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Introduction

Neutrino Physics (pre-MiniBooNE):
Everything fits in terms of:
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Introduction
Neutrino Physics (pre-MiniBooNE):

Everything fits in terms of:

3 neutrino oscillations (mass-driven)

Simple ingredients:
Ve, Vy, Vr may, msa,ms3
012, 023, 013 OCP
Simple theory:
lv) = cosf|v1) + sin6|vs)
v(t)) = e 1 cosOlvy) + e P2 sin f]vs)
E; = p+m;/2p
5 Am?AL
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Introduction

Neutrino Physics (pre-MiniBooNE):

Everything fits in terms of:

3 neutrino oscillations (mass-driven)

Simple ingredients:
VeyVyyVr mi1,1M9, 73
012,023,013 OCP

Simple theory:
V) = cosB|vy) + sin6|vs)
v(t)) = e 1 cosOlvy) + e P2 sin f]vs)
E;,=p+m;/2p

5 Am?AL

P(vy — vg) = sin? 20,3 sin
Simple phenomenology:

solar ve — vy, 7 Am%l, 019

atmo v, — vp Am%Q, 055

SBL Ve,u — Vx. Am§2, (913
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Introduction

Neutrino Physics (pre-MiniBooNE):

Everything fits in terms of:

LSy, 3 1\\ S L ,/z
3 neutrino oscillations (mass-driven) gn Tl o
Simple ingredients: =

VeyVyyVr mi1,1M9, 73
012, 023, 013 OCP
Simple theory:
V) = cosB|vy) + sin6|vs)
v(t)) = e 1 cosOlvy) + e P2 sin f]vs)

E;=p+m7;/2p
5 Am?AL

P(vy — vg) = sin? 20,3 sin
But: LSND does not fit;
Amianp ~ 1 eV?
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Introduction
The LSND signal does not fit.

add new flavours
Complicate the simple picture:<

modify oscillation physics
(more or less radically)

Sterile neutrinos, CP1, Lorentz, MaVaNs, xDims,
anomalous muon decay, neutrino decay...

Beyond resolving the LSND puzzle, this exotic neutrino
physics might be justified by new physics beyond the SM,
and might give rise to subleading effects in other neutrino

experiments.



Introduction

We will review aspects of:
Sterile neutrinos, CPT1, Lorentz, MaValNs, xDims,



Why lorentz and/or CPT

Lorentz, CPT: - fundamental ingredients of ordinary
Quantum Field Theories (including the SM)

- have been tested with high precision
(K0-KO system, charged lepton sector...)

Why should they be violated in the neutrino sector?



Why lorentz and/or CPT

Lorentz, CPT: - fundamental ingredients of ordinary
Quantum Field Theories (including the SM)

- have been tested with high precision
(K0-KO system, charged lepton sector...)

Why should they be violated in the neutrino sector?

- neutrinos are “special”: no conserved charge,

can be Majorana = requires new physics beyond SM

2

- m, ~ eV suggests Ape, ~ —22% ~ 107 Mpy:
My

Quantum Gravity might violate Lorentz and/or CPT

Still very speculative possibilities!






Basics

Possible origin: - spontaneous breaking
- non trivial background in x-dim
- non-commutative field theory
- quantum gravity...

In absence of an explicit model, parameterize as:
Colladay, Kostelecky 1997

L = Lsm + Llorertz
for neutrinos (renormalizable case): kosteiecky. Mewes 2003
_ ; _ =
EL@—P@‘ITL/Z: (CLM)Z'J’LZ'”}/’LLLJ’ + i(cul/)ij[zi/yu D" Lj
p
GeV’

but ~ 10~ " is enough to affect neutrino propagation!

charged leptons interactions —> Cypy Must be tiny



| orentz phenomenology

=~Unusual energy dependence of flavor conversions:
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| orentz phenomenology

=~Unusual energy dependence of flavor conversions:

instead of usual % . I, orLE
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however conspiracies can reproduce

the usual dependance at given energies: "1

cOS Oenith

-Direction dependence of flavor conversions:
1_

atmospheric neutrinos at SK: l

. |
P,,_.,, depends on azimuthal angle -

S
terrestrial experiments:
Py .5, changes due to Earth rotation

A very non-conventional phenomenology,
very unlikely to fit all neutrino data.
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A | orentz model for LSND

. i de Gouvea, Grossman 2006
- allow: massive neutrinos + Lorentz

- drop: directional dependence
- encode all Lorentz effects in the dispersion relation & = E(p):

~m® Sl AN
E ~ |p] - 2 | 21 and take f(|p]) = 2Fpan (E—())
standard ~ Lorentz (‘ﬂ > m \/?)

