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On “predictions”

Unusual discussion between several members of IAC
(which reflects the present situation in the field)
about necessity of the talk on predictions of the CP phase

In the past: bad ex

er,'enc 0 " . 5 "
too much theory e f o v “predictions” of the 1-3 mixing:

mphasis on zero (or very small) 0,5,
Predictions were largely misleading

one can not say “model
| possible values of d¢p

?) till of d¢p 1S measured with
help them To construct a model

' predicts the phase.
Concerning CP: frF:)m O to 2m are predm‘red

Already now al

Theorists should wait (20 years
good enough precision , this may
which may predict something new...

Complete failure of THEORY, its uselessness !

dcp IS one of few unknown yet parameters for which

e . 5
predictions still can be donPWha‘r rren we will understand prove:




continued

Zero (small) 1-3 was supported by TBM and flavor symmetries

This was appreciated/supported by large EXPERIMENTAL
community that wanted to do neutrino factories

Even in the past there were a spectrum of predictions (see
compilation in C. Albright, Mu Chum Chen hep-ph/0608137 ).

Then discussion went to philosophical and moral issues of o’
What is the meaning of predictions Quc\-\w an KonS:
What is the role of input, assumptions a assu®
What is the role of theory in general etfc. etc. Y\O“Q,SW"'

=

Input| |Viode\| Fredictipe

- Assumptions
- measured values
of parameters

Concepts, principles
Symmetries, etc



Projecting into the Future

Extrapolate progress and advances we made in recent years
previous experience, lessons, eftc.

Starting point also to check if I can trust myself

Neutrino -2008: Where arewe?  xxzIr Int conference on

Neutrino physics and Astrophysics,

Where are we going? Christchurch, New Zealand, May 2008
0810.2668 [hep-ph]

7 years later
a humber of statements are still valid
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My (successful?) story of the 1-3 mixing

end of ?Oies any chance/reason that 6, is close to
L. A. Mikaelyan: the CHOOZ upper bound?

A.S.: Yes, this is very plausible

A2 E. K Akhmedov, G.C. Branco,
Reference to sin%0,; = O(1)—=L M.N. Rebelo Phys.Rev.Lett. 84
Ams, (2000) 3535, [hep-ph
0.75 /9912205]

" " Naturalness” : absence of fine tuning of mass matrix
Connecting solar and atmospheric neutrino sectors

Very small 1-3 mixina would be something special (symmetry)
Dilemma: usual versus special

supported by almost the same relation in the
quark and lepton sectors

sin%0,3 = q Sin°0,,8iN%0,4
K Patel A. Y. S.




H. Minakata, A. Yu. S., Phys.Rev.
D70 (2004) 073009
hep-ph/0405088

Prediction from QLO

Quark-Lepton Complementarity

sin 635 = <% sinB(1 - |V, |cos a) + V.
in general: sin 0,5 CP-phase
lain2. = _ -2
zSin‘8; =2.54+/-0.02 C. Giunti, M. Tanimoto

sin20,5 = 2.18 +/- 0.10  Global fit, C. Gonzalez-Garcia et al
2.15 +/- 0.13 Daya Bay (15% smaller, 30)

Reducing predicted value

1. correction from VCKM+ 2.h4 > 2.11
2. Non-maximal 2-3 mixing

254 > 228 | forsin?0,; =045




C. Giunti, M. Tanimoto
H. Minakata, A Y S
Z - Z. Xing
J Harada
S Antusch , S. F. King
- +
p Y Farzan, A Y S
UPMNS UCKM UX

M Picariello etc.

where UCKM ~ VCKM @
- _ . Uy should be fixed to
has sumu!ar hlerar'chlcal structure reproduce correct lepton
de’rermmgd (qs in Wolfenstein mixing angles
parametrization) by powers of
A =38in 0, Uckm ~ 1 j|> Uy ~ U

can be always written
Deeper sense: reflects

Quarks and leptons know about each other, Q L unification

Some additional physics is involved in the lepton sector related to
neutrino properties




