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Neutrinos stll hot topic
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Neutrinos stll hot topic

+ OQNLY BSM field testable in the lab

* connected to everything
« new field, still new windows open:

* TeV/PeV scale physics with astrophysical v (& multi-
messenger options)

* coherent v-nucleus scattering
* tull spectrum of B-decay

* solar physics, geoneutrinos, supernova,...
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aAm? (eV?)

T'o answer the question...
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T'o answer the question...
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Goals/Outline

* implications/motivations/examples of:
* lepton mixing
* neutrino mass

* new physics in the neutrino sector




Neutrinos oscillate and leptons mix
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Neutrinos oscillate and leptons mix

+ we know that: 0 # Am2; = Am23;
e = all three masses different, at least two are non-zero

* hierarchy mild and neutrino mass much much smaller
than all other masses

+ we know that: Upmns = Uit Uy = 1

» = charged lepton and neutrino mass matrices diagonalized
with different matrices; Nature distinguishes v., v, v,

* mixing completely different from quark mixing




Low Energy Paradigm

At low energies, neutrino mass matrix my;:
1 T : . T
L= SV M with m, = U diag(my, mo, m3) U

with PMNS matrix

i0

C12 C13 512 €13 S13€
_ 20 20
U= —S812C23 — C12523 513€ C12 Co3 — S12 523 513 € 523 C13 P
1) 1)
§12 823 — C12 C23 S13 €° —C12 S23 — S12C23 S13 €' C23 C13

changes number of parameters in SM":

Species Species
Quarks Quarks
Leptons Leptons
Charge

Higgs Higegs
strong CP° strong CP



Low Energy Paradigm

+ 3 Tasks:
* determine new parameters
* interpret/explain values of new parameter

* check for inconsistencies in standard picture




Determine Parameters

| NUFIT 3.2 (2018) |

< We know:

e O1p and Am?2y

e Oy and | Am2s |
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Am3, [10° eV

e O13

+ We have limits: Talk by Schwetz
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+ We don’t know:
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Determine Parameters

< We know:

+ We don’t know:

e O1p and Am?2y

e Oy and | Am2s |

s 0. inversely proportional to

enerey scale of origin
+ We have limits:/' 5 5

il f B 4 S B

most robust prediction of models;
/ determines flavor structure of m,

e sgn(Am?3;)

S W conceptually most interesting
(baryogenesis)




Allowed 90% CL
— Normal Ordering
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CP Phase

Normal |6cp = —7/2|dcp = 0|0cp = 7/2|dcp = m|Observed
Ve 28.7 24.2 19.6 24.1 32
Ve 6.0 6.9 7.7 4

6.8
Inverted |dcp = —7/2|6cp = 0|dcp = 7/2|dcPp % Observed
3

Ve 25.4 21.3 17.1 / 32
Ve 6.5 7.4 8.4 7.4//v 4

/

/

mostly driven by too many v, at T2K

NOVA Preliminary

31 /2 highly interesting...
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e Symmetry behind it?

e Worth to reconsider v
/ and anti-v share?
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Allowed 90% CL
— Normal Ordering
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CP Phase

Normal |§cp = —7/2|6cp = 0|dcp = 7/2|dcp = 7w|Observed
Ve 28.7 24.2 19.6 24.1 32
Ve 6.0 6.9 7.7 4

6.8
Inverted |dcp = —7/2|6cp = 0|dcp = 7/2|dcPp % Observed
3

Ve 25.4 21.3 17.1 / 32
Ve 6.5 7.4 8.4 7.4//v 4

/
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mostly driven by too many v, at T2K

NOVA Preliminary

 31/2 highly interesting...
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« Symmetry behind it?*
e Worth to reconsider v
and anti-v share?

_ \
‘Wic D20 8o w1 | p-treflection symmetry?/
oI '6’1" - %n ~ 2« | combining flavor with CP?
CcP

Talk by Hagedorn
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Atmospheric Mixing Angle

|

e
Normal Hierarchy, 90% CL
NOVA 6.05x10”° POT
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Mass Ordering

* weak preference for normal ordering

e tension in the preferred values of 8,3 in T2K and NOvVA, found
to be stronger for the case of inverted mass ordering (Valle et al.,

1708.01186)
o e¢-like multi-GeV events in SK? (Lisi et al., 1703.04471)
» supported by strongest cosmological mass bounds

* BUT: depends on sampling with logarithmic or linear prior,

using m; or My, + Am? (Gariazzo et al., 1801.04946, Hannestad
and Schwetz, 1606.04691)

Wgrner Rode]'ohann ‘MPIK: v-Platform ‘29 ‘ 01 ‘ 18:



Tensions: only in solar sector?