- assume Lorentz for one state only: |ig) =cos(cosfh, |v;) + cos(sinfy |v,) +sin( |v;)



A | orentz model for LSND

. i de Gouvea, Grossman 2006
- allow: massive neutrinos + Lorentz

- drop: directional dependence
- encode all Lorentz effects in the dispersion relation & = E(p):

f([p1%)

\ﬂ)

FE ~ | | d tal —92F

\ﬂ 2|ﬁ‘ 2\}7‘ and take f(|p]) = 2Ep an (Eo
standard Lorentr (\ﬂ > M, \/?)

- assume Lorentz for one state only: |ig) =cos(cosfh, |v;) + cos(sinfy |v,) +sin( |v;)

AVe

Neutrino oscillations are described by: i— - = Hapvp
/ 0 ) \ B 2N -1 C?Cg C?CQLSQL CeSeCoy,
_ Amy, f 2 2,2
H = Upnins OF UpningHan ( 5 ) CeCordo GBS, CCS¢SoL
\ AQLEgl y CeScCo,  CcScSe, S

mass-induced oscillations Lorentz=induced oscillations



A | orentz model for LSND

Am?; L
(A) LSND, SBL E] < 1 : oscillations dominated by Lorentz

E 2N —1 L
“N\E, 2

E >2N1 T,

E, 2

Pe cos* ¢ sin” 26y, sin®

LSND = cos” ( sin® 26y, > 107

cos® ¢ sin® 26;, < 1.1 1073
SBL=> sin” 2¢ sin® 4, < 3.3 10™*

choose: sin¢ =0 and sin®260; = 1.1 107

: de Gouvea _(_S_rossman 2006

P, ~ sin? 2( sin® 4y, sin” {a N (

(B) solar neutrinos + Kamland: . p__ Sod
3 o © ,\/ Q
| orentz effects must be suppressed ot NS ;a',f&,\@
2N—1 0.6 SO
E— PP
large IV : <_> <1 for E<Ey o5 ; *,
Lo o4 el ay =0
0.3 l v 5 vy by by by s e ————y

(C) atmospheric: with these choices, |v1) ~ |v.)
v,, < V; oscillations unaffected.



A | orentz model for LSND

Am?; L
(A) LSND, SBL E] < 1 : oscillations dominated by Lorentz

B 2N —1 T,
a —_
Y\ E, 9

E >2N1 T,

E, 2

Pe cos* ¢ sin” 26y, sin®

LSND = cos® ¢ sin®26;, > 107

4, 5 2 —3
cos” ( sin“ 2601, < 1.1 10
SBL=> sin” 2¢ sin® 4, < 3.3 10™*

choose: sin¢ =0 and sin®260; = 1.1 107

: de Gouvea__g_rossman 2006

P, ~ sin? 2( sin® 4y, sin” {a N (

(B) solar neutrinos + Kamland: ;P __ o
8E 0 © ,\/ Q
| orentz effects must be suppressed ot NS //«3,&,\%‘
2N —1 0.6F S5

— R

large N: <_> <1 for E<Ey o 2 ¥
Eq 0.4;— ~~~~~ — T s =0
o3t v v b b b L e ey

(C) atmospheric: with these choices, |v1) ~ |v.)
v,, < V; oscillations unaffected.

Bottom line: a highly non-trivial energy dependence is needed
to fit all data. Even more so after MiniBooNE.




Sterile shortcuts
in Extra Dimensions



Sterile shortcuts in x-dims

Pas, Pakvasa, Weiler 2005
Framework: a large extra dimension, with a wavy brane

brane
—>Ster e geodesic
Vactive A sin(kx)
Lsq — Lag AR\
€ = ~ | —
Lisg 2

. _ 1 Am? cos 20
a resonance in the oscillation probability: FE..s = \/ >
€



Sterile shortcuts in x-dims

Pas, Pakvasa, Weiler 2005

Oscillation probability determined by neutrino energy.
resonance

] Predictions for MiniBooNE:
T e B 1 R —
1o - Pue [T B Z200MeV
N: 0.1 0.08 |
5 0.06 |
0.001 | 400 MeV
0.0001 ; 0.04
0.00001 0.02
o _1| 5 10 50 100 ‘560'”1‘010_0 MM 200 400 \ 60(? ﬁsdo_ ~ 1000
below resonance above resonance E, (MeV)
Bugey LSND CDHS
standard oscillations suppressed oscill . .
choose small 0 for any 0, oscillation Peak at £ ~ B

and no signal at £ > E,






Basics

CPT is conserved in any local, Lorentz invariant QFT.

