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L Introduction

Motivation for this seminar:
m The investigation of neutrino oscillations started with the
Davis solar neutrino Homestake experiment.

m After SuperKamiokande reported atmospheric neutrino
oscillations signal several new experiments have been launched.

m For many years the situation was boring: all the results could
be accomodated in the Standard Model.

m There are two new oscillation experimental results which if
confirmed demostrate that the Standard Model in incomplete.
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LBasic theoretical scheme for neutrino oscillations

We need a theoretical scheme in order to understand the data.

We assume that there are three families with Dirac (for oscillation
analysis they can be Majorana as well) neutrinos. The states with
well defined flavour are linear combinations of states with well
defined mass:

’V/ >= Z U/m’Vm > .
m

In the textbook derivation of the vacuum oscillation formula, we
assume that neutrino has well defined momentum p = (p,0,0) and
thus various mass states have different energies (and velocities!).
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LBasic theoretical scheme for neutrino oscillations

MZ
Because £, = p + 2—;’:
vi(x, t) E Upm|Vm(0) > e~ (Emt=P¥)

2
mt

~ efP(x—t) Z Umlvm(0) > e

P(I// — I/k,X) = ’ < I/k(X, t)‘l//(0,0) > ‘2
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LBasic theoretical scheme for neutrino oscillations

P = vii L) = > |Ukm|*| Upm|®
m

<L(Mﬁq - MZ)

+2 ) [Ukm Uiy Uy Upe| o5 T

m>m’

- (Dk,l;m,m’> 3

Where q)k,l;m,m’ = arg (Ukm U;;nU;:m/ U/m/).

P71 — ok; L) = Y Ukl | Ui

L(M? — M?,
+2 Z |UkmUl>’;nUl>:m’ Ulm’| cos <(2Pw + (Dk,l;m,m/) ,

m>m’

Oscillations occur only if neutrinos are massive.,
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LBasic theoretical scheme for neutrino oscillations

We restrict to two families only. A convenient way to discuss the

oscillations:: J
. 21 ~ (1
“ - N
"dt < 2 ) ( Vo > ’

E it
I:I:( ! 0 )% p+2E 0 2
0 5 0  p+oE

ME + M2 10 AMZ, (1 0
=(p+——= - .
AE 01 46 \ 0 -1

Only the non-diagonal part is relevent for oscillations.
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LBasic theoretical scheme for neutrino oscillations

The Hamiltonian in the flavour basis Hy

7 1 _ cos® sin®
(yu)_U<u2>’ U_<—sin@ cos@)’
R . M2 + M3? 10

_ -1 _ 1 2
= i = (5 ML) (10)

AM? cos20 —sin20
4E —sin20@ —cos20

The non-diagonal part gives rise to the oscillation pattern:

, LAM?
4E

P(ve — v,; L) = sin? 20 sin
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LBasic theoretical scheme for neutrino oscillations

The wave packets analysis leads to the same results and we accept
the standard theory.

But we must add matter effects which are very importants.

Before we do that, we present the typical oscillation analysis.
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LBasic theoretical scheme for neutrino oscillations

Chooz B

For a long time the best
estimation of ©13 was coming
from the reactor neutrinos
CHOOZ experiment.

clear Power Station
2 x 4200 MWih

No oscillations were seen with the accuracy of 5%:

AM?[GeV2?]L[km]

E[GeV] < 0.05.

sin®20sin% 1.27

The experiment is characterized by:
L=1km, E~5.-1073 GeV.
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LBasic theoretical scheme for neutrino oscillations

On the left below we see the contour:

AM?[GeV?)L[km]
E[GeV] N

The excluded region is on the right from the curve. Because

neutrinos are not monoenergetic only few oscillation minima and

maxima can be seen.

On the right below we show the excluded region from the actual

sin? 20 sin% 1.27 0.05.
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LBasic theoretical scheme for neutrino oscillations

Each experiment is sensitive to some values of AM?. From the
basic oscillation formula

2<E>
min(AM?) ~ ===
Table 13.1: Sensitivity of different oscillation experiments.
Source Typeof v E[MeV] Llkm] min(Am?)[eV7]
Reactor Te ~1 1 ~ 1073
Reactor e ~1 100 ~ 1075
Accelerator P ~ 107 1 ~ 1
Accelerator U‘w?,‘1 ~ 108 1000 ~ 1073
Atmospheric #’s Ve, Tpe ~ 109 104 ~107%
Sun Ve ~1 15x108 ~ 1011

Typically, for each experiment one works out an approximation with
a dominant 2D oscillation pattern.

