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Neutrino astronomy

Unique abilities of cosmic neutrinos:
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no deflection in magnetic fields
o (unlike cosmic rays)

source

| coincident with
magnetic . .
deflection photons and gravitational waves

no absorption in cosmic backgrounds
(unlike gamma-rays)

smoking-gun of
unknown sources of cosmic rays

BUT, very difficult to detect!

Slide from Markus Ahlers



lceCube experiment

Neutrino telescope operated in Antarctica

IceCube Lab |
e~ IceTo
:\—'-’§~ﬂ: i = __— 81 Stati%ns 60 DOMs

o R A 324 opticalgensors on each

1450 m

Digital Optical

a
2450 m |_L -2 MOdUI (DOM)
2820 m ';;;‘:\ 7
- 5160 optical modules are deployed in ice 1 ki |
* Cherenkov light from charged particles produced by m/

neutrino interaction is detected by DOM Bl



Event topology of neutrino signal 4

cascade “Track-like” “Double-bang”
Vo+ N-oe+ X vVp+N—->e+ X V,+ N->1+X
v+ N-ov+X o Ldecay
or/E ~ 15% og/E ~ 25% Flight length ~ 50 m/PeV

High tracking resolution is important for the follow-up.
- Use the track type events for generating alert signals.



Diffuse neutrino flux 5

() upgoing tracks
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€ Consistent with isotropic distribution

®E2p% €[107°,1077] GeVecm ?s 1sr™1
» A: a source of CR is common between y and v
» B: a source of CR is common between UHE and v

Where is the origin of high energy v?



Tension in low energy v flux
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€@ Combined analysis of low energy

(10 TeV -100 TeV) neutrino

o

== (Conv. atmospheric v

Atmospheric p

=== Prompt atmospheric » (90% C.L.) MC sum
m— Astrophysical v ¢ Data
APJ 809 98 2015
: Tt T
100 —]L()S(Z(Illth) < (] 2f
10 .
1 |
0.1 :
L Coow ol L L
K 4 5
10° 10 10°
Deposited energy [GeV]
Parameter Best Fit 068% C.L. 90% C.L.
Deony 1.10 0.94-1.31 0.87-1.49
orompt 0.00 0.00-1.04 0.00-2.11
) 6.7 5.5-7.8 4.6-8.6
4 2.50 2.41-2.59 2.35-2.65

E~ 25
=2 >< 1077 GeV cm™2s 1sr~1

@ If v source is transparent to y ray, there is a 2-30 tension from
the theoretical estimate based on Fermi y ray survey

-> implication of some accelerators opaque to y




Galactic origin of neutrinos?

107
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Figure 1. Neutrino flux per unit of solid angle of the KRA? model (Gaggero
et al. 2015a), shown as a function of direction in equatorial coordinates
(Hammer projection).
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The contribution of the galactic diffuse v does not
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explain the observation of the IceCube.
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Science 361, eaat1378 (2018)
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EHE-170922A

An alert issued when an “extremely high energy” event is observed.
Chiba University lead this development.

Event observed at 23nd Sept 2017 5:54:30 JST
- Issued an alert 43 seconds later

Kanata Telescope followed up it and found a “blazer” TXS 0506+056 showed an increase of
luminosity. Fermi/MAGIC confirmed an increase of y ray activity as well. 8



Scenario of blazar

Ap) 835 45 (2017)

2LAC Blazar Upper Limit

| — [ = —2.2.FE, > 10 TeV

: - il%tlc:']“;lnw«lcal Dlﬂuse Flux

| — D = ~25,5, > 10 TeV [ i o -weighting

T A T—TT=TTTTT

= = equal weighting

Neutrino Energy

Fermi-LAT AGN catalog

N R T Ty T T

oo
[GeV]

O Analysis of the significance of neutrino flux to every location of

Fermi catalog = Blazar contribution was up to 27%.

Blazer is not a majority of the mothers of v



Correlation with TDE

Stein, R., Velzen, S.v., Kowalski, M. et al. Nature Astronomy 5, 510 (2021)

supper massive
black hole
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tidal disruption event (TDE).

