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Atmospheric neutrinos
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Earth density profile

The most widely used radially symmetric model is the
Preliminary Reference Earth Model (PREM):
it includes anisotropy in the upper mantle and it is a good fit to:

-free oscillation center frequency measurements,
-surface-wave dispersion observations,
-travel-time data for body-waves

-the Earth's radius, mass and moment of inertia
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Earth matter effect
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For constant density and neglecting the solar sector
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Propagation through the mantle

M. C. Banuls, G. Barenboim and J. Bernabeu, Phys. Lelt. B513:391, 2001
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Mantle-core effect

Approximately three layers of constant density
Non-trivial resonant effects

E <ES S

J- Bernabeu, SPR, A. Perez and S. 'T. Petcov, Phys. Lett. B531:90, 2002
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Neufrino oscillograms
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Multi-GeV events
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Sub-GeV events:
r = 2.0-2.2 (2.1-2.6)
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Multi-GeV events:
r = 2.1-5.6 (2.4-7.2)
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Phys. Rev. D83:123001, 2011
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How to determine the mass hierarchy?

Need of matter effects:

Long-baseline experiments
Supernova neutrinos
Atmospheric neutrinos
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Mass hierarchy determination with atmospheric neutrinos:
Extensive literature

Probably incomplete list:

Petcov 95; Akhmedov 95 ; AkhAmedov, Dighe, Lipari and Sruirnov 9s; Chizov, Mar:s
vnd Petcov 95, Chizhov and Pelcov 99,00,0\, Basict!s, Barenboirr and Bernabée O
Bernabéet, Pérez, SPK and Pelcov Ol;, Gonzdlez—-Garcia and Maltom 03; Bernabéu,
PR and Petcov 03, SPK and Pelcov 04; Indumadhi and Murdhy 04; Gonzdlez-
arciay, Mallon' and Sriirnov 04; Garndhi, Ghosal, Goswari, Mekta and Sankar 04;
wber, Malton and Schewetz 0s; Akhmedov, Malton and Srurnov 05, 06y OS;

/704(5&}/ and K oy 05, Petcov and Schewelz 06; Indumadhr, Murdhy, R @'a\fe(dran
and Sinka 06; Samanta 06, 09, Gandhi, Ghoshal, Goswarr, Mehla, Sarkar and
/7a/3ar O0F; Mena, Mocioiee and K azzagie OF Gandhiy, Ghoshal, Goscoary and
Sankar 05, Giordano, Mena and Mocioic 10, Ferndndez-Mardinez, (Giordano, Mena

and Mocioiw 10; Samanta and Srirnov 10; Gonzdlez—Garcia, Maltom and Salado 1
Blennoew and Scheetz 12; Barger, Gandhi, Ghoshal, Goseoarn, Martfadia, Prakash,
Kawd and Sankar 12; Akhmedov, K. azzagite and Sprrnov 12; Ghosh, Thakore and
Chowbey 12; Agarwalla, Li, Mena and SPK 12, Franco, Joliet, Kouc hner, Kulikovskiy,
Meregaglia, Perasso, Pradier, Tonazzo and Van Elecoyck 13, Kibordy and Sprrnov 13...
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Mass hierarchy with magnetized detectors
c ﬁarge discrimination:

distinction between neutrinos and antineutrinos
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ICAL@INO: 50kton

Good energy and angular resolution
1-2 GeVv threshold
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Mass hierarchy with Cherenkov detectors

“No cﬁarge discrimination is Joossiﬁfe:

1o distinction between neutrinos and antineutrinos

In tﬁe [:LTHH,' tﬁe SO[OH’ sector can 66 negﬁecﬂzcﬂ

NH  plH
(few GeV and 1000’s km): P i P
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Mass hierarchy with Cherenkov detectors

“No cﬁarge discrimination is Joossiﬁfez

1o distinction between neutrinos and antineutrinos

n the [imit the solar sector can be neglected. NH —
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ORCA: mediterranean sea

KM3NeT Collaboration

Possible phase 1 of KM3NeT
to reduce the energy threshold 4
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J- Brunner, Talk at New Directions in Neutrino Physics, Aspen, GO, February 2013
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PINGU: south pole

Addl'l'lOnCll S'I-rings W”‘hm '|'h€ PINGU Geometry - 26m String Spacing
IceCube/DeepCore volume o ToaGube

4 DeepCore
< PINGU

*20 strings

*60 DOM in each string

*5m vertical distance between DOMs
*26m average distance between strings

Other configurations are
under investigation

J- Koskinen, Talk at New Directions in Neutrino Physics, Aspen, CO, February 2013
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PINGU: south pole

Additional strings within the
IceCube/DeepCore volume s B s E

.......................................................................................................................................
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*20 strings
*60 DOM in ea
*Sm vertical disi

