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Where are we?
Where are we going?

A. Yu. Smirnov

International Centre for Theoretical Physics, Trieste, Italy
Institute for Nuclear Research, RAS, Moscow, Russia

T-n=




Beloved question of

d
XP\O‘\“e
nich can ° y?cr‘od ef 0{\“
" Where HEP SPIRES: 52 papers found WW 2\usive f;  resed"
are s\.\bSQ’C
we?" 13 papers oh neutrinos The
J. N. Bahcall - 6, on solar neutrinos
B. Kayser - 2
Not only neutrino physicists are lost:
particle physics - 2
Where  high energy physics - 2
we heavy ion collisions - 2
are i non-baryonic DM - 2
Can you guess? string theory - 1  confidence and determination

The SSC: where are we now? no comment




In addition

Encouraging: S. Weinberg, among those who asked
S. L. Glashow,
L. Lederman

Variations on the theme:

How it started and -

Even more profound:

J. Ellis (with reference to P Gauguin)

we S'

d wh here do
rc\lr\d where should we go

and we're headed and why

Omlng fl"om




where are we In time

1908
1918
1928
1938
1948
1958
1968
1978
1988
1998

2008

Rutherford: the Nobel prize in chemistry 4 time

1868 NeWw Zealan

The Dirac equation

Majorana
Artificial production of pions (Lattes, Gardner)
Helicity of neutrinos: Goldhaber, Grodzins Sunyar

First Davis result, the birth of the solar neutrino problem

Wolfenstein: neutrino oscillation in matter

The birth of the atmospheric neutrino problem: Kamiokande IT

Evidence of oscillations of atmospheric neutrinos

?2?7? Few month before the start of LHC




.« [N Space

SuperKamiokande ‘.

Tokai L
INO
CERN ko
Gran Sasso

for orientation..




Conquest territory:
the standard
neutrino scenario

u
Where are we in
understanding
heutrino masses
and mixing

s il bl F el g
_e" ||"l :-'

. Beyond the standard
heutrino scenario

'y ‘J L "'r--u
__; &45 5;* ﬁ"‘ﬁ,_“ *’ﬁ

Future which we
know

u
Future which we
don't know
can imagine




Standard neutring
scenario



e deSCf‘ibed bY

eractions ar
odel.

1 Neutrino int
d (e\ec’rroweak) m

+he Standar

2. There are

only 3 types of li
| :
three flavors and three masgsh ;Tr;il:fsr'lms!

|argé mixings
pattern of lepton
hat of quarks.

x. There are Two
or zero mixing.
ly differs from ¥

4 Neutrinos mi
and one small
mixing strong




Spectrum

mass

mass

Normal mass hierarchy

Vi = UPMNS Vimass

Upmns = Uz I Uiz I 5Up,

%

Inverted mass hierarchy




otandard scenario

Several generati
; ratio
ISts ns

collective efforts of experimentalists
and theoreticians

Summary of results of the first phase
of studies of neutrino mass and mixing

1o

106

10°

104

103

eV

> 102

10!

100

101
10-2

- M. Pauli
|

Fermi

Bergkvist

g TP

Zurich
Lo Grict

h Troitzk, Mainz

=




Interactions

Gauge interactions are well known (SM) and well checked

Yukawa couplings with Higgs boson(s) - related to existence
of the RH neutrinos are unknown; they are relevant for leptogenesis

Interaction with complex systems:

nucleons and nuclei, vN-, vA: open questions problem of strong
interactions.

Single-pion production, forward production

In some cases - neutrinos are unique:
provide axial vector current > axial vector anomaly >
interactions of Z, v, ® (for MiniBooNE ) 7 Harley, ¢ T. Hill, R. Hill

Rare neutrino processes relevant for astrophysics,
vv— pair production, etc.




Propagation

Theory of v-oscillations in vacuum: still some discussions

e E’f@r.“a\s.. - momentum vs. energy
Question . of - stationary source approximation
30*%7 oS - relevance of the wave packets
- 6C - coherence

matters for
Oscillations of * * Mossbauer neutrinos”

In medium: oscillations at extreme conditions - high densities
temperatures, magnetic fields, etc..




