measurement.
Borexino (2007-) 300-ton liquid sdiifiator, single volume. No

~100v,p — e*n, a few tens CC and NC events &C,
and~100vp — vp NC events.

HALO (2010-) 3He neutron detectors with 76-ton lead target. No
~40 events expected.

been performed at Super-Kamiokande by fixing thg  the two hierarchies with vertical axis units of absolyfe It

parameter. Figur&0 shows contours of sfro3 andAmgz, can be seen that the inverted hierarchy is slightly preferred,

where the left and right figures are for normal and invertedwith a x 2 difference of 1.5.

mass hierarchies, respectively. The MINOS collaboration presented an oscillation anal-
The current data still allows full mixing (sf#>3 = 0.5)  ysis combining beam data and atmospheric neutrino data

and both octants (st < 0.5 and> 0.5). The CP phase [8]. The advantage of the MINOS experiment is its ability

8 and mass hierarchy can also be discussed based on tlweachieve charge separation, and it is possible to investigate

Super-Kamiokande data. The left panels in Bigjshow the  neutrino and anti-neutrino oscillations separately. Fidire

allowed range for the CP pha&éor the normal and inverted shows theAm§2 contour for neutrinos and anti-neutrinos;

mass hierarchies, and the right panel shows an overlay tifiey are seen to be consistent with each other.

;107 'I'_’ AL I LA I I L L
§ 10¢ preactorve SRN (T ;=8MeV) ;
T SRN (T_,=6MeV) E - n
SOF G SRN (T_.=4MeV) 3 vV ©
3 \ eff—
"'8' 103 | '-“ 3 e p / \ Gd
] ; o, @
g ' e
10 F E Y
| =
'IOi - E g s 8 MeV
162 Atmosphericv, ] A
AT~20us
0% Vertices within 50cm
:Z_é ... 1 GADZOOKS!: Dissolve ~100ton (0.2%) of

o 1 2 30 4 s o 0 0 (Gd,(S50,);tothe Super-K tank.

Neutrino Energy (MeV)

Fig. 9 (left) Predicted SRN spectrum for different neutrino temperatuneghtj Principle of SRN detection using gadolinium at Super-
Kamiokande. Figures are frord][
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Fig. 10 Contours of siRfo3

and Am2, obtained from 0.005 NH _:z:zt 0.005- 1H _:Z:Zt
E;m;jg :fgg:ﬂe;zgggeér?%is ; 004'_Fixed reactor 6,5 —99%C.L. . 004'_Fixed reactor 0,4 —g9%CL
value is fixed based onthe best % | '% i
fit to the results of short baseline 2 r — i
reactor experiments. The left NEg 0.003 wgﬁ 0.0031
and right figures correspond to 4 - - _
normal and inverted mass - L = i
hierarchies, respectively 0'002;2-82 +o4 x107°eV?(lo) 0‘002; 2.66+2% x10%eV?*(10)
0004:.(.).?.9._- (.).I6ﬁ4.(|9(.)ﬁy(|]c.:.||_|ll)| il i 0004:49|4-1-_- (.)16.4..(.9(.)0I/O.C..L.) O T I
“F03 0.4 05 0.7 03 0.4 0.5 06 0.7
sin’ 0,5 sin? 0,4
- _ G .
o | N|HFixed reactor 6,5 | " | |H Fixed reactor 0,5
| — sMCL T
el | 6% C.L 18 sancL |
14r H |i 14 H
| f | )
R ' " )
sz Wk ||I fl|| st 10 \I. !I
8 ',I il " l‘,
e | logw c.L. = / 99% C.L.
€\ / 4\ /
| o — 14 et
et / 68% C.L. o C.L.
e . s 63 055 04 045 05 w8 08 068 07

03 035 04 045 05 055 06 086 07
|
sin st

sinzﬂn
Based on the Earth’s diameter of 12,700 km and thescillations are presented if][and [10]. Figure 13 shows
known Am%z value, the maximum disappearancevpfis  the ratio of the number of observed events to the expected
expected at around 25 GeV. IceCube/DeepCore can detemtimber as a function of the neutrino travel distance through
events with such energy, and results on atmospheric neutritbe Earth {,.) divided by the reconstructed track length

