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What are Atmospheric Neutrinos?

Zenith

@ Cosmic Ray’s interaction with Earth
Atmosphere — particle shower

@ In particle shower you have ™, K*,
... produced that decay producing v

@ Those v are called “atmospheric
neutrinos”

@ Due to low v cross-section, detectors
have a “47t view” of the neutrino flux

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/research/#tab2
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The Atmospheric Neutrino flux

@ Principal decays producing v:
>t =T +v, +cC
»ut et v+, +ce
> K+%u++vu+cc

Primary cosmic rays

@ Note: K decays have larger chance to produce v, than
7t decays (5.0% vs 0.012%)

" +u and Vy + V flux from pions and kaons
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T Gaisser, Earth Planets Space 62 (2010) 195-199
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The Atmospheric Neutrino flux

@ Assuming all particles decay
> O(V,) +0(3,) (V) +o(Te) 221w
> ¢(V|,L) ~ ¢(‘Vu) . T
> (Vo) /H(Ve) ~ (1) /H(R7)

>

o
@ At several GeV, nreach ground andno =
longer decay o
¢(v)+o(Vy) ; [
ECAIT e8] Increases .
» Atmosphere ‘depth’ depends on zenith ool ] Borlnew
(0) angle T e 59
o ¢(Vi) = EA d)(A) by RA & YA—)\/, B :)iineufzznnh;m(;z 1 ° lOEV (Gev)m 1
> A: cosmic ray particle (p or heavier T, Gaisser and M. Honda, Ann.Rev.Nucl.Part.Sci.
nuclei) o 52 (2002) 153-199
» Y: yield of CR transforming into v;
» R,: filtering effect of geomagnetic field
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The Atmospheric Neutrino flux

of v, + 7, from decay of pions and kaons is

dN, on(E,) {[ Zna(1 = 7)Y ] 40.635 [ Znk(1—rg)? ]}
dE, (1—=ZnN)(y+1) L1+ BrycosOE,/ex ’ 1+ BgycosOE,/ex ]}’
(6)
where
_ d7N _ —(v+1)
P(Eo) = By A x Eqy (7)
Table 1: Parameters for atmospheric v, + 7, from 7 K-decay
o rf = mﬁ / m,2 Mass-square ratios Tn TK By Bk
@ B: depends on hadron attenuation & & B-factors: 0.573 046 2.77 118
decay kinematics Characteristic Eueeay:  €x ex Ccharm
@ Z,._,;: production function for j = ,K 115 GeV 850 GeV  ~ 5 x 107 GeV
@ Doesn’tinclude v from p decay. . . Z-factors: Zn 7z Zi
@ At very high E: add charm component 0.30 0079 00118

T. Gaisser and M. Honda, Ann.Rev.Nucl.Part.Sci. 52 (2002) 153-199
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The Atmospheric Neutrino flux: primary CR flux
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Z. Wang talk at TAUP 2023
e Typical spectral shape roughly ¢(E) « E %7
@ Solar activity can change CR flux (solar modulation)
@ Neutrino flux typically follow same power law, but can get steeper at high energies
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The Atmospheric Neutrino flux: interaction
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A Fedynitch et al, Phys.Rev.D 106 (2022) 8, 083018
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The Atmospheric Neutrino flux: Geomagnetic effect
B SK B INO ¢ Pyhisalmi

S —— —
10000nT
E 20000nT
40. |= N
3 v ’p; < 30000n7
3 0 I 4 n ;
- ; = so000nT
~40. 1050 20000nT
Q o 10000nT
-80 B
‘ = South Pole

-150 -100 -50. 0 50. 100 150
Longitude
M. Honda et al, Phys.Rev.D 92 (2015) 2, 023004

@ Cut-off in primary CR
@ Deviation of charge particles during propagation
» East-West asymmetry, 3D calculations needed at low-energy
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The Atmospheric Neutrino flux: Honda calculation

3
10 3 L L I L I L I .....; @ Fluxes Computed and provided (tabulated)
r KAM all direction average ] for several sites
r Vi . . )
L - > http://www-rccn.icrr.u-tokyo.ac.jp/
| 1 mhonda/public/
o
> 10 @ Account for local effects (geomagnetic field,
© average weather)
7 -
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M. Honda et al, Phys.Rev.D 92 (2015) 2, 023004
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The Atmospheric Neutrino flux uncertainties: prescrlptlon from Barr

TABLE I: Summary of primary flux parameter variation

Parameter Proton fluxes Nuclear fluxes
a (normalization) 1.49 £0.10 0.060 +£ 0.004
b 2.15+0.025 1.25+0.03

—2.214+0.02 —-0.14+0.02
d (index) < 200GeV/n  2.74+0.01  2.64 £0.02
>200GeV/n 2.74+0.03  2.64+0.04
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<8 A
B
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D w
15-30 | B ] F [ X
30-50( G\ H \ Y
>500 \ H + I(Energy dep.) \ Y+Z(Energy dep.)
T T
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FIG. 3: Uncertainty sources for hadron production. The un-
certainties which are applied are fully correlated within each
region shown and completely uncorrelated between regions.
The letters used to label each region are used on subsequent
figures. The levels of uncertainties applied are shown in fig-
ure 2.
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The Atmospheric Neutrino flux uncertainties: prescription from Barr

