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2 Why neutrinos?
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Neutrinos are rarely interacting particles
» Arrive straight to the Earth from the deep Universe
— Astronomy
» Produced through hadronic interactions
— Cosmic ray origin

. Mase 2014. 08.06, Summer School 2014 - 5
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FIGURE 1
Velocity-Distance Relation among Extra-Galactic Nebulae.
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http://www.youtube.com/watch?v=gdk2kBKcuNY
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B Fermi acceleration

Energy gain per crossing a shock front

AE = lm(uiv)2 —lmv2
2 2
2
Ab ¥ M
E C c,\
first order 2" order

2"d order remain after many crossing

— statistical acceleration

K. Mase

Upstrearn

Diffusive acceleration
M. Hoshino, Progr. Theor. Phys. Suppl. 143, 149 (2001)
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B Fermi acceleration (cont’d)

Shock U

Upstrearm downstream

After k crossing
E 2
Ek:ﬁkEo (/B_E_:u_]
N, :pkNo

p: probability to remain in shock region

Inp '
In . . A
N k _ Ek p Diffusive acceleration
NO EO M. Hoshino, Progr. Theor. Phys. Suppl. 143, 149 (2001)
By differentiating
dN e

<l " Ppower law!
dE

— }2 (standard case)
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O Leaky box model

a~2.0 from Fermi acceleration

6~0.7 from leaky box model

K. Mase
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Cosmic ray and particles physics, T. K. Gaisser
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Gyro-radius
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Difficult to trap high energy cosmic rays above 108 eV in Galaxy

— Extra-galactic origin
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W 5EER % (AGNSs)
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2 Why neutrinos?
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Neutrinos are rarely interacting particles
» Arrive straight to the Earth from the deep Universe
— Astronomy
» Produced through hadronic interactions
— Cosmic ray origin
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m Multi messengers

Neutrino production is closely related to production of

cosmic rays and gamma rays
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m Exploring the universe with neutrinos

cccccccccccc

n DarMatter
n Particle physics

\ r 4
\ /
.t'\-_ r {
% o

n Cosmogenic @
neutrinos n Neutrino

n Supernova oscillation
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m Neutrinos should be there...

The source of cosmic rays will be the neutrino source.

p+p(y)—> n +anything — p+v,

Waxman-Bahcall limit

o, = é:ZtH — Eg
* 8 47 dE .,
¢. fraction of energy going to neutrinos

If e=1, WB limit
E*p=10" GeVem s 'sr”

The sensitivity of 1 km?3 size
detector is lower than WB limit.
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m How do we detect neutrinos?

é** ffa#”mf‘ﬁ

Cherenkov light

w w ,,

-
.

®
.

me for neutrinos to interact
Nt medium for light to propagate to photo-sensors



B Part of our detector: Antarctica ice

by CryoStat ©ESA
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m The IceCube detector at the South Pole

The South Pole =

L A L f o
Led a1,

IceCube

RN

1 km
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m The lceCube detector
_______ IceCube

Deployed in the Antarctica glacier Ieelop = g s =5 =
In-ice + IceTop + DeepCore
86 strings (completed in 2010) |
~ 5,160 photo-multiplier tubes (PMTSs) ' 1]
Detector volume: ~ 1 km3 |

R T R SRS

Detector spacing: horizontal 125m, vertical 17m ||
|

ATWD 300MSPS
|

3 different gains (x16, x2, x0.25) In-ice detec|t« '
FADC for long duration pulse (6.4 us) 1 kmd |

Targets for cosmic high energy
neutrinos

(mainly >~ 100 GeV)

<>

DeepCore
-

¢

Digital Optical Module
(DOM)
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m The Digital Optical Module (DOM)

HV Base

“Flasher Board”

Main Board
(DOM-MB)

10” PMT

13” Glass
(hemi)sphere

Calibrated at Chiba University

isf L N ‘ FiE A

K. Mase 2014. 08.06, Summer School 2014 < Chiba Univefity



Overhead View
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v" Surface array detector for cosmic-
ray physics and veto cosmic-ray
events for astrophysical search
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R. Abbasi et al., NIM A 700, 188 (2013)
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Use hot water to make a hole




m The construction

- IC22 (2007-2008) IC40 (2008-2009)
2004: project started o 2 i (o) s " loaCiube40ntrsting (surace) ditances

2006-2007: 1C9
2007-2008: 1C22
2008-2009: 1C40
2009-2010: 1C59
2010-2011: IC79
End of 2010: IceCube completed!
2011~: IC86 SR

Y Im]

IC59 (2009-2010) IC79 (2010-2011) IC86 = complete IceCube (2011~)

eatabe-70 (Fou0] Inteaing [ rfepe) desances lceCube-86 (78+8) interstring (surface) distances

- IceCube-58+1 interstring (surface) distances T
£ -3 T
= - — 500
* >
400
&2
-
o 200
100 -
L1s ok
=100
-200
200
Sk
~E50
-400 -
-500
B0 - N | | |
0 0 e i e L 1 7 AR o) % 800 <500 400 <300 -200 100 [¢] 100 200 300 400 500 800

3
il X [m]
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m The detector performance check P

1 p.e. distribution Gain check S
! 18
F N
51t -500
E 1_4; F_,H"
£ 1
B oL
g Ir
E 0.8f L -1000
T T 04 TTY 9 om 112 13 M Is
z Charge(p) ] Ch Integral (Arbitrary Unit=)
Time resolution Multiplicity distribution -1sc0
§1ﬂ [ B 07 data g
& | ~1 NS é 0% o~ simulation E
I 10°E :
5 [ 104k -2000
i 10°%E :
- 102f
ﬂ i 10 o by b by b by g
0 05 1 15 2 25 3 35 4 45 5 0 1o 20 30 40 50 60
time rms resolution measured with flashers [ ns | multiplicity E
-2500 -
200 270
A. Achterberg et al., Astropart. Phys., 26, 3, 155-173 (2006) run 86758 event 24379
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G
S
8

dashed: data
solid: simulation

217 m (x10)

photoelectrons in 50 ns bins

1000 2000 3000 4000
time from the flasher event [ ns ]

— data
AHA (photonics)
— . SPICE MIE (ppc)

- AHA: old ice model
SPICE MIE: new ice model
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m Particle identification

Angular resolution

Tracks: ~1°
Cascades: ~10°

Track H

Cascade Double bangs:
10-30 PeV
V WITE
V, T .
|
v, (cascade) simulation NG
5 16 PeV v_simulation

Note: neutral current events also generate cascades

2014. 08.06, Summer School 2014
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B Shower development inice

10" . . . . . . —

[ — 100TeY == 100 GeV|]

1o | E

10 by GEANT w10 TeV — 10GeV |l

100k srs 1 TeV - 1 GeV
10% £ Shower size

iy
ey,
=
Yay

Cherenkov photons per 0.2 m

0 2 4 6 8 10 12 14
10M Distance from shower vertex [m]

10° 10° 102 10° 10* 10°
Shower energy [GeV]

Total Cherenkov photons
et
‘::EH

K. Mase 2014. 08.06, Summer School 2014

¢ detector interval

Light oc Shovxéer energy

Energy recpnétruction possible
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d High energy muon track

Not a minimum ionizing particle,

But generates cascades continuously!

simulation
10%eV 101eV

400 -

%E — B (E >1TeV) = const. E

-200

-400

- The energy reconstruction possible

600
400
200

0
=200
-400
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m Example of an event

Observation data (IC-79 (IceCube with 79 strings))

NPE: 7.5x104

ZA: 70 deg.