Fig. 11 (Left) Ax2asa
function of CP$ based on

Super-Kamiokande atmospheric

neutrino data for the normal
(upper) and inverted lpwer)
mass hierarchies. Tha3 value
is fixed based on the best fit to
the results of short baseline
reactor experimentsR{ght)
Overlay of plots for normal and
inverted hierarchies, with
vertical axis units of absolutg?
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T T T 7 5.0 ‘ : ‘ ‘ ‘
| MINOSv, disappearance  __ oo, R /_‘—‘\
. o C.L. L
3.0 10.71x10 POT v, mode _ goo- '\ . asf T MINOS2012,90% 3
‘' 336107 POTY, mode °f_' —~ T Super 2012, 90%
> - 37.88 kt-yr Atmospheric Best fit . 1 %L 40r — ANTARES, 90%
()] | i [} ==== |ceCube-79 (this work), 68%
™ “\'O 3.5F —— IceCube-79 (this work), 90%
o I 1 =
= 25 1 279
=~ 1 A2
I~ i | s
S L ) 2.0f
ﬁ IceCube preliminary
- . ., 1960 065 070 075 080 08 090 095 1.00
2.0 . T |JAm?| = AT n sin? (2043)
Sl L 1
2.0 3.0 Fig. 14 Contours of neutrino oscillation parameters obtained by

IceCube/DeepCored]

2 2:5 3 \/2
|Am7| / (10 eV")

Fig. 12 Absolute value ofAm? for neutrinos ([Am?2|) and anti-
neutrinos (Am?|) obtained by analysis of MINOS beam and atmo-
spheric datad] involves the deployment of a dense detector array at the Ice-
Cube/DeepCore site for a mas®rarchy measurement. A
study on detector optimization (number of strings and their
spacing) was reported inf]. Figure15 shows the sensitiv-

(Ireco). SinCelrec, IS proportional to neutrino energy, the ity for mass hierarchy determination using 20 or 40 strings

hhorlzolntal axis c_orr?sp?nd; Io/E.dA deficit of events at as a function of running time. A significance of an be
the relevant./E is clearly observed. achieved within 2-5 years.

Figure 14 shows contours of the oscillation parameters An updated calculation of atmospheric neutrino fluxes

obtalngd .by IceCube/DeepCore. ) was reported in12]. The atmospheric neutrino flux depends
As |qd!cated _by the Super—.Kam|okande rgsults shovyrbn the atmospheric density, and the time averaged density
above, itis possible to determine the mass hierarchy using, s standard 76 has been used for these calculations
atmospheric neutrinos: The survival probat_)ility depends 4 far. The NRLMSISE-00 atmospheric model gives density
on V\_/hether the mass hierarchy is normal or inverted becau%)%lriations as a function of position on the Earth and the time
of different matte_r effgcts om,, and Vi and the fact that of year. Using this information, the neutrino fluxes were
the v, cross section is about three times larger than thaly 0 jated for the Kamioka, INO and South Pole sites.

of vy However,_ a large target detector volume and a goo%igure 16 shows the monthly flux variation at 10 TeV for
angular resolution are necessary because the effect of the

mass hierarchy is expectedlie small. The PINGU project

’6 8
1.20 — total simulation E,: 7= 40 strings,
- illati . . high efficiency
115 | |romosciation curvel | e total simulation, no osc. §
oscillation curve = |
in first three bins + + exp. data c 6 . ESoeE
1.10p k=) 20 strings, __.--"
) s prelim, event selection

1.05p— — >
o
+ 100 o T R R - TN U 41—
E 20 strings,

0.95}F low efficiency

0.90f —+— |

0.85 - - 1

IceCube preliminary
0.80 0.5 1.0 1.5 2.0 2.5 | |
Loo/km 3 4 5
logyg Tyoeo/ M0 Years of data
reco,

Fig. 13 Ratio between number of observed events and expected nuniig. 15 Sensitivity of PINGU for mass hierarchy determination as a
ber against neutrino travel distance divided by reconstructed trackunction of running time for different numbers of detector strings and
length, based on IceCube/DeepCore dé}a [ efficiency levels [L1]
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' T leads to higher values for energies greater thd0 TeV for
T e T v, and greater thary100 TeV forvy,,.