TABLE I: Summary of primary flux parameter variation

Parameter Proton fluxes Nuclear fluxes 100
a (normalization) 1.49£0.10 0.060 £ 0.004 (a)
b 2.15+0.025 1.25+£0.03

—2.214+0.02 —0.14 £0.02

y (index) < 200GeV/n 2.74+0.01  2.64 + 0.02 S
> 200GeV/n  2.74 +0.03 2.64 £0.04 B
E; (GeV) Pions Kaons =2
<8 A B :"’
8-15 c =
1530 P [ E | F W X iz
30-50( G\ H \ Y =
>500 \ H + |(Energy dep.) \ Y+Z(Energy dep.) £
L R L A B B R =
0 05 X 10 05 X ugJ

FIG. 3: Uncertainty sources for hadron production. The un-
certainties which are applied are fully correlated within each 0.1
region shown and completely uncorrelated between regions.
The letters used to label each region are used on subsequent E, (GeV)
figures. The levels of uncertainties applied are shown in fig-

ure 2.
Barr et al, Phys.Rev.D 74 (2006) 094009




Neutrino Interaction with matter

Looking on the v side of the interaction

Charged Current CC interaction :

\\;// \W\;//

Neutral Current (NC) interaction :
v v v v
\3//

il

@ Measure of produced lepton (¢) — define v flavor
@ May measure recoil of nucleus or hadronization
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Neutrino Interaction with matter

Classifications regarding what happens on nuclei

Elastic v, — € elastic Quasi-Elastic (QE)
v v Vg e 12 {
e, N e, N e Ve N N’
Resonant (RES) Deep Inelastic (DIS)
VZ V[i g VK VZ; e
A s
N N N hadrons

@ For detection purposes, need to consider nuclear effects at low energy
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Neutrino Interaction with matter: cross section
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@ You'll have a full lecture on this topic later today!
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Using Atmospheric Neutrinos to study Neutrino oscillations

@ Many baselines available from production height
of neutrinos (h ~ 15 km) to over the diameter of
the Earth (dg,, ~ 12756 km)

@ L known from v direction 6:
L= \/déarth cos’ 9+4(h2+dEarth h)—Okarth cos 0

2
» neglecting detector depth. . .
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Discovery of Neutrino Oscillations: Super-Kamiokande @ 2015
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Neutrino oscillation through matter
@ In vaccum Hamiltonian Hj is

1 . > 2 2
= EU dlag(m1,m2,m3) UT

» NB: H=H' +al, o term is global phase — H and H' same for oscillations
@ In matter, Hamiltonian H,, = H, + H,,;, with H,,; describing interaction » — matter
» Of interest here is the elastic scattering where coherence of v preserved
» v —uand v —d not interesting as Hj, o 1 and H,-‘:,, x 1
> v —einteresting: H, = diag(V",0,0) + V41, with V¥ = £V2GgN,
* N,: electron density in medium * + sign for v and — sign for v
@ For 2-flavor osc.: § — 6,,, matter mixing angle related to matter-eigenstates |v;")

Ho

Am? cos 260

tan 20 :ﬂ'Am2 — Am? cos 26 (1:F,Ve>2+tan229'Nr:
m ! m N’ » e 2E\/§GF

1F No/Ng .

@ Resonance condition for specific densities if v and AM? >0 (or 7 and AMP < 0)
@ As §gp, produce v — 7 asymmetry observable in experiments
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Measuring structures within the Earth

Wave velocity (km per s) Figure 1| Radial structure of Earth. The first-order structural units
0 4 6 8 10 12 140 of Earth — its suite of concentric shells and their approximate
composition — were established over the first half of the twentieth century
from measurements of the travel times of seismic waves refracted and
000 reflected inside Earth, whereas proof of the solidity of the inner core had
W 50 to await the capability to record and digitize long time series and measure
8 the frequencies of free oscillations. The ‘660 km’ discontinuity is a phase
S change, and possibly a compositional change, in the silicate mantle. This
2,000 100 illustration is of the preliminary reference Earth model™.
Crust - rigid
N < Sl 570 kmihick
E D" region @ Focus of s Lithosphere -
= = Crust & it
£ 2000 ]o € eoibe g
o a partially melted
o < -
. o 200 & Mantle - Sofid =
ompressional- c. 2850 km thick &
4,000 wave velocity 250 Pl Gutenburg ~
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S H
=) 2
© 300 Outer core - liquid, il
é 5,000 c. 2200 km thick a
- Core - %
c. 3470 km thick 3
h 350 Inner core - solid - -
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6,000 velocity T — | 5
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6 8 0 4
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B. Romanowicz, Nature 451, p266—-268 (2008)

ino Physics Beyond the Standard Model Atmospheric Neutrinos




Preliminary Reference Earth Model (PREM)

PREM

/

Inner Core

Quter Core

(CMB)

Density [kg-m  x 10°]
N

Core-Mantle-Boundary

Mantle

Moho Discontinuity |

End of Earth's Crust

Ocean —

\ |

] 1000 2000

3000
Radius [km]

4000

5000

6000

@ PREM s a 1D model
containing global structure

@ Several ‘unrealistic’
assumption:

» No mountains

» 3 km thick ocean around the
globe

» Same crust thickness (varies
from 7 km oceanic to 39 km
continental)

@ However it still captures all
needed details
» In fact we usually used
‘simplified’ versions of the
PREM
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Atmospheric Neutrino Oscillations: matter effects

No matter PREM

V=V, (NO) v,—V, (NO)

<
3
S

10°
Energy [GeV]

osine Zenith Angle.
Cosine Zenith Angle

1.0 1.0

1 10 10° 10%
Energy [GeV] Energy [GeV]

Neutrino Physics Beyond the Standard Model

Most visible oscillation: V=V

Plots made using Prob3++ to calculate
oscillation probability

Matter effects leave clear signature in
oscillation probability

Core/Mantle boundary: cosf ~ —0.84

» Smaller boudaries @ core (—0.98) and
mantle (—0.45)

Effect on ¥ and v different in presence
of matter (depends on ordering)

However keep in mind ‘fast’ oscillations
will get ‘averaged out’
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Atmospheric Neutrino Oscillations: matter effects
PREM

v,—V, (NO)

PREM

V=V, (10)

<
&
S

1.0

102
Energy [GeV]

Neutrino Physics Beyond the Standard Model

10°
Energy [GeV]

10%
Energy [GeV]

Most visible oscillation: V=V

Plots made using Prob3++ to calculate
oscillation probability

Matter effects leave clear signature in
oscillation probability

Core/Mantle boundary: cosf ~ —0.84

» Smaller boudaries @ core (—0.98) and
mantle (—0.45)

Effect on ¥ and v different in presence
of matter (depends on ordering)

However keep in mind ‘fast’ oscillations
will get ‘averaged out’
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Atmosbheric Neutrlno Oscillations
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@ Plots made using Prob3++ to calculate oscillation probability



Quic
PREM 60 layers

V=V, (NO)
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Neutrino Physics Beyond the Standard Model

k comment on preC|S|on of PREM. .

@ Plots made using Prob3++ to calculate
oscillation probability

@ In previous plots | was using 60 layers
to approximate PREM

@ But most critical is match the main
transitions, so 4 layers usually enough

@ Less layers — less computing time
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The Super-Kamiokande Detector

O BRAZFEEFRA SEFERUFAREE
SUPERKAMIOKANDE i e
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The Super-Kamiokande Detector
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Cherenkov effect

c: light speed in medium Cherenkov radiation @ Speed of light in medium: ¢/n
° cos&czﬁ; B=x

@ Energy threshold: %
T-=

@ n~ 1.33 for water:

> O~ 41° for g =1
vt | > Eiresh ~ 0.78 MeV for e
et —> > Einresh =~ 160 MeV for n
e > Eiresh =212 MeV for
> Eiresh =~ 1.4 GeV forp
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Cherenkov effect: wavelength dependency

1.2 30%
—— Cherenkov spectrum

1.0 -25%

@ Spectra given by (see PDG, ch 34):

d2E B 2raz? 1 1
dxd\ )2 2P (\)

» \: wavelength
» z: charge of particle

0.8 -20%

0.6 -15%

0.4 - -10%

Acrylic transmission
PMT quantum efficiency

- 5%

Cherenkov spectrum (arbitary units)

@ For 8 ~ 1, amount of cherenkov light 0.0 0%

proportional to track length 200300 400 500 600 700 800
Wavelength (nm)

X. Dai, Nucl.Instrum.Meth.A 589 (2008) 290-295

Neutrino Physics Beyond the Standard Model Atmospheric Neutrinos July 71" 2025 24/57



Cerenkov
radiation

cone
° <

Detecting v at Super-Kamiokande: v, vs v, =
Vi RO

Muon  Muon
neutrino

The Gerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular
fing in the photomultiplier
detector bank

The Cerenkov radiation
from the electron shower

Ve
T multiple cones and
therefore a diffuse ring
Electron. Electron in the detector array.
neutrino shower

Il .
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s 18
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wof T
Event Samples for Atmospheric Neutrinos @ SK ol e
. Up_u § eooz— — o
@ Fully Contained (FC) LR oo
» Mostly CCQE interactions: gr Hloeos
vi+ N> I+N SK ol e
* N’ below Cherenkov threshold: e
1-ring only 3 e ]
» Can measure both energy & g 3
direction of outgoing lepton — 1 PC g of 3
» Typically divided in Sub-GeV and 3 ;
Multi-GeV Yo E
FC 3 E
@ Particially Contained (PC) WETTTT TS
» Can measure direction, only lower e wf AN
bound for energy g OF E
g 40;— =
e Up-going Eaf ]
» Non-contained event — must be Plot from T. Wester et al., Phys. wof ;
. [As L L il il il
upgoing to be 'Vu Rev. D 109, 072014 (2024) 107 1 10 100 10° 10° 10°

E, (GeV)
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Event Samp

TABLE I11. Monte Carlo CC and NC purities
are shown with oscillation probabil
purity of both v and 7, CC events

ies applied and

les for Atmos

sample and data event counts used in this analysis. Pur
ithout the effects of systematic pulls. The “v; CC” column shows the
i Up-pu data counts are shown after background subtraction.