K.Mase Run 117060 Even 0012@3@45mber schdpoig , 404ns ]
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m The angular resolution

2.5

2.0

Angular Resolution (*)

0.0

>

K. Mase

5 : == 59-string
\ i — 40-string

log,, [E, (GeV)]

arXiv:1111.2741

Angular resolution < 1° (> 10 TeV)
Systematic angular shift < 0.2°
Confirmed by moon shadow

(8 = Byyo0n) [deQ]

1000 &

3 2 1.0 1 2 3
(o, - 0yy0) COS(8,) [deg]
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m Backgrounds

Energy spectra @ surface

e
:l'ﬁ 107 Super-K v,
ﬂb’ 10—2;— . / Fréjus v,
'E B 0 Fréjus v,
S I . N ”z@ AMANDA v,
> 10" ‘o, ”?2'6 0 unfoldm?
8 r s, %, forward Tolding
Sk ? N IceCub
> 107% 2 ceCubev,
fa) S 7/, . unfoldln?
g o e forward olding
10°F & This Work x
10
u Or,
107 Mot
= —Hondav,
’ 0_3:_ ---Bartol v,
g —Honda v,
_9_||||||||||||||||||||||II|IIII|IIII|IIII
043 0o 1 2 3 4 5 6 7
PRL 110, 151105 (2013) Iogm (Ev [GeV])

dN
oc
dE

dN., A

dE 1+Bcost§’E
£

0: zenith angle, €: critical energy

<> atmospheric u

dN
LocE (> =115Ge
7 e, V)

<> atmosphericv
dn,
di

—3.7

_=115GeV)

< prompt v
<> decay from charmed particles

dj\' 2.7
—OCE <& —IOPeF ’
[E ( charm

» Three main backgrounds: Atm u, Atm v, prompt v (all CR originated)

K. Mase
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IC40 Point source analysis

)
m Backgrounds (cont’d) Ap), 732, 18 (2011
Zenith angle distribution @ detector
10.1D I I I I | I I I I | I I I I | I I I _._I _
up-goin L2 Lo .S
P8 5 Atm v E} 10 Trigger Level
L 1 05 = +++++H_h—"-_._..._.,_ +++_._
L1
10" B
. —} Data
10 Atmp MC-truth
10° — Atmp MC
104 """ Atmv MC
JE " Atmu+v MC Final Selection
10° L e S
up-going . down-going
107 : -
down-going Atm [ -
10 b
1 | _— E.
-1 -0.5 0 0.5 1
cos(0)

» Essentially energy and zenith angle information used for signal searches
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m Point source search

Search for muon neutrinos by using mainly the directions (energy info also used)

4-year data (IC40+IC59+IC79+1C86-1): 1371.7 days

178000 v + 216000 p
G.P.

Equatorial coordinate

Sensitive: > ~1 TeV

Test null hypothesis of no
signal against one with signals

Hottest spot

Northern Sky (¢-> 5° )Hottest Spot

0.0

K. Mase

0.6

1.2

2014. 08.06, Summer School 2014

o ,.'.“ ,‘; .g"}-‘ IC40 events
wp AR :22:::::::
A e Nt IC86 events
12 S e :- o
= 3 b
= 10 82 :.‘
o ‘:;‘« eod
. By = ‘:_ ‘
-ﬁ- lupcunams'qﬂmnuy
p; 26 23 30 32 34
. RA (")
post-trial after
= scrambling data
S @2 e > Prvalue: 22.6%
' 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0 Not significant
-log,, p
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B Upper limit for selected sources

Most significant 44 sources are selected a priori to reduce the number of trials

The list was determined by a modeling producing neutrinos

arXiv:1307.6669 — IC79+IC59+I1C40 sensitivity (90% C.L.)
9 == IC79+IC59+IC40 discovery potential (50)
— 107 ® o [C79+IC59+IC40 Upper Limits (90% C.L.) |
lm - ANTARES sensitivity (90% C.L.)
o A A ANTARES Upper Limits (90% C.L.)
g 10 : | |
g 10' ............................................... A A =
@
=
(NN
R
Z 10 ‘
>
[ ]
L

~1.0 205

southern hemisphere

K. Mase

0.0 0.5 1.0
sin (o .
(%) northern hemisphere
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S5 0716471
M&2

1ES 1959+650
TYCHO

LSI 303

Cas A

1ES 23444514
3C66A

H 14264428
BL Lac

NGC 1275
Cyg OB2

Cyg X-3

Cyg A

Mrk 501

Mrk 421

4C 38.41
MGRO J2019+37
Cyg X-1

3C 123.0

W Comae
1C443

Crab Nebula
1ES 0229+200
Geminga

PKS 02354164
3C 454.3

PKS 0528+134
MS8T

PKS 15024106
MGRO J19084-06
HESS J0632+057
55433

3C 273

3C279

QSO 2022-077
PKS 1406-076
QSO 1730-130
Sgr A*

PKS 1622-297
PKS 2155-304
PKS 1454-354
Cen A

PKS 0537-441
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B Stacking analysis

Increase the ability by stacking a specific source class

K. Mase

declination

arXiv:1307.6669

Source | Source 2 Source 3
°
) ) e ©
° ® o ®e
LY o
.. o ©
- Pp interactions
1010 ! ! ! ; ! . .
PRD, 78, 063004 (2008); | T J“ta:rp;:';;g ‘::“;E; :
Milagro 6 (Hajzen et al) _—bper” — — 11 CRs generated inside
Semn | virial radius of clusters
—~ 10 e T Glasey-Chusters-{Médel B}
s ' ’ Na K. Mura;\se et al.i, ApJ Let., 689, L105 (2008)
EE ~ Virgo,? Centaufrs, Persqus, Coma, Ophiuchus
L= H H
= .7 RS S
g1 i ; é
w i i \
o E E
= g ; _
A : :
W 1913 + F
-14 ] ;
1075 7 8 9

log,, [E, (GeV]]

Close to model prediction
2014. 08.06, Summer School 2014
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B Search for neutrinos from AGN flares

AN

K. Mase

Use timing information of AGN flares to
reduce background

Fermi data used for selecting sources and the

light curve

Selected hard spectrum BL-Lacs, and FSRQs

No significant signal was found

Fluence (dd/dE ~ E)[GeV/cm"]

=

Photons s crm2
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—_
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— ]

--------------------------- e e R
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-- mmm = Thresheld onv Emission

- PKS1510-089 |

| =
54600 54700

54900
Modified Julian Date

IceCube Preliminary
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M IceCube follow-up programs

v Send alerts to satellites/telescopes
v" Multi messenger approach

v Few alerts per year
AGN/SN/GRB

F (optical) ROTE (optical)

K Online neutrino
» event selection at

the south pole e

VERITAS (y-ray)

.