€ Chance coincidence 0.5%
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- Stay tuned for this new candidate.



Parameter space of 11

the neutrino source objects
Ng: density

N,ps X NglL L
obs = TR0V I - luminosity

L]
Steady source Transient source
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Orange band represents experimental constraint based on “Diffuse v,,“ flux.



Where is the origin of neutrinos?

(1) GZK neutrino is not the observed in EHE events prL 117, 241101 (2016)

YcmB D
(2) Blazers do not explain all the neutrino flux
(based on study of the correlation with Fermi Catalog) ApJ 835 45 (2017) p
—
Experimentally easy to find but NOT majority T /
/l
Vezk

3 No significant
correlation between
£ GRB and IceCube data

,,% %5 Apl 843 112 (2017)

o B ﬁif’i
L3 %* (3 Gamma Ray Burst

Next candidates would be in the class of “low luminosity but majority”

Supernovae, Hypernovae, etc..
Emits optical photons = Multi messenger astronomy with optical telescopes.



Neutrino alert program 13

South pole University of Madison

: r::hli {H-( |

S B5 : old” alert #

| R | _ Alert filters ) » |

JETRE L event filter |

: Eas » “Bronze” alert »

R S T ' distributes
to world

Neutrino event, detected by IceCube, is IceCube R

processed on site, and sent the N

: . . ) &

information of direction, time, VvV 5=

significance etc
to other telescopes.

The latency is within a few minutes



Neutrino alerts (HESE & EHE (red) /

Current alert
programs
€ EHE (Extremely high energy) B

» Require large photons: Np > 4000

Event 134139/35473336-0

Time 2020-05-30 07:54:29 UTC

Duration 2043557 1S 17777 *‘Tr . T T
{11 l | 1] |

€ HESE (High energy starting event) AN TR
» Use outer region of IceCube detector | W R gt
as veto to enhance purity

€ GFU (Gamma-ray follow up)
» Limit the FoV to the predefined directions

€ OFU (Optical follow up)
> Private alert
» Detect coincident hits within AT < 100 s

» Opens longer timing window



Development of optical alert
using “multiplet” signal

Strategy

Issue a public alert to optical telescopes when

lceCube observes N = 2 coincident signals e e e e o

(multiplet) in the limited timing window AT,
and opening angle 1.

41d?

Why multiplet? X Detection efficiency «
PVA

Prob. detected as Singlet o< d 2
Prob. detected as Multiplet oc d 2V

V

Proper
distance d

- Multiplet signal picks up
neutrinos from nearby objects

(7]

| o = N W pp OO N
MAGIC significance

15



Why multiplet? 16

N. Yasuda, et al. AplS, 71, 74 (2019). . From M. Tanaka (TOhOkU)
40t 100 T T T T
omo- E ZTF
3.5 0.08 - Lasill . 5353)
N Ng 10 F crrs 8 .. .ps DECam _
B25 we 2 o . z— -
! g 5 Tp=======-~ gl)'55--EFHT---I :
® 2.0 oy — 1 ]
a 0.04 T > 1]
o i ]
1.0F 0.02 E 0 01 ~ 8-10m ]
L - ~ .
0.5 ~ imz H E
152.0 151.5 151.0 150.5 150.0 149.5 149.0 148 0.00 0.001 1 1 m 1 1 1 1 1 I .I
.R'A' (deg) _ \ ) . 18 19 20 21 22 23 24 25 26 27
Red: transient objects Field of view by shalower  Limiting magnitude  Deeper
(mostly SNe) Subaru (1.8 deg?)

Wide field of view & large depth mean large BGs

With magnitude brighter than 26 (z~1, d=7 Gpc),
0(10) SNe —> Too many optical counterparts
deg?- 20 days in the distant universe!

rate/density of SNe =

Even if we observe a true astrophysical neutrino signal and found a transient source,
chance coincidence of other SNe degrades the significance.

To claim a significance large enough, we focus only on close objects z <« 1.