- __--7T S | Similar conclusion was given by an independent study
~ ~ . 1 presented in J5]. The effect of the model used for the
;w Vit ;m Ve*Ve 1 primary nucleon spectrum was studied . Figure 19
o o Vertical down-going | & o vericaldown-going |  Shows various models for the primary nucleon spectrum
= ~ Horizontal € — Horizontal 1 (left) and thev, spectra calculated using these models
% O Vertical up-going % | OVvetcalup-going | (right). The results of the above studies make it clear
elgm__ 1 < $ “F“F[% m@ﬁq; that when calculating the,, spectrum in the PeV energy

[ 2o 0000ggwae 1 - [t [t HF $ | 1 range, precise knowledge of the charm c_ontrlbutlon and the
. °o0o0 ] primary cosmic ray spectrum are essential.
_ t
R I R B - NN I B
0 4.0 8.0 12. 0 4.0 8.0 12. i i
Month Month 6 High-Energy Neutrinos

Fig. 16 Calculated atmospheric neutrino fluxes far+ v, (left) and . ) . . )
ve + v (right) at 10 TeV at South Pole site (frorh]) High-energy neutrinos are important sources of information

on cosmic rays. The sky has been observed using pho-

tons and hadrons. However, photons with energies above
the South Pole site. It can be seen that a seasonal variatidd'* eV cannot travel more than 10 Mpc because of interac-
is expected even at such higher energy. tions with the cosmological diffuse infrared background and

In fact, the IceCube collaboration reported the observaintergalactic matter. Protons with energies abové® &/
tion of seasonal variations il §]. Figure17 shows the time cannot travel more than 50 Mpc due to Greisen-Zatsepin-
variation of atmospheric neutrino events from April 2008 toKuzmin (GZK) interactions. On the other hand, neutrinos
July 2011 (data points in the figure). Events were selectedssentially do not interact with matter and can be used as
in the zenith angle range of 90< 6 < 12(°. A seasonal a probe for investigating distant regions of the universe at
variation of about 5 % is seen with a statistical significancea wide range of energies. Newiws are electrically neutral
of about 3.4. particles and are insensitive to magnetic fields, so that the
The spectrum of atmospheric neutrinos is a convolutiorocation of sources producing high-energy neutrinos can be

of the primary spectrum of cosmic-ray nucleons with theidentified. Although it is known that the majority of cos-
spectrum of mesons and their decay products produced mic rays are hadrons, the actual origin of cosmic rays is still
the resulting cascade. Conventional spectrum calculationghclear. Hadron interactions the cosmic accelerators must
have considered only and K mesons. Charmed mesons have produced neutrinos through production and if neu-
and baryons may contribute to the high-energy tail of thdrinos from such sources are observed, it would reveal the
atmospheric neutrino spectny which is referred to as the origin of cosmic rays. One difficulty in observing neutrinos
“prompt component”, and this topic was discussedlid].[] is that a very large detector mass is required because of the
Figure 18 shows the calculated spectrum with the charmvery small interaction cross section for neutrinos and matter.
contribution included, where Sibyll2.2f was used for theln order to detect high-energy neutrinos, a target mass on the
event generator. The inclusion of the charm contributiororder of cubic kilometers is required. At ICRC2013, there

" e ICECUBE PRELIMINARY

AR,/<R,>

—_———

AR/<R>, ATy /<To> [%]
o

|

Apr Jul Oct Jan Apr Jul ct Jan Apr Jul Oct Jan Apr
2008 2008 2008 2009 2009 2009 2009 2010 2010 2010 2010 2011 2011 2011

