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First indication of a possibility to detect atmospheric neutrinos:

ON HIGH ENERGY NEUTRINO PHYSICS

M. A. Markov

Joint Institute for Nuclear Research, Dubna, USSR

I will report on investigations in the field of high
and intermediate energy neutrino physics carried on
at the Joint Institute for Nuclear Research in 1958-60,
The full texts of the papers on which I will comment
can be found in the pamphlet entitled “ On High
Energy Neutrino Physics ¥ (Dubna 1960).

Various possibilities of neutrino experiments using
accelerators or cosmic rays are discussed in this report.
The analyses show that it is possible to carry on neutri-

This (experimentally dictated) cut-off is at a mo-
mentum smaller than that at which non-applicability
of perturbation theory could be suspected. The decay
u—>e+y gives the more stringent restriction on the
cut-off. In accordance with the experimental upper

W(e+y)

——————<1.2x107° the critical momentum
W(e+v+v)

must be chosen, k_,, <50 BeV.

limit;

One natural cut-off mechanism would be an inter-

In 1960, M.A.Markov suggested.:

upward and horizontal muons are signature of

high energy neutrinos




First idea for water detectors

COSMIC RAY SHOWERS!
Ann. Rev. Nucl. Sci. 10, 63(1960) By KENNETH GREISEN

Laboratory of Nuclear Studies, Cornell University, Ithaca, N. Y.
I. SIGNIFICANCE OF EXTENSIVE AIR SHOWERS

1. EXPLORATION OF SPACE BY ANALYSIS OF RECEIVED RADIATION

Although bound to earth and its immediate vicinity, man has acquired
a wealth of knowledge about a volume of space 105 times that of the earth,
almost entirely by interpretation of incoming radiation. The richest and
clearest information has been conveyed by visible light. Recent years have
witnessed a rapid advance in the detection and interpretation of radio sig-
nals. Rockets and satellites have opened up the fields of ultraviolet and x-
ray astronomy. Gamma-ray astronomy is on the horizon. Each of these
bands of radiation has its own peculiar potentialities for telling the story of
special processes occurring in different parts of the universe, and about the
conditions of matter and fields that make these processes possible.

K. Greisen described:
water detector for atmospheric nu detection
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Volume 18, number 2 PHYSICS LETTERS 15 August 1965

DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINOS
DEEP UNDERGROUND

C.V.ACHAR, M.G.K.MENON, V.S.NARASIMHAM, P.V. RAMANA MURTHY
and B. V. SREEKANTAN,
Tata Institute of Fundamental Research, Colaba, Bombay

K. HINOTANI and S. MIYAKE,
Osaka City Universily, Osaka, Japan

D.R.CREED, J.L.OSBORNE, J.B.M.PATTISON and A. W. WOLFENDALE
University of Durham, Durkam, U.K,

Received 12 July 1965

(F B Kolar 27, 2300 m 32X

Following the early work [1] carried out at in South India, we have specifically designed an
great depths underground in the Kolar Gold Mines experiment for the detection of muons produced

EVIDENCE FOR HIGH-ENERGY COSMIC-RAY NEUTRINO INTERACTIONS*
F. Reines, M. F. Crouch, T. L. Jenkins, W. R. Kropp, H. S. Gurr, and G. R. Smith
Case Institute of Technology, Cleveland, Ohio
and
J. P. F. Sellschop and B. Meyer

University of the Witwatersrand, Johannesburg, Republic of South Africa
(Received 26 July 1965)

The flux of high-energy neutrinos from the
decay of K, n, and y mesons produced in the
earth’s atmosphere by the interaction of pri-
mary cosmic rays has been calculated by many
authors.! In addition, there has been some con-
jecture! as to the much rarer primary flux of
high-energy neutrinos originating outside the
earth’s atmosphere. We present here evidence®
for the interactions of “natural” high-energy
neutrinos obtained with a large area liquid scin-
tillation detector (110 m?) located at a depth
of 3200 m (8800 meters of water equivalent,
average Z%/A=5.0) in a South African gold mine.

each. Each detector element, Fig. 2, is a
rectangular box of Lucite of wall area 3.07 m?
containing 380 liters of a mineral-oil based
liquid scintillator,* and is viewed at each end
by two 5-in. photomultiplier tubes. The array
constitutes a hodoscope which gives a rough
measurement of the zenith angle of a charged
particle passing through it. In addition, the
event is located along the detector axis by the
ratio of the photomultiplier responses at the
two ends. The sum of the responses then pro-

BAE2F, 3200 m3Z X
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Cosmic
ray
muons
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PRD18, 2239 (1978)

Monte Carlo 16404

Data

Deficit of muon data

“We conclude that there is
fair agreement between
the total observed and
expected neutrino induced
muon flux ...”
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Kamiokande

(3000ton Water Ch.