EHE online alert is coming
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m Search for neutrinos from GRBs

neutrino (v ) searches by using the direction and the timing information of GRBs
arXiv: 1309.6979

— Very low backgrounds

4 year data (IC40+IC59+IC79+IC86-1) ~540 GRBs
No significant neutrino signal — limits on radiation mechanism

L L | T ™ T
[ceCube Preliminary : :
1077 ¢ : - ' 50
y
7
T f
m ;
= -
g :
= R | s
@ ’ ’ : : ' »
o ¢ 2 : - fp=10, y=316 ~
N ’ s : : :
4 . . .
T-?J ’ ’ — 140 thru ICB6-T fireball UL (90% CL)
e ’ m— [C40 thru IC86-1 photospheric UL (90% CL)
10 7 = « Total fireball prediction E
= « Total photospheric prediction
- T P P—— 300
10 10 106 107
E (GeV)

K. Mase

(Docé

I

fp: baryon loading factor

[ceCube Preliminary

00 500

2014. 08.06, Summer School 2014

G600

700

800

900

— 100

60

—50

— 20

Exclusion CL (%)

65



m Search for neutrinos from GRBs

4 year data (IC40+IC59+IC79+IC86-1) ~540 GRBs

No significant neutrino signal — limits on UHECR origin arXiv: 1309.6979
[ceCube Preliminary
- N 1§
1n-7 -l ——  Ahlers et al.
— ‘Waxman-Bahcall 4490
& 180
P =
m.ln ]-D_H - _ ?D [l
| ]
g (]
2 100 2
I 2
& 150 %
|'=';'j 1[]'_"] - =

s .

a
Zh

g,{‘tffu /
-—-_-'-_-‘ / — 30
_,_//'T//ﬁﬁf?f o d Heg

107 108 107 107
Nentrino break energy =5 (GeV)

Either GRBs are not the main source for UHECRs

Or, theoretical models may need modifications
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m Diffuse neutrino search

Idea to integrate weak neutrino flux

Search for diffuse muon neutrinos by using mainly

ES db/dE, [GeV cm™s'sr]

[}
n

=)
én

-
=]
=

i0®

10%

Sensitive: 30 TeV-10 PeV

Tt IIIIII|
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#
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e G5 diffuse sensitivity
— 058 diffuse B0%CCL Emit
—@— G40 atmospheric unfolding
——— conventional atmosphency, (HEKMOIT}
— - — comventional (HKKMOT) + prompt (Enberg et alj v,
= w1 Wiz man-Bahcall upper bound (2011)
--------- Mannheim 1985

BBR | 2005 stesp specira sowrces
------ Stecker AGHM (Seyfert) 2005
High Peaked BL Lac (max} Mucke 2003
Prompt GAB Razzaque =t al. 2008

EI | II"III|
>
o
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Y A L3
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- "

'S I(‘f5’9'dsensiti\'/'rty
\ .

1 IIIIIIII!
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C1 1 III.I-I"||.-

3

4 5 b K 8
log10(E_ [GeV])

» Sensitivity is below Waxman-Bahcall bound
» Atmospheric neutrinos measured from 100 GeV - 300 TeV
— Consistent with previous measurements

arXiv:1302.0127

o N L ) I O g
c - _

o " —— IC59data
o 107 comv. atms. v,, (HKKM2007) —
= — cOMV. atms. v, (HKKM2007 + best fit nuisance) 3
- astrophysical v, E (best fit) -
L ™ e pmaaa. astrophysical v, E2 (90%CL upper limit) —
103 L prompt v, (BO%CL upper limit) _
- Preliminary 7
10° E
10 4 =
1= =
107 E
E_r [H N T N TN I Y NI N Y R Lo g U= \_3
-2 -1.5 -1 -0.5 0 0.5 1 15 2
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Significance: 1.80
K. Mase
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m The extremely high energy (EHE)
cosmogenic neutrino search

py2_7K—>7r++X—>y++Vﬂ—>e++ve+vﬂ+vﬂ

u(V

Yoshida et al., m=4, Zmax=4, y=2

Sigl et al., m=5, Zmax=3, y=2

Ahlers et al., m=4.6, Zmax=2, y=2.5 (best)
Ahlers et al., m=4.4, Zmax=2, y=2.1 (max.)
Kotera et al., FRII
Kotera et al., GRB

I 1 LI | I ST
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| |—e— TASD < HiRes2 e NE E
—+— TA MD Mono e Auger |2 i .._‘:’_ -6:— ..........
107 = T S =
17I = I1?|_5I = |1|8. = l18[.5l = I1|9I = 1191_5| = l2I(]ITIII'|2(;:_5 8 6'5:_ """""
Log(EleV) - C
“% -7
. .. =z
Shed light on the UHECR origin 3
Ll
< Source position 8‘2
< Composition (proton/iron)? -
<~ Source evolution / when the UHECR
generation started
-106
All flavor sensitive, Energy > 1 PeV
K. Mase 2014. 08.06, Summer School 2014

8 9 1

0 11 12
Iogm(Energy [GeV])

68



) Effect of source evolution and maximum

energy on neutrino flux

1g~7 g [RRRALALARS EARRRRRLL RRARR RN LR RN RS LR R AR RARRRLRRR
ol x ] ‘ effect of the maX|mum energy
F ;.- '\. X E _ 10—3 =
10.0F | £ ~.. 3 ‘.“m 107
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g W N g |
= A0
1.0F L 10
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5
unifarm w g
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- ---- SFR2 é*uksel 08) F Epnax 102"-3 v E
0.1k —-—- GRBI (Le & Dermer 07) F E...g,-"} oV
F—-—-—-— GRBZ (Le & Dermer 07} E L —— = — E=10%% eV
E o PRIl (Wall et al, 0%) E I _
R T T TR 107" Lo L L L [T L Gondin
0 z 4 [ 8 5 ] T B 9 10 11 12
lag E [GeV]
effect of the source evolution
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a
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: B W
] Kotera et al., JCAP 10 (2010) 013
107" L, Lviiiene, Lo, Leviienn, Lo, L, Lt
5 6 7 8 9 10 " 12
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m The detection principle

CRs

Down-going

Atmospheric muons < EHE neutrino signal

< Horizontal (opaque to the earth)
<> High energy (> 108 GeV)

< Atmospheric muon background
< Down-going
i ~F-3.7
Up-going <> Low energy (the energy spectrum is steep (~E=3"))

T

v, >]1PeV
Energy Dist. @ IceCube Depth

Yoshida et al PRD 69 103004 (2004)
Zenith Dist. @ IceCube Depth

1“_7 T T I B LI B B —T T ’1 T
[ Downward [GZKY
-~ Lk -E > 100 PeV
To 1077 PR — gL |
Z - %
o B 0 i i
5 107 f o i
. L 7] 4 L
S 5
= 107" oD
] - p=4
= - o
% 11: E 2?2 =
- 107 S
z g2 |
-12 F; | | | | | | | | | | | n 1 1 1 1 | 1
10
i} s 10 12 -1 05
10 10 10 10 U . .
-goin cOoS Down-goin
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m The cross section

PRD, 58, 093009 (1998)
10—30

vN total, CTEQ4—-DIS
vN CC

10—31

o(vN) [em?]

10 1001000 10* 10% 10% 107 108 10° 101%10!110!%
E, [GeV]



m Datasets

Five datasets are used in this analysis:

IC79 (2010-2011)

lceCube-79 (73+6) interstring (surface) distances

1. Observational data (two years data)
taken in 2010-2011 (319.2 days) with 79 string configuration (IC79)
taken in 2011-2012 (350.9 days) with the complete detector (IC86)
EHE on-line filter data (NPE > 1000)
~100M events, ~ 1.7 Hz

2. Signal MC data (JULIeT)
10°-101 GeV, dN/dE = E1?
20k events for y, 1, Vv, Vy, Vq

-500 -400  -300 =200 100 L] 100 200 200 400 500 B0O
X [m]

3. Atmospheric muon background MC data (CORSIKA data)
10°-10% GeV, dN/dE = E?

15k events for proton and iron IC86 = complete IceCube (2011")
SIBYLL HE interaction model '

IceCube-86 (78+8) interstring (surface) distances

4. Coincidence muon MC data (CORSIKA data) ot
?%)0% 11 GeV, dN/dE = E17, polygonate model (J. R. Hoerandel ol
10G events o)

