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Imaging Multi-Astroparticles
with NTA

Clear Identification of Astroparticle Emitters
& Astro Beam Particle Physics

* - Air—shower imaging telescope for SubPeV-EeV v & vy with
summit array
Multi-messenger Astronomy Workshop
» [ACT-lilke resolution (< 0.2° ) covering large FOV (> 7 sr) and
watching huge air-mass. 2017.03.02 ICHA Chiba Univ.

e Simultaneous Obs. SubPeV-EeV v, v, and CR hadrons both Makoto Sasaki
with air Cheren. and fluores. )
(NTA Int. Promotion WG)

+Near future, it will be the most sensitive and precise v detector.
The first subPeV-EeV wide E-range vy —ray imaging telescope.
M. Sasaki, Imaging Multi-Astroparticles with NTA March 2, 2017 1



NTTAL

Short History Toward PeV—EeV Neutrlnos'

o ‘3/1 o il Ver ﬂEnergy (
R AL M? Part Gle Astronom?f

Worksh@p ;
_‘_Jan 7% 20-1res-

Very High Energy Particle Astronomy Workshop

2013: NTA Lol: by Sasaki & Hou

2014: VHEPAZ2014 @ Kashiwa
IAC: A.Watson,F.Halzen, T.Kifune

2015: VHEPA2015 @ Taipei

IAC: A.Watson,F.Halzen, T.Kifune

2015: NTA Forum @ ICRC2015 Hague

Kampert, Sokolsky, Watson, Kifune
Hou/Sasaki + several young persons

2016: VHEPA2016 @ Honolulu, Jan.7-9&, 74

Set up NTA (PWG)

Halzen (UWM) , Browder (UHM), Hou(NTU),
Mussa(INF), Ogawa(Toho), Sasaki(UT-ICRR)...
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NTTAL

Detect All VHE Particles

Origin of p accelerator:

p acceleration -> observed CR flux

py—= A=t bt =211

el _ _
py— A —pr n+rt = peve + e v, Vply

v from pp follows CR—p spectrum
E,~1/20E,
GeV-PeV vy cascade baund for v

M. Sasaki, Imaging Multi-Astroparticles with NTA

Modified /from F. Halzen, VHEPA2016

Detect All of them even if transient (time domain <1s)
= Imaging AS in wide FOV at same time => NTA

March 2, 2017 3



NTTAL

NTA v 102
Fluo.&
NTAy Cheren10?

Fluo.

Observable
Energy & Distance

NTA v => source flux 9
10

NTA vy => propagated flux (cascaded)

« Source location & mechanism

* Probing media & particle physics
1) Source physics mechanism: py or pp ?

2) CR high-end cut-off: GZK or composition?

highest observed y energy
3) “Highest Energy y-ray physics”: NTA y galaxy
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Search for highest E y-ray in the Universe Cheren, Jocalgroup g
interaction with BG photons nearby clusters I
4) Dark matter:
5) Search for non-standard physics:
Lorentz invariance violation 107 10" 1 10 10 100 10'  10°

Extra Dimension

Observable Distance [Mpc]

6) Transient objects:
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1) Regular shower initiated
by proton

== - EM component ﬁr - first interaction O - lepton tau decay

N@A 2) Inclined regular shower

initiated by proton h

Image v & y Air-showers

Earth-skimming tau neutrino (ES-v,)

E,>10 PeV

10-100 times higher sensitivity
than IceCube

but Ljecey = 49m (E./PeV)

Deep penetrating e & tau neutrino (DP—vQJ

0.3 PeV< E, <10 PeV Ashra NTA
Compensate ES-v_ Summit Array
Realize cross obs. with IceCube

-> Complementary mutual confirm.
Interestign (anti-) electron neutrinos

AS from y’s and CR-hadrons

Counter part obj. & AS develop. Mauna Loa on Hawaii Isl.

