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Atmospheric Neutrinos

Cosmic Rays
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Decay products of secondaries by cosmic ray
interactions with atmosphere. (vy:ve~2:1)

Energy spectrum: power-law like (~E-37),
ranges from sub-GeV to ~100 TeV

Cutoff by geomagnetic field below 1 GeV.

Path length: distributed in O(10)km ~ 13,000km
depending on zenith angle



GeV<E<TeV:
Oscillation physics

- Mass hierarchy

- Tau appearance

. Sterile search

E>TeV:

Test of SM in TeV

- Neutrino cross section

. Inelasticity Many physics opportunities

. Glashow resonance



Neutrino Oscillation Physics

PMNS matrix:
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Cosine Zenith Angle

Cosine Zenith Angle

Matter Effect and Mass Hierarchy

Normal hierarchy (Am23,>0)
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Neutrino propagating in
matter affected by additional
potential of forward scattering
with electron

Effective mixing angle changes

Resonance takes place in
multi-GeV energy

Only for neutrino for normal
hierarchy

Effective mixing angle in matter:

sin 2913
2
\/(AT‘:Q — CoS 2913) + sin? 2603
32
A= +2V2GrE, n.

Resonance condition:

sin 20M =

A~ Am§2 COS 2913 — 9% > 913



Cosine Zenith Angle

Cosine Zenith Angle

Matter Effect and Mass Hierarchy

- Neutrino propagating in
matter affected by additional
potential of forward scattering

05 [ 1Y with electron

Inverted hierarchy (Am23;<0)
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- Effective mixing angle changes

- Resonance takes place in
multi-GeV energy

. Only for anti-neutrino for
inverted hierarchy
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Cosine Zenith Angle

Effective mixing angle in matter:

sin 2913
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A= +2V2GrE, n.

Resonance condition:

sin 20M =
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Super-Kamiokande Detector

o

Water Cherenkov imaging detector

1000 m underground in Kamioka mine

50 kton volume (fiducial 22.5 kton)

~11100 20" PMTs in inner detector (ID) for
Cherenkov ring imaging

~1800 8" PMTs for outer detector (OD)

Period # of PMTs
SK- 1996.4 ~ 2001.7 11146 (40%)
SK-II 2002.10 ~ 2005.10 5182 (20%)
SK-III 2006.7 ~ 2008.8
SK-IV 2008.9 ~ 2018.5 11129 (40%)

SK-V

20194 ~




Oscillation fit with reactor and T2K model

PRD 97,072001 (2018)
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« Full 3-flavor fit performed with reactor 613 and T2K constraints

« T2K data gives stronger constrain on Am2 and 0,3, improving
mass hierarchy sensitivity

| AmZ232| sin2(0 23) OcP
2.5x10-3 0.550 4 .88
2.4x103 0.550 4 54

« Normal hierarchy is preferred:
AX? = X2 X2 = -2.27

« p-value of true IH is 0.023



Recent Improvements in SK

Vertex Resolution [cm]
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- Improved event reconstruction (vertex,
energy, PID, etc) by new algorithm

« Fiducial volume extension (Dwall=2m
0.5m) : +30% increase in event rate

- Resulting better sensitivities in mass



Result with New Reconstruction

SK-IV 3118.5 days
(FiTQun analysis)
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Prog. Theor. Exp. Phys. 2019, 053F01
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SK-1V data only (3118.5 days of livetime) with reactor constraint

o Still normal hierarchy is preferred:
AX? = X2NHX2H = 245

e p-valueforlIHis0.025-0.072
depending on true sin2(623)=0.4-0.6

| Am232]|
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sin2( 0 23) Ocp

0.425 3.14

0.425 4.89
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Tau Appearance in SK

Signal (v CC)

Super-Kamiokande IV
Run 999999 Sub 1 Event 179

Charge(pe)
° »26 y

' .
oooooo

more energy in 1string
less sphericity
less Cherenkov rings

less mu-e decays

Threshold
~3.5GeV

s b

Times (ns)