SIBYLL HE interaction model |

5. Atmospheric neutrino background MC data -
10%-10° GeV, dN/dE = EZ, v,,, v, N
10M events
atmospheric neutrinos: including knee (T. K. Gaisser (2012))

prompt neutrinos: perturbative QCD model (Enberg et al. (2008))
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m Energy indicator

nic neutrino region

Detected total number of photo-electrons
(NPE) o< Energy

NPE is used for the energy indicator

K. Mase 2014. 08.06, Summer School 2014



m Analysis scheme

1. Online filter level (EHE):
NPE > 1000
!
2. Analysis level:
NPE > 3200
NDOM > 300
coincident muon cleaning
improved geometry reconstruction
!
3. Final level:
NPE and zenith angle information

cleaning

Event number for each filter level |

per livetime

--x-- Signal (IC79) .
—a— Signal (IC86)
Background (IC79) -
Background (IC86)
--o-- Data (IC79) "
—e— Data (IC86)

102
10

74



m NPE distribution at analysis level (IC79)

10°

Number of events

33.4 d —o— IC79 data NPE > 3200 && NDOM > 300
10° -4 days —— background sum
------- atm. L (single)
104 atm. L (coincident)
R~ I atm. v conventional NPE: 4.3x10
10 —— atm. v prompt | zenith angle: 19 deg.
" = GZK v Yoshida et al. =3
10 GZK v Ahlers et al.
e GZK v Kotera et al.
10
1
10%E | ::':|_ atmospheric muon {data)——
10‘4%— . Dominated by atmospheric muons
10-5:| poa g bl i-lnil.l._Lll WS NN Reasonable MC/data agreement
35 4 45 5 55 6 65 7 175
lug“ NPE
100 eV (cosmogeni neuinos (e sufce) L T P 9 e 00, e
K. Mase 1019 GeV (CRprimary) 5014 08.06, Summerkatemot2 13CAP 1010, 013869 (2010), FRI 75



m Zenith angle distribution at analysis level (IC79)

10%
e IbCTE) data 33.4 days
1050— ackground sum
SRR atm. [ (single)
10%L - atm. | (coincident) (oo ®
----- atm. vV conventional e !
@ 10°— atm. v prompt .-
= -— GZK v Yoshida et al. ;
S 102';‘ GZK v Ahlers et al.
: -— GZK v Kotera et al. ;
s 10 |
= \6 ;
& 1 :
z s
S | E
= 107 e |
AN =—1 e
- = __'_‘—I_.____|—|
10k |
10%F
10'5:l:|i.IJJJli"i"LJ.LLi_J-'JI:I||||||||||||II|III

-1 -0.8-0.6-0.4-0.2 0 0.2 04 06 0.8 1

K. Mase

cos 6

NPE > 3200 && NDOM > 300

NPE: 4.6x103
zenith angle: 140 deg.

Ly

atmospheric neutrino (MC)

Geometry for atmospheric muons
is reconstructed reasonably well

Atmospheric neutrinos also come
from horizontal direction, but low
energy

2014. 08.06, Summer School 2014
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M Final selection criteria (IC79)

Model discovery potential method used
G.C. Hill et al., in the Proceedings of PHYSTAT2005 (2006) 108-111.

33.4 days

log (NPE)

7.5¢ 10 ﬁj‘7-5_ e é é é é é é 10 o 7.5 : é é é é é 10
C o ' BRarlararinA o C L Toct Aata
________________________________________ 2 ¢ Background $ [ Testdata
=] 7 1 = 7 ; : ; ; ; ; ; 1 ~= [ ; ; ! ! ! ! ! ! ! 1
= o : é T T
- L] L g
6.5 )l SO U P T BB
E 10" 10" C 10"
S e T T TS SN e ot 0 e Y - { MNP PN SOPUSS SUUION SNSPRNE SRS ﬁ:— ..................................................................
102 102 o 102
5.5 g S 55 L
10 107 C 10
5 ......................................................................... 5__ ................................................
4 4 E 4
4-5 ........ 10 ......... 10 4-5__ ........................ 10
10% = 10% ISR SIS SRS SUR A W9 107
i = 6 . : 6 :Illilllilllilllilllilll 6
3'5-1 -0.8-06-04-02 0 0.2 04 0.6 0.8 1 10 "1 -08-06-04-02 0 0204 06 0.8 1 10 3'5-1 -0.8-06-04-02 0 0.2 04 0.6 0.8 1 10
cos(b) cos(b) cos(b)

Expected event rates 319.2 days

GZK signal* Bg total

0.98+0.01 0.041%0.003 (0.033%0.003) (0.008+0.001)

*Yoshida and Teshima, Prog.Theor. Phys. 89, 833795 (1993), m=4, Zmax=4
0.57 per 333 days for IC40

~1 event/yr
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M Effective area
Aic79 = Aicgs = 2 X Ajegg

1000000 T T T T T T T T T T T T T T T T L T T T3 100000 T L L L T T T T T T
— AV : —

- e 7 - — 1C40
i for each flavor i Three flavor sum .
10000 |- . = 10000 IC79 =
& - Ve - E - —— 1C86 .
g - Glashow resonance 1 8 ] ]
g 1000 = = = 1000 = 3
Z - V,te>W 1< - ]
s | g :
- p— B B .,: B N
2 1op 5 3 100g E
= - 1 & F ]
S i i ﬁ - i
B 10 =+ B g =
= = 1 E 3 3
7, B - 5 N 7
Ic79 -+~ &
0-1 1 | 1 | 1 | 1 | | | | 1 | 1 | | 1 | 1 | | 1 | 1 | | | | 1 | _l {} 1 i | 1 | | | | | 1 | | 1 | 1 | | 1 1 1 1 1 | 1 | | 1 1 1 1 _l
5 6 7 8 9 10 11 5 6 7 8 9 10 1

log Vv energy/GeV lugm‘\" Energy/GeV

** Increases with energy
< ~5000 m? @ EeV
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B Two cascade like events found in 2011-2012 data

May, 2011 - May, 2012 (350.9 days), IC86 configuration PRL 111, 021103 (2013)

Either CC interaction of v, or NC interaction of any flavor v

“"Bert” event rate

Aug., 9, 2011 in 615.9 days

Run 118545 Atmospheric muons 0.038 £ 0.004

-Event 63733662

NPE: 7.0 x 10* conventional 0.012 = 0.001

NDOM: 354 atmospheric neutrinos

1.04=x0.16 PeV prompt neutrinos* 0.033 = 0.001
total background 0.082 X 0.004

“Ernie” * R. Enberg et al., PRD78, 043005 (2008)

Jan, 39, 2012

Run 119316 . -

‘Event 36556705 Significance: 2.80

NPE: 9.6 x 104 ] _

NDOM: 312 Highest energy neutrinos ever seen!

1.14x0.17 PeV

K. Mase 2014. 08.06, Summer School 2014 &



B The August event (“Bert”)

Run118545

-Event63733662
NPE: 7.0 x 10*

NDOM: 354

K.Mase Fun

118545 Event B27EIEGISunne Sowl204| Ons,

Ons |

80



B The January event (“Ernie”)

Run119316

-Event36556705
NPE: 9.6 x 10*

NDOM: 312

K.Mase FHun

119316 Event 3EE6E06Sunn@rishool gopds |

81
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B The energy deposit reconstruction

K. Mase

Distance to source (vertical) [m]

Aug. (“Bert”)
1.0£0.2 PeV

‘ — Best cascade fit —

Reversed orientation

-+ -+ Exp. data ‘

400

200

—200,

—400

L BEEEEY

E

P
=
P
F
F

"

o101

13103104 105 108 194

o
8 89 100101 107103104 103

I olady 11
WZI103104 WS008 107 89 001103 WAWNA D506 48

——

=
o
IIII_\

E 5B
T

]
SEBEBES

T [T T T T ol Ty
93100 1103 10314 125 88 29 100101 107103 104103

1 ek

o T R ol ===
100 101107 103104 105 1B 107 97 8 88 100 101 107 103 104

o
o1

—400 —200

0
Distance to source (horizopgal 4alogg@xiss imimer School 2014

200

400

Jan. (“Ernie”)