->p /vy separation
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NUE A Mauna Loa

one of the best sites for imaging astroparticles

The largest subaerial volcano in both mass and volume, Mauna Loa has
historically been considered the largest volcano on Earth. It is an active shield

volcano with relatively gentle slopes, with a volume estimated at approximately
18,000 cubic miles (75,000 km3). [en.wikipedia.org/wiki/Mauna_Loai]




NTA Stereo Obs. ES Tau Showers

—

Mauna Loa Site 2 A

Mauna Loa slope ' - =

Mauna Loa Site 2
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Summit Array Baseline Design

4 Stations () at 3000-3500m asl. on Mauna Loa

9 detector units / 1 station

30° (65° -95° ),

Zenith angle =

Azimuth angle = 240° with 9 detector units

— Stereo obs. at almost all azimuth angles

Nothernmost station = Ashra-1 Mauna Loa Site

M. Sasaki, Imaging Multi

NTA Detector Unit = Multi-Tel.

with 4 LCs

Ashra-1 X 1.5 scaled-up
+ same trigger & readout

Light Collector (LC)
Optics with ¢1.5m pupil

FOV 30° =focal sphere $50cm

Detector Unit (DU)
4 LCs watch same FOV

Coadded 4 images

= Effective pupil = $3m
_ = Easy to reject CR-n

Topographic map implemented in NTA simulation

Hawaii Is.

Mauna Kea

. Hualalai

=
Enhance sensitivity ~PeV

More air-mass can be used
Better multi-static ratio
Better environ. Condition

-

e old layout design
“surrounded-by-mtn’s

2.9
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NTA FOV and Exposure

FOV for fluo.

Y-rays and Nucleons

s | Hawaii
s

£ FOVfor J
‘ /’ f r A i
- 'Fiarth %klmmlng V: o )

Jlllllll

\\I‘lllf " 4

/

Galactlc

M. Sasaki, Imaging Multi-Astroparticles with NTA

Only highest energy events are shown.

Most of these events are of astrophysical origin.

http://icecube.wisc.edu/news/view/348

squatorial
HESE track (3yrs) HESE cascade (3yrs)

Cascade resolution 10-15°
Muon resolution 0.5°

- mainly Southern hemisphere
- only Northern hemisphere

Latitude | Zenith

Detector

KASCADE
EAS-TOP
GAMMA
UMC
CASA-MIA
Tibet

NTAY
HAWC
GRAPES-3
IceTop

o
Z

nwZz2zZzz=2=2Z222z222
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2005 £ R E15
2007 (8 ZERTT

Ashra< A7 AR T—3Y

Observation — 1 : 200886 H28H — 200946 A5H
Observation — 2 : 2009%E108B7H - 201151 8H4H
Observation — 3 : 201281 H11H - 201383825




N@Z& Detection Mechanism

Earth-Skimming v, Method

o

®
“' . s
- o
Acceleration Mechanism  «

t© Decay: Air Shower
- ns Cherenkov

NuTel went on a
shoestring budget
since 2004 ...

16 DCM boards
(512 chanr

MAPMT
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NTA\  Ashra-1 Detector Unit System
as NTA baseline design

Photo-electricImage Pipeline:

CMOS Fine Sensor:

4.2 Mpix / 64x64 cells
-~ Local exp. & read out
- _ ->Good SNR for fluo.

20inch Image Intensifier:
‘ Focus & intensify with electrons

m Hybridized light and electrons ~ *"%¥ el
. ‘ ->42deg FOV & arcmin reso. Trigger Sensors & Circuits:

' 8 b S— " FOP bundle transmit coarse image
Ashra-1 Light Collector: L- | . . . Coupling and splitting light
L

- $1.2m pupil: 3 collecter lenses -> Detect both Cherenkov & fluo.

®2.3m mirror: 7 segments
FOP bundle Transmittance System:

Transfer light images but not electric current.
« simultaneous Cher. & fluo. Trigger
« affordable reduction of pixel cost

M. Sasaki, Imaging Multi-Astroparticles with NTA March 2, 2017 12



NTTAL

NTA White Paper describes the cost performance evaluations
of options. The TDR will fix the unique design of NTA.