There has been also a lot of research on the full 3D oscillation
parameters pattern.
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LBasic theoretical scheme for neutrino oscillations

In matter neutrinos are subject to scattering and absorption. The
main effect is elastic forward scattering with coherently summed
scattered waves. As a result, a refraction index does appear:

£1(0) - N;
naf]-:Z k2 J?
J

a=eNu,r, fo{(ﬂ) is the amplitude of v, scattering in the angle ¥
on j component of the matter with density N;.
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LBasic theoretical scheme for neutrino oscillations

The refraction indices change the phase velocities of neutrino
waves. If matter is nonsymmetric with respect to neutrino falavour
states, the additional phase difference appears:

o= k(ne — - t= 3 alON

P t.
J

The effect comes from different ve and v, interactions with
electrons.

A¢ = V2GgNet.

It is useful to introduce the effective potential (or strictly speaking
the difference of potentials):

V = V2GgNe.
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LBasic theoretical scheme for neutrino oscillations

In the matter the Hamiltonian becomes:

M2 + M3 10
matt __ 1 2
A7 <p+ 4E )(0 1)

AM? [ c0s20  —sin20 LV(roy viLoo
4E —sin20© —cos20 201 2\0 -1 /"
The non-diagonal part, which is responsible for oscillations, can be

written as (n = #//24‘5)

AM? [ —(cos20 —n)  sin20 -
AE sin 20 cos20 —n )

AMr%ﬂatt — 0520 mart  SIN 20 matt
 4F Sin20matr €S20 mart )’
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LBasic theoretical scheme for neutrino oscillations

where

. sin 20
sin 2ematt - n 9

\/sin2 20 + (cos20 —n)?

AMr2natt = A/\//2\/Sin2 20 + (cos 20 — n)2.

It shouls be clear that in the matter we get the identical oscillation
formula, however with different parameters

© — Omatt,  AM? — AM?,,.
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LBasic theoretical scheme for neutrino oscillations

From the CPT invariance

P(I/X — Uy, L) = P(Dy — Uy, L)
and in particular
P(vx — vx; L) = P(Dx — Uy L)

The study of disappearance in vacuum tells us nothing about CP
violation.

The proper measure of CP asymmetry:

i _ _
A(CP) =P(v; — vp; L) — P(ty — by L)

Mn, /
A(l - =4 Z (U// U,mU,m/U//m/)sm 7mL

m>m’
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LBasic theoretical scheme for neutrino oscillations

A(He) A(Te) — A(CTIg)

M2 — M2 M2 — M2 M2 — M2
—4Jcp [sin—=—"2] +sin—2—1] 4+sin—L 3.
2p 2p 2p

JCP - % (UN?’ U:3 UeQ UZ2)

If any two masses are equal there is no CP violation!
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LBasic theoretical scheme for neutrino oscillations

Matter effects have important impact on CP violation-like effects.
m The matter is not C invariant (it contains e~ and not e™).
m For antineutrinos the effective potential changes sign:
N — —Ne.

m With the matter effects there can be different AM?2,,,, for
neutrinos and for antineutrinos.
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LResume' of old (!!!) experimental results

Current Section

Resume’ of old (!!!) experimental results
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LResume' of old (!!!) experimental results

We assume three families of Dirac/Majorana massive neutrinos.
The general form of the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix is:
1 0 0 C13 0 51367'.(S
U= 0 Co3 523 X 0 ] 1 0
0 —s3 o3 —s13¢'% 0 ¢z
C12 12 0 eia1/2 0 0
X —S12 C12 0 X 0 eia2/2 0
0 0 1 0 0 1

Th last factor (phases o ) is present for Majorana neutrinos only.
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LResume' of old (!!!) experimental results

The oscillation formula contains three mixing angles: ©12, ©13,
©23 and two independent differences of squares of masses

Ajgk = sz — M2. az do not enter the formula.

The conventional ordering of flavours is (ve, v, V7).

Atmospheric neutrinos (later on confirmed in K2K, MINOS long
baseline experiments):

|A%|=22.4-10736¢V2,  ©,3 =39 — 51°,

Solar neutrinos (later on confirmed in KAMLAND reactor neutrino
experiment)

A% 27.6-107%V2, 0Oy = 34°,
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LResume' of old (!!!) experimental results

Finally from CHOZZ reactor neutrino experiment

©13 < 11°.
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T (!!!) experimental results

There is a very interesting global data analysis which includes the
most recent results from the KAMLAND [arXiv 1009.4771

(hep-exp)].

