Oscillation of very low energy atmospheric
neutrinos

O. L. G. Peres' 2

TUNICAMP
Instituto de Fisica Gleb Wataghin, Brazil
2The Abdus Salam International Centre for Theoretical Physics, Italy

In collaboration with A. Yu. Smirnov, July 18-25 2009
NUFACT 2009

uuuuuuu

Orlando L. G. Peres Oscillation of very low energy atmospheric neutrinos



Seminar’s plan

¥
uNEAME




Atmospheric Neutrinos in general
Oscillations for very low energy
Introduction Invisible muons in water detectors
Present status of sub-sub GeV atmospheric v
Summary

Atmospheric neutrinos

@ Most of atmospheric neutrinos event sample are from pion/kaon
decay in flight

p+pp+n)— X+77 /K"
L,

— et Vely,

But also we have contribution from 7 and p decays at rest. For
very low energies, below 0.1 GeV we can have neutrinos from
both processes (decays in flight and at rest) . In this work we
study to look for oscillation effects for these very low
atmospheric neutrinos: sub-subGeV sample. .
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Fluxes of atmospheric neutrinos

TU decay

N
5}

P T

/
U

Vu flux

Flux (GeViem? §)
N

=
o
JRARARARRRAARRARIRRRN AR RAY RRAR LAY

A A
0.02 004 0.06 0.08

P
002 004 006 008
20

o

v, flux v, flux

Flux (GeViem? s
N

/

0.02 004 0.06 0.08 0.1 0.02 004 0.06 0.08 0

o
-

(GeV) .

E (GeV) E
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General view of neutrinos fluxes
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First discussed as background for searches of RN
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diffuse neutrino relic supernova detection and future SN bursts by Fogli,Lisi, Mirizzi and Montanino. e
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Three generation oscillations for lower energies,
Amg, # 0

@ The full probabilities are
P(ve — ve) = C?B‘A/ee|2 + 3?3’

2 Y rl2 2 22
P(v, —ve) = C13‘—3133239 " Age + C23AG,| © + ST3C1385s,

and for the inverse channel:
P(ve — v,) = P(v, — ve)(6 — —0).

2 p - / 2 2 2
Py, — v,) = ‘023AW — 513C08 0 8iN203A, , + S73553A¢¢
4 4
+Ci3S23
where A, ; are the amplitudes for 1-2 sector: ¢4, and "
&
Am3,; $2, = sin® 013;¢3; = cos? O3 =
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Three generation oscillations for lower energies,
Amg, # 0

@ The typical for oscillations in matter, is due transition between
the 1-2 and 1-3 families (for neutrinos only)

EZ' =0.96 GeV( A, ) <2A0‘g/cms> (cosz(hz)

7.3:10—5eV2

Yop 0.424
31 - Am§1 2.Og/cm3 COS 2034
Ep  =9.64 GeV (2.1'1073cv2 Yep . ‘

This implies that for very low neutrino energy, E<< 0.1 GeV we
have

ESER E<<E}Y
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Neutrino fluxes

@ The electron neutrino flux at the detector

Fe = FgP(z/e — Ve) + FSP(V# — Vg)
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Neutrino fluxes

@ The electron neutrino flux at the detector

Fo
P2

= | 14+ (rcd; —1)P | = rsi3¢%; sin2023(cos § Re,, + Sind Ig,,)

— 288 [(1 - rh) + P(r—2)] + sha(1 — red)2 - ),

where Re, = Re(A%,Ace), loy = Im(Aj,Ace),

eu
_ FUES.)
r = I’(E,@l,) = m

S13 = sin(013), So3 = sin(fp3), § = CP phase.