P

heric Neutrinos @ SK: details

ies and MC counts

Sample Encrgy bins  cosf. MO purity Fvents .
v CC % CC 1,CC #,CC_ », CC__NC MC  Data Phase Dates Livetime Photo- Neutron
Fuly contained (FC), single ring, Sub-GeV (Days) coverage (% ) tagging
5% momentum 10 [-1,1] 0733 0226 0.003  0.001 0000 0036 64091 6647 SK I 19962001 1489.2 40 —
5¢* momentum  singlebin 0796 0016 0086 0020 0001 0081 6120 682
SK II 2002-2005 798.6 19 -
momentum  10in [~1,1] 0027 0008 0704 0149 0001 0112 21539 2419
momentum 101 [~111] 0001 000 o677 o201 oooo o0 t2ia e SK T 2006-2008 518.1 40 -
momentum  singlebin 0.001  0.000 0948 0020 0001 0022 3307 336
: SK IV~ 2008-2018 3244.4 40 H
Velike ¢* momentum  10in [~1,1 0794 0016 0090 0024 0001 0074 9437 1093 -
Vleon 3 momamm ImLI om0l oo 0wl oo oo ses aw SK V. 2019-2020 461.0 40 H
volike 1n 5t momentum 10 [~1,1] 0582 0367 0003 0002 0001 0.0M 22666 1663
vulike 5u* momentum  10in [~1,1] 0011 0003 075  0.173 0000 0057 65960 7879 = .
pulike 5u* momentum  10in[-1,1] 0001 0000 0533 0417 0001 0019 21504 1793 SK Gd  2020-Present 40 H+Gd
Fuly contained (FC), single ring, Multi-GeV'
4ct momentum  10in [<1,1] 0568 0086 0102 0014 0039 0190 3596
4ct momentum 100 [~1,1] 055 0341 0013 0002 0012 0075 13598 1339
vlike 2 p* momentum  10in [~1,1] 0002 0001 0621 0371 0003 0002 15885 15
SK IV-V H
Wik 4t momarm w1y oo o we om0 w0 o @ Different class. between SK I-Ill and IV-V
velike 0 n ¢ momentum 1010 [11] 0687 0.287 0002 0007 0058 8664 956
velike 1n At momentum 10 [1,1] 0,435 0.460 0002 0015 0079 7361 616 . —
v,-like 2 ¢* momentum  10in [~1,1]  0.002  0.001 0297 0.003 0001 1464.0 1619 t t gg g h Ip p t d
plike 2 y* momentum _ 10in [~1,1] 0001 0.000 0519 0004 0002 5931 503 > neutron ta n €lps separate v and v
SK L'V common samples
Fuly contained (FC) Sub-GeV NC =°-like
Single-ring 5cf momentwm  singlebin 0219 0064 0018 0002 0001 0696 TASO 868
Two-ring 57 momentum  single bin  0.096 0028 0015  0.00L  0.000 0.860 20953 2494 D h I t f b d P I D
@ Decay e help tag v, from v, beyon
like 3visible cnergy 100 [1,1] 0495 0066 0014 0035 2411
Veike 3 visible energy 10 [~1,1] 0519 0260 0.007 1131
Jrlike 4 visible energy 10 [~1,1] 0028 0.003 0.200 3427
Other 4 visible energy 10 [~1,1]  0.203  0.023 0.014 982 N b f H t b t
Partaleonined () @ Numper o1 rings separate between
Stopping 2visible energy 10 [<1,1] 0089 0034 0559 0262 001l 0045 G416 659
Through-going 4 visible energy  10in [-1.1] 0006 0002 0638 0341 0007 0006 33102 3307 C C Q E I' k R E S I H k
l/[munvl qnmr] muons (Up-y, = I e, = I e,
Stopp 3 visible energy 10 [~1,0]  0.008  0.003 0000 0003 15743 17538
Nonshowering single bin 10 [-1,00 0002 0001 0000 0.001 53158 64239
Showering single bin 100 [-1,0] 0001 0.000 0.000 0001 10514 11106

Atmospheric Neutrinos

From T. Wester et al., Phys. Rev. D 109, 072014 (2024)
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SK Event Samples for Atmospheric Neutrinos

Sub-GeV e-like 1d.e.* Sub-GeV e-like 0 d.e.* 400F Sub-GeV p-like 0 d.e* 800F sub-GeV p-like 1 d.e.* 200 Up-p Stopping
200
0
15
:
05 E i
00 1-ring 0-like PC Stopping 1500F  Up-u Non-showering
1000
200 500
[
15 ! 15
1%%%,1’;] [‘iﬁ:,Trf*_*] 1[.:@,;&,,,#.%
05 05
150 g o 1000
Sub-GeV p-like 2 d.e.* Multi-Ring e-like 7, PC Through-going 300 Up-u Showering
100
200
50 100
0 0
15 15
1[io—o—¢% 1
05 05
-1 -08 06 04 02 0
- 0s6,
1000 2-ring -like coof  Mult-Ring ke s00f  Multi-Ring Other
= 200 Super-Kamiokande -V
500F «-Data
200 Wy, cC [, cc
0 [y, cc v, cc
15 15 Wv. &7, CC [NC
1M 1
05 .
2 25 3 0%
log, [ (MeVic)] cos, cose,