[imesplieric

Helifines

To large extend phenomenology
of standard scenario has been
elaborated; in some cases -

in great details

Re ol tlor Still some areas exist (cosmic,

] . .
n tr n supernova neutrinos) where active
eu l I 0*5 research continues now

Few spots are not covered yet




Comments

Comprehensive description of neutrino conversion;

SOIar very precise analytic results

0 From experimental side - detection of
neutr“‘os - the earth matter effect
(day-night asymmetry, zenith angle
dependence of signal);
- upturn of spectrum;
- N,O, pep- neutrinos
- pp-heutrinos (??)

T Comprehensive descripti f physical
A&M@Q@M@m@ p:oczr:seznin”’/reern?sCoréposlzplIggr'panzs lcf:‘] the Earth
[ﬁ]@@lﬁ[ﬁﬂ[ﬁ]@@ Structures of oscillograms:

- collinearity condition
- generalized phase condition
CP- domains given by grids on magic lines
and lines of the interference phase condition
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Glraialelion aomeimns

sin” 28, = 0.050, Am;, = 8x10" eV’ base 3., = 0°, plot §, = 160°

30 =

P(3) - P(0)

formed by
grids of
magic lines
and lines of
interference
phase




Supernova neutrinos

Further studies of collective effects:

can change whole picture of conversion

Spectral splits (swapping)

H. Duan, 6. Fuller, J. Carlson,
Y. Z Qian
G. G. Raffelt A.S.

©

Spectrum (B projaction)

oB

[
05 F
0F

-05F

initial spectrum

final spectrum

0 1 2
wfu,

.................. adiabatic

exact

2oy (heutrines)

My {Antnetrines)

H :\I§ Gan
o = Am2/2E

A .
LI rrri rrri

i ]
-_ |||||I LL L1l L1l ||_| -_ |||||I Ll LLLLL L1l ||_|
0.1 1 10 201 aAa 1 10
ST ST

G. Raffelt, A.S.

@ m =

adiabatic solution T




Cosmic neutrinos

GRBs
core-collapse
supernovae

SN remnants

Sources:

Related to
developments
of y-astronomy

\Vacuum osci\\a’fior\s ‘

nl Conversion in matter
i of source

Propagatio

New level of
studies

E ~16GeV-10% TeV

Detailed computations of
the neutrino yield (output)
at different conditions

for maximal 2-3 mixing
and 2 : 1: 0 original ratio
flavor equilibra’rion:

L&

-V pr'oduc’rlon mechanism
- 0,5, = /4

‘ deviations from
1:1:1

l




Neutrninostrankastronhvdies
salreds

flavor conversion

in He-, H- envelopes

v
thick source

acceleration of protons in relativistic

Measurements of deviation
of 2-3 mixing from maximal

jets by the inner shocks

pp -, pv - collisions - neutrinos

Sensitivity to 1-3 mixing,
type of mass hierarchy,
CP - phase

flavor conversion in outer layers
- breaking of 1:1:1 flavor equilibration




Long haseline experiments

Physics is well understood
(see oscillograms)

LBL industry

aﬁ"é

Lindner & Co

E

sensitivities




Masses and Mixing

Standard  Right handed components of neutrinos exist

scenario Smallness of mass is due to some mechanism, that involves
the EW scale and probably some higher scale(s) of nature

In general: m, = Mygg + Mo+ (E,N)

medium-dependent
soft component

Bounds on m_;,




Where are we

In understandin
neu?r#\o Mass & mixﬁ\g?




Theory of neutrino mass

Papers 2006-2008  “rogjranme nu-2000

Theory: nothing is really accomplished?
No progress? Why? What should be done, measured?

we measure heutrino parameters
Recall o uncover the underlying physics

to make on this basis new predictions,

to find applications




UWhole the excilement wad that wealine madd

v K AAXAALT Ls “'rr' "v""}"'r'i eV ","’.""I




Bottom -up -

Tri-bjmaximal GST-approach

mlxmg . mass-mixing
6\&’(@(? Gatto-Sartory-Tonin
\NW
o

Large mixing is related
to weak mass hierarchy
of neutrinos




Disentangling possibilities

TBM: 23-mixing
should be zero
or very small




Precision & benchmarks

g tnlac
% | SK. 2008
lo KamLADN + SNO, 2008
26 Bandyopadhyay et\al 2008
3o
2 ? SNO (2008)

016 - r
99% Strumia-Vissani

90%

} Fogli et al 2008
30 1s i Gonzalez-Garcia, Waltoni 2008

| | | | | | | | | | | | |

29 31 33 35 37 39 9

01, + 0, ~ /4 Ugte1 = Ye U | | Yim = Ui UMy3
give almost same 12 mixing




Koide relation

me +m, +m,

('m,+\m, +\m,_ )2

was obtained in attempt to explain

tang, = \[3 2%““_ %"e_ =

=2/3

Y. Koide, Lett. Nuov. Cim.
34 (1982), 201

with accuracy 10-°

- 2
Both relations can be m; = Mo (Z; + Zo)

reproduced if > z=0, z, :\] 5. 22/3

C A Brannen

Neutrinos, )
hierarchical VEV alighment

spectrum Related to TBM?

