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“"Before and After™’

The end of era of the neutrino anomalies?

What isleft?
Standard and Non-standard
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B Neutrino Physics after KamLAND’’ started much before announcement
of the first results

Since 1998 -1999 most of the papers - in context of the LMA solution
(phenomenology, implications etc..)

@ Strong evidence of oscillations
of the atmospheric neutrinos

® SMA MSW solution of the solar
neutrino problem - disfavored

M 1998 isthe turn point
“"Revolution 98"

=

The prgjudice of small mixing was destroyed




Culmination of ~ 40 years
of solar neutrino studies

amLAND:

B has confirmed the LMA MSW sol utlon
excluded other solutions at least as dominant mechanisms

W further shifted the allowed region and best fit point to larger Am?

(5 =) 7) 105 eV? I

B Thelowerbound: Am?2 > (4 - 5) 10° eV?2
looks rather solid

Mixing is practically unaffected

Confirmation of the whole oscillation picture including
oscillations of the atmospheric neutrinos




NeutrinoiProblemsianatAnomalies

Driving force of developmentsin the field
Fake:
| TEP mass
N, 17 kev neutrino
- é BUGEY oscillations
\/ KARMEN anomaly
P I

‘ Troitzk anomaly

Related to neutrinos?

UHEC smic Rays
Ieosy nthesis

plsarkk

7 Whatis left?




ISEtheryolaraNeltrino
ProhlemiResolven?

m Accepting thefirst
KamLAND result ‘ LMA
B CPT N
All other possihilities are

excluded as leading effects

Still the allowed region should be diminished to identify physical processes:

m High Am? Averaged vacuum oscillations
with small matter corrections

B Low Am? Non-oscillatory adiabatic conversion
(for E>5MeV)

m Small mixing: Resonance description isvalid

B Maxima mixing: "~ Resonance’’ isat zero density



SolarinelitrinosiandiKamLAND




Delta m2 and mixing

P.de Holanda, A.S. hep-ph/0212270

Lines of constant CC/NC ratio and
Day-Night asymmetry at SNO
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B Identification of
the unigue region:

2v analysis, sub-leading
effects (13 -mixing)
can be neglected

Bl Precision measurements;

Possible sub-leading effects
should be included.

Generic 3v analysis

should be performed.
Problem of degeneracy of
parameters appears



LMA: Consistency Checks

Over determine solution, cross checks in the b.f. point

B Day -Night Asymmetries: Anp(SNO) =2-5%,
A (SK) =2-3%

B Spectrum distortion: Turn up at low energies:
5-10%

B Rateat the intermediate energies

BOREXINO/KamLAND R=(0.6-0.7)Rggy

B Seasona variations Small (unobservable) effect:
Ays < 0.5%

- further confirmation of LMA

’mphcatlons - precise determination of the neutrino parameters

- searches for physics “"beyond the LMA”’
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Pull-off diagrams for the best fit points
of thel- and h- LMA regions

I-LMA

h=LMA

3 -2 =1 @

i

Deviation

+1 ¥2 43

@& (2-25)cnpul
@ Statistical fluctuation ?

@ Systematics?
Related to time
variations of rate?

® Neutrino properties:
conversion driven
by second Am?

Qu(LMA) > Q, (Homestake)

:> Additional deep
In the suppression
pitatE~1MeV?



Solar Neutrinos versus KamLAND

Parameters from
the 2v analysis. The equality
Am? = Am? is satisfied
tan?o tanf within 1o
Solar KamLAND
neutrinos Gives hint
] that CPT
Eurtherdechecksyotatheyequality; is OK
Possible deviations
(mismatch of parameters CPT-violation
if the fit isdonein terms
of 2v mixing): Physics Beyond the LMA
If some effect influences Some effect can influence
_KamLAND signal Inverseis solar neutrinos
it should also show up not correct: but not KamLAND result
In the solar neutrinos




volagheutrinosihnave
muchihigherdsensitivityito
RhysicsyBeyondithelA

M Am? -0 region of sensitivity is much larger for solar neutrinos
than for KamLAND

Additional small Am? or/and 6 can strongly influence the solar neutrinos
but not KamLAND

B Magnetic moment: the Earth magnetic field is too small

] Non-standard interactions (NSI) of neutrinos do not change the KL signal
since the matter effect is small

Even in the CPT conserving case one can find

7! AmZ, 0 .
solar KL

AmZ, 0




Testing the theory of conversion
SolarneutHings KamLARND

W Adiabatic conversion (MSW) B Vacuum oscillations

@ Matter effect dominates W Matter effect isvery small
(at least in the HE part)