From T. Wester et al., Phys. Rev. D 109, 072014 (2024)
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Latest results from Super-Kamiokande: oscillation

11—

O3/ = L L BLELEL LN LB N BLELELELE BB = B ]

T Normal ordering, 90% C.L. ] 14F SK |-V expanded FV R

30 4 MINOS/MINOS+ 2020 = - — Data fit [l inverted

- 4 - — NOVA 2020 1 g _ ]

aof - T2K2023 E 12F ... MC expectation [Normal 7

— >“F #--— IceCube 2023 ] C ]

S [ x— SuperK ] 10 .

v 28 - C ]

. L 4 o r i

S . F 1 X 8fF 3

= 26F 1 < 7 ]
< 241 -
22F .
20F 1

o by by by by by by e
035 04 045 05 055 0.6 0.65
sin’e,,

From T. Wester et al., Phys. Rev. D 109, 072014 (2024)
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Latest results from Super-Kamiokande: oscillation

2.00 —
SK Preliminary 2024
175 Data, high-res. p-lik T . . .
+ s e @ Dividing data in L/E rather than just 2
2 150 est-fit two-flavor osc. A enerav and 10 cos @ bins
= -=- Best-fit decay 9y . -
S o5 » NB: different analysis with same data
Q
12
o) -
9 1.00 @ Need to re-evaluate uncertainties due to
£0.75 finer binning
Re]
& 0.50 @ Clear oscillation pattern shown
0.25 @ As far as | saw, not yet published, just
0.00 shown in conferences

10° 10" 102 10° 10*
L/Egec. (KM/GeV)
M Mandal talk at ICHEP 2024
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v appearance: motivation
® v, — v, main oscillation for atmospheric neutrinos

@ m_ = 1.78 GeV = need high-energy v_. for CC interaction

@ Atlower energies v, — vg and v, — v indistinguishable

Event: 9190097972, Jul 09, 2009, 19:21 (UTC), Tracks Ision Track types

hadron (daughter)

@ v, measurement in v beams:

» DONUT: produced v.. beam, 9 v,
identified

» OPERA: v, — v, from CERN to
LNGS, 10 v, candidates

@ Expected production in SK: 20 v /year
T length: 822 um » However, no capability to do ‘tracking’
https://www.nature.com/articles/ as well as DONUT/OPERA
s41597-021-00991-y
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https://www.nature.com/articles/s41597-021-00991-y
https://www.nature.com/articles/s41597-021-00991-y

v, appearance @ SK: event types

Detection of tau neutrinos

Semi-leptonic
tau decay

S\gﬂa\ - T — priwuf
tau 17% B.R
neutrino
CcC
interaction

1

Background

18 July 2024 Tau neutrino appearance from os ons in the atmospheric neutrino flux

ICHEP Prague Super-Kamiokande Collaboration

M Mandal talk at ICHEP 2024



v, appearance @ SK: background separation

Search for tau neutrinos

Machine learning based (neural network) classification

Inputs to the 0]

—— 10 x tau CC signal
neural network ® 9
& Background
5 ® - I
£ P ©) : Tau-like
2 = 0s 1 ® :
© Clustered sphericity @ |
5 : |
° 10t 10 ® ® ®) i L
©  Visible energy in GeV 0.0 0.2 0.4 0.6 0.8 1.0
0 ©) @ Neural network output
3 P .
o energetic g MER)
= e Nearly 20 times more
L%’ S ® ® background picked out,
e Multi-layer no selection based on the
Maximum distance S h 6 1 B % perceptron neural network output
to decay electron in m  Number of decay electrons  Number of ring fragments

18 July 2024 Tau neutrino appearance from oscillations in the atmospheric neutrino flux

ICHEP Prague Super-Kamiokande Collaboration

M Mandal talk at ICHEP 2024



Number of events <

Number of events

Cosine of zenith angle

428 + 92 v, CC events
M Mandal talk at ICHEP 2024

. appearance @ SK: results
% ~- |l Tau CC signal
400¢ FS - Background
300F i‘ 510000 —+ Data
[
o =
200 g :pt*""""‘.-
Z 500 .
100k Tau-like Fo- Upward-going
SK PRELIMINARY ]
G5 0 05 1 % 05 3
Cosine of zenith angle Neural network output
[2]
- 5 -
800 o)
SR B
6000 - 51000 -+ Downward-
+£F4=+ 3 going
400F 3 500 L,
. 3 L
200k Non tau-like Lo +—O—-Q-—0-»-.-._._*
SK PRELIMINARY
-
G5 0 05 1 % 05 i

Neural network output

OPERA (2018) CC
Phys. Rev. Lett. 120, 211801

IceCube (2019)
Analysis A, NC+CC

Analysis B, NC+CC
Analysis A, CC

Analysis B, CC
Phys. Rev. D 99, 032007

SK Preliminary (2023)
cc

KM3NeT Preliminary (2024)
NC+CC

CcC

PoS TAUP2023 192

H

0.0

rino Physics Beyond the Standard Model

Atmospheric Neutrinos
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Tau neutrino normalisation
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Measurements of the atmospheric neutrino flux with SK