PMNS & CKM

Upmns = Uekm™ Ux

X RS

From the Dirac matrices Related to (any) mechanism
of charged leptons and that explains smallness of
neutrinos heutrino mass

New neutrino structure
Neutrino portal

Two types of new physics and
partial relations

LI e mew pliysies Netfiine new pysics

Can be realized in seesaw I




Another interpretation

Upmns = Uekm™ Ux

A
UCKM = vcorr

Correction due to flavor
symmetry breaking

Corrections of the order
A =sin 0,

Connection to quark sector
is more complicated

RS

Mixing matrix in the
flavor symmetry limit

e.g. Uy = Upgy

Realized in the residual
discrete symmetry approach

“Sum rules” predictions

In general: no relations o masses




i i - C. Giunti, M. Tanimoto
re Ic Ionl H. Minakata, A Y S

.....................................

If UX = UZB(J'E/Z) U, ho 1-3 rotation (or very small)

j1> Upmns = U™ Ua3(/2) Uy,
= Ug (8.)" Ups(n/2) Uy,

permutation - to reduce the lepton mixing matrix o the standard form

jl> S|n 2613"’ %SIHZGC 613~ \]% ec

can be obtained e.g. in the context of

Ugn  QLC (Quark-Lepton Complementarity)

UX = UTBM TBM"CGb|be SCheme == K/'ng et al
_Ug,  Golden ratio (for 12 mixing)

Agrees well with data - in favor of the approach




Leptons & quarks

There is no convincing explanation of quark masses and mixing

Can we solve the neutrino mass and mixing problem?
Do efforts make sense?

Yes, if
heutrino mass generation we still hope (as it was
and charged lepton and before) that neutrinos
quark mass generation will uncover something
are independent simple and insightful

which will allow to solve

we will try to explain the the quark mass riddle

difference of masses
and mixing of neutrino
and quarks, and not
masses and mixing
completely




Theta 1-3 and sofar neutrinos

Effect is not just overall normalization of the flux
Measuring 1-2 and 1-3 mixings

S. Goswami, A. Yu. S.:
hep-ph/0411359

Phys.Rev. D72 (2005)
053011

CC/NC vs Ga
0.1 .

0.08 |~

613

] 0.06 |~

sin

0.04

0.02 |~

||| sin20 .5 = 0.017+/- 0.26

0.5







Neutrinos from the primary
pp-reactions in the Sun
BOREXINQO Collaboration

(G. Bellini et al.)

Nature 512 (2014) 7515, 383

Solar pp-neutrinos
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First Indication of Terrestrial Matter 2
Effects on Solar Neutrino Oscillation £
Super-Kamiokande collaboration %
(Renshaw, A. et al.) a I ]
Phys.Rev.Lett. 112 (2014) 091805 arXiv 40 ,
:1312.5176 T 5
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Consistency
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A. Suzuki: CPT violation?

NuFIT 2.0 (2014)
—I UL I L I lé | I'l LI
- GS98 w/o /N | /,‘
") — GSe8 | | a
-} --- AGSS09 /
i KamLAND“
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Solar data vs KamLAND
About 20 discrepancy

10,90 %,20,99% and 30 CL
(for 2 dof) allowed regions.
Full - 6598 model,
bf - blackstar;
Dashed - AGSS09 model
(bf - white dot),
Green - KamLAND ;
Orange - 6598 model,
without the D-N from SK .

