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Neutrino Oscillation

-® Discovery, establishment of the oscillation

e Solar Homestake, Kamiokande...; Super-K, SNO, ...
e Atmospheric Kamiokande, ...; Super-K, ...
e Reactor Chooz, KamLAND.,...; Double Chooz,...
e Accelerator K2K, MINOS; T2K,...

2
5matm

= 2.39(1f8:8éi’) x 107°eV? (20) sin®f15 = 0-312(1f8113§) (20)
sin® 013 = 0.012 +0.013 (1o)
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Neutrino Oscillation

-» Precision Measurement

-2 Tiny unknown parameters: 63, Ocp
-2 Pin-down the parameter values
-® Lifting degeneracy

-» Reactor

-® Accelerator + Very-long-baseline
- L =z 1000km + 2 Detectors
-2 L =z 2000km
» Lz 7000km
-» ete. > Matter effect in control
-® Others
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Earth Model, Example
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Matter DenS1t- on a Baseline
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Constant vs Earth Model

| Qualitative difference?
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Matter Density Profile

[
(\)

ok
-

oo

r—
g
=
=Y 0}
| S—
~ 6
>
)
© |
4 p)
(e
(<D
=

L =12000km

2000 4000 6000 8000 10000 12000
Length / [km]




itk IESP (Saitama U.) T Phys. Lett. B 675 (2009) 69 + «

Constant vs. Earth Model
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Fourier Cefﬁcients

Average Density = 7.58 g/cm3
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Matter Density Profile
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We’ll proceed with  flavors
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Resonance

/ot IESE (Saitama U.)
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e Periodic perturbation
e Twice in a period

e Grows amplitude of
oscillation

o Matter effect as a
bunch of periodic
perturbations

Ermilova et al. (1986), Akhmedov (1988),

Krastev&Smirnov (1989), Krastev&Smirnov (1989),
Liu&Smirnov (1998), Petcov (1998), ChizhovéPetcov

(1998), ..., Akhmedov&Maltoni&Smirnov (2005), ...
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Modeling Density Profiles

-»- Step function

Akhmedov (1988), KrastevéeSmirnov (1989), Krastevé&Smirnov (1989),

LiugeSmirnov (1998), Petcov (1998), Chizhové&Petcov (1998), ...,
Akhmedové&Maltoni&Smirnov (2005), ...

-2 Fourier series

o Koikeé&eSato (1998), Otad&Sato (2003), ...
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Two-Flavor Oscillation

o FHEvolution equation of the two-flavor neutrino
. d o 1 [ém? [—cos20 sin26 i) 0 Ve()
i <VM(:1:)> = QE[ 2 ( sin 20 00829> i ( 0 O)} (VM(CIZ))
o Matter effect a(z) = 2v/2Gpn.(z)E
o Dimensionless variables:

=2 A — i L An(€) = /L

L Reciprocal E 2Lk Matter Density

Distance

1 2

§
o 26 =vOen[; [ dshu@] - @) =+ :

o Initial conditions v.(0) =0, 7,(0) =1 — 2(0) =0, 2(0) = —15 sin 20

& OSecond-order equation in dimensionless variables

2(&) + % [(Am(g) — Acos 29)2 BN sin- 00 QiA]’m(g)} e =0
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Ma,thleu Equatlon

@ Preser
p(x) 2" (t) + (w* — 2ecost)z(t) =0

\_ J

2" (&) + (w§ + o, cos 2nm€ — iy, sin 2nmé + 4y, cos dnwé) z(€) = 0

g : = (A u\f;A'cos 2(9) e A2 sin” 26 + Amn )

h Z(Amol_ ACos 29)Amn7 BOn = nTlmn, Yn = 'éA?nn
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Parametric Resonance in
Appearance Probability
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Effect of the Mode 1

1st Dip

| 01 = (OeS)g/cm3
ulm" Aﬂﬂ




I\ IESP (Saitama U.) Phys. Lett. B 675 (2009) 69 + o

Effect of the Mode 2

and Dip

' 02 = (O*S)g/cnf13
ulm" Aﬁﬂ
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Beyond a single swing, &> 1

2"(€) + (w§ + an, cos 2nTE — ify, sin 2nw€ + v, cosdnmé) z(€) = 0

o What if the matter profile is repetitively applied?

Approximate solution at wo = ni :

1A sin 2
Zhey = 2&2(47121% : Sin@ 9_ 2] —if3, sin Q€ sin naé+(ay, + 20°) sin Q6 cos nmé —dnrf) cos € sin mrf] ,
% aww 1/2
where Q= +v2nn {1 o \/1 uEmr }

A2 sin? 20

s
’Z(g)‘ e 4Q2(4n2772 SR 2Q2)2

X

[(b + 20%)% sin” Q€ cos® nwé + (16n27r2ﬂ2 cos” Q€ + ¢ sin? Qf) sin’ nmé
—8nm (b + 20%) cos Q¢ sin Q€ cos nré sin nﬂf}
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Beyond a single swing, &> 1
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Off the Resonance Energy
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Off the Resonance

e Off-the-resonance (wo # nm, but wo = ni)

() — A sin 20 ><
e 2Q[4n272 — oy, — 292 + 2(wi — n?w?))]

{i[ozn + 207 — 2(ws — n°nm°)] sin Q€ cos naé + B, sin O sin nré — idnm) cos O sin nré }

where

1/2 1/2
Q=3 cﬁ nm? ¢1 @}wﬁ+g%—n%2 N\Mﬁ—a%1+2w&ﬂfﬁy wi —n’m? B2 -
me 2n2m? 16n47d n2m? ~ dnn P2 —a? dn?r? 128n4 y
(6 ’2 A2 sin® 20
7 X
2
402 [dn2r? — o — 202 + 2wl — n2n2)]

{ [ozn £ 2079 TL27T2)] * sin’ (€ cos® nmé + (16n27r2Q2 cos” )¢ + B2 sin® Qf) §in® né

— 8nmQay, + 20° — 2(wj — n*1?)| cos Q€ sin QF cos n sinnmé }
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Summary & Outlook

-®- Fourier analysis is shown to be powerful to account for the
parametric resonance in neutrino oscillation.

e Neutrino oscillation under inhomogeneous matter is analyzed,
analytically and numerically.

e n-th Fourier mode of the matter profile affects at around the n-
th dip of the appearance probability.

e Inhomogeneity effect leads to parametric resonance, resulting
in a slow oscillation.

e Resonance effect deminishes as the energy goes off the
resonance point.

-® Search for observable effects of interst (at £=1)
e Beyond a small potential: Large effect in a single swing®

- Further mathematical investigation
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First-mode effect

L=12000km

P0=T7.58 g;'cm“

p1=0.00 g;'cm“
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Second-mode effect

L=12000km

P0=T7.58 g;'cm“

p2=0.00 g;'cm“