'_'10- L { T T 1T { L { L { T T 1T { T T 1T I T é
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> E N ] 1= ‘%} ?{ """"""""" SrmTmememeeees —
D 104 \ \ - 08— —
E 3 B ---HKKMI - - - - Bartol =
‘(9,2' SE E o :Zi ‘ HKKM?W L FI‘_UKA E
~ 10 E m  SueKamiokadeV v, '_;ﬁi—- ERN 1'4; V 3
w E r:gjb\;uv unfolding 9 E o E 3
-6 IceCubev . , forward folding 12 -
10 E AMANDAVIIvuunfo{dmg 3 1= ,_% .+ %% P I 1= ]
E AMANDA-I1 v, forward folding E o E
C ANTARESV,, \ i 0.8 ¥ { ‘¥ —
. ——— HKKMI1v 47, (W osc) \ E E
107g " N I O06E =
E D Bmyimotendertvy. — 3 170850 05 1 15 2 25 3 35 4
100 . e = Log, (E /GeV)
E — HKKM11 v +7, (Wi 0sc) 3 0%
10° o b b b b b Ly
-1 0 1 2 3 4 5
Log, (E /GeV
g,,(E,/GeV)

Super-Kamiokande, Phys.Rev.D 94 (2016) 5, 052001
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Measurements of the atmospheric neutrino flux with SK
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Super-Kamiokande, Phys.Rev.D 94 (2016) 5, 052001
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Hyper-Kamiokande

Three Generations of Water Cherenkov Detector |
in Kamioka Japan

@ Larger version of SK

@ 186.5 kton FV
(258 kton total)

» 7-8 x larger FV

@ Data taking foreseen
in 2027

From Ed Kearns talk @ INSS 2023
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Hyper-Kamiokande: performance

€ FT T T T T T T T T NG € 7T T T
2 6 10y atmospheric data — 2 7:
8 F . e F
& = e Sp
> - - -
£ [ - 5 £
S r 1 £ s
S i 7 o
2 L B o
> F . s F
§ 3 = =
> r ] @ 3c
(5 2 : g
S o 3 E
r ] 2
1+ = 1
oL 1 | L L c:. 1 | I
0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6

Hyper-Kamiokande [1805.04163]

@ HK detector also use in T2HK
@ Complementarity about beam & atmospheric
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The IceCube detector & IceCube/DeepCore

IDEBLIBE ~—

BUTH POLE NEUTRING DisERVATORY

50 m

IceCube Laboratory ||| 86 strings of DOMSs,

Data is collected here and FRtitas ety pport
sent by satellite to the data
warehouse at UW-Madison

A National Science Foul
managed research facili

l

Digital Optical

Module (DOM) 2450 m |
5,160 DOMs D,
-

deployed in the ice

Antarctic bedrock

°
IceCube string

°
DeepCore string

W 000T

Depth (m)

am o1 0w oo o
Coefficient (m~1)

Veto cap
10 DOMs
10 m vertical spacing

DeepCore

50 HQE DOMs
7 m vertical spacing
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Analysis considerations by energy

DeepCore (GeV-scale) IceCube (TeV scale)
* Use events starting in the DeepCore * Use tracks going through the detector
region * No containment, only lower limit on E

* Strong atm. u background suppression * Sample is v,,-CC only

* Mostly contained, good E estimation

* All flavor, with possibility to tag the
presence of a muon (v,-CC)

* Excellent pointing
* Atm. u bkg suppressed by Earth

J P Yanez talk @ Neutrino 2024



Reconstructing low-energy events in lceCube/DeepCore

“Golden” sample “Inclusive” sample
@ ‘Clean’ events with low scattering @ Tries to reconstruct all events
» v, CConly @ Needs to model scattering in ice
@ Uses u Cherenkov cone light pattern @ Order of magnitude more events
String: 81
---' Repeated Simulation 30
275 4 —— true tgeom(2) o hits 10° —— Retro Expectation 32
~3004 === fit tgeom(2) X removed by cleaning 342’
=" , 107 36 4
3 382
2 1072 403
0 42 5
] 442
21073 46 %
¢ || lass
1074 = 508
oz 52
1075 - > >4
9.85 9.90 9.95 10.00 10.05 10.10 10.15 10.20 10.25 0 200 400 600 800 1000
time (us) Time (ns)

IceCube, Eur.Phys.J.C 82 (2022) 9, 807



IceCube/Deepcore: samples for oscillation measurements
“Golden” sample

10-°%
T T
1L ——vu+7, CC — background
—totalMC -~ - NoOsc.
i data

rate [1/s]

1.2 T T
g uf 1 ¥ .
ERNIRENINETE T A 311
Pap by My
) %0 I I
UE kmiGeV] IceCube, Phys.Rev.D 108 (2023) 1, 012014
“Inclusive” sample
X10°] o A, u* 0, +5,CC - no-osc. 104 - x10°
Ve +D:CC Vu+ 9, CC ¥ Data = 4 ===t
3.0 Vai+TNC  —— Total MC 1.0 : |
(3 [ [ -
a @ g5 o2 N
ol
i 0.0 o|_oailll
12 12 12
2 L Lo e Lty 2 ol £ 3
23,3—1141}—1111141111”> El.: li AL 2(1).; I Hylyggeiiyg l'lllll
) 10 10° ’ 10 102 10° 10T 107 10°
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tt. 134 (2025) 9, 091801
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IceCube: Searches for 3-flavor neutrino oscillation

