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Open Questions In v Physics

e Are neutrinos Dirac or Majorana particles?

Lepton number violation, neutrinoless double beta decays

e What is the neutrino mass hierarchy?

Normal (m; < m, <mj;) or inverted (m;<m; <m,)?
e \What 1s the absolute neutrino mass scale?

Is the lightest v massless? Hierarchical or degenerate?

e What is the origin of neutrino masses and flavor mixing?

Seesaw mechanisms, flavor symmetries, ...

e Is there CP violation in the lepton sector?
What is the value of the Dirac CP-violating phase 6?




Current Status

Precision measurements of neutrino parameters:
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- Medium-baseline reactor experiments:
JUNO, RENO-50

- Long-baseline accelerator experiments:
T2K, NOVA, LBNO, LBNE

- Huge neutrino telescopes:
PINGU, ORCA
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Neutrino oscillations in vacuum:

Leptonic CP Violation

Branco et al., Rev. Mod.

Phys. 84 (2012) 515
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- First hint from global fits?

- Predictions from theories

- Compare between theory
& exp. observation of &:
Radiative corrections

- Optimize the exp. setup:
CP measures, v-oscillogram

- E.g., NSI effects in the ice
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RG Running of Neutrino Parameters

Why is RG running important?

- Grand Unified Theories: SU(5), SO(10), ...

Predictions from - Extra-dimensional models: ADD, UED, ...

hlgh'energy theories - Flavor symmetry models: A,, S,, ...

Ov
RG running

Spectrum

Y

Sum of 23 Energy_
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Measurements in
low-energy experiments




RG Running of Neutrino Parameters

: . : : _ Weinberg, Phys. Rev. Lett.
The SM as an effective theory: dimension-5 operator ;" jg7e) 15ec

Majorana neutrino mass matrix:

1 —
5 (CH) - - (H'€5) M, = kv
[A]": high energy scale A

L, =

Masses, mixing angles, and
leptonic CP-violating phases

] ] ] Babu et al., Phys. Lett. B
Renormalization Group Equation: 319 (1993) 101 e ooy sas o

Chankowski & Pluciennik,
ibid., 316 (1993) 312

- Realized in various seesaw models

d
16772d—’; = a, + C (Y, YDk + x(¥,¥))T]

- Running of masses is dominated by the
t=| [ H } 3 flavor-diagonal term (gauge, quark Yuk.)
=1In

EW - RG running of mixing angles and CP-

Q.= _3922 + 1+ Ztr[3(yuyu+)+ 3(Yde+)+ (Y|Y|+)] violating phases is dominated by

charged-lepton Yukawa couplings




MSSM and 5D-UED

Extensions of the SM: supersymmetry and extra dimensions

L =ELH, x-LH,

v

vV mass matrix:
M =x(vsin B)°
RGE coefficients:

C}l;/lSSI\/I — 1

Tau Yukawa coupling
dominated:

y> =m?(l+tan® B) /v’

L —1LH~/€-LH

v

v mass matrix: .

~ 5 extra spatial
|\/|V =AY /(@ dimension

RGE coefficients:

number of
excited KK

C/® =CM(1s)) modes
Coefficient becomes

larger at higher-
energy scales:

Hy




RG Running of Dirac CP-violating Phase

In the standard parametrization:

2 2
5 _C',in m )2 2323023 2
~ 87T2 Amgl 23°2(p—o0) 812612813 ((5—|—p o) 2 12€ 5—+—p—|—cr) (p—o)

enhanced if neutrino
masses are nearly
degenerate

the same order of
magnitude according to
the latest global-fit
results

- Keep all contributions of the same order.

* RG running depends crucially on the Majorana CP-violating phases;
Insignificant running for p=c.

 RG running is in the opposite direction for the MSSM, compared to
the SM and 5D-UED.




significant running for large tanf
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Summary for RG Running of 0

» The RGE of the leptonic Dirac CP-violating phase is derived, and
small contributions of the same order are included.

» Very tiny RG running effects in the SM, even for nearly-degenerate
neutrino masses

» No significant RG running also in the MSSM and 5-UED, except for a
very large tanp in the former case; however, note the dependence
on the Majorana phases

» Non-zero 0 can be radiatively generated at the low-energy scale

even if 6 = 0 holds at a high-energy scale.

» For Dirac neutrinos, RG running is even smaller because of the
absence of Majorana CP-violating phases.

» Constraints on 0 from neutrino oscillation experiments can be
directly applied to theory at a superhigh-energy scale.