. Inthe standard 3-flavor oscillation, v, disappearance is explained by v, -> v oscillation
- Direct detection of oscillated v is critical for verifying neutrino SM

- Aim to detect hadronic decay (branching ratio: 65%)

. Detection in SKiis difficult: low signal rate (~1 event / kton year)

- Large backgrounds (veCC, v,CC, NC)

11



Tau Appearance in SK

300
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Downl

Estimated cross section is 1.47
times larger compared to prediction

Still consistent with SM within 1.50

Utilize neural network (NN) to
discriminate tau signal using

PRD 98, 052006 (2018)

kinematical variables

Expected to be appeared in upward

direction

Clear excess seen in final sample (4.60)

Cross Section (10°%cm?)
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Future Plan in SK C. Bronner, NuFact 2019

..g . |—— MCfor6,,=0 Hydrogen Gadolinium
o 30 B Resonance (NH) : at
T I B V, appearance
.
Multi-GeV v, events -
0—1111I-OI.SHI'(I)HHO:SIIH1 _
Cos® Single 2.2 MeVy : 8 MeV y cascade
Use tau NN for oscillation analysis Neutron tagging in SK-Gd
vr events could be background for . 0.2% Gd will be dissolved in Super-K to
mass hierarchy ve signal enhance neutron detection (eff. ~ 80%)

Vr Cross section has 25% uncertainty More statistical Ve / Ve separation

Apply tau NN to mass hierarchy become§ .pf)?sible, improving MH and
sample to isolate v background &cp sensitivities



lceCube Experiment

IceCube Lab N A W

Veto cap
10 DOMs
10 m vertical spacing (data)
(data) !
(]
Dust layer : i o
I R BRI LN T
H % H L 3
§ DeepCore e )
: 50 HQE DOMs ' S
1450 m 1 7 m vertical spacing
‘ Up-going track Isolated energy

deposition (cascade)
with no track

. IceCube: ~1kms3 volume detector using
natural ice in Antarctic

2450m

11— Deep Core

2820m \ l

4 7+ DeepCore: extension for lower energies

- Event sample: track-like (CC v, ) and
cascade-like (CC ve, NC)
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lceCube Oscillation Results PRD 99, 032007 (2019)

3000
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. Tau appearance with 3.20 significance
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>

.+ Measure smaller normalization compared to
R —— | other experiments but still consistent with
0.3 04 Sin%f)e% 0.6 0.7 S M
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Sterile Neutrino Search

No sterile neutrino

With sterile neutrino
sin’fy; = 0.02
Sin203.; = (.17

Amé, = 1eV?
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Sterile neutrino will produces several effects:

1. Additional energy-independent deficit in vu
disappearance because of rapid sterile
oscillation

2. Matter oscillation in 10 GeV is modified due to
different matter potential from active neutrino

3. Large sterile mass (Am2~1eV2) would produce
matter resonance in TeV, resulting distinct

signature in energy spectrum
16



Sterile Neutrino Search

PRD 95, 112002 (2017)

PRL117 071801 (2016)
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Nature, Vol551 596 (2017)

Neutrino cross section in TeV Rl 135, 041101 1207

Vertical

Astropart. Phys. 5 81,
B LR IR IR B L IR AL

il
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-31 :
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Horizontal
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- Neutrinos propagating in the Earth is attenuated above 40 TeV

- Transmission probability depends on energy and zenith angle

. Increase of cross section will moderate above 10 TeV due to finite W=/Z0
mass

- Some BSM models (extra dimension., leptoquark) predict increase of cross
section

18



Neutrino cross section in TeV
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Nature, Vol551 596 (2017)
PRL 122,041101 (2019)