0.70

“Golden” sample “Inclusive” sample
le—-3
30 NOVA 2021 —-- MINOS/MINOS+ 2020 3.2 Normal Ordering 90% C.L.
4] == T2k 2023 === DeepCore 8 years - golden event sample NOVA 2022 --- MINOS+ 2020
—— Superk 2020 --- T2K 2023 IceCube 2024
3.0 3.0 Super-K 2018 (this result)
2.8 ‘;
g . o 28]
= 7
2.6
~o e O 2.6
S \ =
<24 N ~
NE‘“ 2.41
2.2 S|
2.2
2.0, Al contour a 200 ..
030 035 0.40 0.45 050 0.55 0.60 0.65 0.70 2.0
sin2(923) T T T T T T r
0.35 040 0.45 050 0.55 0.60 0.65
IceCube, Phys.Rev.D 108 (2023) 1, 012014 sin2(63)
IceCube, Phys.Rev.Lett. 134 (2025) 9, 091801
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IceCube: Searches for sterile neutrinos

1.0
0.8H
2
806
Q
S
o
©
2
S04
N
No sterile neutrino
0.2 Am2, =03 eV2
Am3 =1eV?
Am?; = 3eV?
0. . L
for 107 107

Energy [ GeV |

J P Yanez talk @ Neutrino 2024

@ 2 main signatures visible:

» Low En: “small” changes to oscillation
» High En: Matter-effect resonance
driven oscillation

* H24 and HEZ no longer o 1 in
4-flavor oscillations!

@ Sensitive to different parameters

@ High energy signature only in reach of v
telescopes!
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IceCube: Searches for sterile neutrinos — results

Comparison of E regimes

3+1 (824, Am3,)
o 100.0 Y ==
Improved sample St (OO | e "
¢ 370k events — Median 120 : & 10
B . 0 b IceCube preliminan
* Split starting events P 2 8 Cube prelminary
 Updated flux — i
systematics % 3
i 10 Result: "0
«F L !
E ‘{ ¢ Fit .
* Results 3 IS s w5
- Uyal? = 5in?65
* No sterile hypothesis A - 900‘7/0 (éIﬂ
p-value = 3% 0.1 - 9?' ¢ DeepCoré sample
‘ NOn-ZerO ﬂt IceCub Xiv:2405.08070 (2024, ~ All-flavor
significance: 20 IceCube, arXiv240508070 (2024) 3+1 (Ups, Uza)
* Decay scenario 001 o Lo
v sin?(20y,)

disfavored

J P Yanez talk @ Neutrino 2024
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The IceCube Upgrade

* New devices in the ice )
* Recalibration of all data Vo .
* Lower E threshold for DC . J
e .0
. e e 6.
Y [ ]
e ©
[ ]

Fully funded (NSF+partners)
Deployment to occur 2025-2026

.’ .o .O
IceCube  DeepCore  Upgrade

J P Yanez talk @ Neutrino 2024
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0.30

IceCube Simulation = ce6
IceCube Upgrade potential =
pg p _.0.20
¥
%015
* Significant increase of events at 10 GeV LI
* Projecting precision on std. oscillations 005
* Includes selection, reconstruction and current 0000 e = e
uncertainties True Energy [GeV]
3.0 T2K 2023 ~+ NOVA2022 — IceCube 2024 +15% New string Injected truth:
MINOS+ 2020 -+ SuperK 2020 == 1C86 (12 yr) + IC93 (3 yr) 12.5% deployment NuFit 5.2 w/o SK
+£12.5% 1
s .
< 2 210%{
™ o
gN ‘é‘ +7.5%
T % £5% 1
=Y
ot +2.5% 1 «+-- IC86
i 3 Injected truth:
R, N IceCube 2024 oo —‘lcse(Tz yr) ] |c93' caGube sim
293 0.4 05 0.6 0.7 9 10 11 12 13 14 15 16 17
sin? (623) years 28
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The KM3Net/ORCA detector

@ Same principle as IceCube. ..

@ ...but in sea water

less light scattering
more uniform medium
easier reconstruction
PMTs might move with
current

= harder reconstruction

V@VV

@ mDOMs give additional
photon-direction information

@ distance between

> lines: 20 m (vs 42 m DC)
» mDOMs: 9 m (vs 7 m DC)
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ORCA current status

Belgium Prague s

Luxembourg Czechi

The KM3NeT experiment

Munich

vAustria

France

¢ Water Cherenkov neutrino telescope : o
Lygn & Milan Slovenia
* two detection sites for a complementary physics program 4 Croatia
Monaca) F\orgnce
. PP . 3154 MarSeille Italy
Neutrino oscillations in ORCA Andorra
P Barcglona S p g oRomg
? offshore Toulon (France) ORCA : g
* depth: 2450 m Lpohnugal Spain Valencia Palma
A Mediterranean Sea .