A y 2 dependence on Am,;?
for the same four analysis after
marginalizing over 6.

fixed &,;=85¢°

Very light sterile

AYS
neutrino? > de Ho|0”da'

K. Fujikawa, A. Tureanu,
1409.8023 [hep-ph]

Non-local interactions in Nu portal > CPT violation = nu-antinu mass splitting




Oscillations of Be neutrinos in the Earth

A.N . Ioannisian, A.Y.S.
I'p, =1.6 kev E=862.27 kev D. Wyler, to appear

FBe /E - 186 10_3 067

0.5- _.': “:_
r " A 1 -". T
Be E T 0.4 P 7
: ‘.‘ rd

Oscillatory period in the energy scale °3\ .
AE; =EI /L=E | \ |

~ g 7
T T T T V T 1
oige2 0.863 0.884 0.865 0.866 0.867 0.868
E

0.2
X

2 RE CoSs | 0.1 \

Depending on nadir angle n level P —
of averaging changes

BOREXINO:
Apn = 0.001 +/- 0.012 (stat) +/- 0.007 (syst)




Main features

Oscillations of mass eigenstates - pure matter effect

2VE

Am,?

a |, = 28.5 km

= 2.4 103 (p/2.7g cm)

|, =1, [1+cy32cos 26, + ..] =28.5 km

Variations

L
Ap = (P - Pp)/Pp = - ¢13° f(Amy®, 015, 053) %—fdx V(x) sin g5,
f=0.43 °
Constant density

Ap=-ci3efsin? 3 AL A, =2/ |,




Variations of the Be flux

ST

..
LA L R

L L T NN
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1.30
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Measurements

Establishing oscillations, matter effect

Quasi- periodic variations during night

De’rermina’rion of the line width

Precision measurements of Am,,?

Tomography of the Earth interior

- Small scale structures, at the surface (mountains, oceans, ..)
- Non-sphericity of the Earth

- Density jumps in the mantle,

- Shape of the core,,,

Searches for sterile neutrinos
especially for Am;p> ~107eV?  sin? 20, ~ 102
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eu - triangle | sin 6,5 = 0.15 after Double Chooze, Daya Bay,
JPARK T2K, NOvA
Neutrino 2008 VY. Farzan ,AYS
today in future
0.6 T T T T T T T T 0.4 T T T T T T
6D=45 ........
Op=135 e 0.35 - N
05 F .
0.3 | 1
04 1
0.25 - -
. 0.2 1
0.15 | g .
0.1 | . 1
| 0.05 | -
6 18 "0 oz o0s4 o8 08 1 12 14

Leptonic unitarity triangle

- illustration
- method to measure &, test of unitarity?




CP-phase and the framework

Upmns ~ Ve Ux

If the only source @

of CP violation No cPv

B. Dasgupta, A.S.

j> sinby3 sin d¢p = (-cos 6,3) SinB;39 sind,
A A3 5, = 1.2 +/- 0.08 rad

6CP ~-dorm+0 where § = (513q /513) Co3 sin 6q

If the phase §. deviates substantially from

-\0(\5 O or =, new sources of CPV beyond CKM
9\'\00"
1 New sources may have specific symmetries
which lead to particular values of 8 e.g. -n /2




B. Dasgupta, A Y.S. ,
Nucl.Phys. B884 (2014) 357
1404.0272 [hep-ph]

In general

any value of the phase can be obtained
Also taking Uy from seesaw

In contrast to quarks for Majorana neutrinos the RH rotation
that diagonalizes my becomes relevant and contributes fo PMNS

CPV from U,

In the LR symmetric basis
minimal extension is the L- R symmetry:
Ug= UL~ Veem
and no CPV in M,

Seesaw can enhance this small CPV effect,
so that resulting phase in PMNS is large




Measuring CP-phase

Global fit Dealicalied expermments
i, U
s S

W upgraae ‘Q 3n/2 from % =
cyomuss T

In this connection




e K NS

Before dedicated experiments?

