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Outline

2 Mass sics?
Ultimate goal;
3 @@ w H & connected to
mass hierarc hy
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V paradigm:
All well es’rabllshed/conflrvBi g

results fit well a framework

" hyee neutrinos
* [eractions descriped

y estan ard mode
* With masses ang mixing
It is widely @Eﬁm@]ﬂ[ﬁ]@@@

believed that

. @ @%@%@d L gconserved which ol
&@W’m@ "] CAarges Maégrana
mux@ unique




Lepton Mixing %,

2
|UH3| |Ur3|2

FLAVOR
Normal mass hierarchy

Am232 = 25 X 10_3 eVZ
Am221 - 75 X 10-5 eVZ

Mixing parameters
tan0p,= [Ugl /Uy ~1/2
$in%0,, = |U,42 = 0.022

T0n2923 = |U“3|2 /|U’53|2 i’ 10

Mixing matrix:
V¢ = UPMNS Vimass
Ve Vl
V| = Upmns| V2

VT v3

Standard parametrization
Upmns = UzsIs Uzl sUp,
I, =diag(1,1,e®)
CP-phase




Neutrino mass ordering Q.

Fixed by solar
v, I | neutrinos

MASS?
MASS?

Am?5,

v, EE
v 2
v, E—— | A

v; [

Normal mass hierarchy

Inverted mass hierarchy
Zm> my

Zm>2m,
|Am234| = |Ame;, | - |Ama,,]
| Am?;| o D;; = 41U,12|U,l?
mass splittings oscillation depth

|AM25,| = |[Am25,| + [Am2,|




TBM Mixing pattern

P. F. Harrison, D. H. Perkins, W. G. Scott
L. Wolfenstein

O 15
273 \1/3 0 _
Uspm = N 73 -\1/2 O 2 Uipm = Ups(n/4) Uy,
-\ 173 \|17 ' sin20,,=1/3

Not accidentq|

Accidenfal, numerology’ Lowest order Gppr'OXimClTion
useful for bookkeeping which corresponds to weakly
broken (flavor) symmetry
efr
ACC‘de“mL s)ymm Y of the Lagrangian
(still usef with some other
and structures @

phySiCS
sgociated

There is no relation of mixing
with masses (mass ratios) Parameters look like C-G coefficients
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NUFIT 2.0 (2014) |

7.5
Am3, [107 eV°]

"
1
Ll pa bt b e

L1 1 1 1 L 1 L1l L1l
26 24 22 22 24 26 2

Am_ [10'33\.’2] Am;

i
NS4

[Tt | IIIII | IIIII | IIIII
1 [ ===z NO, IO (Huber)
[ == NO, IO (Free + RSBL)

1 1 1

0.02 0.025
. 2
sin Bm

1111
0.03 0

Global 3v - fit

M.C. Gonzalez-Garcia, M. Maltoni,
T. Schwetz, THEP 1411 (2014)
052,1409.5439 [hep-ph]

2-3 mixing:

asymmetric for NO and IO
sin%0,; = 0.45 (NO), = 0.58 (IO)

Small preference IO and
2"d quadrant




DeepCore oscillation result

1
—— Expectation: best fit
|| - - - Expectation: no osc.
§ Data

l i i 1 | l l
= lceCube 2014 [NH] == TzK 2014 [NH
=  MINOS w/atm [NH] 5K IV [NH]

0% CL contours ="

-, wt
s ""”h-su'n":‘: ---------------

0.30 0.35 040 0.45 0.50 0.55 0.60 0.65 0.70 0 1 7 :
Lorgcol Freego {0/ GV} sin” (f5)

atmospheric v, disappearance,
3 years of data

Ams,% = (2.72 +0.19/-0.20) 10-3 eV?