Strategy to identify v source 17

M. G. Aartsen et al, A&A 607, A115 (2017)
1.0y T—TT=T"TTTT] —TTTTTTT
— =3 v detected
— 2 v detected

— 1 udetected |ofie fd

Under the assumption of ny = 10‘6Mpc_3 yr_l,

o
)
I

Doublet 2 ~200 Mpc

o
o
T

o
=
T

~ Singlet 2 ~ 3 Gpc

cumulative fraction of sources

=}
N
I

°
o

107 10 10t
redshift of neutrino source Z

Vv source Chance coincidence

100 |I T T T T T
Stra tegy F Neutrino Multiplet pources 1.0000e+49 erg 3.0000e-06 /Mpc3Yr

. . . . Supernova 1.299;04 /Mpc3 yr
Choose the closest object in the field of view.

N\ //\

N

1072

> Zx\__\_l‘
-a -_-_—"—‘-—-
c 107
Difference in z distribution is 3
expected between v source .8' )
and BG. a l 7
Fo‘rl=1 deg?

Red Shift



Distribution of the multiplet events 18

10% of 2016-2021 data

Only 10% of data (“burn” sample)
can be compared to simulation.

Dec [deg]
N
T

PRI PRI I PR T I L4y ==
=50 0 50 100 150
RA [deq]

Condition: AT < 30 days & < 1°

ol I B
-150 -100

For the two tracks, determine the

Difference of the reconstructed direction from true

0.10 /f 1.0 direction of source as:
c
< 08 S 5 ny/of +ny/o;
= 0.6 4= -
006 v 1/0f +1/0%
£0.04 04§
= 0.05 ., E 0:energy dependent tracking resolution
il @]
0.00 v — oo =2 Tracking resolution of

0.00 0.25 050 075 1.00 125 150 175 2.00

y [deg] “doublet” is ~ 0.4° at 1o CL.



Comparison of the distributions 19

L. mmm Atmos. + Atmos.
Si i
SNR = 9 wmssm Atmos. + Diffuse

Energy Y (opening angle) Lpc ™= Diffuse + Diffuse

Distribution of Energy Distribution of Ay [1/deg] Distribution of SNR
[ MC (atmos+atmos)

10° 10* o
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1072
10°
1073 ‘
2 3 4 5 6 7 8 0 1 2 3 4 5 -5 —4 -3 -2 -1 0 1 2
log10(Energy/GeV) Ay [1/deg] log10(SNR)
5 SNR values (cosf = — 0.15) 10°
The MC simulation of atmospheric neutrinos , 107
well reproduce the experimental distribution. :?D.IG 10!
% 10°
. o> -1
To keep the false alarm rate < O(1) in ayear due 3 1
to BGs, the SNR needs to be higher than ~10. 3 o
— 3 10—3
104

3 4 5 6
log10(Energyl/GeV)



Sensitivity for five year’s statistics 20

1071

0 # of multiplets in
AT =30dand AQ =1°%x1°

—
-
w

|
+ 105

10-6

5
b 1073
Q.
s
= | Py
©
& 107
2 Achievable sensitivity
@ with 5-year data
- correspondsto N = 107

10 10%7 10%® 10%° 10%° 105! 1052 1053
Neutrino Energy [erg]

For the essential improvement, x 10 is necessary to open the parameter space.



Future upgrades 21

IceCube-Gen2 (planned 2026-)

IceCube (2005-) Optimized for
IceCube Upgrade Optimized for + Cosmic neutrino point sources
(planned 2023-) + Diffuse high energy cosmic neutrinos
Optimized for
¢« GeV neutr]i'nos" """"" 60 DOMS PPPPPPPP HV Divider
« Calibratit - asher
Ca xbrgt c.>n on each fwsion
l L trin Mali::grard /'/v ,v
; ' string W, b |
) Mu-metal 1
== ?rid
° Delay 4
=\
100m 7 . A : . s
inner fiducial volume 2.2Mega-ton 1 ’i“ cetube-en Sslgig;l-‘t':f\’!‘ DL o g gel
.. .o .0
lceCube  DeepCore  Upgrade Nan 2m A%

Instrumented Depth

Digital Optical
Module (DOM)