M. Sasaki, Imaging Multi-Astroparticles with NTA March 2, 2017 13



N@ 2-3 arcmin. Resol. Over 42deg FOV with Ashra-1 LC

12Mag./1s
exposure
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N@Z& Real Shower Images

RO000847/E075258 120328 UT 13:30:44.356585

Nyi=2, N =6.5x10°
(wid,len)=(0.34,1.76)[deg]

200 300 400 500 600 700 800
X [pix]

* Al AS images -> Hillas image parameters, i.e. Width, Length, ...

« Same threshold and cluster cuts are applied as v_ search.
M. Sasaki, Imagl O VIOt 7otopa Co UV ‘Ewa vict




Cosmic Ray
showers

Hawaii Island

Mauna Loa

Altitude (km)

» Shielding BG

10 20 30
Horizontal Distance (km)

> Ashra-1 already demonstrated this mehod (APJ 736 L12; Astropart. Phys. 41 (2013) 7)!

[HE ASTROPHYSICAL JOURNAL LETTERS, 736:L12 (5pp), 201 1 July 20 doi: 10.1088/2041-8205/736/1/L.12

2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

OBSERVATIONAL SEARCH FOR PeV-EeV TAU NEUTRINO FROM GRBO81203A
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ABSTRACT
arch for tau ncumnoi(u r) fmm gamma- rly hursls(GRBs} using one of the Ashra
light collectors. The . 2 et was applicd as a detection
nnllmd We set stringent uppc.r !mnts on lln. v llun,nu. in P‘.V Ec..V region for 3780 s (between 2.83 and 1.78 hr
betore) and another ’JSU s (between 21.2 and 22.2 hr after) bmmundmu GRBOS1203A triggered by the Swift
satellite. This first search for PeV—EeV v, complements other experimems in energy range :md mmhndo]ng): and
suggests the prologue of “multi-particle astronomy” with a precise determination of time and location.

We report the first observationa 1[ 3
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NYTA\  Simulated Images of ES-v, Air-showers

Ashra-1 :“;L:

NTA

light gather. eff. = 10 x Ashra-1
= Triggerable enough @ 1PeV

E,=10""ev,
Ny, = 1102,

E =10"%% eV,

Rp= 794.1m

= 1016.4 eV
shower

ves
--....- P
EEEiiii {eeses
—
XY

0.1 25&&; pIX

M. Sasaki, Imaging Multi-Astroparticles with NTA
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NTA Simulated Event

Central (Site0): Fluorescence

Zil AN
/ ) p
7 ALY TS 4 WD 2 A\ N
A L I\
& = = 7

R00264/E00008: E,=10""%eV, E =10"%V,E__ =10"""eV
T show
Elevation=-2.5% Azimuth= 25.2°

# old station layout

Mauna Kea (Site2): Fluorescence
77 TTLF

Simple Fit => Pointing Accuracy

Site0 + Site1: |89 = (0.007° |

Even a low photon-stat. event has good point-back resolution.
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T Propagation
In Rock

Can point back to Pevatron
within 0.1 arcmin with ES-v_

'GsLd rock [ 10_6 Cﬂla/g]

a
g

o

1PV

F, [GeV]

M. Sasaki, Imaging Multi-Astroparticles with NTA
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Y. Asaoka and M. Sasaki, Astropart. Phys. 41, 7 (2013).

GEANTA4 (All processes except photonuclear)

From right to left
E.=10* GeV

100 TeV B l( 10* GeV

10" GeV
— E, =107 GeV

E.~10" GeV

o, AT BT ST
-1
10

'-lll]lIlllllllllllllllllllllllll]ll

107

g

ALLM reproduced (Photonuciear only)
From right to left
E =10* GeV
— E 10* GeV

100 TeV ——Eoio o

— E =107 GeV

E =10 GeVv

IS

10°




NTA Reconstructed Angular Resolution

Y. Asaoka & M. Sasaki, Astropart. Phys. 41 (2013) 7-16 M. Sasaki & G. Hou, NTA LOI
Cerenkov mono. uorescence

- N,.=5.0x10? Combined
Ia = 0.16 [deg] |

)
o
N
N

-_
o
=

J

—

o

=
o
—

Number of Events
o
o

+ Shower axis

'