1.120.2 PeV

energy resolution for
these specific events

including systematics
(ice + DOM eff.)
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M Closest string positions for the vertices

Jan. (“Ernie”)

Z:25m

Aug. (“Bert”)

Z:122 m

K. Mase

Y [m]
&

IceCube-86 (78+8) interstring (surface) distances
. siring

- * [ceTop tank
' 5 . DeepCore siring
&

Grid Narth

100

=100

-400

-600

200 100 O 100 200 300 400 500 600
X [m]

-500  -400  -300

Well contained!
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1 lceTop (surface array) veto information

Jan 3rd and Aug 9th IceTop hit pattern

Geometrical
not possible
as Cascades

2 .1km deep

< IceTop veto information
was checked

» f
) o
N

1

5500

i

i

i

i

i

i

i

L
15 20
time relative to center of the event in us

< hits search in allowed 8us

time window
Before first Hit: Correlation

<> 0and 1 hit observed again possible After the Event no
2.1 hits expected Down-going correlation possible

-> No CR shower

K. Mase 2014. 08.06, Summer School 2014 85



B NPE distribution at final level

IC79/86 combined (615.9 days)
PRL 111, 021103 (2013)

10° = —&— data
— —— sum of atmospheric backzround
lﬂ'zg‘ snnnn atmospheric 1
= ssmms Atmospheric v conventional
10 :_ =:=:= atmospheric v prompt
= — cosmogenic V Ahlers et al.
“ = —— E*(v +v,+v;) = 3.6x10° GeVar ™ emr?s!
P #r L
@ = :
ATy —I' N
& 5 - i l
S 102 7 e
z O B ek
Eﬁ ko W/////
1“_3 ;.Jfl? T E
:; illlll.
]-':rII e Timiaine = Lmim
- i
- -
1“-5 s T R TmlllmI e b A
4.5 5 3.5 6 6.5 7 1.5
T lﬂgmNPE

corresponds to ~108 GeV neutrinos at surface with a cosmogenic neutrino spectrum
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J Reconstructed energy at surface

LI B T T T 003 T T T T T T LI T T T

| Event 118345

- 107 Event 118545 5 |
5 —gfl. ] b mearilog(EfGeV):S.ﬁQ
= —V ) ) T £ lower! 5% of logl E/GeV)=6.02
= 107 without systematic errory =, [ upper 5% of log(E/GeV)=8 69 |
= 5 = E
£ 1oL 1 £ s
= E 3 = =
E: T 0 | 1
2 S0 with systematic error
g 10 = = : |
10—5_ L R R BT P T TR R R NI L I T T 10 I T N
5 51 7 8 8 10 3 8 10 12
Log(Energy [GeV]) Log(Energy [GeV])

o : GZK flux assumed
Top-down approach (in-ice) + propagation to surface

In case of v, CC, full energy deposit

Other case of NC, partial energy deposit by Bjorken y

Aug. Jan.
0.81<E< 7.6 PeV (90%) 0.93<E<8.9(90%)

K. Mase 2014. 08.06, Summer School 2014



B Two events compatible with EHE
cosmogenic neutrino models?

Whether cosmogenic models can explain
the two event observation was tested

Pg = delpl{El}deEPE(EE}PI{S{ElvEE}:

Cumulative ey[rgy distribution

Ener PD 1 ] —
003 gy C%K Ahlers’s Best fit

. ——r L i

—_ : Event 118345 | p-value 1.1%
S mean log{E/GeV)=6.59 i -,
! 7 =
i lower! 5% of log(E/GeV)=6.02 | =
b= o
oo b upper‘:5% of log{E/GeV)=858 _| ol
E | g
£ L g

= -4 Q os |- |
2001 L i 1 =
s S
2 g
)

L L L L LT | L L L L
6 8 10 12
Log(Energy [GeV])
ol i, R B

5] g 10 12

Log(Energy [GeV])

— '57 H H
& s 55 Yoshida et al., m=4, Zmax=4, y=2
® 5.5 .
NE F Ahlers et al., m=4.6, Zmax=2, y=2.5 (best)
I m— .
‘->‘=’- F Kotera et al., FRIl
Q -6.5:— .....
(.2. E Kotera et al., GRB
w -7
% 7.5 A‘\
W -\
= o AN
o C
S -8.5¢ yi
o A\
- E L1 L / L L1 1 1 11 L 11 L L L1 11 ‘ \\\ 1
106 7 8 9 1

10 11 2
Iogw(Energy [GeV])

|C40+IC79+1C86

neutrino model m

GZK Yoshida and Teshima

GZK Ahlers Fermi best

0.077

0.075

0.039

0.052

Cosmogenic neutrino models can not explain the two event observation

K. Mase 2014. 08.06, Summer School 2014
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B Constraint on EHE cosmogenic neutrino models

Compared the event rate with observation PRD 88, 112008 (2013)

Essentially no event observation above 100 PeV, though the
effect of the two events considered by the energy PDF

|C40+IC79+1C86

3 . . . _ _ expected rate
: Y;'.-shida et ai., m=4, Zméx=4, =2 : (>100 P ev)
------------- Sigl et al., m=5, Zmax=3, y=2

log (E° dN/AE [GeV/cm” s sr])

A T Anlers ot o med 4 zmmces 21 maey | GZK Yoshida Teshima, m=4, Zmax=4 2.0 0.14
S Kotera et al., FRII

s ’T‘:;e[’;:tn’('g‘fgf; . GZK Sigl, m=5, Zmax =3* 3.1 0.045
L Top Down (QCD)

- : GZK Ahrlers, Fermi best 1.5 0.22

- GZK Ahrlers, Fermi max 3.1 0.044

o | 0.48 0.66

- 2.9 0.052

Top-down SUSY** 16 << 0.002
PP A/ N N B LA Top-down QCD** 3.9 0.021

6 7 8 9

I 10(E 11 (G V]1)2
og (Energy [Ge

10 *O. E. Kalasheve et al., Phys. Rev. D66, 063004 (2002)
G, Sigl et al., Phys. Rev. D59, 043504 (1999)

high evolution models (m>4) are mostly ruled out such as FRII 89
K. Mase 2014. 08.06, Summer School 2014



B Limit on evolution parameters

Energies of two PeV events are too low to be explained by cosmogenic neutrinos
No events observed above 100 PeV PRD 88, 112008 (2013)

3

Z max

| spectral emission rate
per comoving volume

I p-—(1+z)m Z<Z nax

2 1 1 1 1 | 1 1 1 1 | 1 1 1
2 3 4 5

m
High evolution models (m>4) are mostly ruled out such as FR-Il class of AGN
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B Limit on flux

Energies of two PeV events are too low to be explained by cosmogenic neutrinos

No events observed above 100 PeV PRD 88, 112008 (2013)
i | ANITA-II(2010) | )
10* [~ -
B RICE(2012) 7
- 105
L 10 PAO(2012) v_ limit x3
7
8 10
7}
D
g 10—7 lCQCUbeZO]z L "':-'I"-"I:-',-:-"“"‘:;:.-. ~~~~~~~ 1]
~ L T el
] 3 ey
QO 107 [~
~, [~ Cosmogenic v models _
a 10-9 S+ A7 T T Engel et al. k
f; L e -u=us  Kotera et al. (FRII) .
= 10_10 | Ahlers et al. (max) _ ]
= 5 v Ahlers et al. (best) ]
oM | fc‘f"’ ——  Yoshida et al. |
) | | |
6 8 10
log (E /GeV),. .
gw( v V)dn‘ferentlal limit per one energy decade
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B High energy starting event search