Other configurations are
under investigation

J- Koskinen, Talk at New Directions in Neutrino Physics, Aspen, CO, February 2013
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Setups

Deepc ore. 1 Gnergy bin == DeepCore Contained SMT3

10-15 GeV — PINGU Trigger + (r<150m. -500m < Z < -157m) I

PINGU-0: 2 energy bins
5-10 and 10-15 GeV

PINGU-I: 4 energy bins
5-7.5, 7.5-10,
10-12.5, 12.5-15 GeV

Effective volume [Mton]

10 angular bins
ACOS@ — O . 1 fOr COSG — [— 1 )O:I Thanks to Jason Koskinen and Ty DeYoung
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Mixing parameters and priors

Future error:
Reactors & LBL

T
I

T

norim

Correlated error: normalization of the atmospheric neutrino flux, detector
effective mass, efficiency, cross sections
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Statistical analysis

Y
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)Li % {913,923 )
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finally, we marginalize over the density
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Sensitivity to the mass hierarchy

DeepCore NH
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Adapted from: S. K. Agarwalla, T. Li, O. Mena and SPR, arXw:1212:22538
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Note of caution:

-We include marginalization over relevant parameters, take large
energy bins and add the impact of correlated errors, but...

-a more accurate account of the resolutions is needed, likely to
ﬁdecrease the sensitivity by ~2/3

Leffect of uncorrelated systematic errors: 5% error would decrease the
sensitivity by ~2/3

kinematical smearing would also reduce the sensitivity

—————————] [T [
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E. Kh. Akhmedov, S. Razzaque and A. Yu. Smirnov, fHEP 1302:082, 2013
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Determination of the 0,; octant
Problem: octant degeneracy

G. L. Fogli and E. Lisi, Phys. Rev. D54:3667, 1996

LOIlg -baseline GXpGI‘il’IlGIltSt it depends on the CP phase
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A. Chatterjee, P. Ghoshal, S. Goswami and S. K. Raut, @ Xw:1302.1370  S. K. Agarwalla, S. Prakash and S. U. Sankar, arXw:1301.2574
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Atmospheric neulrinos:

sub-GeV events: solar term
multi-GeV events: matter effect
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Octant determination with atmospheric neutrinos

Probably incomplete list:

Peres and Srurnov 03,

Gonzalez—Garcia, Ma/lon and Srurnov 04

Hetber, Malton and Scheoetz 05

Choubey and Koy 0s;

Campagne, Malloni, Mezzetlo and Schuwelz 0¢;
Irndeermad Ary Meerd /7y , K @'d\fefw‘dn and Sinha 06
Samanta 0%

Fernandez-Martinez, (Giordanc, Mena and Mocioie 10;
Samanta and Srirnov 10,

Barger, Gandhi, Ghoshal, Goseoar, Martadia, Prakash, Kacd and
Sankar 12

Chatleree, Ghoshal, Goscoarn and Kaed 13;

T hakore, (7HoSA, C/?o&(éey and Dighe 13
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Determination of the 0,, octant:
atmospheric neutrinos

v, (£0)=00(P,(v, > v,)+ 1P, (v. 5]
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Determination of the 0,, octant:
atmospheric neutrinos
®, (E.0)=a) (P3v (v, > v, )+ 1P3V (v, > "u)j

\

®, (E.0)=®) Y. £(sin’26,,)

J

These terms break the symmetry around 45 degrees

Sensitivity to octant
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sub-GeV events

(A) Theo+Sys+Stat  (B) Sys+Stat C) Stat only
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M. C. Gonzalez-Garcia, M. Maltoni, A. Yu. Smirnov, Phys. Rev. D70:113012, 2004

Sergio Palomares-Ruiz Neutrino mass hierarchy in the atmospheric sector: Earth matter effects, April 17 2013



multi-GeV events: magnetized detectors
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multi-GeV events: results for PINGU
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finally, we marginalize over the density
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Sensitivity to the Earth density
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Sensitivity to the Earth densit

Geophysicists determine the density distribution of the Earth by perturbation inversion using
seismic data: averaged values over ~100 km known at the level of few per cent at all depths,
but density gradients less known.

On the other hand, linear integral constraints known at the level of 0.01-0.1%
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Summary

o Large O, opens the possibility to study leptonic CP violation and
determine the neutrino mass hierarchy

o Ffuture multi-Mton extensions of current neutrino telescopes,
PINGU and ORCA, are proposed to lower the energy threshold
down to a few GeV: quite a challenge!

o Atmospheric neutrinos experience resonant matter effects in the
few GeV range

o We have studied the (preliminary) sensitivity of PINGU to the
the 0,, octant, to the mass hierarchy and to the Earth density

o This is just the first step! Studies on the achievable capabilities
of such detectors are currently going on!
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