B Non-oscillatory transition m Oscillation phaseis crucia
the oscillation phase for observed effect
Isirrelevant

Adiabatic conversion Vacuum oscillation

formu'a ~ ‘ ' fOI‘mu| a

Coincidence of these parameters determined from the solar neutrino data
and from KamLAND results testifies for the correctness of the theory
(phase of oscillations, matter potential, etc..)  SeeasoF.L. Fogli et al., hep-ph/021141



Beyond LMA MSW

LMA MSW +# ...
* SlFP

sSnzsiterile

P NS

(non-standard
neutrino interaction)

eV ER

(violation of
equivalence principle)

Signatures

W Searchesfor v, flux
W Timevariations
Beyond single Am?

context ~

l CC/NC
B Additional distortion
of spectrum

B Additiona contribution
to the matter effect

Physics of sub-leading effects

Implications

Magnetic moment,
magnetic fields
inside the Sun
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wwithisolarneltrinostanaamLAND

(KamLAND data simulation for 3years, 600 t)
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The 1o, 20, 3o allowed regions from
the analysis of 3 years ssmulated
KamLAND data

The dependence of the %2 on n from
acombined analysis of the solar data
and ssmulated KamLAND results




+ Spin-flavor precession
(resonance, non-resonance

B Post-KamLAND’’ study , , E. Akhmedov, J. Pulido
in the context of single Am® = Am< ya hep-ph/0209192

B The effect (neutrino spin flip) isin the central regions

of the Sun (radiative zone) 5 U e

B Signature: Appearance of the antineutrino v, flux
_F(_Vg)_ 1 50 (for the boron neutrinos)
10 & Mg 100 MG
At the present SK bound
: e (unless Voloshin's

B Magnetic moment: n, ~ —— m, : L

(natural* value) A2 cancellation, or polarization

Suppression occurs)
For thecut energy A =100GeV and m,=1eV: p ~ 10-'6pu, unobservable?

B Bevond sinale Am2 - if for second Am2 << Am2 - effect can be much |araer



SolagNeutrinoyAstrophysics

Back to th 0
T h WS DEC 105 COPYAo TRS OlarINEULINOS

AL tofstudydinteriodpropentiesforatherSiin
G.T.Zatsepin

V.A. Kuzmin Diagnostics of the Sun

B Determination of the original solar neutrino fluxes

In a sense these fluxes do not exist since neutrino conversion
starts already in the neutrino production region

Still we can introduce these fluxes since there is no back influence
of neutrino conversion on the solar characteristics and production of
neutrinos. Conversion effects can be subtracted

J. N. Bahcall,
M. Gonzalez-Garci

B Determine neutrino fluxes from pp- and CNO - cycles gs'tzefni'/g; %31
Bl Searchesfor time variations of fluxes P



AtmosphericaNeutrinos:
Anyanrohlen?

Very compelling evidence that Yy <= V;
vacuum oscillations

- SuperKamiokande
- K2K

- MACRO

- SOUDAN

KamLAND gives an additional confirmation of the oscillation picture
- confirms oscillations

- large/maximal mixing in the lepton sector

IS the dominant mechanism of
the atmospheric neutrino conversion

Nothing statistically significant beyond this picture

[ v, oscillations

[ sterile neutrinos '

[0 CP-violation '

O CPT-violation

[ specific oscillation effects

CR nhv<sics with atmosnheric nti

Winatt s tne nest?

Searches for



Oscillations of atmospheric nu_e

Oscillations of electron (anti) neutrino must

Atter K@WMM@ appear at some level even for 6,, = 0 dueto

the solar oscillation parameters

- Excess of the e-like events
m@]@@] in certain energy range with
- specific energy and
- zenith angle dependence

Dueto non-zero 0.,

and atmospheric Am2,,

Q Multi-GeV

SlleEs Interference events
events




Usclliationsiaestorsolantmzantitneta

Excess of the e-like events in the sub-GeV

F, =FO(P, +rP,) mm)

F

e

FO

-1 = P,(rc,? -1)

" screening factor’”’
P,=P(Am?,,, 0,,) isthe 2v
transition probability
In the sub-GeV sample
r=FO0/F>~2
m) Theexcessis zero for
maximal 23- mixing
Zenith angle dependence
of the e-like events
0.Peres, A.S., hep-ph/0201069




Exce'ssyofatheXe:likeXevents

F

e =—e_ -1

F.0

In the best fit points of the |- and h- LMA regions

Sin? 20, g , %0 € %0
0.91 2.8 4.8
0.96 1.9 3.2
0.99 0.9 1.6

(3 EXxcess increases
with Am?