TIceCube Collaboration sin20,,= 0.53 +0.09/-0.12 (NO)
(M.G. Aartsen et al).

arXiv:1410.7227 [hep-ex] | compatible and comparable in precision
with accelerator experiments




Neutrino mass scale

Oscillations:

The heaviest my 2 \‘ Ams;% > 0.045 eV

heutrino

2
m; o Am,, - 018 the weakest mass
ms ~ | Ams,2 hierarchy, N

related to large mixing

Sm< 0.136 eV (95 % CL) Planck 2015 + BAO+

E. Oi Valentino, et al HST
1507.08665 [astro-ph.COJ
Sm< (0.3-0.4)eV (95 % CL) Oscillations,

& cosmology

conservative my, ~(0.045 - 0.10)

)10 -

——y

‘ Kmema cal methods

4 KA TRIN

Bergkvist

ITEP
Zurich

Los Alamos
Troitzk, Mainz




ex g of
dcales (U Flanck =~
anc High scale seesaw
f Quark- lepton
o new 2 symmetry /analogy
physics -

diati
’ Eloctioweak - retronsne, 2o
high dimensional
&}ﬂ@ operators

Scale of neutrino
- eV' masses themselves
m V sub ev Relation to dark
=

energy, MAVAN?

Low scale seesaw,

Neutrino mass itself is the

Spurious scale? :
P fundamental scale of new physics



Not much to add
- String landscape
- Multiverse?

Complicated constructions,
especially if quarks are
included



Quark my prejudice
PM Ns & ‘ KM mixing C. Giunti, M. Tanimoto
H. Minakata, A Y S

Z - Z Xing
J Harada
- + U ,
U - U S Antusch , S. F. King
PMNS CKM X Y Farzan, A Y S

B M Picariello , ... .

where UCKN\ ~ VCKM UX has some Sp€CiCl| form

has similar hierarchical structure determinedity sym.me’rry
determined by powers of related to mechanism
— o« that explains smallness of
A =5SIn0, :
neutrino mass
From the Dirac matrices of ~
charged leptons and neutrinos Ux ~ Uzs(n/4) Uy

Prediction for
the 1-3 mixing

sin%0;5 = sin%0,5 sin%0, (1 + O(1?))

ina good
agreement with
measurements

Sin2613 ~ % S|nzec




if not
accidental

What does this mean?

Quarks and leptons know about each other,
Q L unification, GUT or/and
Common flavor symmetries

Some additional physics is involved in the lepton sector
» which explains smallness of neutrino mass and difference
of the quark and lepton mixing patterns

CKM
» Two types of new physics
Neutrino new

physics

Indicates SO(10): no CKM mixing
in the first approximation




Challenges and Anomalies

Determination of unknowns Checks of Anomalies
within 3nu paradigm and thelr explanations

Mass hierarchy/ordering Reactor,

, Deficit of signal
Gallium source g

Absolute values of masses,

type of spectrum LSND, Excess of signal
MiniBooNE

CP-violation phase(s)
1 eV sterile neutrino: not a small

Nature of neutrino mass: perturbation of the 3v picture
(Majorana-Dirac

, High sensitivit
hard - soft (effective)) |Cecube ’rogs‘rer'iles 1

Solar neutrino Absence of spectral
anomaly? upturn, large DN

steriles? NSI? @symmetry







Mass il aclveree

hierarchy e

@ Y
Tiheoetical Phenomenology

imglicatio SR~
il ecey LBL
Solar Heltings




Theoretical implications

generically Quas;.
S\ £4an degenepa-’-e
u,f”rne-l.r.y

Normal vs. special

Am ., Ay - 16107
m 2 Amg3,?

but 1-2 mixing strongly

N deviates from maximal
Similar to quark spectrum

- resC Pseudo-Dirac + 1 Majorana
Quark-lep e Flavor symmetries
Symme’er Broken L, - L, ~ L« symmeTry

Unification




RENO-50

' Earth matter
me” 58 effects,
energy spectra

LBNF - DUNE
JPARC-HK




Double beta decay

mBB - Uelz m; + Uezz m, el + Ue32 m; el

0.08

Exclude IH

-

30

(95 % C.L.)

