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Abstract: We demonstrate Ihe feasibl ity of neutrino mass hierarchy determination using
almospheric neutrinos and fulure delectors in lwo cases: (A) Large &3, lor which Lhe sensilivily is
governad by resonant matier efiects, and (R) Smallivanishing (- 5, for which the hisrarchy ditierence
in F,. is proportional to A1 L/ IZ. To detect this difference in case (B) one requires L/E ~ 10°.
Atmaspheric neutrinos with L ~ 10" Km and E ~ 1 GeV can be used for observing this efiect. We
L nete that in this case, one requires excaptional procision (<X 2%) in |Au1 to obtain a significant
hierarchy sensilivily, and mention he fulure prospects of achieving this.

(A)Sensitivity for large 0,3

(Gandhi et al, PRD 76, 073012)
Arises due to resonant matter effects at long baselines..
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(B)Sensitivity for small/zero &3

W Sensitivity to » mass hierarchy for small/vanishing 0,
(sin® 20,4 < 0.02) with atm v, detectors like INO, HK,
Liquid Argon (Gandhi ef al, arXiv:0805.3474)

m not due to matter effects; Ay -driven effect, max in 1-2
GeV range and for baselines ~ 12000 Km

® In this range and for 6,5, = 0, Ay << A << Ay, and

P =1 — sin® 20y sin® [(Ai =

pr

) 3
P (NLL) — P2 (1) = Ay £, sin(43E)
m Hierarchy difference proportional to Ay L/E, ie.
L/12 ~ 10° required.. L ~ 10000 Km, £ ~ 1 GeV
—  accessible in atmospheric neutrinos

Numerical analysis

I Range studied for small #12 sensitivity: E = 1 1o 10 GeV, cos 7 = -0.7 to -1.0,divided
into 9 x 6= 54 bins

B Maximum sansitivity fram 1-2 GeV bin and highest bassline bin (cus4, — -0.95 0
-1.0), rango chosen la be cansisicnl with deloclor resolution and gathar cnough
statistics for significant sensitivity In spie of systematic uncertalnies

B Detelor resalulion of 10° In 7., & 20% In E lot both INO and HK,
351 in slectron energy, 15% in muon energy, 30% in hadron energy for Liuid Argan
detector

B No charge ID required, since %15 ) sensitivity due to matter-independent term in
L

INO %" =y
HK and Liquid Argon 1 =

2 2
Y T Xote

B During marginalizalion, - Ax1) varied fram D.016 (A5} 10 0.1 x (A1)

Neutrino mass hierarchy

Narmal ardering G, ">

Inveriad arauring (5., <o)

® The 2 possible hierarchies of neutrino masses:
Ay =8x 10 %el” @<l Ag| =25 x 10 3e1”

m » mass hierarchy is an important discriminator between
large classes of unified theory models

Numerical Analysis

Range for matter effects: E — 210 10 GeV, ces: 4, — 0.1 0 -1.0, 8 x 18.= 144 bing.
MUON BVBNEND: (5, X 4y — 6+ % I%.) # CC crogs-section » detector efficiency
% Pex) x GG oross-sestion x detector efficiency
in E in INO and HK
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Bl Marginalization: A: eters varied in the range
Az =235 210 ¢ =0A— 08,
At =
. et | e 2 ioin®
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.Importance of A3 precision

]

= P (NII) — P2, (III) vanishes if Afl = —AN7 + 24,3,

e X

= For present best-fit Ay, — 8 x 107° V2, [Ay | — 25 x 107°
eV?, |Ay | allowed range 1.8 — 3.3 x 107 eV?, —
2As ¢}, = 0.112 x 1077 eV*, above AY within range

ma If |Ay, | allowed range covers this point, no sensitivity;
closer the range to this point, lower is the sensitivity —
Sharp dependence of #,; = 0 hierarchy sensitivity on A;;
precision

E Projected o(A;) ~ 2% in superbeams (T2K), wide-band
LBL (BNL/Fermilab-DUSEL)
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Atmospheric neutrinos as source

Advantages: > Provides broad L/E band (1 to 10° km/GeV).
Suitable ranges of L & E can be chosen.

> The longer baselines allow matter effects to develop for
Sign{A;,) sensitivity.
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Small non-zero 6,3?

= For 1-2 GeV, A << Ay — neglecting matter-induced
change in 0,3,
P NTT) — PU(ITD) = Asi g (cf, — 2enm101s) sin{ S4E)
m Slight decrease in hierarchy sensitivity for small 6,5,
sin® 26y < 0.02
= Infinal x* for HK and Liquid Argon, small contribution of
electron evenls due o matter-induced hierarchy
sensitivity in 7, for non-zero 0,5

HK,INO,Lig.

H

sin’ 2087 | Ay precision || x2,;,., INO X%, Lig.Ar
0.0 A /2 55 57
0.02 Aoy /2 4.9 6.1
0.0 Ay T 1.5 1.8
0.02 Ay 1.6 1.7 22

Table 1: Values of y2,,, with pull and priors for INO (1 Mt yr),
HK (1.8 Mt yr} and a Liquid Argon detector (1 Mt yr) for two

2

values of st

2015 and two possible values of A, precision.
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Future Detectors for Atm v

E Magnetized Iron Detector (Prototype: INO)
> 50 - 100 kT
> Muen detection & charge discrimination capability
E Megaton Water Cerenkov Detector (Prototype: HK, UNO,
MEMPHYS)
> SK-type detector with no charge ID
> Both electron and muon events can be used
Ea Liguid Argon detector (Prototype: ICARUS)
> Time projection chamber
> Both electron and muon events can be used, charge ID
far both? J

— = Neutrino Telescope (Prototype: lceCube)
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Summary

B Forsin’ 26, 05, Sign(4.41) sensitivity in the muon oscillation and survival
probabilities is due to carth maticr offects. This may be observed at large future
detectors like INO, HK and Liquid Argon detectors with gaod detector resalution.

B For small s:u? 21 <2 0.02 or vanishing 0,3, such detectors may stll show statistically
significant sonsitivity to the noutring mass hicrarchy. This offoct is independont of
maller and is proportional 1o A /./ 7. Hence almospheric noulrinos wilh very long
> 10040 Krm baselines ang 1-2 GeV energies are suited for observing i

B An exceptional precision of betier than 27 in |5, is required to achieve this goal.
This may be possible in superbeam/widc-bandl LBL cxperiments ke T2K and
BNL-DUSEL.

B With o{As 1) = A2 /2, we find a > 2 sensitivity to be achievable by INO (1 Mtyr) for
#15 = 0 wilh fairly realistic assumptions of delector resolulion and systematic
uncertainties.