Talks by Beacom, Smirnov
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Neutrinos oscillate and leptons mix

+ we know that; 0 # Am2; # AmZ23;
e = all three masses different, at least two are non-zero

* hierarchy mild and neutrino mass much much smaller
than all other masses

+ we know that: Upmns = Uit U, = 1

e = charged lepton and neutrino mass matrices diagonalized
with different matrices; Nature distinguishes v,, vy, v,

* mixing completely different from quark mixing




Implications of Lepton Mixing

NUFIT 3.2 (2018)

0.799 — 0.844  0.516 — 0.582  0.141 — 0.156
Ulsy, = | 0.242 — 0.494  0.467 — 0.678  0.639 — 0.774
0.284 — 0.521  0.490 — 0.695  0.615 — 0.754

0.9743479:09015  0.22506 + 0.00050 0.00357 + 0.00015

Vot = | 0.22492 4+ 0.00050 0.97351 +0.00013  0.0411 + 0.0013
0.008750:00035  0.0403 +0.0013  0.99915 + 0.00005

normal inverted mé l |
m3 N | | I | m3
A A
Am%l
Y
I 0O m%
Am3, P28 O s
O vy Ob

O vr

Y 2 H |

m% I 1 | e
Am%l
Y Y
m? I ] i | | m3 m?
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Implications of Lepton Mixing

NUFIT 3.2 (2018)

0.799 — 0.844  0.516 — 0.582  0.141 — 0.156
Ulsy, = | 0.242 — 0.494  0.467 — 0.678  0.639 — 0.774
0.284 — 0.521  0.490 — 0.695  0.615 — 0.754

0.9743479:09015  0.22506 + 0.00050 0.00357 + 0.00015
VoM = | 0.22492 +0.00050 0.97351 & 0.00013  0.0411 + 0.0013
0.008750:00035  0.0403 +0.0013  0.99915 + 0.00005

normal inverted mg l |




Flavor Symmetries

* Nature seems to prefer large lepton mixing:

(V3 Wi o0 )
Urm = | - \/g \/g —\/2 generated by rather special mass matrix
Ve s Vs
/ A4 B b \ mixing angles
(my)rBMm = | - 2(A+B+D) 2(A+B-D) independent from
\ ' . %(A+B+D) / masses!!

« completely different from quark sector (GST-relation):

0
M = ! = tan 0o ~ Md
a b e




Flavor Symmetries

XY

» preferred solution: Discrete Non-Abelian Symmetries

—
: Group d Irr. Repr.’s Presentation Type L, e Ve A
S [ Dy~ S 6 1, 1,2 A3=PB2=(AB)?=1 AU L
g D4 8 11, ...14, 2 A4 - B2 - (AB)2 - 1 A2 - ze s l, l,, l”, 3
S | Dy 14 1, 1,22, 2" AT=B?=(AB)?=1 B1 -
4, 12 1L, 1,17, 3 A= B2= (AB)* =1 I L &
-2 [ A ~ PSLy(5) 60 1,3,3,4,5 A3 = B2 = (BAP =1 - S
20| T 24 |1,1,17,2,2,2",3 AS=(ABP)=R*=1, B>=R 2 ; 1 <
. | S, 24 1,1,2, 3,3 BM : A*=B?=(AB)*=1 . 2 L3
N 3 4 212 R - §
Ll.‘ _ TB . A - B - (BA ) - 1 C4 la l,a l”a 3 %
;:\ A(27) ~ Z3 X Z3 27 ].1, ...19,3,3 D1 ~
§ PSLy(7) 168 1,3,3,6,7,8 A3 =B? = (BA)" = (B7'A"'BA)* =1 D2 ; ; ; 1 *S
S [T~ 2 % Zs 21 1,1,1,3,3 AT=B*=1, AB = BA* N 2 2 ! S
D4 V3 N
=15 =T <X
E 3 3 L1,1 S
FooL1,17 3 3 lorl 1
G 3 L1,17 11,1
H 3 L1l
Many possible groups, within each group many models... I 3 LL1 111
J 3 L11 3

— can distinguish only classes of models




Flavor Symmetries

Talk by Hagedorn

Lesson 1: put different generations in same irrep of group:

()
() (=)
(),

Lesson 2: flavor group broken to different subgroups:

neutrinos le&s

ZzXZz




Flavor Symmetries

Talk by Hagedorn

Lesson 1: put different generations in same irrep of group:

Lesson 2: flavor group broken to different subgroups:

/ \h£ .
S le >




Flavor Symmetries

Talk by Hagedorn

Lesson 1: put different generations in same irrep of group:




Flavor Symmetries

# Can rule out models by:
e correlations between angles and phases
* neutrino mass sum-rules, e.g. m; + my elx = ms eiP
» LFV if within SUSY or if broken at low scale
* minimality
* robustness

* compatibility with larger frameworks (LR symmetry, Pati-Salam,
st 501 )

Werner Rodejohann sMPIKz v-Platform 529 ‘ 01 ‘ 182
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Barry, WR, 1007.5217
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Flavor Symmetries

Sun-rule — Flavour symmetry

my+my=m A4, T’, (54) 10" ]
10°E
My +My=ms i (A4) -
C 10-3_...... i
) 1 1 Ay e
T—= A4,T, \5,8
My Mg 1y 10"F
107 -~
T—= ) |
L R Y TR Y R

'w = fw + Qug

‘w+ 'w

fw




Heeck et al., 1412.3671

BR(h » u1)

0.010

0.008

0.006

0.004

0.002

0.000

Flavor Symmetries

T T T

my = 300 GeV

my =350 GeV

MEG 90 % CL

T ] T [ T T ] =

CMS best fit ]

my = 400 GeV i

1o .

my =200 GeV E

#gé

e »— f— i

_————__— |

1 | 1 | 1 1 | ]

1.x107"2 1.5x10712 2.x107"2

BR(u > ey)

0.48
0.43
0.38
0.32
0.27
0.22
0.17
0.12
0.07
0.02
-0.03
-0.08
-0.13
-0.18
-0.23
-0.28
-0.33
-0.39
-0.44
-0.49

cos (B-a)



Flavor symmetries and mixing angles

+ look at data
“ look for patterns

* look for symmetry associated with pattern, e.g. GRB:

e cos O12=¢ /2 means B1p =m/5 = 36°

* thus pentagon and thus Ds

* or decagon and D1

Werner Rode]'ohann (MPIK) s A v-Platform (29/01/18)




Once you do that...

e O =N —sin-0p =029

e ol =Yv—3sin20)=0.34

* tan 2012 = e = sin2 B> = 0.327

* since sin B13 = B13, why not cos 623 = 623
= sin2 0,3 = 0.454 (,,Dottie’s number”)

w O 0 705 0=



On the number of predictions and new parameters...

FULL models including VEV alignment, messenger and driving fields:

Fljld L f f "933 "f 510 H{Lvd Field || o9 | ¢ |20 20 | € [AY [ | O [ |05 Qs |5 5 |5
1 S, '3[ 1331|1222 2[3]|3]3]3
Z3 1 w wl] 1 w | 1 Z, =1t =t 1 [ 111 [=a=t]=i[4i1]1]1]1

ULz O] 0]0]0 2 |2 0 s w | w | w w1 1 1 Wlw? | wlw| w

UMl 2 22222ttt [1][1]1]1]1

SU©R) ULy T UNg Zs Zi Zi 23 Z3 Zs

=, = 2.2 1,1 1.1 02 7.1 00 00 00 1,2 0,0 ;i 4
ya4 x4 2.2 1.1 1.1 1,1 1.7 31 31 21 1,2 1.1 0(10'100) scalar fleldS Wlth
»B B 1.1 2,2 1.1 1,1 26 1,3 1,3 21 0,0 1,1 :

w484, 22 11 U171 71 31 31 00 21 00 111 dSSES, Couphngs, etc.
B 88 11 2,2 11" 1.1 00 1,3 1.3 00 1,2 0,0

4,24 2.2 1,1 1”1 1,1 1,7 31 31 21 12 1,1

DAY 2.2 L1111 1,7 31 1,3 0,0 00 0,0

6,55 2.2 1 1”1 1,1 62 3,1 00 1,2 1,2 00

>4.854, 2,2 LT 22”7 1,1 00 1,3 00 1,2 1,2 0,0

4,24 2.2 1,1 2”72 1,1 00 1,3 00 12 1,2 0,0

AL AL 1.1 0,0 1.1 02 00 22 0,0 00 00 00

AP AB 1.1 0,0 1.1 02 00 00 00 21 21 00

AL AL 11 00 11”7 02 00 00 00 00 21 00

Ay AL, 1.1 00 227 02 00 00 31 12 12 1.1

A4 A4 1.1 0,0 3.3 02 44 0,0 0,0 00 00 1,1

AP AB 1.1 0,0 3.3 02 62 22 00 12 00 1,1

AY AY 1.1 0,0 3.3 0,2 62 1,3 22 00 1.2 00

AP AD 1,1 0,0 3.3 02 53 00 31 00 1,2 00

AP A 1.1 0,0 3.3 02 26 00 22 21 00 00




On the number of predictions and new parameters...