Marginalized over 2-3 mixing :
JPARK (beam upgrade)  Super-hamiofande

“E ; po.t. 61020 > 7.8 102 13 times higher
oL Am3>0 ] by 2018 statistics in
: 68% CL ] few years
L 90% CL -
0 T sensitivity to the CP-violating phase 8.
JF NN\ 1 at 90% C.L. or better over
g I AN NN -115° < 84 <-60° for NH
S0 : +50° < 3§, < +130° for IH
ot if 8,5=45°
0F . T2K Collaboration (K. Abe, et al.).
: <0 3 arXiv:1409.7469 [hep-ex]
-0.5\ M3, 1
1 further substantial
70 0.05 0.1 0.15 02 025 03 0.35 04 v improvements
sin’26

PDG (reactors) Distinguishing - x/2 from O at > 30 level?




i1 M.C. Gonzalez-Garcia, M. Maltoni
" ase an " mlxm T. Schwetz, JHEP 1411 (2014)
052,1409.5439 [hep-ph]

Inverted Normal Contribution of different

sets of experimental results
to the determination of the

: mass ordering, the octant of
] @ ,; and of the CP violating

phase.

Genesis of determination

[ W RS NN
0.3 0.4 0.5 0.6 0.7 Solar.

sin” 0
23
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8- — +T2K-Dis | | — +Minos-App -
+ Atmos
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+ T2K-App

: + _
0 90 180 270 360

e + | Atmospheric




lce Cube
Precision
PINGU == : =
o Next

, Oscillation
arXiv:1401.2046 ~ Generation pocoarch with

Mass hierarchy 7o, o Cosmics with the

Abyss
0.2-0.5GeV

10 - 15 GeV

Som - IceTop

1450, : SRR }ANDA e“?\“
“ Q\ Few Mtons in
sub-GeVrange

9 ézaqu‘i/l Y.5. Q
1406.1407 hep-ph
MICA -~ -

17 Megaton-scale
/}é_}“ | 324m Ice

D;aep Core | Cher'enkov
Array




Distinguishability for CP

Quick estimator (metric) of discovery potential

For each energy-zenith
angle binij
relative CP-difference

Si' =

J

NiJ' 5 _ Nij6=0

N ‘Nij6=0

E. Kh. Akhmedov,
S. Razzaque, A. Y. S.
arXiv: 1205.7071

no fluctuations

If is true value > N;® corresponds to " " frue” value of events

Total distinguishability

Stot = [, 5,:2 172

" “measured” number of events

- distinguishability of different values of CP-phase
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arXiv: 1406.1407 v2
hep-ph




S-distributions
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ensitivity of

uperPINGU

Effect of correlated
systematic errors

Flavor misidentification
can further reduce
distinguishability by
factor 15-2

Still S,~3-4 ford=m
after 4 years of exposure

Super PINGU 1 yr, E;=0.5 GeV

Super PINGU 1 yr, E;, =0.5 GeV

total (@ 1

—_—Y,

—_—Vy

All correlated

(b)

No normalization

...............

No flux ratio

...................

..................

No energy tilt

0 05 1.0 1.5 20 0 05 10 15 20
ojm o/m
Super PINGU 1 yr, E;»=0.5 GeV 1 Super PINGU 1 yr, E;, =0.5 GeV
() I ®
10+
sl
o or
4l
2L
No zenith angle tilt I No correlated
0 OTS 1 TO 1 fS 20 %.0 Ol.S 1 l.O ]‘.5 20
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Neutrino Portal

LH
LH VR 1
LHF
AnFISE F is the fermionic
Non local operator
interactions Singlet of symmetry
Interactions which group of hidden
: violated fundamental sector
Singlet of symmetries
SM symmetry
group

SU(3)xSU(2) XU(1)




A GUT scenario

SO(10) GUT + hidden sector + flavor symmeftries

16 U, Uy, U, v [0S, WS, L(I}-C, VE
. C C C C
.. dy.dj, e (A dEdE e | g

RH-neutrino

(Double) seesaw =
smallness of neutrino
mass,

can realize framework

Upmns = Uckm™ Ux

Flavor symmetries at very
high scales, above GUT
Symmetries in S-sector
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SteileiNeutrings

Checks of existence of 1 eV steriles is the must.

