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v oscillation

The solar neutrino problem: 1““/@11% Baheall-Serenell 2005

104 Neutrino Spectrum (1o)

10 "Be{110.5%

v produced in Sun:

ppv: p+p—=2H+et +1,
Boron v: 8B —8 Be* + et + 1,
etc.

At low energy part of the spectrum
about % Ve flux detected

At high energy part of the spectrum
about % Ve flux detected

Neutrino Energy in MeV

Missing of atmospheric v, also
discovered
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v oscillation

When flavor eigenstates are not the mass eigenstates (v1,17),
ii ve\ _ 1 (—AmPcos20 Am?sin20 (ve) .
dx VL T 4E \ Am?sin20  Am?cos26 Z/L '

Ve\ [ cost sinf 1
I/L “ \—=sinf cosf) \1n)"
At distance x one obtains
[Ve(x)) = cosfe™ExX|uy) + sin e E2X|1y);
» Am?x
4E

Averaging over phases or coherence lost(happened for 1)

|(Ve|ve(x))|? = 1 — sin? 20 sin

1 1
Pee =1— Esin2 20 = 5(1 + cos? 26).

Pee > 1/2 in vacuum oscillation.
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v oscillation

L. Wolfenstein 1978, Mikheyev and Smirnov 1986.

Coherent forward scattering by medium modifies dispersion
relation:

E=E+V,
Ex, the kinetic energy; V, the potential energy. Examples include
> the optics : the case of electromagnetism;
> neutron optics: the case of strong interaction;
» MSW: the case of weak interaction, V. = v/2GgN,:

ii <ye)_ —%cosza+ve A‘l—’gzsin29 <ye).
dx \V, %sinza ﬁ—’gzcosw V)’

Ve [ cosb, sinf, Vm1
1/; “ \—=sinfl, cosl,/) \vm/)"
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v oscillation

pYe =68.2 glcc

e 1

pYe =93.4 glee

pYe =102.0 glcc
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LMA MSW solution:

Am? = (3.8 - 10) x 10~ %eV?
tan?6 = 0.32 — 0.47

> [osc ~ 200 km.

» For E 27 MeV,
P = %(1 — cos26) ~ 0.3;

» for E <1 MeV,
Pee = (1 + cos?26) ~ 0.6.

» 2EV./Am3; < 0.08 in Earth;
matter effect small in Earth.



The present and the future

The present status
Oscillation of v confirmed, LMA MSW established

» Solar v experiment(Homestake, Super-K, SNO, etc.),
plus long baseline v experiment(Kamland):

Am3; ~ 0.8 x107* eV? tan?6p, ~ 0.4

» Atmospheric v experiments(Super-K, SNO, etc.):
|Am3,| ~3 x 1073 eV?, tan?f3 ~ 1.0

» Reactor v experiment(Chooz, etc.):

sin®26013 < 0.1
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The present and the future

In the future we will measure

>

>

>

613 (reactor v, long baseline exp)

mass hierarchy(long baseline exp)

CP violation in neutrinos(long baseline exp)
absolute mass scale

the Earth matter effect(long baseline, solar v exp)
nature of neutrino mass

magnetic moment of neutrino, etc.

Earth matter effect is important to most measurements
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Earth matter effect

PReliminary Earth Model(PREM)
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Matter profile very complicated

Earth matter density has many

layers and changes
» sharply between two layers

» slowly in a layer:
density height

dv\ !
h: _— NRar
<dX> Earth

Earth matter effect is a challenge
to future precision measurement



Earth matter effect

Quest to understand
the effect of the complex Earth matter
in neutrino oscillation



Earth matter effect

Oscillation length tells how fast v oscillates

L AmE AnE
21 = % L= ——5—
Am%l \Am§2|

Note that available measurements tell us

» for E ~ 10 MeV (solar, supernova neutrinos)
L>1 ~ hundreds km, L3 ~ few km,

Lo, L3 < h
» for E 2 500 MeV

Lo1 2 h
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Earth matter effect

An important lesson:
oscillation well approximated by 1 — 2 plus 2 — 3 oscillation
i.e., oscillation in matter and in vacuum if 613 small

) 0 0 0 Ve 00
H=_zU"|0 Am} 0 Ur+{0o 0o
0 0 Am3 0 00

Rotation in 2 — 3 sector does not change the potential term

1 0 0 C13 0 si3 e~ iocp cio sio O
U= 0 23 523 0 1 0 —S512 C12 0
0 —sp3 o3 —5136’66‘D 0 C13 0 0 1

Crucial to compare L>; and h to understand matter effect;
L31 not crucial when 613 small
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Low energy v conversion in the Earth

For £ < 30 MeV, Ly; < h (solar and supernova neutrinos)

Ve survival well reduced to 1 — 2 oscillation

Ii <w1m> _ _A4(g) _iém(x) <wlm>
dx 7/’2m I'ém X) A“(g) ¢2m ’

(Ym1,¥m2) T, neutrino mass state in matter.