Non-abelian flavor symmetry,




Flavor symmetries

Flavor features of various
symmetry groups have been
explored

Discrete groups:
A, (subg. SO;) - many studies

T (Frobenius) (subg. SU,)
Looks promising

Deriving the group
from observations
S CLam:

TBM > S, minimal symmetry

- No symmetry (or some other
symmetry) at the fundamental level.

- Required symmetry appears at the
effective level after decoupling of
heavy degrees of freedom

Partially realized in some models

“Dee-saW Symmety”

Along with this line:
" Symmetries from mass hierarchies”
Ferretti, 5. King, A. Romanino,




Real or accidental?

Tm‘—bimaximal

Accidental: interplay
of different independent
factors contributions

ey s ey

o 0

Real:
immediate " " one step”

| Heidelberg-Moscow

Degenerate spectrum and TBM are not related ?




2

Physics behind
heutrino masses
is not identified

GeV
1018

1015

1012

0°

—

06

—

—

03

100

10-3

10-6

109

10-12

I@ Mp

& Mgyt

1

Planck scale many O(100)
mechanisms | RH neutrinos |

GUT scale

mechanisms

M; ~ Mgyt

Intermediate

My, scale of

Scale mechanisms RH neutrino
masses
LHC
Vew EW scale
mechanisms
LS
Low scale
- M. | mechanisms kev-GeV scale

| | Neutrino masses

mechanisms?




Flavor & GUT

Generic problem: difference of mass and
GUT's: unification mixing pattern

of quarks and leptons difference of flavor

properties

Relate this difference to spontaneous breaking of GUT symmetry

126,
30(1 0) Non-renormalizable operators Agrete

: : C Hagedorn
| |
Singlet fermions M. Schmidt A.S.

Geometrical hierarchy of
the up quark masses

relates

S0(10) + singlets + q

discrete flavor symmeftries




)
J
Two aspects:

Tests of the standard Searches for new
scenario physics

eyond the standar




Classifyin

Neutrino
anomalies

ibilities

were driving force
of the developments
for more than

40 years

%@:@9
@9

g@
=3
S\

=S\
D)

€S

I:II:I

J

et b

other flelds

4

Recall, 10 - 20 years ago
" " standard” would be:

- Zero mass,

- zero mixing...

Various extensions
of the standard
model: SUSY,
LR-symmetry, GUT
extraD

Unmotivated




Anomalies: unrasaives and new

name: | feature: | [oselulRIniereiaen

excess of e*-events s
-SMD excess of events € sep arate slige
MiniBooNE at low energies
NuTeV value of sin 6,

low signal, tension mixing with very light

omestake W signal, g ery lig

AL with other data sterile neutrino

time variations of solar - heutrino magnetic moment,
Unnamed neutrino signals? - periodicity of energy release
SN 1987A | angular, time distributions Astrophysics?

LSD signal
Z9 -width N, <3 Hadron physics?

New GSI modulation of exponential | Nothing to do with neutrinos?
decay




LSND after MiniBooNE 222

True or fake... triggered a number of developments

Two sterile neutrinos with CP? M. Maltoni, T. Schwetz

(Exotics)”2

Light vector boson + 3 sterile nu  A. Nelson, J Walsh

CPT violation + sterile neutrinos V. Barger, D. Marfatia, K. Whisnant
Soft decoherence Y. Farzan, T. Schwetz, A.S.

ch
= Mechanism X ecks of Consisrency
or LSND-effect




New Physics




n-standard
Interactions

Motivation: new physics

at the EW and terascale;
various extensions of SM

Z', SUSY, KK, light particles

Rich phenomenology
- propagation
- detections

€., ~ - 0.5 sin2
white: strong transition

Checks at LHC,
Rare processes with L-violation

p=-m16

cos(Qt)