02 10
Solar KamLAND
£ 95% C.L 956 CL E.975%:01:
0.18 8
99% CL. - 99% C.L
Gig E- 99736 C.L. —99.73% C L. sk
o bewdfit e bewdit
o4 f KamLAND+Solar U3
no2f 995 CL. s OF
B 99.73% C L. = sE
g *  bestit <
Z E oswcL
008 | 4
90% C.L.
006 3
004 2
002 | 153
i : B a il
0 - -
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tan’ 0, sin“0,

FIG. 3: Allowed regions from the solar and KamLAND data pro-  FIG. 4: Ax*-profiles projected onto the sin® 0y, axis for different

jected in the (tan® 6.

Perhaps we already know the
value of ©137!

Note that sin> ©13 ~ 0.017
translates to sin® 2013 ~ 0.068.

sin? 01) plane for the three-flavor analysis.  combinations of the oscillation data floating the undisplayed param-

TABLE [1I: Summary of the best-fit values for tan® §,, and sin® 8,
from two- and three-flavor neutrino oscillation analyses of various
combinations of experimental data. “Global” refers to the combined
data from the KamLAND, solar, CHOOZ, atmospheric, and long-
baseline accelerator experiments.

Data set Analysis method  tan” 8 sin® f1s
KamLAND two-flavor 0.492+5 052 =0
KamLAND +solar  two-flavor 044475 03¢ =0
KamLAND three-flavor  0.436% 107 0.032%5 037
KamLAND + solar  three-flavor 0.45215°53%  0.020%5
Global three-flavor 045240033 0.01743 500
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L Open questions

Current Section

A Open questions
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L Open questions

Open questions:
] @13?

absolute mass scale?

m mass hierarchy?
m Dirac/Majorana?
]

how many families?
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L Open questions

There is a variety of approaches and it is difficult to predict which
one will be most successfull.
m direct measurement in tritium [ decay
<mg >= /30 |Uej?m? < 2eV
KATRIN will be sensitive to m; ~ 0.35 eV.
m cosmology, from WMAP and large scale structure
Zj m; < (0.4 —1) eV
m 0v2( decay
< m > depends on the Majorana phases o »

m supernova
SN1987A allowed for the bound of 12 eV.
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L Open questions

There are two options for the mass hierarchy:

The (Mass)? Spectrum

Y
¥ Y Vg————— 2
: t Vi ﬁ_} Am sol
2
(Mass)? Am i or A
m atm
V. y
2 } Am2_, I
v, —— 50 vy ——

Am? ~76x105eVZ  Am?,, =24x103eV?

sol —

[from B. Kayser]
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L How many mass eigenstates?

Current Section

EH How many mass eigenstates?
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L How many mass eigenstates?

In the Standard Model there ALEPH
. . DELPHI
are three light neutrino L3
30  OPAL
flavour states.
2
E 2
T
e |
by factor 10 i
10
i ‘ ‘ . ‘
8 88 90 2
EcplGeV]
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L How many mass eigenstates?

In 1995 LSND reported a puzzling oscillation signal

scintillation light from
positran

scintilation light from
—»0+E

m dirt

Source
Inside the detector
LSND pDetector
Tank
Positron Sigral
v
cherenkoy light
frem positron
10 15m
V.+p—oe+n Time n+p—d+y
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L How many mass eigenstates?

175 ® Beam Excess

151 B pE,—9.en
3 pOen

Beam Excess

A other

[ LSND (89% CL)
L LSND (90% CL)

L/E, (meters/MeV) i,
S

A part of the allowed region
was excluded by Burgey and
KARMEN experiments.
AM? > 0.2 eV2,

3.80 effect.

If confirmed > 3 neutrino
mass states are necessary!
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L How many mass eigenstates?

MiniBooNE experiment has been set up at FermilLab in order to
investigate the same L/E region.

decay in flight ;
‘ target and horn region \ absorber ] \ dirt | detector l

5% 5
FNAL n, ne 222
booster

500 M

Look for an

primary beam secondary beam tertiary beam excess of e
(8 GeV protons) (mesons) [15-2 GeV newirincs) eventainihe
Order of magnitude Order of magnitude deteclor
higher energy (~500 MeV) longer baseline (~500 m)
than LSND (~30 MeV) than LSND (~30 m)

[from G. Garvey]
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L How many mass eigenstates?