. lceCube measured cross
sectionin 6.3 -980 TeV

- Data is compared with

averaged v+V prediction
with normalization factor

- Measured 1.3 times larger
than prediction, but still
consistent

Analysis extended recently for
cascade events up to 2 PeV

Differential cross section agrees
with predicted softer-than-linear

dependence
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Inelasticity Measurement
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PRD 99, 032004 (2019)
1039 GeV < Eyis < 1035 GeV 1035 GeV < Eyis < 1049 GeV
300 - E —_— ?,L g(é
— — /‘l
y - casc 250 A —— (C Charm
VIS m— Total
250 A EVIS = = = Best-fit Parametrization
=+ Data
200 A
e
< 200 =I= = 3
=
ga - _— 150 7
o M B
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= 1
z. 100
100 -
50 - ﬂ ————— 507
=" -,
—j J l — -
0 -_ T T T T () T Ll T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1045 GeV < Eyie < 1050 GeV Reconstructed yyis

Inelasticity: energy fraction transferred to hadrons
So far measured up to 250 GeV by NuTeV

Estimate with muon track energy and cascade
energy around vertex

Reconstructed visible inelasticity (yvis) compared
to expectation with charm contribution

Measurement agrees with SM in 1~100 TeV
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Glashow Resonance
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Ve cross section with electron in matter increased at W boson mass (~6.3 PeV)

 channel: Ve + e =2 W- = Vx + X-

1018

Number of events per year
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arXiv:1108.3163

[ T T T T T T T
C w Total events from all flavours

- [ ] v_ccevents
E v CC events
C Ij NC events from all flavours
C - Glashow resonance events

LoglO(E / GeV)

Resonance rate will exceed at corresponding energy

So far one candidate observed, but not yet conclusive
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lceCube Upgrade

lceCube
Upgrade

Penetrator
PMT Base

HV Supply
LED Flashers
Main Board
Delay Board
Waist Band

Mu-metal cage
Silicone Gel
PMT Photocathode

IceCube | —
DOM Component identical

Component eliminated
Component redesigned

30 cm

Geometry optimized for
* GeV neutrinos
» Calibration of the IceCube detector

1400-

A.Ishihara, ICRC 2019
Win Yan Ma, TAUP 2019

IECLme
1500~ . special calibration region
A Genl-DOM . R
e mDOM 1600- + o o o o o o o
Y DEgg A e e e e e e
. ooov mml |+ s e e e e e

pDOM .
POCAM 1700-

-------

Pencil beam
‘]OOOm ® Acoustic emitter ’1800— § % .
1900~ A ‘
e dusty ice 2000~
: y &2100- physics region ‘
./"- 2200-
./:,:, b clear ice - i b 275m
3mvertical . ——["
- separation 2400- )
.9 -9 -© 2500 ~
.-~ IceCube DeepCore Upgrade
2600-
2700~
0(,0 :(, O@Q;\ R Porove?
N
- Install additional 7 strings
. Testing new devices for IceCube-Gen2
- Re-calibration of detector
3cm

Improve oscillation physics at GeV
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A.Ishihara, ICRC 2019

Icecu be Upg rade Win Yan Ma, TAUP 2019

Consistent with Unitary PMNS Mixing ——- NOVA 2019 (90%)
_ , 0.003271 ___ ¢ 2018 (90%)
less tau neutrinos more tau neutrinos Superk 2018 (90%)
0.73%33, DeepCore 3 yr (10) 0.00301 ——- MINOS 2016 (90%)
’ DeepCore 3 yr 2018 (90%)
=0= IceCUbe_"_’p_grade mmmm |ceCube Upgrade 3 yr sensitivity (90%)
IceCube Work in Progress 1 yr sensitivity (10) - 0.0028 -
T ! %)
DeepCore 3 yr (10) "~ 0.0026 77~ Pk T ——— "’_:\ \“
aNmM \ ~ < T ok Sl L —'~,——\
% _A-
| IceCube Upgrade g _ \\ \\‘: ____________ /'/, ,,'
IceCube Work in Progress 1 yr sensitivity (10) 0.0024 .. ““-‘/ j1
OPERA (10) 0-0022-
) — SuperK (1o) 0.0020-
T . T IceCube Work in|Progress
0.0 0.5 1.0 1.5 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Ny, sin?(6,3)
Schedule
- 10% accuracy of tau normalization
2018 | 2019 2020 | 2021 | 2022 2023 2024 2025 | 2026 | ... | 2032 . .
expected in 1yr observation
IceCube Upgrade Deolovrt
mid-scale PO
Design & g et o o . . .