A\

Follow-up of the EHE neutrino search

» Search contained events (neutrinos) by
using outer layers as veto

» Atmospheric muon backgrounds
reduced

» Atmospheric neutrino backgrounds also
reduced as atmospheric muons are
normally accompanied

420 Mton fiducial mass
All flavor
> 30 TeV

3 times better than EHE neutrino search
@ 1 PeV

YV V YV VY

I3
y 90m

/ edge strings

Z=-160m

7=-220m

L———10m

K. Mase 2014. 08.06, Summer School 2014
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BAtmospheric muon background

YV V V V

A\

K. Mase

Dominant down-going background

/H

Estimated by using data

Second veto layer introduced

veto power: at least 3 orders of
magnitude

4 muon events passed the inner layer
- 8.4 & 4.2 events / 3 years with
geometrical volume correction

2014. 08.06, Summer School 2014
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B Atmospheric neutrino background

» Low rate at PeV energy (0.1
event/year) p

» Reduced by 70% by the muon

veto

» Uncertainty ~30% from CR
composition and hadronic
interaction

p = proton

K = muon

It = pion

V = neutrino
et = electron
e” = positron
Y= photon

» Large uncertainty from

unmeasured charm contribution
Enberg et al. (2008) employed
(NLO perturbative QCD)

»  Estimated bg rate: 6.6 | \ Vi
events / 3 years -

K. Mase 2014. 08.06, Summer School 2014 94



B Deposited energy and zenith angle distributions
Other 37 events found! (28 cascades, 9 tracks) 3 year data

Significance: 5.70 arXiv:1405.4303
Expected BG: 15.0

E>60TeV
| B Background Atmospheric Muon Flux_ Southern Sky {downgoing)l Northern Sky (upgoing)’
102 Frorrmrrm e I | Bkg. Atmospheric Neutrinos (=fK) ] 101 : ! ! .
60 Tev :::n:ir::e?c%n:ftffnt\sﬂ Em CL Charm Limit) Edep >60TeV
0 ' = Bkg.+Signal Best-Fit Astrophysical (best-fit slope E **) g‘ Y T — : : J
> i = 1 Bkg.+Signal Best-Fit Astrophysical {fiy=~ =\~~~ =% il il PR Sl il —S—F “EN R ! ] i
8 101 R J. ey Data . |_ 8 M -i JH.-I
0 ' i 3
. ] o0 s
C _L1 0 7
S | = /
N 10! L - S 10 %
: .
% _
%%
10° 10° 10° -1.0 -0.5 0.0 0.5 1.0
Deposited EM-Equivalent Energy in Detector (TeV) sin(Declination)

» Energy spectrum harder than that of backgrounds
» Spectral index: -2.0 ~ -2.3

» E2¢9=0.95 = 0.3 X 108 GeV/cm?/s/sr (per flavor)
K. Mase 2014. 08.06, Summer School 2014 95



M Big Bird

» Another PeV event found in
the 2012 data

» 2.0 PeV
» The highest energy neutrino!

L Q)
I "
™y
N 6
f-f .
s /
A
':a.""‘flyf {



B Sky map and the significance

Test null hypothesis against the most likely arXiv:1405.4303
LO: null hypothesis
L: maximized likelihood x: track-like events

+: cascade-like events

..........

..............................

e P o o o o L RE R |

Not significant . Galactic
| —
0 TS=2log(L/LO) 11.3
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m How Kifune plot will be for VHE neutrinos?

.

10000
A R T ™ R B
Log A T T
L o J "Iy mas B s B
g @ ek b T
§ X-rays .rI | i i E H‘ID: : ! ?
= 100 —p--eoooe ot yrays |47 gk c;ngm GRET 17 e
= i } Uhupu PEa - - = “ :
£ : % L4 : i Ragil
= | S e g
L e 8 [VHEyrays| | @ | .
10— mmbbrme e T\ HE REUtrinOS 2,
4 DA S A |
.rj "'F "Jt Em:d has"-"d ‘0"
‘ i i | Observations ! i o*
fL P wse O S
e B SN R s s
1960 1970 1980 1990 2000 2010
Year
First detection is most important!
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B Cosmic ray measurements by lceTop

10° 10’ 10° 10°
i T T T ' T
" [ e PRD 88, 042004 (2013)
E B ‘\L’.“\‘
3 knee \/1
S 10°
T C . }
a [ new observation
=|o
'O% B —+— Statistical errors T
w | [ ] Systematic errors
:‘Eu | —— Single power-law fits second kne
I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1
6.5 7 7.5 8 8.5 9
Iogm(EfGeV)
A 5_ I T | T T T T | T T T T | T T T T | T T T T ]
< ICRC 2013,,0861 |
o L & Optical Efficiency -10% 8
v 4 v  Optical Efficiency +10% 3 1 7
: L Abs/Scat Goefficient -10% f %‘
L o] Abs/Scat Coefficient +10% y 8
i QGSJET-11-03 5 % i g
3 = Snow 1.9m % é ¥ —
C u] Snow A 2.3m =] ¢ i ¥ i
: ® ® Q R ? E i i {( %
2?!555999isiTg?§ -
S TITLALITES .
v g v 3 PEEL s i }
1 | { S ]
i IceCube Prellmmary
Ce e TR
065 7 75 8

5 1 1 1 1
Iog (E fGeV}

vV VY

1 year cosmic ray energy spectrum
measured by IceTop-73 configuration
from 1.6 PeV to 1.3 EeV

Precise measurement:
uncertainty 12% above 10 PeV

Consistent with other experiments
4 characteristic energy slopes found

May indicate composition change

Mass number increases with energy
up to 100 PeV

LUJ.’-+ uo vu, oummer School 2014
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] Dark matter search from Sun

Neutralino scatters and loses ene
ped in grawty

Branching ratio p"'rfectly known
0+ %0 — W*W- (hard channel, typical)
v%+ x%— bB(soft channel, conservative)

#-- |ceCube 2012 (bb)

¥%: neutralino
Supersymetry particle
Mixture of super-partner of zino,

photino, higgsino 2014. 08.06, Summer School 2014

—=— IceCube 2012 (W'W)* |

+ (t'v for m <m,, = 80.4GeV/c?) |

observes muo@f

[__1 MSSMincl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)
COUPP (2012)
Simple (2011)
- PICASSO (2012)
“+ SUPER-K (2011) (bE)
SUPER-K (2011) (W™W)

2
log10 (m, / GeV c?)
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1 Dark matter search in the Milky Way

~ Dark matter density profile

D A2 (model dependent.
dq)‘/ — SOA0 > J(w) RSC'OSS dNV NFW model as benchmark.)
d|E 2 4! X dE T~ SUSY model (model dependent)

Measure of mbion neutrinos

.. M 1 annihilation channel
cross section'to be constrained 107 — T
10716 XX —up
107 lceCube Preliminary
1048%
:m 10'19;5 1,
£10%
A 107
§’-10422E

1023;

IC79 (320 days) 10-24:"

E
found no excess 10‘25' nalural stale

-26 L L i ' AL 1L L l A L 1 1 A4 1 4 l
10
10 10° .
K. Mase 2014. 08.06, Summer School 2014 m, [GeV] 101

IC22 Halo ?
IC40 GC :
IC59 Dwarf stacking |3
IC59 Virgo Cluster L:1
IC79 GC sensitivity |
Fermi E!

i 1

[ 113
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B Neutrino oscillation