(1) CPT can be induced by Lorentz

(see above discussion)

(2) CPT can manifest itself in 172 # 17 (requires non-locality):

Origin: non-perturbative effects in strings, quantum gravity...
In the neutrino sector, the main motivation is LSND.
From other sectors, there are strong bounds:

Mo — Mo ) <
(mg K0)
(m€+—m6—)<

:_0_18771[(

10~ 9m,

Phenomenological approach:
assume that CPT couples dominantly to neutrinos

and use new parameters m; # m; and 6;; # 0;;



CPT version |

Murayama, Yanagida 200

neutrinos anti-neutrinos Baremboim et al. 2001

m, I

Z solar . oscillate with Am?2, = Am2

i’ € 21 — Sun
O -: — o - atmOSPheriC V'u and p,u Wlth
= m, mESN =
=
: % Am31 — AmSl — Amatm
£ _ =
Z E O, mEEE /s _LSND v, — Ve with Amgl — Am%SND
<
8{_:1711

But: Kamland: (2002

V. disappear with Am?consistent with solar Am?;
this CPT scenario: disfavoured.



CPT version 2

neutrinos anti-neutrinos Baremboim et al. 2002
Strumia 2002
] N

atmospheric , LSND

| I - atmospheric Yy, oscillate with
2 2
atmospheric AmBl — Amatm
’ - KamLAND - atmospheric 7/, with Am§1 = Am%SND

- Kamland 7, disappear with Am°
consistent with solar Am?

Z> A dedicated global fit is needed.



CPT global fit

Gonzalez-Garcia, Maltoni, Schwetz 2003
updated in Gonzalez-Garcia, Maltoni 2007

First: all data but LSND: best fit is very close to CPT conserving
Ams, = 6.8 x 107° eV?, Ams, =T7.9x107° eV?,
|[Amz,| = 2.7 x 1072 eV?, Az, | = 1.8 x 1072 eV?,
sin® A1, = 0.30, sin” #15 = 0.31 or 0.69 ,
sin® A5 =0, sin® 3 =0,
sin® fas = 0.46 or 0.54 , sin® fa3 = 0.5.

Then:how much CPT [ 77 7T
is allowed by = € : i

@ 02
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CPT global fit

Gonzalez-Garcia, Maltoni, Schwetz 2003
updated in Gonzalez-Garcia, Maltoni 2007

10°

Finally: compare with LSND:
disagreement mainly due to
Am3, < 107%eV? (at 30)
agreement is possible _
at > 4.70 only

10° E




CPT global fit

Gonzalez-Garcia, Maltoni, Schwetz 2003
updated in Gonzalez-Garcia, Maltoni 2007

10°

Finally: compare with LSND:
disagreement mainly due to
Am3, < 107%eV? (at 30)
agreement is possible _
at > 4.70 only €k HA0

10° E

CPT cannot account for
LSND + all-but-LSND.

All-but-LSND

10 - - -
10 10 10 10

.2
sin 26LSND

QPT + one sterile neutrino?? Barger, Marfatia, Whisnant 2003

viable mass schemes exist; not affected by MiniBooNE v data.
MiniBooNE 1 channel could discriminate between them.



Sterile Neutrinos



Basics
The SM provides 3 neutrinos —> 2 independent Am?

(m17 ma, m3)

Am2,  =81T03.107%eV? Am3, =25702-1073eV?

If anything requires Am* # Amg, x;m=> | extra neutrino
with no SM interactions

(Z-width): “sterile”

LSND is such a case. Okada,Yasuda 1996, Bilenky et al 1998, Barger 2000...
But also: - '-process nUCIGOS)’nthESiS G.Fuller >2000, G.McLaughlin 2006
- pulsar kicks A Kusenko >1997

- SOIar ﬂux modulation Caldwell, Sturrock 2005



Basics

From the theory point of view: any fermion

with no SM gauge interactions is a sterile neutrino

SM +
“mirror world”
string theory

global sym in SuSY

right handed v
mirror fermion
modulino
goldstino

Nothing forbids its mixing with active neutrinos

M

LD —v

2

2

D, LH

g |

U

effectively parameterized by its mass and mixing angle(s)

/Ze\

vy

—V.

