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Outline

e Atmospheric neutrinos.

e Status of the 3v mixing scenario. How atmospheric neutrinos can contribute?

 Next-generation of experiments: DUNE

* Neutrinos can weight the Earth: Tomography!

e Conclusions



Atmospheric neutrinos

Atmospheric neutrinos are created in the collision of cosmic rays with the
atmospheric nuclei
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E. Richard et al. (SK), Phys.Rev.D 94 (2016) 5, 052001




Atmospheric neutrinos

The most recent atmospheric neutrino flux estimations are based on 3D-MC simulation

5% 10%| — E=0.3GeV.
— E=1GeV ¢Vi — ¢p ® Rp X Yp—)]/l- + Z ¢A X RA & YA—)I/,-
— E=10GeV - A
2 X104 B _Ll—._ _
~ _ _ The main components in the flux calculations are:
E 1 x 10" ‘I—l_u—rlJi - * « Cosmic ray flux (gbp)
@ I b, x5 : « Geomagnetic effects (R)
=) 5000: ' _ e Hadronic interactions (Y)
< _ _
¢, x 1000 -
2000 | :

1000

—1.0 -0.5 0.0 0.5 1.0 Honda, Sajjad Athar, Kajita, Kasahara,
Cos’ Midorikawa Phys.Rev.D 92 (2015)




Atmospheric neutrinos

The most recent atmospheric neutrino flux estimations are based on 3D-MC simulation

¢1/i — ¢p ®Rp ® Yp—wl- + Z ¢A ®RA ® YA—W,-
A

The atmospheric flux composition
changes with the energy

Flux Ratio

>

Honda, Sajjad Athar, Kajita, Kasahara,
Midorikawa Phys.Rev.D 92 (2015)
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The 3 scenario



37 miXing

See Michele’s Talk

In the 3v scenario, neutrino evolution is described by six parameters

dv 1 . » . .
i~ = o (U'diag(0,Am3,, Am;)U) v Mixing between massive and massive states

vy= Y Uy U= U03)U(036,,)U0))

Mass ordering

Vi V> V3
normal inverted
Vi) v, Ve .
vV,
v,

. BN
v, Vv, V,
Vi
R —————————

>

Increasing mass

\\
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37 miXing in matter

In matter, the evolution is affected by the matter potential

dv o] . For neutrinos crossing the Earth
i— = — (U'diag(0,am2, Am2)U {V, ) v J
15
;/ i - \. R T PREM
Vmat — A dlag(19090) ol R —— Three—layer approx.
=y Lower Upper
: ~ 6 Core _ Mantle Mantle
Electron density along the = =
neutrino trajectory N [ ......
| | | | | |

0
0 1000 2000 3000 4000 5000 6000 7000
r [km]




37 mixing through the Earth

A reach phenomenology is accessible using atmospheric neutrinos

10°
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Sub-GeV at heri -
neutrinos
For E < 1GeV, the CP-violation term is enhanced due to the development of
the solar oscillation ANAA A A~
Pep=—38Jp" sin(écp)sin(AZI)sin(A31)sin(A32) 10200k
e For E > 1, Sin(Azjh) < < . T . Ve—>V,
» For E < 1, sin(A;)sin(A5,) ~ 1/2 Ocp=3n/2
For o,, # 0, the CPT conservation implies WA AAA LAY
Pw, - v,) # P, > v, L.=6370km
« The impact 5Cp depends on the neutrino directionanrd =& Ve=>V,
(5(:1)2371'/2

it is independent of the neutrino energy.

|. Martinez-Soler, H. Minakata, PTEP (2019) 7, 073B07

KJ. Kelly, PA.N. Machado, |. Martinez-Soler, S.J. Parke Y.F.Perez-Gonzalez, Phys.Rev.Lett
123 (2019) 8, 081801




Multi-GeV atmospheric neutrinos

In the multi-GeV region, atmospheric neutrinos become
sensitive to Ams, and 6,5.

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

 The matter effect enhances the oscillation of neutrinos (anti-
neutrinos) for NO (1O)

» The enhancement of the effective 0,;. MSW resonance.
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Detection of atmospheric neutrinos

At present, several experiments have measured the neutrino

: SK

flux at dlﬁerent energy Scales S 10_1 = [ T | | T | I I I I I I I =
| 3107 E
Super-Kamiokande (SK) s F -
[\ B N —
* 22.5 kton water Cherenkov g 107 — E
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: 0 10*E IE
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LoglO(Ev/GeV)

C.A. Arguelles, P. Fernandez, |. Martinez-Soler and M. Jin, in
preparation




Super-Kamiokande

Preliminary We have developed a simulation of SK that

Includes:

SingleRingSubGeV Elike Odcy-e

SingleRing PiOlike

SingleRing SubGeV Mulike Odcy-e

@ SK official MC W CCnumu
cc

1000 -

1000
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400

200

 The measurement up to 2008
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7 _ For a detailed description of the detector
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C.A. Arglelles, P. Fernandez, |. Martinez-Soler and M. Jin, in preparation

Phys.Rev.D97 (2018) 7, 072001



Detection of atmospheric neutrinos

. . IceCube
The high-energy part of the flux is measured by IceCube
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lceCube-upgrade

In this analysis, we have focused on the lceCube upgrade:

| = Preliminary e
10° - _|_|_‘—l wesca * 7/ additional strings with a denser distribution of high-
— effieciency photosensors

» Lower energy threshold (£ > 1GeV)

=
o
w

IIIIII 1 1 Ll .l

Events/5years

‘ To estimate the detector sensitivity, we have included
10° all the detector systematics:
* |ce absorption
10°1 |ceCube * Ice scattering
| Upgrade lceCube  Optical headon

* Optical efficiency
e Optical lateral

100 101 102
E(GeV)

C.A. Arglelles, P. Fernandez, |. Martinez-Soler and M. Jin, in M. G. Aartsen et al.. Phys. Rev., D99(3),032007
preparation




Flux uncertainties

The uncertainties on the atmospheric neutrino flux reduce the sensitivity to the mixing parameters.
)

E
O (E,cosl) = f(E,cos{)Dy| — | n(cos{)
Ly
These systematics are common to
both experiments
Systematic Uncert./Priors
« ®, normalization
» Flavor ratio (v,/v,) O (E < 1 GeV)
 Neutrino to antineutrino ratio (T/v) (Do( E> 1 GeV)

» Energy distortion ()
e Zenit distortion (y(cos?))
« Honda’s tables (f,(E, cos {))

Ulv

)
Cu,d

n(cos ) = [1 — C,tanh(cos ¢ )2] O(cos ) + [1 — C,tanh(cos ¢ )2)] O(—cos )

K. Abe et al. (Super-Kamiokande), Phys.Rev.D97 (2018) 7, 072001




Cross-section uncertainties

* Atmospheric neutrinos are detected under several different types of interactions.

* The uncertainties in the interaction model also reduce the sensitivity. K. Abe et al. (Super-Kamiokande),
Phys.Rev.D97 (2018) 7, 072001 for a

SK IceCube
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0 -
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0 v g, . | NC over CC 10%
10" 1 10 10° U, 25%
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Combined analysis: 923 and Am321

Making a combined analysis of SK and IceCube-
upgrade, we have estimated the sensitivity to 5Cp,

6’23 and the mass ordering Separate and Combined Sensitivities

le—3

SK+SKGd(5 yrs) @ 90% CL
~=-= SK+SKGd(5 yrs) @ 99% CL - .
IC Upgrade(5 yrs) @ 90% CL Pre“mlnary

2.60- IC Upgrade(5 yrs) @ 99% CL

2.65

2.557
* Adding both experiments, we can resolve the

octant of 0, at 20

Am3, [eV™2]
N
Ul
o

« The measurement of Am321 is dominated by IC.

2.45 -

- 2 : 2.40-
e SIN 613 = 0.022 (flxed) ——  SK+SKGd(5yrs)+ICUp(5yrs) @ 90% CL
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Sin2923

C.A. Arguelles, P. Fernandez, I. Martinez-Soler and M. Jin, in preparation




Combined analysis: 6’23 and Am321

The SK+IC-upgrade will have better sensitivity than LBL and reactor experiments.

0.00265

- 90% CL T2K Neutrino2022

+ sin” 63 = 0.022 (fixed) I — SKA4IC

- Profiled over o,

0.00255

NSCO 0.00250
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Combined analysis: mass ordering

C.A. Arglelles, P. Fernandez, |. Martinez-Soler and M. Jin, in preparation

* The sensitivity to the ordering is dominated by the tracks

crossing the core in IC-upgrade around the GeV. : Combined SuperK,SKGd,IC-Up
True NO, sin® 63 € [0.45,0.57]

| Combined SuperK,SKGd,IC-Up
True IO, sin? fy3 € [0.45,0.57]

0.0
|

* We expect to reach 50 by the end of the decade.
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Combined analysis:

The sensitivity to 9, is dominated by Super-Kamiokande

* The samples that dominate the sensitivity are the e-like and u

-like with no neutron tagged

« We can get a sensitivity larger than 2o by the end of the
decade using just atmospheric neutrinos.