4 N
Ve Vl
v, |=MQ@Bx3) v,
v, Vs

Flavor eigen state  Mass eigen state

In case of 2 flavors

v, _[ cosf  sind J v |v(t)>=[e_iE" cos” O+¢e ™ sin’ 6’]| V,)
v, | \ —sin0 coso | v, +cost9sin¢9[e_iE1’—e_iE“]| V,)
Time evolution
(D)= |nt=0
v@®) e_iEt|V( ) P(v, > v K ﬁ|V(t)>‘
v, (1) =€ |1, (t=0))
) ) L
_ 2 2 2
(1)) = cosb]v, -+ ¢ ™ sinbv,) =sin” 2@sin [1.27><Am E]

“ :[ cosd —sin@] Va
v, sinf  cosé Vg
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B Atmospheric neutrino oscillation

P(v, — v,) = 1 — sin*(26,3)sin*(1.27Am3,L /E)

rate (Hz)

0.5

0.45

04

0.35

rate (Hz)
e

N 1
-1 -0.9 s 07 06 05 04 03 -02 01 0

%10 low-energy sample
= Low Energy

: ~20-100 GeV

- 7%

.
IIII|I.II|.II:II|IIII|.IILI|.II:IIIIIII|III.I|.III:I|IIII

cos(reconstructed zenith angle)

high-energy sample

x
E_ ZZZ nonoscillation case, norm uncertainties

;_ nonoscillation case, shape uncertainties

= - world average oscillations, norm uncertainties

§_ world average oscillations, shape uncertainties /

;_ data :

~ High Energy

- 100 GeV-10 TeV

E ocssnsd
AN T T TR T PR T T
1 09 08 07 06 05 -04 03 02 01 0

K. Mase cos(reconstructed zenth angle) 2014

BN -~ cosmic ray
*’ with air shower

Earth
with atmosphere

PRL, 111, 081801 (2013

No oscillation scenario
rejected by 5.60

IC79 (318.9 days

)

)

I

MINOS, 2012 90%
Super-K, 2012, 90%

o best fit ANTARES

ENEEEEEEEEE ANTAHES, 68% + best fit lceCube
mEEEEEEEREE ICEcube'?g, 68% o best fit MINOS
— |ceCube-79, 90%

-
5

0.4 0.5 0.6 0.7 0.8 0.9

. 08.06, Summer School 2014

sin?(20,)
Am3,|=(23%55)x107 el
sin*(26,,)> 0.93 (68% C.L.)
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B Part-4: IRE

g1}
+
|
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B Precision IceCube Next Generation U

S X

2
My~ g

2
L

2
JHl —

(PINGU)

High detector density (40 strings with

20 m spacing)

Energy threshold: a few GeV

Measures neutrino mass hierarchy by
the precise measurements of 3 flavor

neutrino oscillation

Normal mass hierarchy with 3 sigma

after 3.5 years

Resolutions: AE ~ 20%, A8 ~ 10°
(depends on energy and flavor)

NH |

IH

atmospheric
~2x1077eV?

]
solar~7x109eV?
]

-
solar~7x10 3¢ V?
-

a

atmospheric
~2x107%eV?

m2

2014. 08.06, Summer School 2014

g100 * IceCube
>_ L [ ]
R i s+ DeepCore
i M A . v
50 B&t&edﬂ\ (_xe()ﬂlet -y + PINGU
aegeloae e L
0 il SRR -
: ¥ o® @ ogm gm g
| g e > ek ¥ @i *
-50 . g g
L A A *
: 4 @ gl gm
'100 P
[ ]
-150
_ 1 1 L1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
-100 -50 0 50 100 150 200
X (m)

Lo
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
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B High energy extension

Increase the sensitivity at high energy (> 10 TeV)

lceCube+ (1/2/3) IceCube DeepCore
5 2000 ==
IceCube (120 m): 1 km R ey,
1500 + * @ @ h*f:;*;l.lll.l.
+HEX (120 m): 2.3 ka * 1\ 4 l‘H::k:;*lIlll
5 1000 ¢ ¢ i E*:?:':*:':':':'n T
FHEX (240 m): 6.3 km ettty ST
+HEX (360 m): 12.6 km? L 0 e e e wem we B
* & & & & 2 & & & D
E 1] ¢+ 0 o *- [ l*l : l-‘l : [
$ ¢ 4+ ¢ b e e P e
.. ) ) . =300 e 0 ¢ ¢+ o o e 3%
The optimization is on-going ©ceo e e
¢ ¢ 6 ¢ o & o &
—1000 | ®  lceCube 86
. . A S S A S A ¢ + spacing 120 m
Additional idea to extend 1500 e o o o o o | e spacing240m
Su I"faCE tankS fOI" VetO # Spacing F360m
~2008 500 —2000 ~1000 0 1000 2000 3000

[m]

~100 new strings
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m Askaryan Radio Array (ARA)

Askaryan Radio Array

clean air sector

lceCube

"

- 7  quiebcircle

Astroparticle Physics 35 (2012) 457-477

|ARA Station & Antenna Cluster ‘

- Station Controller
wg om | vTo DAQ/power hub
= ~~_LNA + Equalizer

\housing

\ Vpol
"\ antenna

| Hpol
antenna

200 m_

2

Calibration
antenna

/ Lower
antenna pair

Downhole —configuration

Antenna cluster

quiet sector

Lagend: @ Power/calibration/comms station
<3 Ankenna cluster station

o powar comms cable interconnects
Q DAQ cantral counting housa

K. Mase

37 stations

< Each cluster has 4 strings of 200m depth

< Each string has 2 Vpol + 2Hpol broadband
antennas (200—-800 MHz)

<> Total surface area ~200 km?
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m Askaryan effect

< 1962: Askaryan predicted coherent radio emission from
excess negative charge in an EM shower (~20% due to
mainly Compton scattering and positron annihilation)

— Askaryan effect

e

G. Askaryan

small A add
destructively e

Cherenkov emission (Frank-Tumm result)

d*W  4x*h 1
eG
dvdl C n

in case N electrons,

incoming v

] z=1 (not coherent) —» W oc N

large A add coherently z=N (coherent)  — W oc N2
Shower size << A to be coherent

Power o< Ag?, thus prominent at EHE (>~ 10 PeV)
Attenuation length in ice ~ 1 km
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m The ARA sensitivity
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RICE(2012)

IeeCube2012

-

T T T | T
ANITA-TIC2010)

PAOCOI2) v, limit x3
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v i

N
E
"_..-ulli'._'l - -,
. L3 ‘|~
ﬁ-"u T ...I

..". ' i £ >
= oty EPemozenic V models
#F
B n .t --— Engel et al.
ﬂl.::".‘ 'i'
. IRty o - Kotera et al. (FRII)
| ,;f""_-" === Ahlers et al. (max)
‘.‘ﬂ‘
i G s=ssss  Ahlers et al. (best)
“‘:" — Yoshida et al
| ‘ﬁ ’ - .

lngm{EvfGeV)
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Summer School 2014

>~10 events/yr

Sensitivity >10 times higher
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m Current status and further plan

@ Deployed
ARA Station O O O O ARA37
Planned ARA
Station O O O O O
10
O O O O O e
9 r outh
o 0 o0 o0 ‘e-%e-g ek
TestEked s, lceCube :
South
O O O O 3e-1 Pole
Pl df r,’J Station
.21:?;5'1{?5 > @ O ®) E“ 2
Skiway
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ARA3 event rate

|
N T I
ot
(@]
-
] i
L Cal. pulser
Event
5 Total —
i | |
28 February 2013 07 March 2013
Time

< 3 stations operational
<> More to come
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d Summary

> FHIIM ETIT R WEERREE, R R OBLE D%

> lceCubeli Xy 7 757 KT WEENOD=a2— Y J ZHBH
— = ]‘ U /%i"’?‘@%ﬁﬁﬁ'

