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from cosmic rays to neutrinos
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flux basic inputs
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Deviation from central fit value (%)

-cosmic ray qux
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flux basic inputs
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flux basic inputs
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atmospheric neutrino flux

-estimated uncertainties
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atmospheric neutrino flux

Improvements from last decade
-better input measurements
-CR and had. int. errors reduced
-uncertainties under scrutiny
-renewed efforts & tools



oscillations In
atmospheric v



wide baseline, energy range

Neutrino detector
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survival probabilities
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survival probabilities
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v, survival probability
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relevant interactions

Rev. Mod. Phys. 84, 1307 (2012)
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multi-dimensional constrains

ORCA KM3NeT-ARCA
1023 , b : —>
: ‘ | | | |l IIIIII I ‘:\I IIIII! | L IIIIII |
L Solar Potential La‘o' Latm;"’ 5
¢ o" .d" 7
1022 i " DeepCore IceCube |
2 o e /PINGU (High Energy)
B ¢' _'SNOVA : =
; o’ _~*MINOS/OPERA /ICARUS! .
- KamLAND ¢ e : :
10t g2, T RK -
= F \1\
: +JuNo E
I 2 RENO-50 \." Super-Kamiokande |
1020 = 4-' - ® .
g ’ —
W ey tau production =
" .* DAEBALUS threshold :
gl SR beams = lines -
= 5. atmospherics = regions _|
-+ [Double CHOOZ =
C +  |RENO -
Borrowed from J.Conrad 1
1018 III] 1 1 lIIIIIl 1 11 IIIIIl 1 [} IIIIIIl 1 111 IIIIll 1 1 IIIIIII 1 1_1 IIIIII 1
1073 10-2 101 100 101 102 103

E [GeV

]

107

106

10°

104

103

L [m]

18



multi-dimensional constrains
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recent
experimental
results
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Super-Kamiokande

almost 20 years later
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rate (Hz)

IceCube DeepCore

first publication on oscillations in 2013

low-energy sample
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exotic oscillations
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exotic oscillations
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MINO

magnetizeiteel & scintillator calorimeter
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towards
the future



main interests

-precision measurements
-neutrino mass ordering
-CP-violation In leptons*

... bigger, better, denser experiments



LOCATION:

Under a mountain in
the Bodi West Hills,
Theni dist,, TN

110 km from Madurai >

+ 140 layers of

magnetised -
ronplates et
* Interleaved Observatory will
with >30,000 be surrounded by
resistive plate at least a kilometer
chambers (RPCs) ™= of rock on all sides to
e Neutrinos strike iron atoms, shield against other
produce charged muons radiation that could
e RPCs detect muons swamp the detector

INFORGAPHIC: PRATHAP RAVISHANKAR

-individual particle tracking
-charge identification
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Hyper-Kamiokande

-8x Super-Kamiokande's FV | tank
-260kt mass / tank .

-atmospheric+beam nus
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Hyper-Kamiokande (one tank)
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JUNO

mass ordering from
reactor neutrinos

DUNE

CP violation from
beam neutrinos

other experiments

atmospheric v are a secoridary measurement
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back to
the present



summary & outlook

-atm. nus are an invaluable tool for neutrino physics
-very large & unique phase space in L/E, flavor

-renewed efforts to model & understand atm nus ongoing
-more data, new software, workshops In last years

-experiments producing well understood, reliable results
-next generation measurements tough, but possible
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flux basic inputs

-geomagnetic effects

Can Come In

Can Come In >, L Can't Come In

-3D calculations
-site-specific
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flux basic inputs
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new calculation
old calculation

HKKM neutrino flux updates
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atmospheric neutrino flux

-and 1ts uncertainties
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parameters accessible
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survival probabilities
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saturation effect on 0_,

Figure 3.4: Effective 60i3 as a function
of neutrino energy for an electron number
density of 2.5 (blue). Dashed black lines
show the value of 6;3 for vacuum, from
and its complement (7/2 — #13). The
solid black line indicates maximal mixing.
Calculated using Eq.|3.45

Energy (GeV)
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event sighature & energy
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nucleon Hadron
Shower

Quasi-elastic Resonance single-pion Deep inelastic

-particle (ring) counting
-Cherenkov light emission
-lonization

http://danielscully.co.uk/thesis/interactions.html 55
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early measurements

ANTARES

| AMANDA | AMANDA Il | BEEISITE

Super-Kamiokande

MACRO (scint, counters, tracking)

Soudan2 (tracking cal)

Frejus (flash tubes)

NUSEX (streamer tubes)

Kamiokande (water Cherenkov)

IMB (water Cherenkov)

Baksan (liquid scintillator)

| CWI, South Africa (liquid scintillator) |

| KGF, India (liquid scintillator) |
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*take dates with caution — list is incomplete 57



lceCube Lab

~----___ hnheutrinos in IceCube
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e, ClEt@ction principle

(~5m/GeV)

~150 Cherenkov
photons / MeV

heutrino interacts with ice
huclel via
“deep inelastic scattering”

Hadrons
N 2N

Shower brighiness secondary charged

scales with energy

£y particles produced as a

H
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Tau apperance In IceCube
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Super-Kamiokande
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(a)
MINOS
Far detector
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(b)

(c)
Scintillator module

T e
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Figure 9: Schematic view of the MINOS far detector (a), a scintillation plane with 8 modules (b), and the scintillation strip readout scheme (c).
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segmented modules proposed

NuPRISM HyperKamiokande




VLVNTSs vs beam experiments

TABLE 1: Qualitative comparison of experiments measuring the atmospheric neutrino oscillation parameters. The table is divided into detector
and flux characteristics. Note that the far detector of T2K is Super-Kamiokande but uses accelerator neutrinos. Detector performances taken
from [4, 9, 38, 43, 49, 83, 95]. Expected neutrino events quoted from published results of v, disappearance at analysis level (note that for
VLVNTs this number can vary significantly depending on the studied range in energy, zenith angle, and topology). COH refers to coherent

pion production. For details on the other interaction channels and energy ranges see Figure 8.

VLVNT

Parameter SK MINOS, T2K, and NOvA
ANTARES DeepCore
Instrumentation density (m™>) 91x10~° OMs 2.3% 107> DOMs 0.2 OMs 15 channels
Detection principle Cherenkov light over tens of meters Cherenkov rings Trackers/calorimeters
Detector (far) E, resolution 50% + 22% 25% at 20 GeV 3% at 1 GeV 10-15% at 10 GeV
0, resolution 3" at 20 GeV 8" at 20 GeV 2-3° -
Particle ID capabilities Muon/no muon in interaction e, U, 1t (rings) Individual particles, charge
Source of neutrinos Atmosphere: mix of v,,7,, Vyo and ﬂu Accelerator: v, ﬁp modes
Baseline 10-12700 km 300-800 km
Flux determination Atm. v models, self-fit +top/down ratios Near/far detector
Neutrino flux Energy range 10-100 GeV Few MeV-few GeV Few GeV
Main interaction channel DIS QE QE, RES, COH, and DIS
v events expected with osc. 530 1800 2000 30 (T2K), 900 (MINOS)
and without osc. (per year) 660 2300 2300 120 (T2K), 1050 (MINOS)

arXiv:1509.08404 [hep-ex]
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FIGURE 5: Expected interaction rate of electron neutrinos and
antineutrinos predicted by a NO over the rate predicted assuming
an 10. Using the oscillation parameters in [3]. Because of the flux
ratiov, /v, and the cross section difference, estimated to be 2.1 times
larger for neutrinos than antineutrinos, more electron neutrino
interactions are expected for a NO.

NMO
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