~ 1000ton fid. Vol.)
2.87 kton=year

K. Hirata et al (Kamiokande)Phys.Lett.B 205 (1988) 416.

Data | MC
prediction
e-like 93 88.5
(~CG )
u-like 85 144 .0
(~CCv,))

“We are unable to explain the data
as the result of systematic detector
effects or uncertainties in the
atmospheric neutrino fluxes. Some
as-yet-unaccoundted-for physics
such as neutrino oscillations might

explain the data.”
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result was strange. The number of v, events was [ar fewer
than predicted by the simulation. At the same time, no
such discrepancy was seen in the number of v, events.
At first I thought that I had made some serious mistake.

In order to find where I had made the mistake, I decided
to check the events in the data by eye. Immediately I
realized that the analysis software was correctly identify-
ing the particle types. Unfortunately, I thought that this
meant that the problem must not be simple. It seemed
very likely that there were mistakes somewhere deep in

the simulation, data selection, or the event reconstruc-
tion software. Together M. Takita and I embarked on
various studies to try and find such mistakes late in 1986.

Alter studies for a year, we did not find any serious

mistake and concluded that the v, deficit could not be
due to a major problem with the data analvsis or the sim-

T. Kajita, Nobel lecture 2015
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multi-GeV 30

u-like
events

Kamiokande PLB 335, 237 (1994)

Deficit

— No oscillation

Lt T
(best fit)

0 1
cos® | | Down-going

Up/Down=0.58*013 .. (2.9 0)
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¢ crsdbeo © © € € C ¢« O ervation of a Neutrino Burst from the Supernova SNI1987a

The KAMIOKANDE-I1 Collaboration
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(Submitted for publication in Phys. Rev. Lett.)
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The 2002 Nobel Prize in Physics awarded to Prof. Masatoshi 7/7 S 4 &7 = }éﬂ

. . . _— . [/:ng}é}) M= 1 4 (Fm B3
Koshiba for pioneering contributions to astrophysics, in /
particular for the detection of cosmic neutrinos. ?&/'Zaduw
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FC e *Both CC v_and v, (+NC)
(fully contained) -multi-ring events are also used in
e TN the oscillation analysis if the event
Ve Is identified as e-like or mu-like.
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1

Should observe this dip!

- Further evidence for oscillation

- Strong constraint on oscillation

oscillation

P L

SK PRL 93, 101801 (2004)

L

1
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Initial results PRL 93, 101801 (2004)
Y. ltow (SK) nu2012

c
o 1.8
E 16 Oscillation
'S 1.4F Decoherencsg
» "TE
¢=: 1.2 . | Decay
2 TRl e
“Perfect’” experiment :
:: L E 0-6 i Ei—__ ~
&L D 0.4 e ‘e
a +
m:— ’\ E 0-2
0z |- 3 0 aazal PP | aaaaaaal .
: 2 3 4
”ula! ;h " c 1 10 10 10 10
Logyo[L/E (kn/GeV)] L/E (km/GeV) (SK 1+2+3+4)

A dip is seem around L/E = 500 km/GeV (first oscillation minimum).

Oscillation gives the best fit to the data.
Decay and decoherence models disfavored by 4.0 and 4.8c, resp.
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CC v_events < w

> hadrons

». hadrons

'
®
‘I
L ]
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L ]

v" Many particles (hadrons) ....
(But no big difference with the other (NC) events.)

b Neural Network (NN) analysis

v Upward going only

b Zenith angle

Only ~ 1.0CC v,
FC events/kton=yr

.

(BG (other v events)
~ 130 ev./kton=yr)
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SK PRL 110(2013)181802

NN inputs: Downward going
VE, .\ —— / atmospheric v data ——
VisIDle - vV
v'PID (highest E 300 % _ - / t
ring) i L Atmospheric e -
VN(u>e) : vMC :
v'Distance 200[~ + -
(vertex - e-vertex) - L e .
v'Sphericity - 4 % 4y i
v'N (Ch. ring 100 R ]
candidates) i i
VE,isiie fraction N oot -
of the 1st ring 0 0.2 0.4 0.6 0.8 1

Neural Network Output

1-like



SK PRL 110(2013)181802

500?- —t—t—t——t—+ | —t—tt | —t— :_il BDD_I T B B L |_

i - 1 i . |

400F - . T;é .