NH
20
0.15

Ziosm [eV]

S. Dell 'Oro, et al,
1505.02722 [hep-ph]

Constraints from cosmological surveys and from oscillations.
The 1oregion for the IH case is not present at this confidence level.
The grey band is the 95% C.L. excluded region coming from Cosmology




Flavor in matter %

Normal mass hierarchy, neutrinos

Density increase -

V3m

— ™1
V2m
I I
V1m
T ]




Flavor in matter &

Density increase -> Inverted mass hierarchy, neutrinos

I .
I .
T 1
1-2 resonance




inside the star

With known 1-3 mixing all
MSW +transitions are adiabatic

Shock wave
effect on
conversion

d;// e
OF /77@/70/0: e,
QSS’ 6/. fﬁe fc)‘S’
o - /;fp =
i

Propagation
In vacuum

Oscillations
inside the Earth



Time rise of the anti-v, burst
initial phase: fast > IH , Serpico et al

Hierarchy
affeCts the v, peak > NH

Permutation of the electron and
hon-electron neutrino spectra

vV, 2 V3

@ @ A. Dighe, A. S
C. Lunardini
& Earth matter effects
: in the antineutrino
Shock wave Neutrino I annel only > NH

effect collective .
effects In the neutrino

in neutrino Different for IH channel only > IH

channels > NH and NH cases; :
in antineutrino spectral splits 16 02 Ear e GRreey i
observed for antineutrinos

> IH i i
6. Fuller, etal % ’I‘ﬁh ey e+a/  NHis established!

R. Tomas et al B. Dasgupta et al




Earth matter effect and hierarchy

Adiabatic
evolution

Level crossings

Normal hierarchy

Inverted hierarchy

H o H , ,
[ Va \,_..
G H L v, - L o

= ‘
G ¥
v-:_‘-m,.-‘
e V
| V.~ -
f”’...
L H n

No Earth matter effect
provided that initial fluxes
of v,'and v.' are identical

m
v ST
Lm o
'\;r " H ,x'"/
T e Yy
.“J‘-_ ]."
F T
W
e
H h L l'le
|| 3 -

Collective effects and shock waves
may change this.




Wiepleic meing_ =

Oscillations in the Earth
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+
e
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Probabilities

heutrinos

antineutrinos

solid

dashed
- blue

red




Method

Measurement of E - 6 distributions of different type of events.
Compare events for the normal and inverted orderings

“tracks” Measurements
v,+N 2> pu + h " i
+ cascade E.=E, +E, ,
+N D 1t+h reconstruction
Ve E. E. 6,26,
2 U+t V+YV
“cascades”
v,+N 2> e+h
Vo N - Vo F h cascades E, 6, reconstruction
v.+N 2> t+h

> h+v
2 e+v+y




Track events

N [PINGU 1 yr] (N = NIV [PINGU 1 yr]

206 -04 -02
cos @,

Estimator of sensitivity
S - asymmetry
|S| - significance




Cascade events

NN [PINGU 1 yr] VI = N2 [PINGU 1 yr]

Statistical significance




Smeared distributions

Over energy and angle
resolution functions PINGU

Ken Clark

w
o

30

PRELIMINARY l.oao

10.15

N

PRELIMINARY

N

N

o
N
o

0.00

-0.15

—

o
—
o

S >

$ 2 3

O ot
)

> 158 o 1
.

|

Q Q

- c

L L

1 -0.30

'—0.45

10 08 -06 -04 -02 00 -10 -08 -06 -04 -02 0.0
cos(v) cos(v)

tracks cascades
distinguishability




Precision IceCube
Next Generation
Upgrade

K Clark

40 strings
96 DOM'’s per string

¢ |ceCube
AMANDA

+ DeepCore
¢ PINGU

i \ |
Eiii § HAY A 324m
: : Eife:l’"l\':)w;r
Deep Core

PINGU

[Ii1l[l11‘llrlii]rl‘ll]lI‘Il

PRELIMINARY
1 | l | I

100 150 200
X (m)




Sensitivity -

Mass hierarchy Parameters of the 2-3 sector

T2K 2014 w— JceCube 2014
== Normal ) ‘ ,
T2K 2014 - we==  PINGU 3 year, Fogli 2012 global inputs

= |nverted =
e R o projected 2020 PINGU 3 year, NuFit 2014 global inputs
, Stat. only NOvA- projected

