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Atmospheric neutrinos

Atmospheric neutrinos are created in the collision of
cosmic rays with the atmospheric nuclei
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Atmospheric neutrinos

The atmospheric flux composition changes with the energy
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The main components in the flux calculations are:

>

- Cosmic ray flux (¢,)

 Geomagnetic effects (R)
* Hadronic interactions (Y)

Flux Ratio

The flux changes with the direction, there is an
enhancement in the horizontal direction

Honda, Sajjad Athar, Kajita, Kasahara,
Midorikawa Phys.Rev.D 92 (2015)
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In the 3v scenario, neutrino evolution is described by six parameters
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37 mixing through the Earth

A reach phenomenology is accessible using atmospheric neutrinos
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Sub-GeV atmospheric
neutrinos

For E < 1GeV, atmospheric neutrino oscillations are dominated by Amzz1
what enhances the CP-violation term

Pep=—8J75% sin(5cp)sin(A21)sin(A3l)sin(A32)
For 5Cp #+ (), the CPT conservation implies
P, —-v)# P, — 1)

- The impact 0., depends on the neutrino direction and
it is independent of the neutrino energy.

KJ. Kelly, PA.N. Machado, |. Martinez-Soler, S.J. Parke Y.F.Perez-Gonzalez, PRL 123 (2019)
|. Martinez-Soler, H. Minakata, PTEP (2019) 7, 073B07
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Multi-GeV atmospheric neutrinos

In the multi-GeV region, atmospheric neutrinos evolution is
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Detection of atmospheric neutrinos

At present, several experiments have measured the neutrino flux at different energy scales

Super-Kamiokande (SK)
22.5 kton water Cherenkov
Measures the flux from the sub-GeV region
Small sample at multi-GeV due to the

Event sample is divided in FC, PC and Up-u

SK

—'1— 10_1 § 1T T 1 | T T T | L L L L T §
1 = L =
7 - ]

— -

o 1072k =

O = =

9] - -

N B N _
-3 <

107 Ny =
Q - 2 3

> - A I ]
o 10™° = N b ‘ =

- \ o :

& 105k o N

N = [ ] ]S: per-Kamiokande I-1V v l 3

- rejus v < -

m B i IceCube u unfolding N \\\ ]

-6 B IceCube forward folding
— M —
107 AMANDA-II v, unfolding 3
= & AMANDA-IIv, forward folding : 3
N ANTARES v, \ _
10_7 _ ———— HKKMI1 Vu+vu (w/ 0sc.) \ _
= Y Super-Kamiokande I-IV v =
[ —¢— Frejusv, ]

-8 IceCube/DeepCore 2013 v
10 E  —%— IceCube 2014 v, =
E ——— HKKMII v 4V, (W/ osc.) =
10—9 B I I | | I | | I I | | I I | | I | | I | | 1 ]

1 0 1 2 3 4 5
LoglO(E /GeV)
A%

We developed a simulation of SK that includes all the phases:
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Detection of atmospheric neutrinos
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The high-energy part of the flux is measured by lceCube
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lceCube

« ~ 1km? ice Cherenkov

* Measures the high-energy part of the flux
 The sample is divided into tracks and cascades
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ORCA

ORCA measures the multi-GeV component of the atmospheric
neutrino flux :

* We have developed our MC for ORCA based on the energy and
Zenit reconstruction provided by the collaboration.
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Flux uncertainties

The uncertainties on the atmospheric neutrino flux reduce the sensitivity to the mixing parameters.
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Cross-section uncertainties

Different types of interactions affect the atmospheric neutrino interaction due to the large
energy range covered by the flux
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Combined analysis: 923 and Am321
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Combined analysis: 923 and Am321

The SK+IC-upgrade+ORCA will have better sensitivity than LBL and reactor experiments.
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* The sensitivity to the ordering is dominated by the cascades
crossing the core in IC-upgrade and ORCA around the GeV.

Combined analysis: mass ordering

C.A. Arguelles, P. Fernandez, |. Martinez-Soler
and M. Jin, arXiv:2211.02666
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Combined analysis: 0,

The sensitivity to 9, is dominated by Super-Kamiokande 20
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20

Systematic impact

Flux systematics

What systematic has a larger impact?
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Bonus: sensitivity over 0,

The measurement of the atmospheric resonance also gives us a sensitivity to sin’ 0,5
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Next-generation of experiments:
DUNE



Next generation experiments: DUNE

LArTPCs:

* Excellent capabillities to identify charged particles.

* Precise measurement of the energy and the direction of low-energy charged
particles

* Neutrino energy and direction are reconstructed from the event topology.
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Next generation experiments: DUNE

We simulate neutrino scattering on Argon using
NuWro event generator. We consider events topologies based on the number of
visible protons and pions in the final state (CC — NpMn).
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DUNE: Event reconstruction

To simulate the event reconstruction, we consider a minimum Kkinetic energy and a finite energy and

direction resolutions 10
E =300 MeV, 1p0m

E =1 GeV, 1p0m

— 120
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0. induces a large deviation in the number
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DUNE sensitivity

DUNE can exclude some values
of 9., to more than 3o
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Conclusions

* Atmospheric neutrinos are a unigue source for exploring the neutrino properties.

* By the end of this decade, atmospheric neutrinos will contribute to some of the open guestions in
neutrino physics: the mass ordering, the octant of 6’23 , and the CP-violation phase.

e For 0, it is possible to get more than 26 significance over the octant

e |t is possible to discriminate the mass ordering at 6¢ using just atmospheric neutrinos
- 0, Can be measured at more than 2o thanks to Super-Kamiokande with Gd

 The next generation of experiments will contribute with a precise atmospheric flux measurement. In
particular, DUNE will be sensitive to some values of 9, at than 3c.
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Backup: DUNE sensitivity to 0,,
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Backup: Combined analysis: 0,

The sensitivity to the CP phase depends on the true value 0
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Backup: Atmospheric neutrinos

The most recent atmospheric neutrino flux estimations are based on 3D-MC simulation
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The main components in the flux calculations are:

- Cosmic ray flux (¢,)

* Geomagnetic effects (R)
* Hadronic interactions (Y)

Honda, Sajjad Athar, Kajita, Kasahara,
Midorikawa Phys.Rev.D 92 (2015)




Backup: 32 mixing in matter

In matter, the evolution is affected by the matter potential
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Backup: Mass ordering

At the GeV scale, there is resonant flavor conversion. Neutrinos
are sensitive to the mass ordering:
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