From O. L. G. Peres and A. Y. Smirnov, Phys. Lett. B 456, 204 (1999); Nucl. Phys. B 680, 479 (2004)
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The flavor ratio for sub-sub GeV neutrinos
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The flavor ratio for sub-sub GeV neutrinos

For larger energies r ~ 2 and for almost maximal mixing we
have suppression of oscillation, (rc§3 -1)—0,

Fo
Fs

= [ 14(rc3g—1)P|~1

But for lower energies, r deviate from 2 and we can some effect
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The flavor ratio for sub-sub GeV neutrinos

We use Bartol fluxes (we have plots for Honda and Battistoni fluxes
as well) and cross sections vgH, 7,0 and v, O, using quasi-elastic
formalism with aproppriate nuclear effects. The following plots are for
Super-Kamiokande experiment.
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Oscillation for null 645
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Oscillation for 613 # 0

F. . .
F—g = 14 (rc3—1) r$13C23 SiN 2023(C0S § Rey |+ SINGS o)
e

255 [(1 = rsky) + P(r = 2)] + sty(1 — rsp)(2 - P),

The functions Re,,, le,., P can be computed numerically or via Magnus
expansion . We use sin® 261, = 0.82, and Am2, = 7.3 x 10~ eV2.
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Oscillation for 613 # 0
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Invisible muons in water detectors

Atmospheric muon neutrinos (or muon anti-neutrinos) made muons
(antimuons) inside the detector

v+ X — X+
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Invisible muons in water detectors

Some of them did not produce Cerenkov radiation due to have
momenta below the Cerenkov threshold. they are called invisible
muons

v+ X — X'+ D
|

— € Vgl

But produce electrons.
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Invisible muons in water detectors

The rate of invisible muons depend of muon survival probability.

Fu

7

where
Reﬂ =

Sy3 = sin(643), So3 = sin(f23), § = CP phase.

Re(A3,Ace). ley = Tm(Ay,Ace),

C13

— 1 — 5 S|n 2023 C§3 023 r

— Si3 sin 2023 {0036 |:r — CES(RQH +

sin§ [r + C34( ey + ] } + O(8%5).

FO(E,
r=r(E,0,) = &-5. o
e v
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Invisible muons in water detectors

In turn, these muons are generated by the v,,-flux with typical
energies (150 - 250) MeV.

The spectrum of electrons from invisible muons is described by the
Michel spectra. The normalization is equal of the number of muons
that decay. The electron spectra is

dNe 2 3 E[ep
—~ ¢ _NE2 (2 _ _“lp
dEiep her (2 (m,./2)

We folded this distribution with an resolution function.
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The sub-sub GeV atmospheric neutrinos in SK.

@ At the present, LSD put only an upper bound on the 7 —flux:
Fz < 5-10*cm~2s~! for the energy range 12 < E < 26 MeV.
Super-Kamiokande detected 88 + 12 produced by interactions of
the atmospheric ve and 7 , and 174 + 16 from decays of
invisible muons for a 90kt-yr exposure time.
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The sub-sub GeV atmospheric neutrinos in SK

@ From

Observed number of events/ 1496 days/22.5kton/4MeV
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Future Megaton detectors for null 643

At the present time it not statistically important this effect but can be

important for future Megaton detectors. We use here as a example a
Hyper-Kamiokande with 540kton-4yr.
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Future Megaton detectors fo null 643
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Future Megaton detectors for 013 # 0
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@ There are several new features which appear at low energies in
production, oscillations and detection of the atmospheric v.
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@ There are several new features which appear at low energies in
production, oscillations and detection of the atmospheric v.
@ For the e—like events at S13=0 the effects due to the oscillations driven

by the 1-2 mixing canbe 10 — 15% . The 1-3 mixing can reach +4% (+6%)
at low (high) energies;
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Summary

@ There are several new features which appear at low energies in
production, oscillations and detection of the atmospheric v.

@ For the e—like events at S13=0 the effects due to the oscillations driven
by the 1-2mixing canbe 10 — 15% . The 1-3 mixing can reach +4% (+6%)
at low (high) energies;
@ To study oscillation effects discussed in this paper one needs
much larger statistics which can be achieved with the
Megaton-scale detector. The sub-sub GeV sample can be used
to measure deviation of 2-3 mixing from maximal, the 1-3 mixing
and the phase 6. We urge to have a full understanding of fluxes
of these neutrinos that can have implication for detection of
diffuse neutrinos from relic supernova. o
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Comparation between different computations
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