/Zl\
vy




Steriles and LSND

Mass schemes:
“3+ I b D (‘2+2”

sterile in LSND (3+1) sterile in solar (2+2)  sterile in atmospheric (2+2) 4
l | v | v
atm atm

IVMIVM

LSND

mass

i Vu LSND LSND

Sun sSun Sun

Strumia,Vissani review
H
[\
<
=




Steriles and LSND

Mass schemes:

2427 Vs has a role in
sterile in solar (2+2)  sterile in atmospheric (2+2) S @) I a r' eXC I U d ed by S N O

___> l/
IVMIVM Ve M7

o o atmo: excluded by SK
I v, I v, v, v,

Quantltatlvely

mass

LSND LSND

sSun sSun

Gonzalez-Garcia, Maltoni review

0 0.2 0.4 0.6 0.8 1

“sterile fraction” in solar neutrinos



Steriles and LSND

Mass schemes: Uy — Vs — Vg
“3+ I I Am2 L
— qin? + 1 2 .2 LSND
sterile in LSND (3+1) P,Ufe = SII 29“3 S111 2968 S111 4E
|4
I constraints on individual angles
from disappearance experiments apply:
LSND 10%
Karmen
10;
i v,
L
atm ‘% :
= 10"
A v. i
A v. 107
10%
: CHOOQOZ:
90% CL (2 dof) '
o4
107 107 107 107! 1

: sin®20
Strumia (2000)



Steriles and LSND

Mass schemes: Uy — Vs — Vg
¢¢3+ I 99 AmZ L
. 9 . 9 . 9
e han P, = sin” 20, sin” 20 sin LoND
sterile in (3+1) 4EI/
| constraints on individual angles
from disappearance experiments apply:
LSND 102 [
: excluded
I by SBL
10! | experiments ;
i Vu =
-E% 160
atm N;lsg
<,
_ «S}\/O
2 v, 0T e

sin? 261 sND

LSND islands barely survive
(bad goodness of fit o)



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
BigBang Nucleosynthesis:

BBN

from (nuclear rates, n lifetime,
CMB weak cross sections)

(i) more neutrinos —> faster expansion —>more He

(i) Ve — Vg deplete v =>modified weak rates => more He
(e.g. I'(nve «— pe_))



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
BigBang Nucleosynthesis:

BBN

from (nuclear rates, n lifetime,
CMB weak cross sections)

(i) more neutrinos —> faster expansion —>more He

(i) Ve — Vg deplete v =>modified weak rates => more He
(e.g. I'(nve «— pe_))



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.

BigBang Nucleosynthesis:

10?
excluded
by SBL ]

experiments |

10!

BR
(D]
g
A 10° ¢
Z.
a4
S
= ¢
XY
107" | Y
oz N
1072 10~* 1073 1072 107! 10°
sin22HLSND

Cirelli, Marandella, Strumia, Vissani 2004

Di Bari et al. 2000

- having taken
| conservatively

4He = 0.25 + 0.01

1 Particle Data Group 2006



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
Galaxy Surveys:

o
AY

2dF Galaxy Redshift Survey



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
Galaxy Surveys:

massless /1
-===m, =1eV]

- D R S en
)

_ - FAP Y. m,
| 5 —3——
10' | N I 93 eV (), h?

|
12

Power spectrum in (Mpc/ h)’

1072 10~ 10°
Wavenumber k in 4 /Mpc

massive neutrinos free stream out of the forming structures,
i.e. smoothen small inhomogeneities,
i.e. suppress power on small scales



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
Galaxy Surveys:

massless /1
-===m, =1eV]

-----
b )
N

Power spectrum in (Mpc/ h)’

1072 10~ 10°
Wavenumber k in 4 /Mpc

a bound on » ., including sterile neutrinos!

conservatively Z m, < 0.73 eVl (99.9% C.L.) Cureli Strumia 2008



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
Galaxy Surveys:

102 [ T T T T

: excluded

by SBL
experiments | -
0 'S
a - excluded E
0 V | @
0 - by Galaxy | &
£ -
o 10° SU.I’VG;YS é’
A 12
A = : 4%
S 18
< ke
Ly 2
107! Y -
(V]
§'\
T
10_2 F (@)

1073 10°* 1073 1072 107! 10°
sin229LSND

conservatively Y m, <0.73 eVl (99.9% C.L.) Cureli Strumia 2008



Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
Q. Are these bounds here to stay!?
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Steriles and cosmology

Cosmology constrains number and masses of neutrinos.