: 200 .

£ 300} a5 1 27 - 1
ﬂJ =@ Q@ B ’I'L n
> - - > i _Ij'r Wgu |
W 50" ] W " T
- ] 100k |

100F t-appearance signal at 3.8c. ]

" Non-tau Like 1 LTau Like i

i IR N T T N TR N TN WO NN TN T TN TN NN S NN NN IR R T T (N TR NN T TR NN T TR N M N NN N A =|
050 05 1 %5 "0 05 1

cos(0) cos(6)

Fitted number of t events | 180.1*44.3(stat) +17.8/-15.2(syst)

Exp'd number of T events | 120.2+34.2/-34.8(syst)

Compared with the previous results (2006), systematic

error due to 6,5 uncertainty was greatly reduced.
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ICECUBE/DeepCore

50m

1450m

2450m
2820m

IceCube Lab

|

[ DeepCore

Eiffel tower
324m

e 86 strings with 60

DOMs instrumenting
1km3

Deep Core : dense
core for atmospheric
neutrino physics at
10-100 GeV

Operational since
2011
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GeV events in DeepCore for v oscillations
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Color indicates time (red=early, blue=late). .

Sphere size is proportional to number of photons observed. TeV event in IceCube for sterile v searches



lceCube-upgrade

........ 1000m
0.30
g s & w9 lceCube Simulation 3 Ic86
o g &9 g W 0.25 - [ JCE
) . 0.20-
® T
o Eo1s
° :
“ 0.101
e .o ) 0.05
: ® o O, g kBT
é @ < 0.00 -ty R ——
o © / J-, 10° 10° 102 103
® Z True Energy [GeV]
. 17m i
Fully funded (NSF+partners) ik
Deployment to occur 2025-2026 | I ?{
.9 .9 @ |

1450m 2100m 2150m
2450m 2450m 2400m
Instrumented Depth

lceCube DeepCore  Upgrade
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Hyper-Kamiokande

* 258 kton of water
* Fiducial volume ~0.2 Mton *=**
* 20,000 50cm PMTs —

* Data taking start planned
for 2027




Guang Zhou ¢
oo ‘ (XS

T : x‘ ‘
Shen'Zhen : & Huizhou

'@}{\ = NPP
’/- 5

Largest ever LS detector
20 kton LS
78% photo-coverage
Designed for low
radioactivity background

Jiangmen Underground Neutrino Observatory (JUNO)

« Location optimized for neutrino mass ordering with reactor-v
« 700m rock overburden to suppress muon flux

« Expected to finish detector construction in 2023

43




A Multipurpose Neutrino Observatory

?ligffn‘zvg Vs ?;\T;Z??::C & S Primary physics goal
Ve ¥ s L - NMO with reactor v
for 10 kpc B

| - Precision meas. of osc.
parameters

T
-

-
vﬂ

Solar v’s \
(10-1000)/day

700 m Cosmic muons

4 mHz/m2, 207 GeV Rich program of non-
oscillation physics:

- Solar v
- Supernova v

* L
I .
|
I
|
|
|
!

26.6 GWth, 53 km - - Atmospheric v
v - Geo-v

- Nucleon decays
- Indirect DM search

Geo-v’s
1-2/day

reactor v’s a
~60 / day

From J. Pedro Ochoa-Ricoux 44



Atm-v with large homogenous LS detector

Cherenkov large homogen_ous LS detector like JUNO
detector LS detector - good potential to reconstruct atm-v

Cherenkov ring  Low E v’ Large p_ho_to-cover_age 9 Image foruvs e, vvsv
threshold v Hadronic information visible - better E /0 rec for

| v (instead of [T)
High n- v' Excellent neutron tagging = v vs v
tagging v’ Final state isotopes identifiable & measure

fficien i
emnciency exclusive channels

ML models
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Time of PEs (ns)

 Scintillation light is isotropic from point sources
* Light from a long track is not

 Hit time distribution is different for PMTs at different angles w.r.t. the track

 Embedded information on direction, vertex, energy, PID ...
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Particle Identification u vs e

NSIDE: 16. Theta: 1.75, Phi: 0.033630 NSIDE: 16. Theta: 1.75, Phi: 0.323112

Slope
(1GeV electron)

0228968 476136

 PMT pattern of slope feature show a ring like pattern for track
event
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