Multistatic Ratio

o
o
o

o
3

(o))
®
S
c
O
=
=)
o}
140 %

n'd
-
o
S
(e))
c
<

—

v

Y
) v

Detector-shower
Plane

T 1 | 1 1 | 1T 1 | 1T 1 | T 1 | T 1
4—

Lol -"'I:.-llllllllllllllIILIJ..'I'-l.II.-I—d-I|IIl o |11

0.8 -06 -04-02 0 0.2 04 0.6 0.8 15.5 16
i # old station layout

= Point-back resolution < 0.2 deg. 4
I.e. Cherenkov monostatic case Shower axis **NITA Station
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ES+DP-v Sensitivities

9=-2 (DPv,)
0= 0 (DP, )

'

O

O 6=5 (DPv,)
V 6=10 (0P,
NE 15°(DPv )
0 0=20 (DPw, )
§HN DPv, Ave, %5
— ES-\;t + 0P,

Log Effective Area [m?]

Tau decay length proglem for ES-v_is
recovered at E, =300 TeV - 10 PeV

Note)

DP-v,, not yet implemented in the simulation.

Definition of A :

N _(D Aeff QFOV Tobs

evt

M. Sasaki, Imaging Multi-Astroparticles with NTA

9= -2 (ESv) Preliminary
9= 5 (ESv)
=10 (ES)
9=-20 (ESv.)
9=-30 (ESv,
ES-v. Ave. 30

lceCube-86 Muon SP
lceCube Gen2 (3 flavor sum)
ARA-100 (3 flavor sum)
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GlashowZLAE;
v,e T ->W—-X @ E=6.3PeV

= AEE \REr70%. L7 h30%
WBHE AR E IceCube T3, 44/4 Hif%F

NTA DP- v, ZZX> ¥V —CRE
DPCIIEIE v, DA, 7L — S BG72L
ESHANTRLEF—RELR S

Ve e->W->X

10

6 8
log, , (E /GeV)
M. Sasaki, Imaging Multi-Astroparticles with NTA

Number of events per year

Number of events per year

3858 Total events from all flavours

D v, CC events

v, CC events

NC events from all flavours
- Glashow resonance events

0.0
59 60 6.1 62 63 64 65 66 6.7 6.8 69 7.0 7.1

Logm(ElGeV)

Total events from all flavours
v, CC events

v CC events

NC events from all flavours

Glashow resonance events

0.0
59 60 6.1 6.2 63 64 65 6.6 67 6.8 69 70 7.1
Logm(E | GeV)
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NTTAL

Diffuse v Sensitivities

[GeV cm?s'sr ]
¥ 9

E? Flux
o
&

Best sensitivity above 1PeV but
suffered by the duty factor (15%)

—
<
~

NTA FOV is nearly horizontal
— Possible obs. under the Moon

(Moon Run)

After successful R&D
duty factor 15% => 30%

M. Sasaki, Imaging Multi-Astroparticles with NTA

—— Auger2015 9yr (x3)
~+4— |ceCube2015 6yr
—— ANITA2010
—=— RICE2012

WB Limit
== NTA 6yr(15%) (x3)

Preliminary

lIceCube byr - . o
B "-_.:h . o

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IceCube ¥

Ahlers2010 (p,best)
Kotera2010 (p,FRIl)

10° 10" 10"
Neutrino Energy [GeV]
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N@A Q1: GZK effect or Exhausted Sources ?

maxium energy scenario

10%

- GZK suppression

work in
progress

srlyrl]

E’) |::\"' km™

6 : p directly

from source
b-&.i-?o mm e

l‘oglﬂ(E e\itI‘ [
EmaxP ~ |0|8'6 eV —>
EmaxFe = |020 eV

Of fundamental astrophysical importance:
Emax Of sources ? Standard Fermi acceleration ?
R — T——————E

Karl-Heinz Kampert, VHEPA2014
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Resolve “GZK Effect/Exhausted Source” Problem

[
I
(.
w
0
n
o
1
E
Q
T
&,
i
T
~
=
o
o
)

neutrinos cosmic rays

E * HiRes—|
F + HiRes—Il
[ & Auger (2008)

)
B

NTA v

pure proton, dip model
uniform
gm; "‘ \ E unitorm
———— GRBI \ F S
- I\ E o coeeeenes SFRI
[ ---- GRB

EY dN/dE [eV? m™ 57" 7]

o
N
L

r GRA2
P —e—- FRII

0 G L T T T T T T

180 185 19.0
log E [GeV]

Kotera, Allard & Olinto, JCAP 1010 (2010) 013.