FULL models including VEV alignment, messenger and driving fields:

Fljld L f f "933 "f 510 H{Lvd Field || o9 | ¢ |20 20 | € [AY [ | O [ |05 Qs |5 5 |5
1 S, '3[ 1331|1222 2[3]|3]3]3
Z3 1 w wl] 1 w | 1 Z, =1t =t 1 [ 111 [=a=t]=i[4i1]1]1]1

ULz O] 0]0]0 2 |2 0 s w | w | w w1 1 1 Wlw? | wlw| w

UMl 2 22222ttt [1][1]1]1]1

SU©R) ULy T UNg Zs Zi Zi 23 Z3 Zs

=, E 2,2 1,1 1.1 02 7.1 00 00 00 1,2 0,0 ;i 4
ya4 x4 2.2 1.1 1.1 1,1 1.7 31 31 21 1,2 1.1 0(10'100) scalar fleldS lth
P oP 1.1 2,2 1.1 1,1 26 1,3 1,3 21 0,0 1,1 :

58 22 11 11”11 71 31 31 00 21 00 [MNASSES, couphngs, etc.
p.E 0 1.1 2,2 11" 1.1 00 1,3 1.3 00 1,2 0,0

4,24 2.2 1,1 1”1 1,1 1,7 31 31 21 12 1,1

DAY 2.2 L,ro1”1 1,1 1,7 31 1,3 00 00 00

6,55 2.2 1 1”1 1,1 62 3,1 00 1,2 1,2 00

>4.854, 2,2 LT 22”7 1,1 00 1,3 00 1,2 1,2 0,0

Y42y 2.2 1,1 2”2 11 00 1,3 00 12 12 00

A{‘,@{l 1.1 0,0 1.1 02 00 22 00 00 00 00

AP AT 1.1 0,0 1.1 02 00 00 00 21 21 00 P d . :

ALAL 11 00 127 02 00 00 00 00 21 00 redictions:

AY AL 1.1 00 227 02 00 00 31 12 12 1.1

2/ =2

ALAY 11 00 33 02 44 00 00 00 00 11 2 to 4 tlavor parameters
AP AY 1.1 0,0 3.3 02 62 22 00 12 00 1,1

A§,4§ 1.1 0,0 3.3 0,2 62 1,3 22 00 1.2 00

AP AP 1.1 0,0 3.3 02 53 00 31 00 1,2 00

AL AE 1.1 0,0 3.3 02 26 00 22 21 00 00




Abelian Flavor Symmetries

* Less predictive but less complicated: Abelian flavor
symmetry, e.g. L, - L; it ( @00
0

* anomaly free
* masses d and +b, O3 =m/4, O13=0
* has Z’ with couplings to u and 7: (g - 2),. N PR oL
102 107 10° 10
Mz' [GeV]

* can be extended to quark sector to explain anomalies in B — K*
up and BR(B — Kuu)/BR(B — Kee) [Crivellin, Ambrosio, Heeck,
1501.00993] (making predictions for h —ur, LFV, etc.)

L6FLOCOLL "]V 32 YAy



Interpretation/Precision of CP Phase

« if d = 230.7%: model predicting this value or perturbed
model with 270.00- 39.30?

« BUT: the closer d to  or 31 /2 the more likely that some
symmetry /structure behind it...




Interpretation/Precision of Atmospheric Angle

* if B3 = 41.69: model predicting this value or perturbed
model with 45.00- 3.407

» far away from 450 could be related to (1, /m3)" similar
to GST

« BUT: the closer 823 to 459 the more likely that some
symmetry / structure behind it...

Werner Rodejohgnn sMPIKz v-Platform 529 ‘ 01 ‘ 18;



Achievable Precision

Ballet et al., 1612.07275

0.05 | T | | | I I 25 I | T2HK app ISyS =0.02 ——
DUNE T2HK 510 yr) U 0'04
Normal ordering ~ _DUNE + %%EE DUNE/2 + T2HK/2 (10 yr) ~--- 88(85 —_—
/ \ .

0.04 | \ _ 20

0.03

A Sin2 023
Ad [7]

0.02

0.01

° 0.:14 O.-|46 0.:18 0f5 0.152 O.|54 0.156 0.158 0-1 -OI.5 (I) 0f5 1
4 Trhe sin? 0,5 4 4 Trud d/7 4
(41.6+0.3)0 (45+1.7)0 (48.5+0.6)0 cos O: (0+0.29) (1+0.006) (0+0.28)

Interesting values have
Talk by Patterson

largest uncertainties...