Fig. 17 Relative variation in monthly atmospheric neutrino rate at Ice-shows the effective temperature change in the region artdubeurve
Cube within the zenith angle range®96< 6 < 120° between April  shows the rate of downward muon events during the same time period.
2008 and July 201 1bérsrepresent statistical errors). Thiack curve (from [13])
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F|g 18 Calculated atmOSphel’IC 10! Sievil 2 of: Electron neutrinos, H3a primary flux 10! SIRYIL 2 2f: Muon neutrinos, H3a primary flux
v, (l€eft) andv,, spectra, with — D, D" — g — D, D" — e
. . . 0
charm contribution included %1\ — e m nme 1 10001V T nie ]
(from [14]). The dashed curve _ 107 € — Ec. B¢ -— conv.l = qg91}L L — E¢. 53 - - conv. ]
L A —— total s AR —— total
shows the results of 3 102t c 1% 102} c i
conventional calculations, which  $ 0o | tot 1% 00| g tol‘a/ |
consider onlyr andK mesons. M_/‘ g //
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were many contributions in the field of high-energy neutri-of the detector was completed in 2008 and measurements
nos. This is because of the large amount of physics resultsave been ongoing since then.
that have been obtained using the large high-energy neu- One of the most important results presented at ICRC2013
trino detectors, IceCube amNTARES. Schematic views was evidence for high-energy extraterrestrial neutrinos
of the IceCube and ANTARES detectors are shown irobserved at IceCubéd §]. IceCube-79 and-86 data taken
Fig. 20. during a period of 662 days from May 2010 to May 2012
IceCube is located at the South Pole and the detector volvere used for the analysis. The detector was subdivided into
ume is about1 km)3. A total of 5,160 optical modules are an inner region and an outer veto region, and events whose
deployed in 86 strings at depths of 1,450-2,450 m beneatrertex was contained within the inner region were consid-
the ice surface. Even durinigs construction phase, mea- ered. These events were selected by a criterion of no earlier
surements were being carried out, and the resulting datasétigs occurred in the veto region. Figubd shows the dis-
are referred to in terms of the number of detector strings¢ribution of the total PMT charged;,,) for the selected
that were in use at the time. IceCube-40, IceCube-59 anevents. ForQ,,;, > 6,000 photoelectrons, 28 events were
IceCube-79 refer to data obtained during the periods 2008ebserved, and the estimated background wasfg@.GT he
2009, 2009-2010, and 20102011, respectively. Measuremncertainty in the prompt component was estimated based
ments have been made with the full string set (IceCube-8&)n the upper limit obtained by analysis of IceCube§9
since 2011. data. The excess of events above the background has a
The ANTARES detector is located 2.5 km beneath thestatistical significance of about4
Mediterranean Sea off the coast of Toulon, France. A total The energy and direction of the selected events were
of 885 optical modules are deployed in 12 strings, and theeconstructed, and Fig@2 shows the energy vs. declination
detector volume is 0.2 k0.2 kmx0.45 km. Construction plot. Seven events are associated with muons (crosses), and

10! e P, pey Vi spectrum
S =T = GST 4-gen 102 3 K. e 1
\K-..hx ::Ii—gunata ; \\‘!’\1 ‘l/
_; 10% ‘-._h__' — TG 2 10° } e
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- Y w { e
: L g N
E =) t N\ .
w 100 \ N : -8 —
‘é "\ \ 2 g 10% F — st 3-gen .
o . N & | osTegen Conventional +prompt calculated
.+ Models of primary" - R, W R wyaats | With various nucleon spectra
nucleon spectrum b O Y ERS = PR D78 (2008) 043005
[ — TG'96 TIG = Astropart. Phys. 5(1996) 309
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Fig. 19 Models for primary nucleon spectrurteft) and atmospherie,, spectra calculated using these models (frad)[
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Fig. 20 Schematic view of

IceCube [gft) and ANTARES |CeCUbe ANTAR ES

(right) lceCube Lab

/no Slggms sach with
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Detector construction completed in 2008.

Detector volume: (1 km)3

Data phases:
IceCube 40 (2008-9)
IceCube 59 (2009-10)
IceCube 79 (2010-11)
IceCube 86 (2011-)

have an angular resolution of aboudt While the remainder

are due to either electromagnetic or hadronic showers (filled
circles), and have an energy-dependent resolution of about
15°.