SKGd e-like, 0 decay-e, 0 Gd-tagged neutrons
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Systematic impact

What systematic has a larger impact? By the moment, we have studied the systematics related to the flux

----- No Syst.
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C.A. Arglelles, P. Fernandez, |I. Martinez-Soler and M. Jin, in preparation
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Bonus: sensitivity over 0,

The measurement of the atmospheric resonance also gives us a sensitivity to sin’ 0,5

0.05
| [C+SK 20 ORCA will improve
' | the precision
- NOVA Neutrino 2022
0.04 \ /
. 0.03:—
SY
i
N

0.02

0.01r

00— "040 045 050 055, 060 065 070
Siﬂ2 6’23

C.A. Arguelles, P. Fernandez, |. Martinez-Soler and M. Jin, in preparation




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.

Low charge High charge
i
time 500
(tickS) 500
Eyd€p=E1_|_Kp_|_ 00

1400
1
1

Induction plane wire




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

B £ = 300 MeV, 1p0r

E =1 GeV, 1p0m

— 120

Crec. |deg.

60

E =1 GeV, 0pOmr

Crec. |deg.

0.1 0.2 0.3 0407 08 09 1.0 1.1
Free. |GeV] Eree. |GeV]

KJ.K, PA.N.M, |. Martinez-Soler, S.J.P Y.F.P-G, Phys.Rev.Lett 123 (2019) 8




DUNE sensitivity

6., Induces a large deviation in the number DUNE can exclude some values
of expected events for DUNE of 9, to more than 3¢
N, — CC—1p0r Sub — GeV Atmospheric Neutrinos
180 1 I — T T T T 1 T [ T 1 T T T T T ] ! | I |
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KJ.K, PA.N.M, |. Martinez-Soler, S.J.P Y.F.P-G, Phys.Rev.Lett 123 (2019) 8



Tomography



Parametric resonance

The neutrino evolution across several layers is described by the
product of the amplitudes of each layer

The amplitude in each layer depends on the neutrino phase

—

« o —_
S,=cos¢ . l,—ising, o - n,
v

* The phase (¢,) and the mixing (@,) depends on the

n .= (sin26_0, — cos 26
x = X ) neutrino energy, the baseline and the density

Am?L,
Dy =

4F Petcov, Phys.Lett.B 434 (1998), Chizhov, Maris and Petcov, hep-ph/
9810501, Akhmedov Nucl.Phys.B 538 (1999)




Parametric resonance
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Event distribution in DUNE

Most of the events in DUNE have energies The largest sensitivity to the matter potential comes
below 1GeV from the trajectories crossing the mantle and the crust
N, — CC-1p0r, p = {11., 5.1, 3.1} g/cm’ AN |/A/NI® | p=1{17,1.2,7.1} g/cm’
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: 1.05 145 0.71 0.68 0.10
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KJ.K, PA.N.M, |. Martinez-Soler, Y.F.P-G, accepted in JHEP




Overall Earth Mass Measurement

Normal Ordering

15— — Joint Fit DUNE can measure the total mass of the Earth
_ — CC—1p0x using atmospheric neutrinos
- — CC—2p0n
] — CC—0pOr
) CC—Oplx _
10 — M = (1 £0.084)M 400 kton-year
Néf ) _ (1+0.48
_ M = (1_0,43)M@ 60 kton-year
5 —
0 1.1 1 ] 1 T T T 1 T T T T 1 T T T T |
0.0 0.5 1.0 L.5 2.0 KJ.K, PAN.M, I. Martinez-Soler,

M/M Y.F.P-G, accepted in JHEP




Impact of mixing parameters

Normal Ordering

The oscillation parameters have a negligible
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Sensitivity to the Earth’s core

Additional measurements of the total mass and
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Earth’s matter profile without constraints

\APC ~ 14 % We explored the sensitivity to the three

" layers without additional constraints

The main sensitivity is obtained for
the core and the lower mantle

I KJ.K, PA.N.M, |. Martinez-Soler,
Y.F.P-G, accepted in JHEP
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Earth’s matter profile sensitivity
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This analysis can complement other
measurements of the Earth matter
distribution.

See: A. Donini, S. Palomares-Ruiz and. J.
Salvado Nature Phys. 15 (2019) 1, 37-40
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Conclusions

* Atmospheric neutrinos are a unigue source for exploring the neutrino properties. Also, they can
complement other research areas.

* 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.

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

e |t is possible to discriminate the mass ordering at 5o using just atmospheric neutrinos
. 5Cp can be measured at more than 26 thanks to Super-Kamiokande with Gd

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

* The flavor distribution of the atmospheric neutrinos will also help in the determination of the inner
structure of the Earth.

* Neutrino oscillation can provide a good determination of the core and the lower-mantle.
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Bakup: Total mass of the Earth and 10

Inverted Ordering
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AM ~ 8.5 % DUNE

AM ~ 21 % SK
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