PINGU 3 year, maximal mixing
- == IMH, stat. only . 2020 (95% CL) X ’

Normal mass ordering assumed, 80% C

PRELIMINARY = PRELIMINARY

050 055 060 065 070
6 Si112(02;;)
Time [yrs]

Deviation from maximal:
symmetry or no symmetry, Quadrant
Sensitivity to MH depends on




Oscillation Research with
Cosmics in the Abyss

J. Brunner
115 lines, 20m spaced, Highlight talk: C. James
18 DOMs/line, 6m spaced
Instrumented volume ~3.8 Mt,
2070 OM

- KM3NeT/ORCA Preliminary

e . .

-

/ [ ] ] L . [ ] l;
.. * e '1[]?’m/' * A1
L ] -

/o " s e . s 0

,--/.i- -I"-II
L ] L L - [ ] '*
II
.-'

\\H“"=----.L_-_-—--""' e 31 3” P MTS
115 strings-d%‘,:IEﬂ"I\I . DigiTal pho’ron coun’ring

L !
400  -50 0 50 100  Directional information

X (m) ; :
Poster : Ronald Bruijn *Wide angle view




Sens| tiwty toMH

Kl\/|3NeT ORCA PRE|_||\/||NARY Dependence of sensitivity on time
for fixed 6,5 values and

I i q2342 5.p fixed to zero
PRI, R R

SRAIIET N R S
R e e o

- Track vs shower event classification
- Full MC detector response matrices
including misidentified and NC events
- Atmospheric muon contamination
- Neutral current event contamination
B T I - Various Systematic uncertainties

Operation time [years]

9o
P
£
2
=
0
C
0
)
P
c
0
1
©
I
9
I
)
0
©
>

Poster : Martijn Jongen



oensiiviy to mass hierarchy

3 years
KM3NeT PRELIMINARY

[FWGT] | Dependence of sensitivity on Bzq -
| Higher for NH than IH.

J. Brunner

[EEN
o
T

Significance [s]

Second octant easier than first octant.

When fixing 8 to zero sensitivity
increases by ~0.5¢

N

9
i

T

6
5
4
3
o
|
W

IliIIIilIliIIIilllilllilllilllilllilll
36 38 40 42 44 46 48 50 52

O3

Martijn JONGEN
Poster 935




ICAL Collaboration (Ahmed Shakeel et al.)
| | arXiv:1505.07380 [physics.ins-det]

The 50 kt magnetized iron calorimeter (ICAL) detector at
the India-based Neutrino Observatory (INO)

5.6 ¢cm thick ron plate

Resistive plate
4 ¢cm air gap for RPC chambers
detector

Energy and direction of the muons; energy of multi-GeV hadrons;
charge of muon

The energy and zenith angle dependence of the atmospheric neutrinos
in the multi-GeV range.




Sensitivity to hierarchy <o

arXiv:1505.07380 [physics.ins-det]

35 NORMAL HIERARCHY
“"F Fixed Parameters ICAL
30 — —- Without systematic errors
2;5 With systematic errors
i ) g Marginalized 10 -15 years
5 20— without systematic errors -
et B -
NH 15F With systematic errors -
<1 Tt
1 g
S
Si]llﬂlﬁftrllf}=ﬂ.5 sin®28, ,(true)=0.1
0 5 10 15 20
ICAL@INO years

The impact of systematic uncertainties on mass hierarchy sensitivity.
The red (green) lines - without (with) systematic uncertainties
Long-dashed lines are for fixed values of parameters (1-3 mixing, 2-3
mixing, mass splitting ), solid -marginalized






