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Neutrino Oscillation

Evolution equation of neutrinos

i (Ve | : 0 a ) Ve Ve
i& U= U om3, Ut + 0 V), =108 5
[ dm2, 0 = 7

Quadratic mass differences

5mz2j = m? — m?

i —5 72 om2, >0 “Normal” hierarch
0y =~ 8 x 107" eV", (Fogli et al. 2005) 7 ; B2 L
‘5m:2%1‘ ~ (2 - 2.5) x 10-3 a2 omsz; <0 “Inverted” hierarchy

Mixing matrix, mixing angles and CP phase(s)

A 0 0 C13 0 Slge_iéCP C12 s12 0O 1
U=10 C23 S923 0 1 0 —819 c12 0O el®1
0 EEANERt L ()3 —SlgeiéCP 0 €13 0 0 1 el¢2

Cij = COS 91']' Sij = sin 9@']'
sin2 615 ~ 0.3, sin?0y3 ~0.45, sin®f;3 <0.04  (Fogli et al. 2005)

Matter effect &
i
ol e RN Rl
. V2Gpn 2 ? gcm3 GeV

2
Unknowns to date: 613, Sgn 5m31 , Ocp, ®1,02




Scope of this Talk

Situations considered

015 1s constrained in advance of the future Two-step strategy

generation of long-baseline experiment. b1 sgném3,  dcp

The value of 0,5 1s not too small (Silﬂ2 2013 2 0.01): Reactor

so that the CP-violation effect 1s accessible.
Long baseline

Purpose

Provide a perspective of the presence and absence of the degeneracies
regarding hierarchy (Sgn 5m§1) and 0cp .

Discuss the way to get out of this degeneracy. @
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Probability (v, — v, )

Oscillation Probabilities
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Probability (v, — v, )

Oscillation Probabilities
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Distinguishability of Hierarchies
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Probability (v, — v, )
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Movement on the Rings
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The Road of the Rings
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Analytic Expressions

® AKS (Arafune-Koike-Sato) approximation

dv
15 = Hv = (Hyg+ Hy)v

J. Arafune, MK, J. Sato (1997)

v(x) = S(x)v(0)

S(x) = e Ho% Texp {—i/ ds H(I)(s)} (Hl(l) (z) = eiHOwﬂle_iHO“”)
0

o—iHoz _ ,—iHow ; / dsH(I)( )+ - -
0

P(va = vg) = |Spal” ({a,8} € {e.n7})
Conditions of applicability

al
() dma, < dm3, | (i) a < 0m3; | (iii) szl

([g C€n3] [GfV] S 756 f? G [ev2]) ([g C[;n?’] [kfn] = O) &

Short baseline approximation




Oscillation Probability

) AKS (Arafune-Koike-Sato) second-order approximation (omitted in part)

P(v,, — ve; B) = 41| C(E) sin? ©(E) + D(E) |,

C(E)=1+ 22—31(1 =D Azlj. sind — Ag 231‘; <Sm(5 + % cos 5)

+ % [‘% cosd + (1 — 23%2)] % coS 0 + 32—;
o= 5 - Bes- 2028 (foms - )

= A221 iig <COS5 — % Sm5> AL A—%l [% cos o + %(1 5 28%2)} % sin 0
Pl — Afl ‘Zz sin® §

om2. L al <:%%%>
1] D0 s f 2
( 1A s A, = — [=i¢ J = €13513C23523C12512
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Peak of the Oscillation Probability

) AKS (Arafune-Koike-Sato) second-order approximation (omitted in part)

om3,|L Ap 1 | et
Am ,Jj Bov bl - 2 8
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Numerical vs. Analytic
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S1ze of Rings
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Baseline Length of Ring Separation

Rings, and thus hierarchies, separate at a long baseline L > Lit
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Resolving the Degeneracy

The way out from the degeneracy (we are discussing)?

Go for a long-length baseline, L > L.
Employ anti-neutrino beams together with neutrino beams.
Combine two different baseline lengths. (““The Two Towers”)

Push the detection to the lower-energy neutrinos.
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Use of Another Distance
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Use of Another Peak
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Use of Another Peak
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Conclusions, Outlooks

Determination of neutrino parameters may be complicated due to the degeneracy.

The peak of the oscillation is a good representative of the whole spectra.

Peak-matching leads to the mutually “similar  oscillation spectra.

The analysis of the peak position provides a perspective of the presence and
absence of parameter degeneracies in the long baseline experiments. %?

The parameter-searching power can be systematically analyzed.

The road of the rings: Various baseline length

Blurred rings (to be done): Ambiguities of the oscillation parameters

Another road of the rings (7o be done): Combination of neutrinos and anti-neutrinos