® Detection Units (DUs): 115

e instrumented vol. ~ 23%

Seyille Algiers
Somd e w25

Gibraltar

- Rabat |
. . 59 Neutrino astronomy in ARCA
L4 atmospherlc neutrinos: <
o o 08 ? offshore CapoPassero (ltaly)
O wide energy range (1-100 GeV) S, « depth: 3560 m
O different baselines (L), g y « DUs: 230
from ~10 to ~13000 km w e instrumented vol. ~ 12%
0.2
0.0
1 10 100 1000 104 10
Energy [GeV]

13.06.2035 - IRN Lyon - C. Lastoria

C Lastoria talk @ IRN-v meeting in Lyon 2025
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@ Oscillation results with ORCA6-11

Proininary 715 any
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P Coyle talk @ ICHEP 2024
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ORCA expected sensitivity
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ORCA, J. Phys. G 43 (2016) no.8, 084001
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Determining the neutrino mass ordering with atmospheric neutrinos

VoV, (NO) V=V, (10)

Cosine Zenith Angle

°

@ As discussed before: oscillation pattern
depends on ordering, but

» P(v, —v,,NO) = P(v, —v,10)
» P(v, —v,,I0) = P(v, — ¥,,NO)

%en @ lceCube/DeepCore & ORCA: (very) low
ability to distinguish v from v

» Can we still distinguish NO and 10?

Cosine Zenith Angle

@ Yes! Flux & xsec not same for v from v

> ¢Vu > ¢\7u
> oy, R 205,

10

10° 107
Energy [GeV] Energy [GeV]
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Complementarity between reactor & atmospheric neutrinos

@ Am? from reactors (ve — Ve) and accelerators or atmospherics (v, — v,,) misaligned in

JUNO

—— baseline systematics

ORCA

——— optimistic systematics

Combination

True Normal Ordering (test 10)

T

|N21<150

100 |

50

-25 24
Am3, [x 107 eVv?]

-2.7 -2.6

-2.3

True Normal Ordering (test NO)

T T 7
/]

A\

/ B

0
2.3 2.4 2.5 2.6 2.

Am2, [x 10° eV?]

KM3NeT + some JUNO members, JHEP 03 (2022) 055

wrong ordering but same in correct ordering
@ Joint measurement boosts sensitivity beyond simply adding both sensitivities!
@ Separate studies done also for JUNO+IceCube, JUNO+Accelerators, ...
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JUNO capabilities as an Atmospheric Neutrino detector

@ Slightly smaller FV (20 kt) than SK (ext: 27 kt)
@ LS detector — much more light/event

» Better energy measurement

» Harder to measure direction of lepton

» Might have access to information from particle
below Cherenkov threshold

@ Sensitivity to v oscillation still under study. ..

B

E* @ [GeV om? ssr]]
E ®[GeV em? stsr]

S HKKML4 v, Flux (wio 0sc.)

---------- HKKM14 v, Flux (/o 0sc.)

HKKM14 v, Flux (w/ 0sc.)
& This work (S yrs) v,

—— HKKM14 v, Flux (w/ osc.)
E & Thiswork(5yrs)v,

BRI
(Il
151\

LT T
ul
-
-

Reco/MC

sl Y e &
Reminder: JUNO starting to take data in JUNO, Eur.Phys.J.C 81 (2021) 10
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DUNE capabilities as an Atmospheric Neutrino detector

@ 4x10 kton in active volume
@ LAr TPC — exquisite detalil

» Detailed event topology
» Potential for good v, PID?

Sub-GeV Atmospheric Neutrinos
T T

T
—— Joint fit
— CC—lplm

P LU | — CC—2p0r

6:— Mass Ordering Determination — CO—0p07
Atmospheric Neutrinos

17 kton module |
19m 66 m (10 kton active volume)

https://web.slac.stanford.edu/
neutrino/experiments/dune : e s Z‘Ty/

1a]
G Loyl b by Lo Loy Loy LiuayJ 0o
O-od o0 300 400" SO0 60 700 600 900 0 /2 = /2 o
Fiducial Exposure (kt-yrs) dcp

T Thakore talk @ MMTE 2023
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Earth Tomography
@ As we understand better v oscillations can invert the problem to probe Earth interior
@ Deeper (complementary) probe of Earth than with geo-neutrinos
@ For now not competitive with ‘traditional’ methods, but independent information
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Summary
@ While atmospheric neutrino fluxes are complicated
» Flux ratios are much better modeled
» Fairly good data/MC agreement with current model & data

@ Atmospheric neutrinos have played a crucial role in discovery of v oscillations

@ Atmospheric neutrinos continue to provide precise oscillation measurements!
» SKis almost 30 years old, but still with comparable precision to newer experiments
» lceCube/DeepCore has been providing good results for the past several years
» SK and IceCube/DeepCore focus on somewhat different energy ranges, so
complementary results
» KM3Net/ORCA turning on gradually

@ Thanks to higher energy of E, & longer L, sensitive to
» v, appearance, high energy effect of v, in atmospheric v

@ Potentially first claims of discovery of neutrino mass ordering soon?
» Good sensitivity by itself, good complementarity with JUNO
» Sensitivity depends on what are the real oscillation parameters

@ Potential still to be fully explored for some experiments not focused on atm.v. ..
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