Charge Threshold

_ - Figure 23 shows the energy spectrum together with the
7 I Bkg. Atmospheric Muon Flux (Tagged Data) . . . 2
10" pre=mmssamr EEm Bkg. Atmospheric Neutrinos (x/K) best-fit astrophysical spectrum with &1 < energy depen-
_\_\_ Bkg. Uncertainties (All Atm. Neutrinos) dence The best_f-t ﬂ -S H en b ZCI) E) = 1 2 +
106 — Atmospheric Neutrinos (Benchmark Charm Flux) | . I ux I g|V E V( ) - ( .
I—-l_ — Atmospheric Neutrinos (90% CL Charm Limit) 0 4) X 10*8 Gev Cnrz Sfl Srl (per v ﬂavor)_ Since the
5 — Signal+Bkg. Best Fit Astrophysical £ % Spectrum : - .
oy — Al Events (Trigger Level) 1 spectrum does not extend above 2 TeV, it indicates a poten-
s#s Data H
ial ff 2-5 TeV.
% 10" it = ube Preliminary 1 tial cutoff at about 2-5 Te
[a) i
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Fig. 21 Distribution of total PMT charged;,,,) for vertex-contained Deposited EM-Equivalent Energy in Detector (TeV)

events at IceCube (data points wéttor bars) (from [16]). The muon

background estimated from the data is indicated byrétldnistogram. Fig. 22 Declination and best-fit deposited energy of the vertex-
The data points in thanshaded region, at Q,,; > 6, 000, correspond contained events at IceCube (frorh€]). The error bars represent

to the events reported in this work. The atmospheric neutrino flux an@8 % confidence intervals and include both statistical and systematic
its uncertainty are indicated by tiue andblack hatched histograms, uncertainties. Thenergies shown represent the energy deposited in
respectively. Thegray histogram represents the best-fit astrophysical the detector assuming that all light emission is from electromagnetic
spectrum with arE —2 energy dependence showers
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Based on 4 years of data from the IceCube-40, -59, -

Background Atmospheric Muon Flux

==
10%f Bks, Amospheric Neutrinos (/0 1 79, and -86 data sets, an investigation into the correlation
D motnerc Neutsines (nenenmark cham Flno||  DETWEEN NEUtrino events and gamma-ray bursts (GRBs) was
- 2f$:f:iﬂ‘;f$:§i.$f; fLSrf::;”u"n:‘m‘” reported in 17]. The up-goingv, channel was selected
I eve Data for this analysis, and horizontal events with declinations
g 10 IceCube Preliminary|  petween 0 and-5° were included because the ice cap itself
% provides a sufficient overburden to attenuate the cosmic
g ///, 7, ray muon background. The up-going channel has a high
@ 10° = angular resolution of 1Lat 3 TeV and &° at 1 PeV. A
§ 2, total of 543 GRBs were observed at declinations greater
@ W than—5° during the search period. The search window was
. determined by the time of the gamma-ray emission and the
10 ////, 1 location of each burst in the gkOnly one coincidence can-
didate (GRB100718B) remained after the selection, but its
4%/4” significance was not large (pre-trialvalue of 0.11 or 1.2).
10° 10° The upper limit for the GRB flux is shown in Fi@5 as a
Deposited EM-Equivalent Energy in Detector (TeV) function of the first break energy;), which is defined as

Fig.23 Distribution of deposited energy of observed vertex-contained®y - {E /ey, E < ep; E~2, &), < E}.
events at IceCube (fromlf]). The estimated distribution of back- As shown in the figure, the upper limit is below the

ground atmospheric muons is shownred. The combined statistical predictions of models that assume that the highest energy

and systematic uncertainty for the sum of the backgrounds is indi-
cated by the hatched area. Theeen and magenta lines represent cosmic rays are from GRBs. Thus, the IceCube results

specific charm levels for a benchmark theoretical model and the curfalsified this hypothesis.
rent experimental 90 % CL upper bound, respectively. Gitay line The ANTARES collaboration also reported an analysis of

shows the best-fi. astrophysical spectrum with®®, (E) = 12x  the correlation between neutrino events and GRB.}. [
(11(:r1:1c);eer S7sr (per flavor) assuming &, v, ve) fatio of -\ 'yoia) of 206 GRBSs were observed from December 2007