Once the LMA parameters are known: restrict deviation

of 23-mixing from maximal by measuring ¢
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= CHOOZ
Excess of the e-like events
in multi-GeV region 0.0100
00050
_, U-D B
B
=]

U: cos®, = (-1 -- -0.6)
D: cos®, = (0.6 -- 1)

00010

0.0005 - |

Contours of constant up - down 5,2 =05
. 3 .
asymmetry of the e -like events |
u-um] 1 1 11 L1l [ 1 11 1 111
.01 305 041 0.5 1
Akhmedov, A. Dighe, sin® 26,4

P. Lipari, A.S.




H@@?ﬂﬂ@@@? Um@@mf@ﬁ@m@@ Zenith angle dependence

Excess of the e-like events in the sub-GeV of the e-like events

F
o -1 =P (rcy -1)

e

A I S135iN20,; Re (A* Aq)
B SZ13 [2(1 -r S"223) + Pz (r B 2)] . .

P,=]A[> isthe 2v transition probability | | | .

| nterference term:
- linear in s 4
- no screening effect
- has opposite sign for neutrinos
and antineutrinos
- maximal if Am?,, =7 10> eV?

APy, =510° ev?
Can be dominant if 23-mixing is maximal: | -

8int ~ 5% i3_

0.3 (in maximum)
' 0.Peres, A.S., hep-ph/0201069
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\/ H. Nunokawa, O.L.G.Peres,
M R. Zukanovich Funchal, hep-ph/030203¢

Fourth neutrino with  Am?2 ~Am?2 o, ~0.5€eV? resonanceinthe 0.5-1.5TeV range

For (3+1) schemeresonancesarein v, — v, Vv, — V4 channels |ceCube
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Upward-going muons Cascade events (induced by the CC

W Searches new neutrino states Interactions of electron, and tau neutrinc
‘ B Ohcanv/atinon nf the naramatri e of foctce and by the NC scatteri ng)




Ultimate oscillation

A o
LSND <,
%

CPT-violation
Non-standard
0% Jpechzipe  Interactions

Sierlle neuine

Stais arfer KamLAND



4nu spectrum

Generic possibility of interest even
independently of the LSND result

Generation of large mixing of
active neutrinos due to small
mixing with sterile state

Produces uncertainty in interpretation
of results



Non-Standard Interactions

Non-oscillation interpretation K. S. Babu, and S. Pakvas:
hep-ph/020422¢

put —>e" v, 7, (e u, 1)

Due to exchange of new neutral scalar bosons with M = 300 - 500 GeV

B |AL|=2 M), keytoavoid boundsfrom p——>eee , etc.

B Michel parameter p=0 ®), LSND and KARMEN better consistency ’79'
B No effect for = No effect for ‘.‘decay inflight’ == |
pion decay can not explain LSND data for neutrinos

MiniBOONE can not check even if it will work
both in neutrino and antineutrino modes

B Observable =) ete-->ut
effectsin ete-->vvy

Z0 --> et vy with Br=107



CPi=violation

G. Barenboim et al, hep-ph/0212116
After KamLAND: ultimate possibility?

A% A%

2 2

T

(D-
=

LSND

e T | i alimspliers

it
B B KunLAND

&
. B

Mass spectra of neutrinos and antineutrinos
In original scenario KamLAND

would see very small oscillation effect
 Raronhnim ot ol THED N210 NN (2ONND\

B Atmospheric antineutrinos: ~10 - 15%
averaged oscillation effect

@

B SuperK analysis of CPT excludes such
apossibility?

B Strong oscillation effect for v, driven '
by KamLAND oscillation parameters
~8% excess of the e-like eventsin the
sub-GeV region

B MINQOS: checks of oscillations in the neutrin
and antineutrino channels

B KamLAND can not check LMA. However.
LOW, VO, SFP, etc., are not excluded yet,
further check by SNO, BOREXINO...
are needed

B MiniBOONE: null result in the neutrino mo
positive result in the antineutrino mode



dupernova Neutrinos

“After KamLAND’ In 1987 (SN 1987A) the effect of
we can definitely say that the (anti)neutrino conversion had been observed.