With the neutrino flux no oscillation signal was observed (the
integrated v, flux from 6.46E20 POT).

v oscllaton
analysis freshold « MiniBooNE data
—

— =xpecied background ok -
3 <evs BG + bestil v,—v, ~

£ — v, background H

£ v, background 3

H

1ok Esosnct
Disommct

« data - expacted background
wunn BEEM V=Y,

— sin’(26)=0.004. Am'=1.0 &¥®

— sinf28)=02. Am=0.1 eV?

excessevents [ MeV
bl (vt

00 ‘500 800 200 500 9000
reconstructed E, (MeV)
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L How many mass eigenstates?

The very recent antineutrino flux data (from 5.67£20 POT) seem
to confirm the LSND signal!

10? T

o Data —68%CL
[ Ve fromu
v, fram K2~
3 v, frem K2
mis-identified 2 10 F
} 4 Ny

— 90% CL

99% CL
ARMEN2 90% CL
UGEY 90% CL |

Events | MeV

[ it
other
— Syst. Emor

Al (eV/c?)

data - expected background
- bestfit ¥,v,
$inf26=0.004, A mP=1.08V2 )
sin28=0.2, A =0 1eV 10

P L +

D LSND 90% CL
D LSND 99% CL
. L

10° 10? 10" 1
sin’(26)

Excess Events / MeV

. L L .y , I L 10°

15
E (GoV)
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L How many mass eigenstates?

It is interesting to put together LSND and MiniBooNE antineutrino

data points:
0.020- : . : : : . —
» LSND
-~ 0015¢ A MB y mode
(=N
T 0010}
=
= 0005} N —e—
0.000} ' 11 ﬁ;’# =
—0.005L

2 04 06 08 10 12 14 16 17526
LIE,(m!MeV)
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L How many mass eigenstates?

MB+LS+KA+Re
--- srzMCL (o)
00.00%C.L.

- 9545%CLL )

—— 29.00%CL
—— 9973%C.L @a)

—

[RAIN

I

/

FIG. 7. Allowed regions in the sin®2d-Am® plane and

marginal Ay”'s for sin® 24 and Am’
bined fit of MiniBooNE (MB), LSND (LS) and KAR]
(KA) B, — 7. data and the exclusion curves obtained o
the fit of reactor Bugey and Chooz (Re) 7. — . data. The
best-fit point is indicated by a cross

Jan T. Sobczyk

Global analysis of
electron anti-neutrino
data: Giunti & Laveder,
arXiv:1010.1395

[hep-ph].

The data from the
LSND, MinBooNE,
KARMEN and reactor
experiments are in
excellent agreement.
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L How many mass eigenstates?

Georgia Karagiorgi theory:
3 active + 1 sterile scheme cannot account for an apparent CP
violation, in the 2-families approximation (the leading effect):
P(v, — ve,L) = 4| Ueq || Uuq |? sin?(1.27Am3, L/E),
P(vy, — ve,L) = P(D, — e, L).

With an extra sterile neutrino i.e. in the 342 scheme we get

P(v, — ve,L) =4 | Ueq || Uyuq | sin®(1.27Am3, L/E)

+4 | Ues ?| Uys |? sin®(1.27Am2, L/E)
+4 | Uea | | Upa | | Ues | | Uys | sin(1.27Am3,L/E)sin(1.27Am, L/E)
x cos(1.27Asal /E — ¢sa.

For antineutrinos ¢4 — —s4.
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L How many mass eigenstates?

3 active + 1 sterile neutrinos (3+1)

N BN |

2
¥ AN ey

3 active + 2 sterile neutrinos (3+2)

OmRE@@E

5 m/—
4 ——

2
Ve Ay e
A
Rl ——— e noorrran]
Vo Am©

i;

Vs | =T

Each of the three datasets fit separately to a (3+1) model yields the following allowed

regions:

MiniBooNE(v)

90% CL
o9 CL

sin(26,,) sin®(26,,)

All three results have low compatibility, at 1.8%,

but two of them (antineutrino) are compatible at 49%.

[from G. Koragiorgi]

LSND@)

90% CL
99% CL

0 0"

sin(26,,,)
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L How many mass eigenstates?

Akhmedov & Schwetz theory, arXiv:1007.4171 [hep-ph].

In addition to the standard CC interaction there is a term:

Lusi = —2vV2Ge > el (L R) (FPLRYF') (InPLyuvs) + hec.
af

In the presence of FSI a neutrino produced/detected along with a
charged lepton I, in a process (f,f') = X is a linear combination of
flavour eigenstates:

| >=C [ va>+D> eXglvg>],
B

where CX is the normalization constant.
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L How many mass eigenstates?