to December 2011. ANTARES events were selected that

occurred within the observed GRB period ( min/GRB),

Taking into account the angular resolution of theand whose reconstructed direction was withir? B the

observed events, the degree of clustering was evaluated, aGdRB direction. Also, quality cuts were applied to exclude
the results are shown in Fig4. The most significant clus- down-going cosmic ray muons, and an extended maximum
tering for all events had p value of 80 %, and for shower likelihood analysis was carried out to exclude the back-
events, thep value was 8 %. Thus, more measurement datground. The results yielded no suitable coincidence events
are necessary before eventstiering can be discussed. so that the flux upper limits shown in Fig6é were obtained.

Fig. 24 Sky map for observed
vertex-contained events at
IceCube (from 16]). Plus marks
indicate electromagnetic or
hadronic shower events and
crosses indicate muons

UBE PRELIMINARY

*All p-values are posr trial

shower events
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Fig. 25 90 % CL upper limits from published 1C40+IC59 analysis
(dashed curve) and the reported 4-year analyssl{d curve) (from
[17]). Also shown are predictions of the models of Ahleres et al.,
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Fig. 26 Comparison of 90 % confidence limitsdgshed) with
expected fluxessplid) for the GRB analysis by ANTARES (from
[18]). The vertical axis shows summeg, + v, spectra of the 296
GRBs used in this analysis, using the NeuCosm&d) and ‘two-
break’ Guettalflue) models

Rachen et al., and the Waxman-Bahcall model. These models assume

that the highest energy cosmic rays are from GRBs

scrambled sky maps with at least one spot with an equal
or higher significance for eaategion of the sky) of 38 %.

A search for point and extended sources at IceCube wdsor the southern sky, the most significant deviation was at

reported in 19]. A total of 1,371 days of data from the

296.95° r.a. and—75.75° dec., and had a post-trial prob-

IceCube-40, -59, and -79 data sets and the first year dability of 9 %. Thus, these results are consistent with the
the IceCube-86 data set were used in the analysis. Aftdrackground-only hypothesis.
applying various cuts to remove atmospheric muons from A point source search at ANTARES was reported in

cosmic rays, 394,000 events remained as shown inZHig.

[20]. A total of 1,339 days of data from 2007 to 2012

A total of 178,000 neutrino candidates were observed inwere analyzed. Events were reconstructed using the time

the northern sky, which were almost pure up-going atmo
spheric neutrinos. This was still valid up t6 &bove the
horizon. Above 5, the data were dominated by high-energy

and position information of the corresponding hits and only
events with upward-going tracks were selected. Applying
further cuts on reconstruction quality, zenith angle, and esti-

atmospheric muon bundles, which closely mimic neutrinosmated angular resolution, 5,516 neutrino candidates were

In the all-sky scan, the region with the most significant
deviation in the northern sky was located at4Bt r.a. and
31.35° dec., and had a post-trial probability (the fraction of

&
<

Equatorial coordinates

0.0 0.6 1.2 1.8 4.2

Fig. 27 Sky map obtained from 4 years of IceCube data (fr@8j)[
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selected. Based on a Montea estimation, 90 % of the
sample should correspond to atmospheric neutrinos. The
resulting sky map of neutrino candidates is shown in £8j.
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Fig. 28 Sky map obtained from Antares 2007-2012, preliminary

1,339 days of ANTARES data -1

(from [20Q]). The position of the

most significant cluster is —0.9

indicated by theircle. The stars

denote the position of the 50 —0.8

possible neutrino sources
—0.7
—0.6
—0.5
—o.4
—0.3
—0.2
—0.1
—0

The most significant cluster was found at;(5;) = bubbles P6], and gravitational lensing sourceg27] was