- conversion inside the star
- oscillation in the matter of the Earth
- the Earth matter effect was different

for different detectors

With future SN bursts M sin6,,

one can test M type of mass hierarchy
W existence of new (sterile) neutrinos




LB, experiments with o1 newtrinos

Beam uncertainties
can be controlled if

@ Two well separated
detectors are used

[ Properties of medium
are know

Comparison of signals

from the two detectors:
oscillation effects between
them and also test properties
of the original flux

Thisisrealized for oscillations
of SN neutrinos inside the Earth:

Fluxes arriving at the surface
of the earth are the same for
both detectors




Shock Wave Effect

R.C. Schirato, G.M. Fuller, astro-ph/0205390 The shock wave can reach the region
= relevant for the neutrino conversion
14t p~ 10* g/cc

During 3 - 5 sfrom the beginning

of the burst

| nfluences neutrino conversion if

g S
. sin29,, > 105
% The effects are in the neutrino
é (antineutrino) for normal (inverted)
= hierarchy:
0

e C3 s B G B O O = OO
m r | I | L | L L] L] -

i3 [/ [/ [/ 1) A | L [
Radius (cm)




Monitoring shock wave with neutrinos

G. Fuller

Studying effects of the shock wave
on the properties of neutrino burst
one can get (in principle) information on

W time of propagation

m velocity of propagation

W shock waverevival time

B density gradient in the front
W Size of the front

Can shed some light on

mechanism of explosion 4




Standard and Non-Standard

Standardipicture Bevene the Stancard

[] Three neutrinos [ New neutrino states
Sterile neutrinos

[1] Massive, m <1eV [ New interactions
- Bi-largeor O Large anomalous
: dipole moments
L arge-maximal
mixing
[1 Smallness of neutrino EXOtICS
mass is related to Effects of violation of
Majorana nature
B Lorentz invariance
Oscillations and matter m CPT,
conversion -- B Equivalence principle
common phenomena




Stantaharictike

Uesl”

Normal mass hierarchy Inverted mass hierarchy
(ordering) (ordering)

B Type of mass spectrum: with Hierarchy, Ordering, Degeneracy B absolute mass scale
W Type of the mass hierarchy: Normal, Inverted

L] Ue3:?



AccomplishingkStandardiRicture

Sin0,; = [Ugl

Type of mass hierarchy || Normal
or ordering: sign Am2,, B |nverted

g hierarchical

Type of mass spectrum || g partialy degenerate
B quasi-degenerate

Absolute scale of
neutrino mass M, -

Dirac CP-violating phase, & ” L eptonic Unitarity triangle

Nature of neutrinos: W Dirac _ —
B Magorana - Majorana CP-violating
phases, p, o
H A,
Precision measurements g tan’0,, Gy —
of oscillation parameters g Am2 Deviation from
= A 2023 ’ maximal mixing




INAass;

hierarehy;

Post -KamLAND, selecting LMA
has confirmed
B strong dependence of the
effective Mg orana mass on
CP-violation phases,
M possibility of cancellation of
contributions Can not become irrelevant after
further developments

With Bf3,, searchesit isnot possible to fail
from scientific point of view

any result - positive or improvement of bounc
Is of great importance



Gonciusions

B The main developmentsin neutrino physics where related to various
““neutrino anomalies’ (both real and fake).
The anomalies were driving force of both theoretical and
experimental developments

Are solar and atmospheric neutrino problems solved?
B After KamLAND: What isleft? LSND?
New anomalies?

B Does the "standard picture’’ of neutrino mass and mixing emerge?
Do neutrinos change their character becoming more predictable?



Perspectives

BStandarc, I’SND New,

= (] m o

plictire conifiiiee — ancmalies

Well defined program New perspectives: L ead to something

characterized by - new neutrino states unexpected

- further tests - new interactions - NuTeV

- precision measurements _ CPT-violation - Z9 - width

- searches for /bounds on - - ?7?

new physics

SeomeImxdiireoratheselscenaniosS



WithoutiAnomalies

Well defined program:

1). Determination of masses, mixings,

CP- phases

Precision measurement of parameters

2). Searches for new physics beyond

““standard picture’”’
restrictions of exotics

3). ldentification of origins of
neutrino mass and mixing

\warning:

Future High Energy
experiments (LHC ...)
may have serious impac
on this program

“"Technological problems’
absol ute scale of neutrino
mass, CP-phases - big challenge

Non-standard interactions
New neutrino states
Effects of violation of

- CPT

- Lorenz invariance

- Equivalence principle

- Pauli princi ple‘

Reconstruction of neutrino
Mmass matrix
tests of the see-saw (and other)
mechanism
- flavor violation processes
- leptogenesis
- high energy experiments



Applications

Of our knowledge of neutrino mass and mixing

B Geophysics
B Astrophysics
Bl Cosmology

For eletallls amal iurdoer developments
See fallks at NOON2003