M. Blennow, T. Ohlsson, 0805.2301




Sterile Neutrinos

V g — VE
10" g Contours of constant
Lol induced mass and bounds
=L, .
e NBB
0 NG, . thermalization line:
o8 B above if S are in equilibrium
% !
3 For benchmark parameters
;;;, 10 S were thermalized
! Bounds - in non-equilibrium
= henchmark 1 o
T R - henchmark 2 r'eg ion
= henchmarkd o =T eaCTo r's
10 * — —  henchmark 4 =T,
10 Lo |
D ™Mo oM™ 0 0t w7 w0 w0t w w? w?
0vBp sin’0 EE SNISTA
Bl LSS S H  [-decay
X-ray Accelerator
= Pt B Mmesheric Q- Zukanovic-Funchal, A.S.




n
U lIQﬂltICleS e
Hidden sector (HS) e.g., gauge
theory with fermions and coupling g

g9 .
scale invariance 0. <O Particles of HS couple|with
nfrared 9° ut H SM particles via exchange of
:cri\x;c(lir'e i messenger field(s) with mass M

point

If g* >>1 > appearance of composite
(confined) states of the HS particles
(described by operators O, )

hadrons < quarks N. Krasnikov
M. A. Stepanov
Key

Individual (mass) modes: negligible effect




Unparticle effects

Effects in solar neutrinos
Neutrino decay: v, > v; U
L. Anchordogui, H. Goldberg

Unparticle exchange:
modify mater potential
and effective neutrino mass

- modify survival probability

M.C. Gonzalez-Garcia,
P.C. de Holanda,
R. Zukanovich-Funchal

M - mass of messenger

d, - dimension of operator
in hidden sector,

d - dimension of unparticle
operator

Ay - infrared fixed point

PSun(ve — ve)

0.8

0.6

0.4

0.2

=
=S

=
=4

0.6

0.4

0.2

-3
A“=l TeV dw=3 aS,V.T=m

HHHHHHHHHHHHHHHHHH Scalar
__________________ — '
m,= 0eV
— MEW ced=l1 0 d=1.3 - d=1.5
M=8510"Tev  M=1510" TeV M=3 10° TeV
___________________ Vector
— MSW ced=l1 e d=1.3 - d=15
M=110" Tev  M=4 10° Tev M=d 10° TeV
— KMEW eeegd=l, e d=1.3 == =15
M=210"TeV  M=310°TeV M=3 10" TeV
B
10 1 10
E (MeV
, (MeV)
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Accomplish reconstruction of
the neutrino mass and mixing Spectrum

(3 o )
The program — _m|>_<m9 ..
that 10 years ago from maximal
well motivated and - CP-phase .
elaborated - m,,, hature of neutrinos
- absolute scale

Reconstruction - Majorana phases

of neutrino mass

matrix \g )

May not reconstruct

- ?
completely 20 - 30 years:




0.6 T T T

ep - Triangle

05 F

0.1

- illustration

sin 6,5 = 0.15

0.4 T

in future

Leptonic unitarity triangle

0.35 -

0.25

0.15 -

01

0.05

- method to measure &, test of unitarity?

T T

1 1.2 1.4

Y. Farzan




Another Another appr oach

neutrino detectors

5 o TT NchTc 2800 E
C 0.005 : .
P 0.03 1 eNGS
0 5 0.10 i
?‘a’ = LENF, |
y | | -1 MINOS
W L
~2000 1 oKk | Tek
events in \
Mulfti- /: -
megaton —
detector 1 Degeneracy
0.1 of parameters

COSs G




garche foJ new physjcs
beyona standard scenario

improving bounds ... Precision measurements
in heutrino physics

LHC
other colliders Cosmology
Precision
measurements

One expects
Intferesting
interplay

Neutrino
results

Rare
processes




Detection of neutring burst from
Galactic supernova

Eventually...

May have very strong impact on
Neutrino physics,

Astrophysics Plausible: we discover
Particle physics something completely
hew.




Cosmic neutrinos

Searches, measurements of v—fluxes

Further study of
y—y connection.