(—47.8°, —64.9°), and contained 14 events within & 2 investigated, and a 2-point correlation analys?§][was
search cone. The estimated background was 6.3, so thigported. Although no significant excesses were identified,
corresponds to @ value of 2.1 %. Searches for possi- the sensitivity will soon reacimteresting flux levels.
ble neutrino sources were also conducted but no significant Some interesting detection possibilities at IceCube were
excess was observed yet. Figid®@ shows the upper flux reported. High-energy tau neutrinag Y may produce two
limits for these sources. showers in the IceCube detector and yield a double-pulse
Specific source-related searches were also reported @itne sequence. Feasibility and the effectiveness of vari-
ICRC2013. From the IceCube collaboration, neutrinos fromous background rejection methods was discusse®@% [
the Cygnus regionZ1], multi-flare AGNs [22] and flaring  and 0.32-0.04 events/year of, charged current events
and periodic source28] were reported. In the ANTARES are expected assuming a flux of all neutrino flavors of
collaboration, the coincidence of neutrinos and gravitat2®,(E) = 3.6 x 108GeVcnm2s 1srl Due to the
tional waves 24], gamma-ray flaring blazar2p], Fermi  Glashow resonance{+ e~ — W™), an event excess at

Fig. 29 (from [20Q]) Blue 10% =
S a7 = == ANTARES sensitivity (1339 days)
WbOIS 'nd|ca_te upper f_IUX n E e  ANTARES (1339 days)
limits for possible neutrino Ry [T *  MACRO (2300 days)
sources assuming; 2 spectral g I ) .
shape. Thélue curve represents > 107 - ®  lceCube 59+40 (348+376 days)
A . . . ] = IceCube 59+40 sensitivity (348+376 days) ¥
the sensitivity, which is defined 0] - * *
as the median expected limit. 3 C x N * -
Several previously published £ 0% * * o * **
limits for sources in both the % E * ox *
southern and northern sky are W g e o N . 4

also shown

-80 -60 -40 -20 0 20 40 60

80
5[]
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Fig. 30 TAToO alert system at
ANTARES (from [31])

E, =~ 6.3P¢V is expected30]. The number of expected such as GRBs and supernovae, this presents a problem
because it may not be possible to carry out observations fast
for5PeV < E,;; < 7PeV assuming electron type neutrino enough to capture such events. In order to overcome this
, rapid analysis systems for neutrino events have

excess events is 0.9(0.4) events/year frgpipy) sources

flux of E2® (v, +v,) = 1 x 108GeVenm2s1srl,

Braz J Phys (2014) 44:465-482

]

B ANTARES Shore Station:
'11 On-line reconstruction
Trigger decision

Alert message (GCN format)

Real time

Optical telescopes Optical images

problem

Neutrino detectors monitor the whole sky (or half the skybeen implemented at the AMRES and IceCube sites, and

if only upward-going events are selected) all of the time.can be used to send alerts to such telescopes. In ANTARES,

However, optical, x-ray, and gamma-ray telescopes cathe TAToO alert system shown in Fig0 has been running
monitor only a limited field of view. For transient sources since 200931].

ROTSE IlI
Network (optical)

‘I PTF (optical) II Swift (X-ray) l

—

@ﬁ?“ SN/GRB

—

|
g Operating since

Operating since Operating s

Aug. 2010 Feb. 2011

S

IMadison/Bonn
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ince

Fig. 31 Alert system at IceCube (fron3g])
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Table 2 Future high-energy neutrino detectors Deployed ARA
O ion O O O O ARA37
Experiment: detector description Reference - panned ARA
Station O O O O O

KM3NeT: (km)3 water Cherenkov detector 34-39

in the Mediterranean Sea O o O O o O
BAIKAL-GVD: (km)3 water Cherenkov 0 South

VD: ()’ 4 O 0O O O O O© Pole
detector in Lake Baikal Testgd IceCube %
. 3 i i Soutl

ARA: > 10 x (km)* detector with radio 4245 o o o o 3 1 ool

antenna array Station
ARIANNA: > 10 x (km)3 detector with 16, 47 o) O O o 2

radio antenna array Skiway
ExaVolt Antenna (EVA) super balloon 48 Oykm O @) @)

radio detector ) o
Acoustic detector at ANTARES/KM3NeT 4] Fig. 33 Schematic view of ARA detector (frondf])
Earth-skimming tau neutrino shower 5q

detector (Ashra) . . . -
Radio detector on the moon surface 51[52] for. sending alerts is 44 min. A s!mllar alert system