IceCube Upgrade for Gen-1

® Deploy ~ 700 new optical modules from 2023

IceCube Gen-2
® Deploy 0(10,000) new optical modules from 2027



New optical modules for Gen2 22

Requirements of new optical modules e e e
1.5 ‘,.,.'....
@®Volume of Gen2 > x 8 0] L h it
@ Sparse layout: 125 m = 240 m g %] elenlo
> low cost per optical sensitivity B IR
—0.5+ o.. . ..o.aia,-:x
l l -1.0- .- .. .. . :. L
Reduce a diameter to House as many —13] e is _10 :d_;ecu;:e:enzgf:iminalfo
save cost of drilling PMTs as possible X tkm]

107—%\ Long optical module (LOM)

(D Use a low noise elongated
glass vessel.

(2) House 18 four inch PMTs.

(3 Adopt a “gel pad” to efficiently
lead photons to PMTs

" 33em | " 30cm
Genl DOM D-Egg




The performance Of the LOM Geant4 internal

Effective area vs zenith angle (0.25 PE)

— Genl-DOM
= DEgg

=
o N
o o

N
v O

Effective Area [cm?]
~J
wn

IO
—
o

-0.5 0.0 05 1.0
cosf
The detailed Geant4 study suggests

X 3.6 improvement from the Genl
optical module.




Long Optical Module (LOM) 24

2. A gel pad to improve the
photon collection efficiency

[ R
S

o
QE for 459nm (%)

e =
S o

—50 0 50

X position (mm) ,
QE vs position

1. A newly developed 4-inch PMTs

3. wuBase

a new board which digitizes

signal on base (w/ small power 4. A new extremely low noise
consumption of 145 mW/PMT) pressure-resistant glass

The development of key components have been already established.



Summary

[ Shimizu started working in a new world
@ L ALSKBBEWL £,

[ IceCube has been measuring v flux

® |ow energy (10 TeV-100 TeV) neutrinos do not accomodate with y ray
spectrum if their source is transparent to y

® the source of high energy v does not seem to be galactic origin

® blazars were identified with one of their origins, but do not explain all of
the contributions (up to 30 %)

® The correlation with TDE looks interesting.

[0 Multi-messenger astronomy is important to identify
the source of cosmic rays

® to open new parameter space, new neutrino alert is being developed
where the signature of signal is multiplet.

1 Development of the new optical sensor LOM is ongoing.



Backup

26



Reconstruction of track
®Energy

—> adopts an energy deposit of u as a proxy of neutrino energy

& number of photon

Use a “truncated” energy, where too high outliers of
dE /dx are removed and decrease fluctuation of (dE /dx)

indirect hit
S SO ——u

“direct”
hits @
‘ Direction Resolution vs energy
» Single Photo Electron (SPE) fit 1.50
- uses information of direct hits 1.25-
['SPE = P(tobs - texpected) §‘ 1.00, SPE flt
1st hits % 0.75-
» Multi Photo Electron (MPE) fit 0.501 MPE fit
- uses information of multiple hits 0.25 !
LMPE — 1_[ P(tobs — texpected) 0.003 3 4 5 6 7 8

1st Nhits Logl0(Energy/GeV)



Calculation of z-likelihood  Fieofview rov

choose

Using the evaluated A.¢(E), z distribution the smallest z

of neutrino sources is calculated.
M = number

1 dN(n=2) of observation

N(n=2) dz

p.d.f of z for a neutrino source: S(z) =

2 M-1
p.d.f of z for a chance coincidence: B(z) = Mpqy(2) [1 — j pSN(Z')dz']
0

f

V source chance coincidence z density of supernovae

: A
102 ] . . . . .
T Fov=5 deg? Apparent difference in z distribution
101 FaV/=1.dec2. FOV=0.5 degz
> § /‘ ‘\ 1 UV L Cs .
£ :\/ >%_,,,_---- TN Current strategy is to repeat the
v 1; //#" ) ™ . .
s ;/\ - AN follow up observation several times.
T ]/ \ \
= 10 /
o 1072 // \Af\-_____ \ >
o \ T The tendency of z distribution may
107 \ reveal new type of neutrino sources.