RED 1 roval Production Deployment | & - Comparable precision in oscillation

ICECe parameters with other experiments
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Future Projects



H ype - K & D U N E ,N:ég%?ﬂ .
JH ﬁyper-Kamiokande M E

Hyper-Kamiokande

Hyper-Kamiokande

- Water Cherenkov detector
« ~10times of Super-K in fiducial volume

.+ 40,000 PMT (~40% coverage) of improved
photo-detection efficiency( x2 compared to
SK PMT)

N
DUNE q DUNE - s .
( o = 0 & N
\ - X \\ 5 rS N1 = B | :ﬂ A\—J. \ [\—‘ » = :
\ —, . 5 | ) R .

- Liguid Argon detector based time ‘ AR

projection chamber technique (TPC)

. 4 caverns x 10 kton (40 kton in total)

. high resolution imaging would offer
possibilities to discriminate vand v




Hyper-K & DUNE sensitivities

\| A% Wrong Hierarchy Rejection

30

2l Inverted

>30 sensitivity for both MH cases for sin26,3>0.45

with 10yr data (2.6Mtonyr)

Possible to discriminate 6,3 octant at >3c for

1023-45|>4deg

Comparable sensitivity for DUNE

\'A x> Wrong Octant Rejection

| Width of bands is due to unknown CP phase
[~ and covers 100% of 5, values
[ |

Atmospheric neutrinos (LAr, 340 kt-yrs)

*arXiv:1309.0184

KEK Preprint 2016-21
ICRR-Report-701-2016-1
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30
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PINGU and ORCA

IceCube / PINGU:

ceCube Lab i + Inner detector configuration of
lceCube/DeepCore at South pole
- 1 . - 6 Mton effective mass
y '\\LEI(I\I'GU - Lower threshold (~GeV) with 22 m
TR spacing of string

- ~60,000 atm. v/ year expected

THE KM3NET DETECTORS

s Same technology for the two detectors

KM3NET / ORCA:

Optical sensor (DOM)
31 PMTs of 3 inches

- Low energy branch of KM3NeT in | P _
Mediterranean Sea O T TP e . o i o 115 Deecton Ui

o Average distance between Detection Units ~20 m

e Average vertical distance between DOMs ~9 m
¢ Volume = 8 Mton

- Dense array of multi-PMT digital |3
Optical mOdUIeS (DOMS) “ :'Il?;st&;fksso:frrﬁ Detection Units each

e Average distance between Detection Units ~90 m
Detection Unit (DU) o Vertical distance between DOMs ~36 m

. . o Volume (0.5 x 2 ) km3®=1 Gton
Detectors in construction




PINGU

PINGU / ORCA Sensitivities
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Summary

- Atmospheric neutrino measurement is a kind of particle physics utilized by natural
beam

- Wide energy range from sub-GeV to ~100 TeV providing many physics
opportunities

- Oscillation physics can be performed below 100 GeV
Normal hierarchy is preferred

- tau appearance confirmed by Super-K and IceCube

No sterile signal
. lceCube/DeepCore observation provides unprecedented test of SM in TeV energies

- More studies are expected in future projects:
SK-Gd, IceCube upgrade, Hyper-K, DUNE, PINGU, ORCA, ..

Stay Tuned !
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