Werner Rodejohann (MPIK)



Perturbations

< Various sources:

* VEV misalignment, NLO terms, RG etfects
* Frequent feature: d(012), 0(0) > d(O13), 0(O23)
= coffiects laroer tor [ and OD

Example RG enhancement:

0(612) 1 Am3 /Am? /é%/Am%

(running of phases and 612 5(01s) \/ A2 /A X i jam
can be evaded by -

cancellations) 0(023) 1 1 / mg/ Amy

5(5) \/Am% JAME | Aind A2 | md/Am3

typical size: 8(0;)=10-5 tan2 3 m,2/Am?;

Werner Rodejohann (MPIK)




Perturbations

< Various sources:

* VEV misalignment, NLO terms, RG etfecg

Example RG enhanceme

(running of phases and 61>
can be evaded by
cancellations)

typical size: 8(0;)=10-5 tan2 3 m,2/Am?;
. A V1 sauoian ey ua [ 18)




New Physics in Oscillations

# Various good reasons to expect NP:

 unitarity violation from new fermions

* NSIs from new physics: Gr € = g2/ M?x = € ~0.01 is TeV-scale”

* new interactions (scalar, tensor, etc.)

« long-range forces

 decay, Pseudo-Dirac,...

« Lorentz/CPT violation: effects o /A/Mp; with A scale of mass generation
(seesaw!), in general growing with v-energy (IC!)

« light sterile neutrinos...

Werner Rode]' ohann ‘MPIK:

* actually can be small (MeV) scale since g2 very small

v-Platform (29/01/18
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New Physics in Oscillations
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New Physics in Oscillations

CPV sensitivity - DUNE, T2HK presence of
10 DUNE (5+5) I [ SNISI( o 0) multlple 80([3
o - NSI (true :::,_cptﬂe_[-n:n]) 1 can make
- |€cul, |€xl, |€c] =0.01,0.01,0.1 T &l [€xl, [€e] =0.04,0.04,04
e DUNE (1300 k o I : ;
( m) X { j determination
Runtime = 5 nu + 5 nubar & AN LN [\ of MO, 0 and
35 kton, LAFTPC 7N T NN\ N octant of O3
0—1' l —(;.5 — 0' J 0?5 J ‘]—‘] l —(;.5 A ‘0 — OTS ‘ ‘], impOSSible
S / 1t (true) S /1 (true)
! even for
12 1 —
| T2HK (143) L. S;Sl(hue(poﬁ(pﬂ:o) ' DUNE, TZHK
e T2HK 10 T NSI (true Qo @ € [Fm:m])|
8: l&eul, |€exl, |£c] =0.01,001,0.1 1 Tl e, 18] =0.04,004,04 ] and TZHKK
Runtime = | nu + 3 nu bar E< : i -
0 Keon W 7 Liao, Marfatia, Whisnant,
1612.01443

-05
§ / 1t (true) 8§/ 1 (true)

M. Masud and P. Mehta, Phys. Rev. D (2016) [1603.01389]




New Physics in Oscillations

0.10 —
, I'd
P '
005 | b JUNO iso-Ay2 contours
p for mass ordering sensitivity
S 120 T .
O : e
| 0.00 o=
W ’/"
7S e
- . 140 .-~ R
005 .- .o R
e P 16.0 .-~
,,,,, - P 18.0
-0.10 - C | L -] 1
-0.04 0.02 0.00 0.02 0.04

TUNGO, 150705615

LBL, JUNO, PINGU /ORCA: unlikely that we get fooled in all experiments...?
Werner Rodejohann (MPIK) ~v-Platform (29/01/18)




New Physics in Oscillations

e
0
@\
O
)
ﬁ.‘
D
S
——
%.
il
VD
hens
)
=
=
€:
S
-
S
=
<
=
-
=
S

|

ILLLLLLL

3 9 E < %> > =
- 1 E LMA-I LMAD 3
i 1L - _
“ i SN
| | LI L1 1 I 1 1 I | L1 1 | L1 1 | 1 1 I L1 1 | L1 1
0 02 04 06 08 10 02 04 06 038 1
.2 .2
sin BSOL sin BSOL




Light Sterile Neutrinos

Talks by Huber, Kopp

» not expected / predicted before LSND...
+ would be bigger discovery than massive neutrinos
# could be window to new world (new interactions, coupling to DM,...)

» would imply modification of cosmology analyses, possibly non-standard
cosmology

* experimentally, need

* to know flux precisely...
* to know cross section precisely...

* to see oscillatory pattern...

+ small scale experiments will tell (at least the ee-anomalies)
rner Rodej PIK V-Platform‘29401‘18=



Light Sterile Neutrinos

Talks by Huber, Kopp

+ not expected / predicted before LSND...
+ would be bigger discovery than massive neutrinos

* could be window to new world (new interactions, coupling to DM, ...)