Measuring CP
Global fit Dedicated experiments

ol e PR EYHH
Hl O L

750 kw upgrade Ess Europeanspalation

at 2-3 6 31/2 from O source Lund

~5-7c
result in 2030 - 2035

~ 2 bln US$

Long term and expensive
commitment

B All possible alternatives must be explored
and scenarios of developments in the next 20

years should be considered




ice Gube
Deep Core

Paﬂg' rh‘ass hierarchy ° <

3 times denser
\“ array than PINGU
S“Qe‘? 0.5-16eV

S. Razzague, A.Y. 5
1406.1407 hep-ph

\ Megaton-scale
L ET MICA
e o Cherenkov

Array

Few Mtons in
sub-GeVrange




HE R |
S. Razzague, A.Y.S.
arXiv: 1406.1407 hep-ph

Ve 2V, NH

Large (10%) effect
o0 |} |  at E~(05-15)6GeV
Parametric | |

effects

The key: with

ll'”' TN/ i change of the phase
|ﬁ'ﬁnlﬁ Uﬂa“f\.f,\{\) ‘/’\L‘/;‘\\ { .‘ \ P

systematic shift

L 1 3 of curves,
B < resohance I Sresonance | the same for all zenith
WI [ /T

\ 'l /

angles in mantle

iy 10 - '
]' |I“|‘I1I )
! n J I s f'n‘- T
lldrl ll Il ’H I’QJ \\l\(/ ‘\I\?AIIL':_'_‘\lATé: r:‘l‘ll':\:‘l"l':‘;'i‘\\‘\'l"l'l’\'I'I'I'\'I'I‘I'\‘I'I‘I'\'I'I'I'I'I'['I‘\‘\'I‘I‘l‘ll"-I:

cost)z =04

msﬁz =08

Averaging over

fast oscillations

and integration over
zenith angle does
not wash out CP
phase effect




Probabilities

v, 9\/u

06F
o i

Q.‘-'L

08Fh

044
0.2 ki

0.8 |

1'rr T

of

LML TP N A
Er i ]

I‘HII:IIIH
1!

]
|l I.I IlI IJI

0.5

1

E (GeV)

S. Razzague A Y S

No phase shift

Effect is opposite
fo v, 2 v,
with change of 3

¥

Flavor suppression
of effects for
v, events

Flavor identification
is crucial




Distinguishability for CP

Quick estimator (metric) of discovery potential

For each energy-zenith
angle binij
relative CP-difference

N;; - N;#=0

Sij -

0=0
Nij

no fluctuations

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

" “measured” number of events

- distinguishability of different values of CP-phase

Total distinguishability

Gtot = [2 i Sijz ]1/2




For different values
of CP phase

v,- CC events
(track + cascade)

S-distributions
for different
values of &

Super PINGU
1 year

After smearing over
neutrino energy and
direction

S distributions

S. Razzague, A.Y.S5.
arXiv: 1406.1407 v2

hep-ph




Nt inagesofthe Earty

o= | flozs 6=mi2 - [§+090 v, - CC events
] W+0.24 B 1 M+080

16} ] (cascades)

+0.20 [ 1 +0.70

016 4 1 M.0.60

12¢ 1 0 . .
oz 1" S-distributions
+008 - 10 3 +0.40 A
+004 8 ‘ 1 [{+0.30 for different
o 6 | [ w0 values of &

4.§' +0.10

. ... =" SuperPINGU

-1.0 -08 . . : 1 yearn
20F 0 il )
18] =2 ' After smearing over
16t - Lon  neutrino energy and

o direction

. 10f

S. Razzague, A.Y.S.
arXiv: 1406.1407 v2
hep-ph

8
6F
af
2

10




densitivity of

SuperPINGU

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, Ep=0.5 GeV

Super PINGU 1 yr, E,=0.5 GeV

total (a) 1

—_—y

All correlated

(b)

No normalization

No flux ratio

No energy tilt

No zenith angle tilt

No correlated

05 10 15
da/m

1.0
afm
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Enormous progress all mixing angles and mass splittings

in 3v framework are measured
still physics be.hind neutrino
is not yet identified

mass and mixing

Measurements of missing parameters of the 3v paradigm
- mass hierarchy,
- CP phase, as well as
- searches physics beyond 3v paradigm
may lead to breakthrough in the field.
Identification of the neutrino mass ordering -
next big in neutrino '

Measurements of the Dirac CP-phase ultimate in
oscillation neutrino experiments
: of PINGU, ORCA

bility To use further upgrade y
Qe‘:’)r?cs’r':rtgtrt measure the CP phase should be explore




Race for mass hierarchy:
PINGU, ORCA 2022 - 2026 ?
JUNO, RENO 50
T2K , NOvA

Supernova neutrino bursts Tomorrow? But require
Cosmology better understanding

collective effects

Fast developments of techniques of detection of low

energy (atmospheric) neutrinos in multi Megaton
detectors

Can address crucial issues in particle, neutrino physics:
- establishing neutrino mass ordering
- determination of the CP-phase
- searches for sterile neutrinos, and tests of existing hints
- searches for non-standard neutrino interactions, etc.