Implication of
EM radiation data

Cosmogenic,
GZK- neutrinos

Astrophysics Determination of
heutrino parameters




utu oﬂ' jh we

posed to be prophetic?

cording to citation index - 45 max




«0ut can imagine

Programs of previous
neutrino conferences

Projecting from
the past

other fields




eutrinos & LHC

Expectations range from

Identification of the mechanism of neutrino mass generation

e.g. if the Higgs triplet with terascale mass and
small VEV generates neutrino mass and mixing

to

with conclusion that some EW scale mechanisms
with certain values of parameters are excluded




New experimental techniques

Neutrino
(changing

factories with

New neutrino
sources

Multi-Megaton detectors

with flavor and charge
identification
low energy threshold

Higher precision - new physics

open hew horizons

rotating
direction) beams

Table-top experiments
with sources

Radioacﬂve nucle;j
etastaple atoms

for nNeutring deTecTion
Mossbauer effect

Coherenco
Detection of very

weak signals

New methods of

decrease of backgrounds

superconductivity
Cryogenic detectors




oward the neutrino technologies

some proposed '099 time ago not unique, multiple use
now less speculative

now we know much more

Monitoring of nuclear reactors to the Sun
Tomography of the Earth _
- absorption searches for

- oscilltion oil and minerc¢

Mossbauer effect for neutrinos
Neutrino as a probe...

Neutrino communication systems

Galactic communication J. Learnd,
S. Pakvasa

A. Zee




putrino Structure of the Universe

Some work has already been done

Clumping of neutrinos depending on their masses

Neutrino halos, neutrino stars

. : : Neutrino condensates
Possible new interactions ‘

accelerons Superfluidity

J. I Kapusta
J R Bhatt

; ; : U. Sarkar
Detection of relic neutrinos

. M. Yoshimura
Using metastable atoms P Vogel et al

and nuclei




Tests of the standard scenario and searches
for * " physics beyond" are the main motivations
for further studies




and what emerges?




RH neutrinos at LHC

B Type ITT seesaw:
oy "y SU(2) triplet:
\ / ~ 10 6
o T= || Y
v Y o v T-| M;~100 GeV
S

B InsUB): 24 T,S
Type I + Type III

u LHcI EW productionn W+**> T+ T0, Z*> TOTO

B. Bajc

G. Senjanovic
M. Nemevsek

P. Filiviez-Perez

y 5_[_- 245, + y/M 5_F 24.24,,5, one usual neutrino is mass less

I Decay: TO>WI, TO>Zv, TO>T+|-v [t~107%-101" sec

' ~ (mixing) 2




Solar neutrinos: degeneracy of 1-2

and 1-3 mixing

L |

0.1

0.08

13

D 0.06

0.04

0.02

0.5

S. Goswami, A.S.

sin20 5 = 0.017+/- 0.26




The best scenario

Minimal number of assumptions:

Assumption 1: c0s%0,5 = 1

Assumption 2: 1/5in%0,; = 2

Assumption 3 sinto, = 3

Plus possible small corrections...

Any model with smaller number of assumptions?




1-3 mixing

|

T2K youble CHOOZ

QLG

|

O

1o

D%

2

3o

Gonzalez-Garcia, M

Strumia-Vissans

Fogli et al 2008
I

0

0.01

0.02 0.03 0.04 0.05

sin%0,,

* Non-zero central value (Fogli, et al): Atmospheric neutrinos,
SK spectrum of multi-GeV e-like events

* MINOS lead to stronger the bound on 1-3 mixing (6-G, M.)

altoni 2008




-3 mixin

SK: sin220,, > 0.93, 90% C.L.

T2k |maximal mixing
8
QLC, uQLC,
36 Gonzalez-Garcia, Maltoni, 2008
1o
90% SK (3v, one mass scaye)
30 26 Gonzalez-Garcia, Maltoni, A.S.
1o
I Fogli et al 2008
| | | | | | | | | | |
0.2 0.3 04 0.5 0.6 0.7 sin2623

* in agreement with maximal, though all complete 3v - analyses show shift
* shift of the bfp from maximal is small

* still large deviation is allowed: (0.5 - sin20,3)/sin 6,5 ~ 40%

2G




Resume

No unique and convincing explanation of neutrino mass has been found

There is no simple * " one step” explanation/solution
large number of assumptions

Inclusion of quark sector usually requires fur"rher('d u“-\ﬁcc’c'\or\?
complication of models Gra

Perturbation approach: Amp.
do not try to explain everything at once Whay /gul.ry r
S 0,

Perturbations may
have no symmetry
or different symmetry

Q
er €ht,
Lowest order ° °”o’e,,h Ty

(symmetry)