+ would imply modification of cosmology analyses, possibly non-standard
cosmology

- None of this happened yet!!!

+ small scale experiments will tell (at least the ee-anomalies)




New Physics in Oscillations

ExoticNew: Physics enhanced by long distance/high energy:

Standard mixing 00

Gen2 scenario 1.0

0.1 Pseudo-Dirac/ 0.0
- 0.5 Decay \
‘ = = = Complete 0
0 envelope ™ Talk by Salvado
0.4
0.6
$t41.00.5 0.01.0

055K D $retg 0.5

0.9 VV \ w\ )
0.9 0.9 ‘
L NEAVARVARVARVA WY
00 01 02 03 04 05 06 0.7 08 09 1.0 000102030405060708091.0
§e+é,e §e+é,e

Rasmussen et al., 1707.07684

v iy t_‘v ot g
U, Y

0.0 02 04 06 08 1
Arguelles et al., 1506.02043




New Physics in Coherent Scattering

do _ Ug_M( _ T ) Congratulations
drT M Tinax
e t0)COHERENTL

it NSIs are present

2
1 1
Q=4 |N (—g+ett +2:¥ ) 4.2 (5 - 25k +2etl e )|

+4 Z N(ety +2e8) + Z(2e4Y +e2V)] 2

replace [N - (1 - 4 sw?) Z]? with:

1

0.5

disfavors
LMA-dark solution

- | === CHARM

| | = COHERENT (Csl)

To1 08 06 04 -02 0 02 04 06 08
e’

COHERENT, 1708.01294

% | Coloma et al., 1708.02899




New Physics in Coherent Scattering

do _og™ (T
AT’ M T

o 1-MT/E?

if NSIs are present

2
1 1
Qi =4 |N (—5 +ng+25§§”> +Z (5 — 252, 4+ 24V +s§}j)]

replace [N - (1 - 4 sw?) Z]? with:
+4 Z N(ety +2e8) + Z(2e4Y +e2V)] 2

a=,T

=

IS

A\

w

=

-

. ‘ ‘ O

40+ —~

; : f NSI =

Example: CONUS-100 like, BG 3/day/kg/keV, o ] et 001 it =
exposure: 5 kg yr GW m?2, sys/stat/thresh.: 3o (N &

(1) conservative configuration: (o, o, Tin) = (5%, 3%, 0.4keV). v 105 .- %\
(ii) intermediate configuration: (o4, o5, Tin) = (2%, 1%, 0.2keV). N ||| §
00 0.2 04 0.6 08 1.0 :

(ili) optimistic configuration: (o, of, Tin) = (0.5%, 0.1%, 0.1keV). recoil energy T/keV 0y

~ Werner Rodejohann (MPIK)

|



New Physics in Oscillations

[ [ T TTTTI I T T I [ Il I I FTTTI I |
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|€ e |
o DUNE |
el o ’

Lindner, WR, Xu, 1612.04150
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New Physics in Coherent Scattering

GF —1a L Ta s

= assume exotic neutral currents: £ ° NG Z Iy [YNT*(Co + Doy’ JYN]
Q a=S,P,V,A,T
= changes shape of spectrum:
§ d G M ]\4 T [

2 o F N 1.20 SM+(£5=0.18)
S AT dn 2E, 2 1—

£ T _A/_[T 1.15 S MeV bump
o7 — 2y — A
g +€V ( 111 LX) §V€A + §A < Crmau( - EI/2 > 2 1.10 - 1

SRt
S +&7 (1 - MT) i |
T - 1.05

V~§ Tmax 4E1/2 L /x ]
= T T2 100/ S T _
=] _RE_,, +0 (ﬁ)] ) 0.1, 0.0 0.2 0.4 0.6 0.8 1.0

recoil energy T/keV
0.08!

limit set:
Papoulias, Kosmas, 1711.09773

0.06]

&r

0.04

0.02}

ooot- - oo b LD
0.94 0.95 0.96 0.97 0.98

Werner Rodejohann (MPIK) &y v-Platform (29/01/18)



New Physics in Coherent Scattering

7 : : ' | ' ' ' I ' ' . |
SM+(heavy scalar)

1.20 E SM+(heavy vector) 2
P SM+(heavy tensor) ]

5 MeV bum
119 P ?

Qm——- SM+(light scalar)

Xun-jie Xu

recoll energy T/keV

Werner Rodejohann (MPIK) v-Platform (29/01/18)




Neutrinos oscillate and leptons mix

+ we know that: 0 # Am2; # Am23;
e — all three masses different, at least two are non-zero

* hierarchy mild and neutrino mass much much smaller
than all other masses

+ we know that: Upmns = Uit Uy = 1

» = charged lepton and neutrino mass matrices diagonalized
with different matrices; Nature distinguishes v, vy, v,