This may lead to major developments in the field




Backup slides




Daya Bay Collaboration
aya Bay result -
arXiv:1505.03456 [hep-ex]

P
7% CL.
9589 CL.
B8.3% CL.

Best fit

lAmE. [10™ eV

 Daya Bay:i621 days
—+— Far site data 0 0.0% 0.1

&= Weighted near site data (best fit)
——— Weighted near site data (no oscillation)

T
3
o
=
0
5
0
2
2
==
@
2
5
>
L

Far / Near(weighted)

Reconstructed Positron Energy (MeV)

R T
0.4 0.6

Lo/ (E,) [km/MeV]




Global fit results

| NuFIT 2.0 (2015) |

—Posterior J. Bergstrom, et al,
Profla I 1507.0436 [h@p-ph]

Normal ordering

Bayes
0’

[oe]

Am3, /107 eV?
: N §
N O oo o

)]

N
o

N
) 4V
@
®

C)

'%.25 0.3 0.35 0.4 0.6 0.02  0.025 0 6.5 8 22 24 26

2

sin? 01 sin? Oa3 sin® 03 6 Amgl/lﬂf‘r’ eV? Am?w/l()*g eV?

Am2, /1073 eV?
N
N




Global fit results

| NUFIT 2.0 (2015) |

Inverted ordering

—Posterior

- Profile £

B ayes
0’

o

=5
Am /1075 eV?
~
pDOLN o o

N o

I
o
o

Am3, /1073 eV?

0.25 0.3 0.35 0.4 0.6 0.02_ 0.025 0 y 6.5 8  -26 -24 -22
sin” f1o sin? fa3 sin” 13 > Am3,/107° eV? Am2,/1073 eV?




Hierarchy and CP

M. Blennow and A Y S, Advances in High Energy
Physics , v. 2013 (2013), ID 972485

degeneracy

0.12
810 km | 1 /A 7500 km

0.3

0.1

0.08 |

|
0.06 | 0.2

|
0.04 , 0.15

0.25

0.1

|
0.02

bt

l“l(l

E, (eV)

The neutrino oscillation probability at baselines of 295 (left), 810 (middle), and

7500 km (right) as a function of the neutrino energy. The red (blue) band corresponds
to the normal (inverted) mass hierarchy and the band width is obtained by varying the
value of delta . The probabilities for antineutrinos look similar with the hierarchies
interchanged. Note the different scales of the axes.




el Pottal

Singlet of SM
symmetry group

SU(3)xSU(2) XU(L

o 8
g

F is composite
s fermionic operator
‘ singlet of symmetry
group of hidden sector

Non-local interactions
which violate fundamental
symmetries eqg CPT




h-asymmetry and significance

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

Quick estimator (metric) of discovery potential

For each ij- bin [ NUIH - NUNH]
Hierarchy asymmetry

H-asymmetry 3 \ ‘ N..NH

\

If NH is true hierarchy > N;N* " "experimental” number of events
> Ny " fit" number of events

|Sij| statistical significance of establishing true hierarchy

Uncorrelated NijNH S Gijz - NijNH +(f Ni-NH)Z

: . kol
systematic error J . de“ommﬂ*o

Total St = [T ;; 5,2 1V2
distinguishability




Status and hint

Marginalized over 2-3 mixing

o ARG (beam upgrade) Supe; Kanokande

_ pof. 61020 > 7.8 1021 by 2018
Ami>0 ] i.e. 13 times higher statistics

68% CL

90% CL : SenSiTiViTy to the Phase Ocp at 90% C.L.