12



CP Violation and Matter Effects

Neutrino oscillations in matter:
(0 \ 1 )\
H,=— Ul Am} U*+2J2G.N.E| 0
2
L Am;, L 0,

Oscillation probabilities: 50005

P.(0)=P(v, > v,)=acosd+bsind+c _
= A (d) =Aacosd+Absin d+Ac

P.(6)=P(v, >V,)=acosé+bsind+T
= Fake CP violation is induced by matter effects:
- obscuring the intrinsic CP-violating effects by 0

= How to describe leptonic CP violation?
- working observables based on oscillation probabilities

13



Working Observables

Series expansions of the probabilities in terms of @ = Am?,, / Am?;, and S5:

a~+8aJ, smAAA il ;\A_ll)A COS A Aa = +80J,0_ sin AA COS A
sin AA sin (A-1)A . '
b~—-8aJ, y fA\—l ) sin A Ab =~ —-80J 0, il AASinA
c 208 o N2 a2
C~4s.s?, sin”(A ]2')A AC = 48135,,0,.0_
(A-1) o =SiN(A-DA sin(A+1)A
A-1 T A+l

Jr = S12(:12323(:23513(3123
Here A = Am?;,L/4E and A = VL/2A, with V being the matter potential, A the oscillation
phase, and L the distance between the source and the detector.

CP m CP m
APﬂe (0) &APW AA,, (0) &AA,

Definitions:

CP __ ACP CP/¢
AAT (5) = AT (6) - AP (5= 0)
AA" = max| A (5) |- min| A (5)]

Definitions:

AP (6) =P, (6)—P,(6=0)
AP™ = max|P,, (5)|-min[P, (6)]
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Neutrino Oscillograms of the Earth

h - nadir angle PREI\/I model
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Oscillograms for CP Violation

Conventional CP asymmetry Working observable

A/?ep (5) AA/?eP (5)

30 45 60 75 90

Akhmedov, Maltoni, & Smirnov, h [‘3’]
JHEP 05 (2007) 077; 06 (2008) 072




Oscillograms for CP Violation

Working observable Locating future experiments
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Neutrino oscillations in matter with NSIs:

e

1

- —JU
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Oscillation probability with NSIs:

PNSI ~ PSD
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K

o

AmZ, U*+2v2G.NE
Am;, )

Non-Standard Neutrino Interactions

For a review, Ohlsson, Rept. Prog. Phys.
76 (2013) 044201
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= Deviation from the std. probability; only mu-tau flavors are involved

= Not suppressed by mixing angle 8,; or the mass ratio Am?,, / Am?,,
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Neutrino Parameter Mappings

Leptonic mixing matrix elements in matter:

A 0 A A
Us = sinf; + (3028—013 {sin 20,5 |asi, + Ale,, — £,,)] + 24 [COS 20,;Re(E, ) + iIm(é:eT)} }
- C ) N tan @ .
g _Q_f)la sin 20, — €., + 1 136W :
A Atan 6 A (tCyq 8I0 26, 510 0
M= 5,5 c0805€° <1 — SRS [COS 20,;Re(€,,.) + 1Im(€, } + 2 = 1
p3 23 13 { C 13Re(E.;) (Eer) L A+

Modified NSI ters:
odified parameters Modified mixing angle:

ée,u — 6e/JJC2?> — EerS23
— i5 . ~
Eor = (EcpSaz T EerCog)e” sin 4, = C —cos 2A913 + A
~ y 2
Spup = (5;;,“623 + €,,553) — 2523023R6[5m] : 2C
~ 2 2
rr = (EuuS23 + €17Co3) + 2893¢03Rele,, ] 2 _\/ 2 | cin?
T O y C =4/(cos26,, — A)* +sin® 264,
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Oscillation Probabilities with NSIs

Significant deviation in the high-energy range:

SD
FLu

-,

0.8
0.6
0.4
10.2

E [GeV]

1—0.2
-0.4
-0.6
-0.8

1 -075 -05 -025 O 1 -075 -05 -025 O
cost, cos .,

20



ROYAL INSTITUTE
OF TECHNOLOGY

S0m, C lceTop

2150

Deep Core

AMANDA

Eifel Tower

lceCube (DeepCore and PINGU)

® IceCube

Y (m)

A DeepCore

% PINGU (HQE)

-100

T l).\JlL}JJLI.|JJll|JIL -

(x%+y?)"2=75m

asol o OCwEI0OOM S
:i Il il 1 1 i 1 Il 1 1 | 1 l L L i 1 Il Il 1 i 1 1 1 1 | 1 1 l L i 1
100 50 0 50 100 150 200
X (m)

(PINGU, 12/2012)

21



ROYAL INSTITUTE
OF TECHNOLOGY

Compare between
standard and NSIs
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Higher resonance Esmaili & Smirnov, arXiv:1304.1042
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CP V|olat|on with NSIs
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summary

» Future neutrino oscillation experiments aim to determine the
neutrino mass ordering and measure the Dirac CP-violating phase.

» Usually theoretical prediction for the CP phase iIs given at a
super-high energy scale, which should be compared with low-energy
measurements. So, RG running has to be taken into account.

» Two new working observables have been introduced to describe
Intrinsic leptonic CP violation, disentangle the fake CP-violating
effects, and optimize the experimental setup.

» The possibility to constrain NSIs has been investigated at IceCube
(DeepCore and PINGU).
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Thanks a lot
for your attention!
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