* mixing completely different from quark mixing




Masses and Ordering

i :
0.1
— t ms3 0.1 ; 2
3 =
7 o,
£ ' = .
m &
e : g 001 |
8 = -
; | g
Dl 0.001 |
m; L
Am312 o = Am312 <0
0.0001 S e e R e
0.0001 Be el e e Cineal e
el L0 0.2 o1 1 0.0001 0.001 0.01 0.1 1
m [eV] m [eV]

strong tuning in inverted ordering:

mild hierarchy in normal ordering:
mZ/ml = Amzsol/Amzatm

1713/ o= (Am2atm/ Am2801)1/2 =S
plus almost

62 € € 1 1 1
(m)na~| ¢ 1 1 (m)m~| 1 1 1 democratic
structure of
e 1 1 I 1 1 :
mass matrix

Werner Rodejohann SMPIKZ v-Platform 529 ‘ 01 ‘ 18 z



m;, my & m3 [eV]

Masses and Ordering

I 3
0.1+
E m3
0.01 L my
0.001 |
mg 5
Am31 >0
0.0001 = S R e Ry A EAARE e AR
0.0001 0.001 0.01 0.1

mild hierarchy in normal ordering:

m [eV]

m3/ Mo = (Amzatm/ Al’nzsol)l/2 =

m;, my & m3 [eV]

1:

017 ml&mg

0.01 |
0.001 |

ms )
Am3© <0

0.0001 e s e SR e e

0.0001 0.001 0.01 0.1 1

m [eV]

strong tuning in inverted ordering:
mZ/ =1+t Amzsol/ Am?2,um




Origin of Neutrino Mass

* Most straightforward possibility: add Nz and obtain Dirac mass:
ED Ne—>mp v Np
* Gauge invariance allows Majorana mass:
Mpr Nr Nr
* in total Majorana mass for SM neutrinos:
my vi¢vr with my = mp? [Mr = mp € with € = mp/Mg = msp/Mg

(I) (l) my 1Inverse
proportional to
scale of origin!

A

rner Rodej PIK v-Platform ‘29 ‘ 01 ‘ 18 :



Origin of Neutrino Mass

* Most strai 1 aaaes mass

n Of SM gauge

D VL NR

* Gauge invariance allows Majorana mass
Mg Nr NRr

* in total Majorana mass for SM neutrinos:

. VitV with i = /MR = Mp EWith € = mD/MR = mSM/MR

4) (l) my 1Inverse
proportional to
scale of origin!

3 P




Origin of Neutrino Mass

K/

* in total Majorana mass for SM neutrinos:
. VitV with i = /MR = Mp EWith € = mD/MR = mSM/MR

4) (b my 1Inverse
proportional to
scale of origin!

N




Origin of Neutrino Mass

K/

* in total Majorana mass for SM neutrinos:
ion
My VIV Wit n number violat] sl Mo

New concept: lepto

my INverse
proportional to
scale of origin!
\VL




Origin of Neutrino Mass

* Most straightforward possibility: add Nz and obtain Dig

LCDNR% mDvLNR S\Jﬁ\ﬁ\e‘i
* Gauge invariance allows Majorana mg P

’KB »L f

. . _ gl o
* in total Majorana mass aC{‘Oﬂ Atrinos:
My VIS VI Wil 'ﬁ\"—e’t ViR = mip € with € = mD/MR - mSM/MR
¢ ¢ |
m, inverse

proportional to
scale of origin!

LN




Type | Seesaw my = mpZ/ My ocy=/My

actually, does neither fix m, nor mpnor Mg
needs to be tested or has phenomenology via , seesaw portal”:

Lepton-Higgs-Singlet Vertex: y L @ NR
ga- 1 ) | > Npl) >ig (D] Ng sl

2 .
2 Y N g

§ Z% y ¢ (YU)Y:)JL ¢
- Vacuum stability,
Yp o Im(y?) / \ naturalness
_1/4
Lepton Flavor Violation Ty

6 2 i M 2
BR o y4/(Mn*or M#susy) Sl
rner Rodej PIK v-Platform ‘29‘01‘18:

Leptogenesis




Type 1 Seesaw my = mp* /Mg
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Type | Seesaw my = mp? /M
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~ Werner Rodejohann (MPIK)