— Best fit

PDG2012 16 range ] or better over
| B 5. 5, <600 for NH

+500 < 4 < +1300 for IH.

if 6,;=4bo
T2K Collaboration (K. Abe, et al.).
arXiv:1409. 7469 [hep-ex]

NOvA further substantial improvements

Distinguishing - n/2 from O at > 3o level?

Al N
0 005 0.1 01502 025 03 035 04
sin’20),

PDG (reactors)
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Mass ordering with reactors

Normal hierarchy

vy ¢

MASS
$

Oscillation

frequency
(Dij - Amz,-J /2E

Oscillation depth:

Inverted hierarchy

i ®
D31—4|U€1|2|U€3|2 31
v, I
v. T Y D31 ~ 2D3; v, Ty v
1 3
W31
©31 > O35 W31 < 033
Fourier p
analysis 2. CIg
M. Piai
. ® ®
Higher frequency -

larger depth

Higher frequency -
smaller depth
D3, = 4|U,,[2|U, 32



N
o
(=]

' u N o Also RENO-50
—— Normal Hierarchy

Jiangmen Underground
Neutrino Observatory

d=700m, L=53 km, P=36 GW
20 kt LAB scintillator
n+p—>d + vy

—— Inverted Hierarchy

Events / 5 keV

Key requirement: ey
energy resolution 3% at 1 MeV e’ Energy [MeV]

Operation in 2020 N MQHHQHQ
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Stainless steel tank

Water Seal Liquid Scintillator
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Water Buffer

Acrylic sphere: $34.5m
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~1500020” PMTs
optical coverage: 70-80%
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Vi = UPMNS Vimass
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S0lar neutrinos: 1-2 normal ordering

Determined with matter effects
on the solar neutrinos ergies

t igh @2 ies
than ot low energ®

{ |U,,|2 ~sin20, ~0.3 for NH

suppress'©
19 Sma\\er‘

ee

|U,|2 ~ cos?0,, ~0.7 for IH

The problem is to determine the 1-3 or 2-3 ordering

Solar neutrinos are not sensitive to 1-3 ordering
due to very small matter effect on 1-3 mixing:

2EV cos 26, J

NH / IH




Suppression of effects

Original
fluxes

Integration
averaging

Detection

-
9

different flavors: Screening
ve and v, factors

)

2
G _Yr 523

heutrinos and (1-x,)

antineutrinos Reduces CP-

(- asymmetry

averaging and smoothing effects
reconstruction of neutrino energy
and direction

identification of flavor




N ICAL Collaboration (Ahmed Shakeel et al.)
arXiv:1505.07380 [physics.ins-det]

NH (true), 50 kt 3 i TH (true), 50 kt

—eo— (E,cos 6, E’;ad) - —e— (E,cos6, E‘;a 4

—u— (E,c0s6) [ e (E , cos 6,)

ICAL-MH

Run-time (yeal:s) ) Run-time (years)

The hierarchy sensitivity of ICAL with input normal hierarchy including
correlated hadron energy information, with |Am2eff|, sin2623 and
sin22 613 marginalised over their 3oranges . Improvement with the
inclusion of hadron energy is significant.\chisgmh as a function of the
exposure assuming NH (left panel) and IH (right panel) as true
hierarchy.




Cascade events e + nutau

S. Razzque and A.Y.S.,

(No = NotD/(NIED 2 [PINGU 1 yr]




T2K Collaboration (K. Abe et al.).

Phys.Rev. D91 (2015) 7, 072010
arXiv:1502.01550 [hep-ex]

Oscillation probabilities
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a0 schematic of
NOWA partco desacter

Viewr from tha side

FNAL - Ash River

L = 810 km, 14 kton
off axis 3.3°
E=1-3 GeV

V., — Ve oscillations in matter




NOVA and T2K sensitivity

NOvA hierarchy resolution, 3+3 yr
sin°26,,=0.095, sin“26,.=1.00
S L I RS LA A RS R

f_ ............................ - .:...Amf?qﬁ ................... .......... .....................