Akhmedov & Schwetz theory, arXiv:1007.4171 [hep-ph] (cont).

In addition to the standard flavour states there exist also a fourth
light sterile neutrino vs. As usual

|Va>:ZUaj|Vj>-
J
The 3+1 scheme is assumed i.e. Amj; ~ 1 eV2.

It is possible to achieve

P(vo — vg, L) # P(Uo — g, L).

Jan T. Sobczyk Do recent results on neutrino oscillations falsify the Standar



Do recent results on neutrino oscillations falsify the Standard Model?!

L How many mass eigenstates?

MiniBooNE plans to double (almost) the statistics to
~ 10E20 POT.

Also new experiments are planned: uBooNE and BooNE.

In Europe there is an idea to put the ICARUS detector near CERN
on an off-axis beam.
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LMINOS anomaly

Current Section

[@ MINOS anomaly
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LMINOS anomaly

The aim of the MINOS experiment is to investigate the oscillation
region of the atmospheric neutrinos.

Recently the antineutrino data were published with unexpected

results.
On the plot there are fits
N> ‘ —Mn‘\losvu 90%  — MINOSvV, 90% ] 'FOF the oscillation
t')w t MINOSVM 68% ----- MINOS v, 68% .
o Of e ety o Besty At parameters determined by
= 4 Pt ] the measurements of
g } g P(v, — v,) and
© 3 P —_ N _
% [ MINOS Preliminary - (VH Vu).
& [ 171x107 POT v, -mode .
B 20 i2pet FoTvie |, Lo The MSW effect with
- 05 06 07 08 09 1 dard i .
sin4(26) and sin’(28) standar mte.ractlons
a0 cannot explain the results.

Jan T. Sobczyk Do recent results on neutrino oscillations falsify the Standar



Do recent results on neutrino oscillations falsify the Standard Model?!
LMINOS anomaly

Kopp, Machado, Parke theory (arXiv:1009.0014 [hep-ph])
Non-standard NC interactions are considered:

Lysi = —QﬁGFEag[?’y“Pf][170/)/“/3[_1/5].

The authors confine to two family v, and v system.

The effective Hamiltonian is:

oo — _AM2 cos20@ —sin20
f = T 4E —sin20 —cos20
+A Eup Epr
2E \ €5 Er7 )7
A= 2ﬁGFNeE.
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LMINOS anomaly

The survival probability is:

AM?2sin 20 + 2, A |2 AML
P(Z/M—>Umu):1—| AN O+ Seur |sin2< N),

AM}, 4E

AMZ = \/(AI\/I2 c0s20 + ., A)>+ | AM?sin 20 + 26, A |2.

. . .
For antineutrinos €, — €. and A — —A.

Thus P(v, — v,) # P(Dy — D).
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LMINOS anomaly

Heeck, Redejohann theory (arXiv:1007.2655 [hep-ph])

m Extra U(1) gauge symmetry is introduced
m L, — L, is gauged and the theory is anomaly free

L=Lsm~+ Lz + Lmix

1
4

1

L = ZA/MVZA/“V + EM/zzZA/’uZA/“ _ g:_/j/llz"/“’

j’“ = '+ v Py — Ty ur — Uy Py
~2 5 s s -
The term %M’ZZ’MZ’“ is generated by an unspecified Higgs sector.
sin

Lomi = — 2" 2" B, + M2, 2P,
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LMINOS anomaly

MINOS will have more data and better precison:
90% MC Sensitivity

6 ‘ — 17x10% POT
— 3.5x 10° POT
— 5x 10 POT

9] — 7x10° POT

w

MINGCS Preliminary B

AT (107 eV?)
‘\““\““-\h“"\“"\

5 06 07 08 09 1
sin’(26)

2
0

[from P. Vahle]

Jan T. Sobczyk Do recent results on neutrino oscillations falsify the Standar



Do recent results on neutrino oscillations falsify the Standard Model?!

LConclusions

Current Section

Conclusions

Jan T. Sobczyk Do recent results on neutrino oscillations falsify the Standar



Do recent results on neutrino oscillations falsify the Standard Model?!
LConclusions

Conclusions:

m The recent MiniBooNE and MINOS antineutrino oscillation
results can open a window to a physics beyond SM.

m Good time for theorists: models with extra sterile neutrinos
and/or extra interactions are testable

m It is important to have better statistics results and also
confirmations from other experiments.
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