> lceCubelIFRKR +YHICHLFET S
> BEMICE I -FEHRERICAS
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KEPD ETH., RPN RAD?
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backups
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M Light yield vs. distance for a point-like source

1 homogeneous ice
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Run 116487 Event 20325393 [ 5000ns, 7020ms
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BYy~#N—Z 1 (GRBs)

Progenitor 2
(rnasgve star) Shell”

External

Internal shocks

Fe line \a" AAAS Y

o » AAAS

Paler— - s
“" = e e WY .

collapse Fe line |

Gamma-ray - R
burst Afterglow
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Likelihood method translates events on 8
the sky Into p-values

Signal: Astrophysical neutrinos clustering in space
Background: Isotropic atmospheric neutrinos

Maximize the likelihood function:

N
L(ns,7) =] S,,,@+ (1 —B,,;
l = \

) Braun et. al., arXiv: 0801.1604

Test statistic: Fit for:
" - n_, # of signal events
A =log L(y.n,) -y, neutrino spectral index
L(n, =0)

Obtain p-value by comparing
test statistic for real data to
random trials from scrambled

data




m The systematic uncertainties

PRD 88, 112008 (2013)

Conventional

Cosmogenic Atmospheric Atmospheric Prompt Total
Sources v signal (%) muon (%) neutrino (%) neutrino (%) background (%)
Statistical error *0.4 *0.1 *9.8 *1.1 *4.5
DOM efficiency i bty it e brd
Ice properties/detector response -7.2 —47.7 —44.8 —30.8 —41.7
Neutrino cross section *9.0
Photonuclear interaction +10.0
LPM effect *1.0
Angular shift for cascades —0.5
Cosmic-ray flux variation ijmﬂg *=30.0 *=30.0 iég
Cosmic-ray composition =79.1 —36.7
Hadronic interaction model +17.7 +8.1
v yield from cosmic-ray nucleon *15.0 +2.2
Prompt model uncertainty e e
Total *0.4(stat) *9.1(stat) +9.8(stat) *1.1(stat) *4.5(stat)

136 (syst) F545 (syst) 805 (syst) £330 (syst) 93 (syst)
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B Effective volume

500 e s

L R R e o = g =

£ SIil [ ts 0 L B s
only track type

200+ wooopaaber e T /

v, CC
v, CC
v, CC
All Flavors NC

100F [

Effective Target Mass [Mton]

. IceCube Preliminary

10 10° 10° 10*
Neutrino Energy [TeV]

This analysis is more sensitive to cascade events
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B Charge distribution S—

B Background Atmospheric Neutrino Flux
107 prrreemeeen et Background Uncertainties (Atm. Neutrinos) 5
= Background Atmospheric Muon Flux (Tagged Data)| ]
—— Signal+Bkg. Astrophysical E-* Spectrum
> 28 events observed above 10° T phEvents (Trigger Level ;
selection criteria e o IceCube Preliminary
. +4.5 | 5 1
» Total bg: 10.6"* 54 i | _
o , 10° gt SR T S— ]
» Significance: 3.30 (HESE analysis i i -
alone wo two PeV events) Y A s I R
(]
» Including EHE result (2.8 0): 4.10 §
@ 10°
» A posteriori (including two PeV &
events): 4.80 g 0
» Atmospheric muons are largely .
reduced 10
» Data and MC agree well at low 10" [ | —
charge | _
102 _________ NN RS f
1u-3 IR S

10* 10°
Total Collected PMT Charge (Photoelectrons)
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B Coordinate of the first detected light

» Uniformly distributed

| | . N | |
100 HceCube Preliminary _
®
E ' ¢ °
E 200 | . . -
c ) [ ]
o o® b
D i o 8 i
g 0 1
w©
Dust Layer
'% -200 IOt A .
> ¢ o
400 ) o’ d
- L ® —
L ]
? .I * I I ® I
0 2002 3002 4002 5002
r* (m?)
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B Declination vs deposited energy

» 21 showers vs 7 tracks
Suggesting signals.

» |In case of conventional

atmospheric: sok " ‘Showers e
track : cascade = 2:1 60 L Tracks F<— |
» Most of events come from 'g 40 L % 7 |
southern sky because events 5
from north are absorbedby & 29T i
the Earth c OF %¥%% .
> Excessinsouthisnotdueto £ 20[* % % + 4]
atm. v since they are reduced 8 -40 | -
in south by our muonveto  © | f % Ff f* 1
» low energy 4 tracks look 80 | .f 4
atmospheric origin (consistent - 102 ' ' '103

with the prediction of 6 3.4) ,
Deposited EM-Equivalent Energy in Detector (TeV)

» Neutrino energy for track
events can be very high
compared to the deposited
energy
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K. Mase

HESE GRB correlation

Bert (1.04 PeV)
74.304 s after GRB
Investigated correlation between Spatial PDF 9.8 deg. apart

HESE events and GRBs
Model independent (10s to 15 days) r
568 GRBs

“Best” time window: 80340 s (~ 22.3
hours)

“Best” pre-trial p-value: 17%

: , . A (\a( Oscar (63.2 TeV)
Post-trial p-value: 77% ?(e\\(’(\\ O e
Not significant Spatial PDF 22.9 deg. apart

2014. 08.06, Summer School 2014 123



	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15
	スライド番号 16
	スライド番号 17
	スライド番号 18
	スライド番号 19
	スライド番号 20
	スライド番号 21
	スライド番号 22
	Leaky box model
	Gyro-radius
	スライド番号 25
	スライド番号 26
	スライド番号 27
	スライド番号 28
	スライド番号 29
	スライド番号 30
	スライド番号 31
	スライド番号 32
	スライド番号 33
	スライド番号 34
	スライド番号 35
	スライド番号 36
	スライド番号 37
	スライド番号 38
	スライド番号 39
	スライド番号 40
	スライド番号 41
	スライド番号 42
	スライド番号 43
	スライド番号 44
	スライド番号 45
	スライド番号 46
	スライド番号 47
	スライド番号 48
	スライド番号 49
	スライド番号 50
	スライド番号 51
	スライド番号 52
	スライド番号 53
	スライド番号 54
	スライド番号 55
	スライド番号 56
	スライド番号 57
	スライド番号 58
	スライド番号 59
	スライド番号 60
	スライド番号 61
	スライド番号 62
	スライド番号 63
	スライド番号 64
	スライド番号 65
	スライド番号 66
	スライド番号 67
	スライド番号 68
	スライド番号 69
	スライド番号 70
	スライド番号 71
	スライド番号 72
	スライド番号 73
	スライド番号 74
	スライド番号 75
	スライド番号 76
	スライド番号 77
	スライド番号 78
	スライド番号 79
	スライド番号 80
	スライド番号 81
	スライド番号 82
	スライド番号 83
	スライド番号 84
	スライド番号 85
	スライド番号 86
	スライド番号 87
	スライド番号 88
	スライド番号 89
	スライド番号 90
	スライド番号 91
	スライド番号 92
	スライド番号 93
	スライド番号 94
	スライド番号 95
	スライド番号 96
	スライド番号 97
	スライド番号 98
	スライド番号 99
	 Dark matter search from Sun
	スライド番号 101
	スライド番号 102
	スライド番号 103
	スライド番号 104
	スライド番号 105
	スライド番号 106
	スライド番号 107
	スライド番号 108
	スライド番号 109
	スライド番号 110
	スライド番号 111
	スライド番号 112
	スライド番号 113
	スライド番号 114
	スライド番号 115
	スライド番号 116
	スライド番号 117
	スライド番号 118
	スライド番号 119
	スライド番号 120
	スライド番号 121
	スライド番号 122
	スライド番号 123