... May be by smaller prize, smaller numbers of experiments.
If results are negative?

Where are the IceCube results on sterile?

Searches for new neutrino states (sterile, partially sterile) will
continue anyway. Goal -upper bounds on mixing as function of mass.
For 1 eV bound on mixing at the level sin® 6, < 10-3 is important

to exclude substantial influence on the the 3v picture .

7 kev sterile : further checks of the 3.5 kev line,

Does not play any role in generation of masses of light neutrinos.
Probably not a right handed component but some new fermion
on the top of 3 RH neutrinos




Ll

Tests of the low scale mechanisms of neutrino mass generation

Discovery of almost any kind on new physics will have impact
onh neutrino physics

No new physics result is possible

LrVprocesses

Chance to see something ?

Dedicated experiments
like SHiP

Doublelbefaldecayisearches

Are and will be of the highest priority




Neutrinos and Dark Universe ..

I research
Connecion: Wefrines - Dart: matier

will be further explored
Also possible connections to Dark radiation, Dark energy

Neutrinos as probe of Dark Universe:
High energy cosmic neutrinos,
Relic supernova neutrinos

- new scalar bosons, majoron, axions,

Very light sector - new fermions (sterile neutrinos, partially sterile),
which may include - new gauge bosons (e.g. Dark photons)
- gravitinos

Wenirines and Middenart: Sectier

Interaction via neutrino portal

e experimental techmiques vor low enarsy physies




lass hierarcny

Should not miss chance with PINGU, ORCA,
probably with JUNO, RENO50
ns for SN neutrinos and BpOV decay,

logy and atmospheric neufrinos
nation of ©

Implicatio
for cosmo
for theory.

Knowledge of H facilitates determi

fevrn Accuracy of sin 26,5 better than 0.05 to
@D@ MHXH[@@ test various relation is required

lulimegaton atmospheric nevirine detectors with low threshole

Enormous physics/discovery potential

Also searches for steri

le neutrino
. ] o S, -—
Interactions, violation non-standard

of fundamenta| Symmetries




b viokation

J-PARK-SK, NOVA: accumulation of evidence for
Next: LBNF, ESS?

-90 deg.?

A possibility To measure the phase using multi- megaton
scale atmospheric neutrino detectors should be explored

Specific values like O, x , /2 may have more
straightforward implications (still not unique)

+/- n/2 can be related (by symmetry) with maximal
2-3 mixing, quasi-degeneracy of mass states ...

M - Comparison with quark phase will be interesting
@ﬂ@[ﬁm@m@ Even in unification approach they can be very different.

W@ @W@@ Substantial deviation of 6, from O, xt,
i

will testify for new sources of CP in lepton sector




SolaNEufines

Day-night asymmetry To be further studied
Upturn of spectrum

Pron:
Fecise measurements of the pp-neutrine flux
CNO neutrinos

Earth matter effect on Be neutrinos

Seasonal variations of Boron neutrinos in Antarctica (MICA)

Supernova neutrines

Hopefully a signal will arrive soon

Partially... although knowledge of 1-3 mixing simplifies many things

Still role collective effects in neutrino oscillations is
not completely understood...
Lepton asymmetry in emission ?




Theoky

After 1-3 symmetry or no symmetry behind the lepton
mixing and masses. Symmetry: accidental or real with new

structures? .
ial
Inverted mass hierarchy, degenerate spectrum, specid

values of CP phase would testify for symmetry

Some hew realizations of flavor symmetries?

Grand Unification, high (GUT) scale seesaw,
additional hidden sector (at GUT-Planck scale)
flavor symmetries at high scales - still appealing scenario

Other possibilities: scale

. S oh hew | .
heutrino mass generatio thSICS, mechamsms Of

n, etc. are possible

No simple solution is expected and different type of new physics
(e.g. CKM new physics and neutrino new physics) can be involved

New experimental input is needed for further progress!