Pure proton evolution, dip model

19.5
log E [eV]

20.0

20.5

8=t gr=Y

J [GeV em™*?

E?

neutrinos

106 107 108 10? 1010

E {(J‘p\" Ahler&Halzen (20

Ahler & Halzen (2012)

Composision dependence

Test the hypothesis by searching for the GZK-v flux
= NTA can rule it out completely

M. Sasaki, Imaging Multi-Astroparticles with NTA
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NTTAL

New y-ray Imaging Method with
PeV y-ray Air Fluorescence Light

Air depth 690g/cm? @ 3300m asl. ~

Air-shower X, = 600g/cm? atE, =1 PeV

=5

NTA can image X, 690g/cm? @

of PeV y-ray air-shower in the FOV. 3300m asl.

=>
NTA v effective area is equivalent to
an grand array detector at ~3000m asl.

with the area of RIO < 2km @ 1 PeV.

15km

/
—

~1000 photons

max
600g/cm?

N CORSIKA full

M. Sasaki, Imaging Multi-Astroparticles with NTA

1km
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Integrated y-ray Flux Sensitivities

Photon sensitivities (56, >10events)
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} PeV accelerator?

HESS Sgr A* 7 -ray
NTA y-ray Cherenkov spectrum
(1yr)

-
*Q
»

NTA y-ray fluorescenc’é‘u,‘
(1yr)

10
Log(E/(GeV))




NTTAL

Compact Star Clusters in GP 7 -
SNR y-ray &v Emissions e e mwo&m@ &

1o, 2o error circles from the center position of
the IceCube PeVv

Evoluting young SNR: T Y . T Lo
Westerlund 1 and HESS J1806-204 el N | Ko s Calactic

Colliding steller flow (CSF) model
Bykov et al., AIP Conference Proceedings 1792, 020003 (2017)

Flux [erg ecm™ s y

-20d30m00s

- O HESS J1806-204 ..

- 2 : . - - 3 4
18h10mo00s )
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NIIAL  Pevatron Candidate Sgr A*
Combined Observation of PeV v & y-ray

/
NTAv —7

Diffuse v from mole. cloud ? _.,’
| """.‘ /

[E—
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00.0 359.5
Galactic longitude (degrees)
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HESS Image GC (Nature 531, 476)
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Possible Confirmation with
NTA for HESS GC y-rays

[f NTA y confirm no cut-off below 100 PeV

— NTA must observe v flux from GC
NTA y confirm no cut-off below 100 PeV

and no v flux

=> Non-standard accel. scenario or

M. Sasaki, Imaging Multi-Astroparticles with NTA

o
|
0]

V)
|
L
€
o
:
E
-
X
5
=

E2 <

=
=

8L+« Model,difuss emission £ =

HESS GC
. Diffuse vy
i, < 10

i

1 PeV 100 PeV

] Difuse emission (x10)
== Model (et fl:difuse emission
= = Jlode difse emi

== = ode!: dffuss emission NTA can Observe V’S If

I s 750 y-ray cut-off energy higher

Energy, £ (TeV)
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Galactic Plane
TeV-PeV Diffuse y-rays
Hypernova

Galactic Plane:
~1200 SNRs
~201& Hypernova
IES VI AL F DIAE

supernova remnants (|b| <2°)

=2 FEﬂ i iféf & p p%Z iL= = hypernova remnants (|b| < 2°) .
H&‘%&Y%ﬁ%\,j&ﬁ& H:'l zﬁ/ﬂ;ﬁ ?g*f é jfbé diffuse cosmic rays (|b| < 2° *i-l-E

HiSCORE (Syrs, |b| < 2°)