The survival probability of v on the Earth
1
Pee = 5(1 + €05 20 m(x0) cos 2012) — cos 20, (X0) freg -

freg = P(v2 — ve) — sin? 012, the regeneration by the Earth
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Low energy v conversion in the Earth

Adiabatic perturbation theory
(de Holanda, Liao, Smirnov, 2004)

Search for the solution of the following form

() = Ceomn ™) (283)
(x) % o/ A(x).

where |c(x)| < 1 is supposed to hold(adiabatic perturbation)
We get

df (x’) X A(x")
_ / o IN=\" )
c(x) = /XO dx N &XP [ //X dx >
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Low energy v conversion in the Earth

v regeneration in the Earth

0.08
—— numerical 2E sin® 20
IV :::;T:I freg = ASI;P sin®y > AV;sin®;,
o 1 L2 A(x
o= [T /2 ‘
0.04 - . . .
» Leading contributions are
from potential jumps
e I \ between layers
b | » Analytic and numerical
0.00 1 , computations perfectly agree
» Oscillatory pattern is well
002 L L L L .
0 0z 04 08 08 1 un.derst.ood using tl.1e
cosé, adiabatic perturbation theory
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Low energy v conversion in the Earth

v regeneration in the Earth

0.06 .
Properties:
005 — allenergy ] » Averaging over energy
——- T=[50-70]MeV . .
-l T={§_§_ﬁ°_15,;e\, ] tremendously simplifies the
== T 180200 el oscillation pattern
0.03 r

» Neutrinos of horizontal

g oo A direction still give
8 e O e complicated oscillation
' pattern in Earth regeneration
0 &
001
002 S

0 02 04 06 08 1
€036,
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Low energy v conversion in the Earth

Vo &V, V2 VW1 W%
M | \ o | detector
| i o ¢ k=1 _!
| e Prz |
| ‘ oy !
ffffffffffffffffffffffff oy

Extension to asymmetric matter profile

E sin? 2912 A(X) .
freg = — A iZéVcos2gb,, b = /d i=0,--,k

Main uncertainties in the Earth matter effects are from
contributions of small structures close to the detectors.
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High energy v conversion in the Earth

For E 2 0.5 GeV,
L1 Z h, L33 >or < h

v oscillation seems very complicated.

It turns out that
1) we can have a perturbation theory which perfectly
describes the oscillation pattern

2) neutrino oscillation can be substantially simplified in the
interested energy range
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High energy v conversion in the Earth

v, — Ve conversion vs. L
A nice example:

0.014

- gngll;nniqce\zlv.?t?ll’a%/;;;ggs/\: — For E. > 10 GeV (Lp1,L31 > h),
first order in perturbationfg------ neutrinos
001 ” » can not see the structure of
-~ Y the Earth very well
f 008 » see baseline dependent
fi 0.006 average potential in Earth
0004 Earth matter effect is well
0.002 i described by a formulation using
J the baseline dependent average

e veeme :
0 2000 4000 6000 8000 10000 12000 14000 potentlal
L (km)
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High energy v conversion in the Earth

Liao, 2008; Liao, 2008
A baseline dependent perturbation theory

H=H+6H, H=Hy+V

L
SH=456V =V(x) -V, \7:1/ dx V(x)
0

V' depends on baseline

The transition matrix is found

M(L) = Une~'2eL(1 — iC) UL,

0

This is a perturbation expanded using JV around the

baseline dependent average potential V
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High energy v conversion in the Earth

So
L - -
o7 :/ dx(U}, 6V(x) Un); =0,

/dxe 2 (U5 6V(x) Un)jes J # k

|Cik| < 1 needed as a good perturbation approximation

Cik suppressed by
1) §Ve/Ve S 0.3 B
2) small Am3,/(4EV,) and sin 613



High energy v conversion in the Earth

v, — Ve conversion vs. E

0.06 0.09
numerical, L=3000 km =——— numerical, L=6000 km =———
analytic with average V - - 0.08 analytic with average V -
0.05 first order in perturbation «++ 007 <™\ first order in perturbation -
0.06 |
0.05 f:
0.04
0.03
0.02

0.01

P(v, ->ve)
P(v, ->ve)

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
E (GeV) E (GeV)

For L < 6000 km, the Earth matter effect is very well
described by the baseline dependent average potential, the
only parameter for a fixed baseline

Plus 1st order correction, the theory perfectly describes the
oscillation of high energy v in the Earth



High energy v conversion in the Earth

Time reversal asymmetry vs. E

1 1
numerical L=3000 km —— numerical L=6000 km ——
0.8 analytic with average Vg ------- 0.8 analytic with average Vg -------
0.6 first order in perturbation «+=+++++ 06 first order in perturbation «+=+++++

At

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
E (GeV) E (GeV)

The CP violating effect in Earth matter is very well described
by this formulation of v oscillation



High energy v conversion in the

Left, v, — v; vs. L; right, v, — v, vs. L

0.3
numerical, E=5 GeV ——
analytic with average Vg --#----
first ogdertin perturbatio 0.25 first order in perturbation «+f+++++
o2
-
o015
°
2z
o
0.1
0.05
0 0
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
L (km) L (km)

v, — v, is mainly vacuum oscillation, as can be seen
ve — v, oscillation is very well described by the perturbation
theory



Conclusions

Conclusions

» We found two nice theories which perfectly describe
neutrino oscillation of interested energy range in Earth
matter.

» Earth matter effect of interested energy range is well
understood in these theories.

» For E < 30 MeV, the adiabatic perturbation theory says
that main contributions are from potential jumps
between layers of the Earth matter and averaging over
energy can tremendously simplify the oscillation pattern.

Wei Liao (BH;)



Conclusions

» For E 2 500 MeV, expanding the potential around the
baseline dependent average potential gives a
perturbation theory

» This perturbation theory perfectly describes the
probability and CP violating effect of oscillation of high
energy neutrinos

» Ambiguities of Earth matter effect in measuring neutrino
parameters in future experiments, in particular in
measuring Jcp, are properly addressed in the framework
of this perturbation theory.
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