. . ) which sends alerts to Cherenkov high-energy gamma-ray

Radio detector in a salt mine 53 | MAGIC d VERITAS di
Neutrino-initiated EAS by JEM-EUSO 51 telescopes (e.g., an ) was reported in

[33].
Although some astrophysical neutrinos have been
detected at IceCube, to investig the origin of high-energy
Neutrino events are selected based on either a coinciteutrinos and the highest energy cosmic rays, many more
dence of two or more events in terms of direction andsuch neutrino events are required. Tab#ows a list of the
time, a single very-high-energy event, or a single evenfuture neutrino detectors discussed at ICRC2013.
whose direction is coincident with that of local galaxies. KM3NeT is a multi-cubic-kilometer neutrino telescope
The parameters are tuned to achieve an alert rate2f in the Mediterranean Sea (FigR).
alerts/month. The TAToO alesystem can send an alert  Optimization of detector parameters such as inter-
within 20 s and has an angular accuracy of 0.320Fgure  string and inter-DOM spacings, and deployment tests were
31 shows the alert system at lceCul®2][ Alerts are gen- reported in B4]. KM3NeT should be capable of detect-
erated if two or more neutrinos are detected within 100 $ng astrophysical neutrinos from RXJ1713.7-3946 and Vela
of each other, and within 3.5 of each other. This pro- X after about 3-5 years of observation. The BAIKAL-
gram has been running since December 2008. Its latendVD neutrino project involves the construction of 223

Fig. 32 Schematic view of the
KM3NeT detector (from34])
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effective volume detector (at 1 PeV) in Lake Baikal. In The ARIANNA (Antarctic Ross Iceshelf ANtenna Neu-
April 2013, the pre-production version of an engineeringtrino Array) is a surface array of radio receivers which detect
array, comprising 72 optical modules, was deployed. Theaignals reflected from the bottom of the Ice Shelf as shown
timeframe for construction is from 2014 to 2020. in Fig. 34.

At high energies (above 10 eV), neutrinos can be A prototype detector called Hexagonal Radio Array
detected in dense, radio-freaquoy transparent media via the (HRA) has been installed and its pulse origin determina-
Askaryan Effect 41]. The baseline design of the Askaryan tion performance and angular resolution were described in
Radio Array (ARA) involves 37 antenna clusters or “sta-[46]. The prototype detector is running well, and plans are
tions” arranged 2 km apart on a triangular grid, as showrin place to increase the number of detectors.
in Fig. 33 near the IceCube site. Hardware prototyping has The sensitivity of the ARA and ARIANNA detectors is
been completed and three stations are already operatiorslilown in Fig.35. These detectors should be able to detect

[42], with three more planned for 2014-2015. large numbers of GZK neutrino events.

Fig. 34 Schematic view ofthe g array field is for 960 B

ARIANNA detector (from 6]) % . ;
monitor stations. . ,

™~ < Communication
ICE [ i
SHELF |

solar array

Electronics
box

8 under-ice
antennas

@ they are eventually p pb
station, which has eight antennas buried in the ice y
station collects and transmits the level of neutrinos based

on the amount of particle emissions.
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Fig. 35 Sensitivity of ARA and ARIANNA detectors
7 Conclusions 7.

Neutrino related topics presented in NU-EX, NU-IN, and 8.
NU-TH categories have been reviewed. For solar neutrinosg
a day/night difference due to the matter effect was indi-
cated by Super-Kamiokande. Many detectors are waiting fok0-
the occurrence of the next galactic supernova, and fruitfui1
measurements are expecteasRlts obtained from super-

nova detectors already in long-term operation have allowed?.
an upper limit to be placed on the galactic supernova rate3-

Atmospheric neutrinos have provided a large amount oi

observations of atmospheric neutrinos. Many results from

the IceCube and ANTARES experiments were presenteﬂ7'
at this conference. In particular, evidence for high-energy g

extraterrestrial neutrinos was obtained at IceCube using cas-

cade events. Future progress with regard to astrophysica®.

neutrinos is also expected.
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