—‘4 L 111 L 111 L 111 | | IRl 1 | L 111 L 111 L 111 L1
10707005 0.1 0.15 0.2 025 0.3 035 0.4 045
z parameter



Multi-messenger astronomy 29

Astrophysical events produce Neutrinos less interacts with particles
various types of “messengers” when they move through the space.

Birth General picture for

supernovae

o s extragalactic cosmic rays
black hole
AGN

"Cosmic rays Neutrinos

radioactive decay
spallation

charged particle ¥ .~

" b1t .
Propagation *.

magnetic fields
interactions

Detection

Galactic
deflection ~
magnetic field
interactions

.Phot‘ons’ '

Follow-up detections of IC170922 based on public telegrams

& &8
' 2 When a telescope observes a notable
lceCube Swift Fermi, ASAS-SN event, issue an alert to other te|esc0pes

September 22 September 26 September 28

aga; R s and see what happens in that direction.

Follow-up observation

SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 g October 4 September 29

) Neutrinos are believed to be one of
ay £H b the earliest “messenger”.

Kanata, NuSTAR VLA Subaru
October 12 October 17 October 25




Optimization of sensitivity 30

For a given flux of transit source of v, ¢ (L, ), the averaged number of events from the
point source is

T: length of timing window,
AQ): acceptable solid angle,
A: Effective area

Hps = TAQA ¢

Then, the total number of sources, which can be observed as multiplet is
Nmultilet (1 no T) = AQ j dV ny(1+ 2)3 P(n = 2|u = ups)

where n; is a density of the transit sources.

BGs due to diffuse singlet sources and atmospheric muon, can be evaluated as
NBG(L,,ny,T). For a given L, ngy, we maximize N™uitivtet ) yBG,

TABLE 1. Characteristic parameters of the candidate sources of UHECRs and high-energy neutrinos. PRD 102, 083023 (2020)

HL GRB LL GRB Newborn magnetar Jetted TDEs Blazar Flarcs Jetted AGN
L? [Cl‘g s~ 1 ] 1 []5 1-53 1 046—48 1 (]—'1-2——'1-4 1 045—48 1(]45—48 | 043—48
r 100-1000 2-30 ? 3-100 3-100

3-100
p [Gpe™ yr1] 0.1-1 1001000 IR TRTATRTETR AV 100-1000

AT [s] 100—10000 1025 105-7 T—
—




Field of view of various optical telescopes

Field of view
(deg?)

T. Morokuma

tel [m] area cadence depth |detector note
- Palomar 48"
PTF 1.2 8,000 S days R™20.6 CCD Law+2009
e 1.2 %41,000?| a few hours | r~2l egp || P
2018-
- - Haleakala &
ASAS-SN 8 x 0.14 20,000 1 day 17 CCD CTIO sites
CRTS 1.5+0.7+0.5§1.2+8.1+4.2f 1,200 30 min (x4) 19-20 cCcD 2 x USA. *
Australia
TESS | 4 x 0.105 2,300 27-day 1~18 cco downlink
continuous 2weeks
2 min V~16.5
R .
Evryscope | 24 x 0.061 80007 | day V=19 cco CTIO site
KISS 1.05 100 1 hr g~ 20-21 CCD Kiso
Tomo-e 1.05 10,000 & hrs 9 ¥ | cmos Kiso
1 day g~19

https://www.nao.ac.jp/study/oao//pdf/reference/um/um16/022_Morokuma.pdf

Field of view (deg?)

31

100

10 |

0.1 f

0.01

0.001 L

T T T T T
Tomo-e . ZTF LSST
Lasi . (2023-)
"" PTF
CRTS . . PS DECam
Subaru
kiss @ o HSC
S03s™ = CrhT '
1 ]
. ]
- typical ]
4m ndr
L @

~1-2m
1 1 1 1 1 1 1

18 19 20 21 22 23 24 25 26 27

Shallower

Limiting magnitude Deeper

Various optical telescopes AQ > 1deg? are now available and even might be able to cover
angular resolution of cascade.

Moreover, not necessary to have large aperture in this proposal.