T2K Collaboration (K. Abe et al.).
Phys.Rev. D91 (2015) 7, 072010
arXiv:1502.01550 [hep-ex]

T T T
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sin'28,,=0.1
Amt, =24 % 10° VP

significance of hierarchy resolution (o)
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NOvA hierarchy resolution, 3+3 yr
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CP-phase from global fit

Inverted Normal
_IIIII|IIIII||IIII|IIIII_ _IIIII|IIIII|IIIII|IIIII
- — Sol+Rea+Mnos-Dis | [ — +T2K-App
- — +T2KDis = | | — +Minos-App

- + Atmos
? !
-lllll||||||||ll Ll F-uuuul:lllllilllll'ﬂ-._lu.-ruu
0 0 180 27 0 30 180 270
b d

CP

CP

Atm nu contribution: excess
of sub GeV nue events

360

M.C. Gonzalez-Garcia, M. Maltoni,

T. Schwetz, JHEP 1411 (2014)
052, 1409.5439 [hep-ph]

Contribution of different
sets of experimental results
to the determination of the
mass ordering, the octant of
6,; and of the CP violating
phase.

Genesis of determination

Solar
Reactors
MINOS dis

+ T2K - Dis
+ T2K-App

+  MINOS-App-

+  Atmospheric



LBNF-DUNE

L = 1300km, LAr TPC 35 kt | sind(20,,)-0.094

L=1300km
Ogp=0

.kmgtm.&n eV? (Normal)

Sanford
Underground
Research
Facility

Fermilab

PARTICLE
DETECTOR

2 3 4 5
E (GeV)

sin(20,,)=0.094
Normal ‘I‘-Iiararch].r
L=1300 km




Mass hierarchies

at m,

mass ratios

10!

10-2

10-3

104

10-°

up
quarks
[ ]

down

quarks
[ ]

charged
leptons

heutrinos

[ 1

=

Koide

relation
|

~0.18

Neutrinos have
the weakest mass

hierarchy (if any)

among fermions
Related to large
lepton mixing?

WRARRSREE  sino. ~ {m./m,

Gatto-Sartori-Tonin relation



sensitivity to MH

KM3NeT/ORCA sensitivity (PRELIMINARY Feb 2015)
4
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Years of ORCA proposed detector operation
(115 strings, 18 DOMSs/string)




GP-violation and GP-phase

Dirac CP-phase in the standard parametrization of the PMNS matrix

Vi = Upmns Vinass Upmnis = Uasls Uzl s Up,

I, =diag(1,1,e®)

CP- transformations: v > V¢ Ve = 1972 VY upto Majorana
phase

Under CP-transformations:

Matter Upmns 2 Upmns ™ |:> 62> -9

potential
V->-V . : .
usual medium is C-asymmetric which
leads to CP asymmeftry of interactions

Degeneracy of effects:
Matter can imitate CP-violation




Global Fit

NuFIT 2.0 (2015)
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NUFIT 2.0 (2015)

150 200 250 300
Scp




omeared distributions <~

Muon- and electron-channels contribute to net hierarchy asymmetry.
Electron channel more robust against detector resolution effects:

(NIH- NINH) / (NNH)172 (NH- NNHY 7 (NNH)1/2
~ Muon channel (~10 M.yr) £ Muon channel (~10 M.yr)

25
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Sensitivity to 23 mixing

Deviation from maximal symmetry or no symmetry K Clark, [1379]
Quadrant
Sensitivity fo MH depends on

WA _ N2 [PINGU 1 yr]

T2K 2014 IceCube 2014

T2K 2014 - we==  PINGU 3 year, Fogli 2012 global inputs

projected 2020 PINGU 3 year, NuFit 2014 global inputs
NOvA- projected

2020 (95% CL) PINGU 3 year, maximal mixing

Normal mass ordering assumed, 80% CL




omeared distributions -~

(NIH_ NNH) / (NNH)HQ | (NIH_ NNH) [ (NNH)HE

- Muon channel (~10 M. .. »
C B 25uﬂEnEc-gr?nDeS(\fme ) | “ = Electron channel (~10 M.yr)
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Muon- and electron-channels contribute to net hierarchy asymmetry.
Electron channel more robust against detector resolution effects:




Symmetries of Hidden sector