Q. Are these bounds here to stay?! In standard cosmology, Yes.
Examples of non-standard cosmologies:

- low TRH scenarios (the Universe exited from inflation very late)

Gelmini et al. 2004

- exotic neutrino interactions (all neutrinos in the Universe decayed into scalars)

Beacom et al. 2003

107

- large leptonic asymmetry
Ny, — Ng
_jl:/l/, — | 74 | 4

10

>
Ry %
Foot, Volkas 1995 a 10°

2
Amign n

107!

" Chu, Cirelli”006

02y = A




Steriles and cosmology

Cosmology constrains number and masses of neutrinos.
Q. Are these bounds here to stay?! In standard cosmology, Yes.

Q. Do they carry an uncertainty! Yes (statistical & methodological).

The discussed limits are conservative.
Future data will reduce all errors.



Steriles and LSND

Mass schemes:
“3+ I b D

sterile in LSND (3+1)

g v

LSND

: . 9 :
PLe = sin? 20,5 sin” 20,5 sin

9 Am%,SNDL
4F,

constraints on individual angles
+ MiniBooNE:

10% ¢ TG
r  Karmen ; {é
10 (I? \“\\\i
5 ST é CCFR ]
1 . S
¢ LSND =< CDHS!
F o Sy
< |
)
10 Bugey§
10
CHOOZ]
- 90% CL (2 dof) ]
104 L
107 107 107 107! 1
sin%20

Strumia,Vissani review

Global fit;

x> = 24.7 (2 dof)
incompatible
at > 4o

Maltoni, Schwetz 2007

(0705.0107)



Steriles and LSND

Mass schemes:

¢¢3+2” Sor'e|, Conrad, Shaevitz (2004)
I Ami-) ~ 929 eV?

Am?2, ~ 0.9 eV?

Not a blg improvement: the 2" sterile adds disappearance channel for v, ,,,
tension with Bugey, Chooz etc is exacerbated.

Perez, Smirnov 2000
I

Even more so after MiniBooNE.
Maltoni, Schwetz 2007

LSND



Steriles and LSND

Mass schemes:

¢¢3+2” Sor'e|, Conrad, Shaevitz (2004)
I Ami-) ~ 929 eV?

Am?2, ~ 0.9 eV?

Not a blg improvement: the 2" sterile adds disappearance channel for v, ,,,
tension with Bugey, Chooz etc is exacerbated.

Perez, Smirnov 2000
I

Even more so after MiniBooNE.
Maltoni, Schwetz 2007

LSND

Curiosity: neglecting Bugey, Chooz, CDHS, CCFR,
v, “3+2” fit LSND + MiniBooNE
the extra CP phase ¢ allows 7 (LSND) # v (MiniBooNE)

Amz, L
P(D), — V) x cos ( 7%4 T (5Cp>

Vu Maltoni, Schwetz 2007




Steriles and LSND

Mass schemes:

¢¢3+2” Sor'e|, Conrad, Shaevitz (2004)
I Ami-) ~ 929 eV?

Am?2, ~ 0.9 eV?

Not a blg improvement: the 2" sterile adds disappearance channel for v, ,,,
tension with Bugey, Chooz etc is exacerbated.

Perez, Smirnov 2000
I

Even more so after MiniBooNE.
Maltoni, Schwetz 2007

LSND

The bounds from standard cosmology apply + apply.



Mass Varying
Neutrinos




Basics

Scale of neutrino masses: \/Am%un ~ 81077 eV
Dark Energy current density: /pac ~2 107" eV

Maybe they are coupled, maybe they “track™ each other:

Fardon, Nelson,Weiner 2003
Ty ~~ Ty (A) Hung 2000 - Gu,Wang,Zhang 2003

\

Acceleron, a scalar field responsible for the Dark Energy,
i.e. the acceleration of the Universe (a.k.a. Quintessence)
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Scale of neutrino masses: \/Am%un ~ 81077 eV
Dark Energy current density: /pac ~2 107" eV

Maybe they are coupled, maybe they “track™ each other:

Fardon, Nelson,Weiner 2003
Ty ~~ Ty (A) Hung 2000 - Gu,Wang,Zhang 2003

\

Acceleron, a scalar field responsible for the Dark Energy,
i.e. the acceleration of the Universe (a.k.a. Quintessence)

Potential energy of the system:
Viot = Vae + Veus
Ve = my (A) news
Vie = A*log(p/m,)
minimization:
dViot(my,) — 0= m, = A_4

dmy TNcvb




Basics

Scale of neutrino masses: \/Am%un ~ 8 10 % eV
Dark Energy current density: /pac ~2 107" eV

Maybe they are coupled, maybe they “track™ each other:

Fardon, Nelson,Weiner 2003
Ty ~~ Ty (A) Hung 2000 - Gu,Wang,Zhang 2003

\

Acceleron, a scalar field responsible for the Dark Energy,
i.e. the acceleration of the Universe (a.k.a. Quintessence)

Potential energy of the system:

%ot — Vde + ch/b
chb = My (A) Necub
Vie = A*log(p/m,)
minimization:
A4
dv:cot(ml/) — Oi m, =

dmy T evb my, (A)
Mass Varying!
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A may couple also to ordinary matter,  airereca 2005
mediating an effeCtive l < matter COupling similar but different from MSWV,

e.g. not energy dependent

Potential energy of the system:

%ot — Vde + chb + Vmatter

minimization: ﬁ Vb v

Mass Varying m, (A)
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Naive observation:
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null oscillation searches in vacuum/air:
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Na,.love PFOPOS&I: Kaplan, Nelson,Weiner 2003
in vacuum/air Am3, ~ 1073 eV?
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3+| MaVaNs model??

MaVaNs and LSND

Simplified sketch:

In matter
(explains LSND)

LSND

in vacuum/air
(avoids Chooz, Bugey)

Barger, Marfatia, Whisnant 2006

The model is more complicated:

for technical reasons, requires
- null MiniBooNE,

- large 013(~ 15°), only in matter
(null DChooz, signal in Daya Bay, LBL)
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A summary for LSND

model mainly killed by
standard 3 active

& sterile 2+2,3+1,3+2.) | solar,atmo, (SBL), std cosmo, MiniBooNE
MaVaNs SK, K2K
CPT solar + Kamland + atmo MiniBooNE 1/
1l orentz tension with SBL, other data
muon decay Karmen

£2  sterile MaVaNs DChooz, DayaBay, LBL
sterile CPT MiniBooNE U/
sterile N-std cosmo| MiniBooNE cosmology itself
sterile decay MiniBooNE
sterile x-dim MiniBooNE low E,,

shortcuts




Conclusions

The LSND puzzle prompted theorists to investigate
many scenorios of exotic neutrino physics, most of which
now disfavoured.

In 2 more general perspective:
The exotic physics stimulated by LSND
- opens to interesting sectors of new physics
- may appear as subleading effect in other v exp’s

Neutrino Physics
- is the physics of the least tested particles in SM

- has discovered new physics in the latest |5y
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MaVaNs and LSND

Signal

Channel

Environment

SNO
Super-K(solar)

Ve — Ve’ Vl’l" V'T

Ve — I/e) V,LL

solar-interior
solar-interior

~90% HDM
according

to J. Steinberger
(Barger et al 2006)

Super-K(atm) Vy — Vg air/HDM
KamLAND Ve — Uy HDM
K2K Vy — Vg HDM
LSND Vy — Ve HDM
Null Search Channel Environment
KARMEN vy — Ve ~ 50% air
Bugey Ve — Uy air
CHOOZ Ve — Ug ~ 80 — 90% air
Palo Verde Ve — Uy ~ 95% HDM
CDHS Vy — Vg Unknown
NOMAD Vy — Ur ~ 60% HDM N\
Ve — Vr
CHORUS vy — Ur ~ 60% HDM
Ve — Vr
Future Expmt. Channel Environment
MiniBooNE Vy — Ve HDM
OPERA vy — Usr HDM
MINOS Vy — Ve, Vp, Vs HDM

(HDM = High Density Medium)
K.Zurek 2004

Al

K2K

>
L

4

10

results in 2003

—

5

0.2

FIG. 3 (color online).
ters. Dashed, solid, and dot-dashed lines are 68.4%, 90%, and
99% C.L. contours, respectively. The best-fit point is indicated

by the star.
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