TeV-PeV y-ray Observation: LHAASO (Iyt, |6 < 2°
GC (0=266.4" ,5=-28.9° ) HAWC (3yrs, [b] < 2°)
R CTA (100h, |b| < 2°)
GP (|b|<2” )
are not included in FOV efficiently
Powerful NTA y-ray imaging
observation with wide FOV

M. Sasaki, Imaging Multi-Astroparticles with NTA

PRD 90 (2014):023010

UMC (Jb| <

Milagro

Milagro (|¢

~

RN,
A LRy IR R E
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Complement IceCube:
* Methodology
* Energy

——#—— Ashra-1 Commissioning v, Sensitivity « Self-triqger for Tau Neutrino

— — NFCv  fluence
— IC-FCv, fluence

INEIVA GRB Neutrino Search Comparison

(Note) Evaluated with old detector layout

0. Auger, PRD 79 (2009) 102001

1. IceCube, Nature 484 (2012) 351

» IC40+IC59 stacked 117+181GRBs

* Very strong bias for time window (28s)
around Satellite Triggers to suppress
huge BG

2. Murase et al. ApJ 651 (2006) L5

* Nearby Low luminosity (LL) GRB (ex.
GRB 060218/SN 2006aj ) dominate total

T TR neutrino fluxes at Earth

L \z=1.00 » X or y Satellites cannot detect

10 107 10° T 3. Hummer et al. PRL 108 (2012) 231101
M (A"l ° Recalculated neutrino flux =>
Ashra Energy Region more important

NTA Survey Depth: z ~ 0.15 (600Mpc) for GRBv flux (by Hummer et al.)

E? x fluence [GeV ni?

NTA0,,,=-10deg

LIGOZE LD 7o 2Bl . «— NTAv GRBIERFEKITILIGOL KX EARAH
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Lorentz Invariance Violation

PeV-EeV v 2fif 2 IX A B A FEND

T s e N

= fthooki

= ATV HIANEIT

= IceCube PeV v 2>HH R 2

= BTRNVX—AIOBRE P HE

o ZERRIRIDEVIEE ~DHFIE
51]) PKS B1424-418 *HESE-35 PeVv —%( ?

= (v—)/c<0O(10)
= XIS RIEED—FDEHEE )N EE

= NTAv

M. Sasaki, Imaging Multi-Astroparticles with NTA

Relative flux times energy?

3.20

1.00 -

0.32

0.10

NASA: https://www.nasa.gov/feature/goddard/nasa-
goddard-scientist-gives-outlaw-particles-less-room-to-hide

Limits on Superluminal Neutrinos from IceCube Data

1 T 1 1 I T Ll Ll 1 I Ll 1 1 1 l 1 I 1 1 l T 1 1 T

Big Bird 2 PeV

Bert 1.0PeV
Ernie 1.1 PeV

Northern T
Hemisphere Potential cutoff

muon neutrinos Three to four events

expected here, Only
one possible event
has been reported
to date.

NTAZMERHHIINC
mta T CHRE
Theoretical curves for different

assumed values of a neutrino
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light speed X
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Extra Dimension Search
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Summary

M. Sasaki, Imaging Multi-Astroparticles with NTA

Open a new chapter of physics with NTA

v & vy telescope with < 0.2° resolution, > x sr FOV,
and high sensitivity in subPeV-EeV.

* v & ycross detection with IceCube around 1 PeV
* Check v &y wide range spectra in subPeV-EeV
* v & vysurvey of GP including GC

=> Clear ID of position and mechanism of Pevatrons

*  Search for v & y short burst with LIGO and others
=> Significant & complementary contributions to Time Domain Astronomy

=> NTA can also issue v & y burst alerts rapidly

*  Probing astroparticles propagating in BG photons
=> Solving out GZK-problem with testing diffuse-v flux

=> v & v combination to reveal BG photon density more precisely

*  Probing non-standard physics at energy frontier
=> Highest energy v particle physics
Extra dimension, Lorentz invariance violation, ...
=> Highest energy y-ray observation
New “Super-Cutoff Problem” a la Super-GZK

Toward Comprehensive Understandings for VHE Particle Universe
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