Pathways to Neutrino Mass

similar discussion for all thinkable and unthinkable mass mechanisms

. . quantum number
approach ingredient L my scale
of messenger
USM"
RH v Np ~ (1,0) WNR®L hv h = o(10—12)
(Dirac mass)
" - ” - 2
effective new scale _ hLC®d®L h}\’ A = 101% Gev
(dim 5 operator) 4+ LNV
“direct” Hi triplet —
irec iggs triple A ~ (3, —2) hLC¢AL + pddA th A = hLMi
(type Il seesaw) + LNV H
“indirect 1" RH v N (1,0) WNR®L + NpMpNE (’“’)2 A= Lns
(type | seesaw) 4+ LNV R ’ R T M R
biw d- t 21’ F - t - I t _ - 2
indirec ermion triplets S ~ (3,0) h3 L® + TrX M % (SL/})) A = %ME
(type Ill seesaw) 4+ LNV 3

plus seesaw variants (linear, inverse, double, singular,...)
plus radiative mechanisms
plus higher dimensional operators
plus extra dimensional
plus plus plus

T —— Talks by Volkas, Gavela, Perez, Domcke, Lykken, Senjanovic y-Platform (29/01/18



Common Prediction: Lepton Number Violation

d L ur, . . . .
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A~ known limits unknown

- Werner Rodejohann (MPIK) v-Platform (29/01/1
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Neutrino Mass Observables

Method  Observable current near

model-indep.; final;
clean weakest

Yl 23eV - 03eV 1 0]el?

best; model-dep.;

> M; 0.5eV | 01eV | 0.05eV? NELE o cfem

fundamental, model-dep.;

Yiem 026V (UHeV O0Tever S




Neutrino Mass Observables

Normal Inverted Normal Inverted
1005 I ||||||| I I FTrrIrrl 1 I I I ||||||| I I IIIIIII 1 I |E 1005 1 l||||| I 1 I | L I |||||| I I I | L
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10 001 01 001 01 10 01 1 01 1
mg (V) Im, (&V)
OvBP rules out that neutrinos saturate Mainz-limit
complete complementarity
0vpp and cosmology currently roughly the same
of observables

cosmology strongly distavors a signal in KATRIN
v-Platform (29/01/18)



Neutrino Mass Observables

Normal lnverted Normal [nverted
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Neutrino Mass Observables

Normal Inverted Normal Inverted
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Neutrino Mass Observables

Normal lnverted Normal lnverted
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large effect of v-mass in clustering length of galaxy clusters;
much larger effect than on power spectrum;
og larger locally larger than CMB-value; L

(Ho still unresolved)



Is neutrino mass guaranteed?

Sprenger et al., 1801.08331

" X} (Planck: 0.084) — 0.07
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*» typically maximal wavenumber assumed, below non-linearities too strong to trust estimates
* galaxy clustering, cosmic shear, intensity mapping with two bands
+ 50 detection when Euclid and SKA are combined!




Experimental Situation

Experiment Iso. Iso. o ROI  |epv |€sig E B 3? disc. ems. Required
Mass T1)2 mgag | Improvement
kg,.,yr cts Iso.
e | KeV]| o] () || ||| S ) {moV] | Bhe| o | 5O

LEGEND 200 [61, 62] | ™Ge| 175 | 1.3 | [2,2] |93 |77 119 1.7-100%  |84-10*°|40-73| 3 | 1 | 5.7
LEGEND 1k [61, 62] ®Ge| 873 | 1.3 | [2,2] |93 |77 | 593 2.8-10%"  [45-10°7[17-31| 18 | 1 | 29
SuperNEMO [68, 69] "Se| 100 | 51 | [4,2] |100|16 | 16.5 49-10%  [6.1-10%°(82-138| 49 | 2 | 14
CUPID [58, 59, 70] 82Se| 336 | 2.1 | [-2,2] [100] 69 221 52-10%  [1.8.10°7| 1525 [n/a| 6 | n/a
CUORE [52, 53] 130Te| 206 | 2.1 |[-1.4,1.4]|100| 81 141 3.1-100  [54-10"|66-164| 6 | 1 | 19
CUPID [58, 59, 70] 190Te| 543 | 2.1 | [-2,2] |100]| 81 422 3.0-10%  [2.1-10%7| 11-26 |3000| 1 | 50
SNO+ Phasel [66, 71] |*°Te| 1357 | 82 |[-0.5,1.5]| 20 | 97 164 82-10% [1.1-10%|46-115|n/a |n/a| n/a
SNO+ PhaselI [67] 130Te| 7060 | 57 |[-0.5,1.5]| 28 |97 | 1326 36-10% [4.8.10%|22-54 | n/a |n/a| n/a
KamLAND-Zen 800 [60]|**%Xe| 750 | 114 | [0,1.4] | 64 | 97 194 39-10%  [1.6-10%°[47-108| 1.5 | 1 | 2.1
KamLAND2-Zen [60] ['*%Xe| 1000 | 60 | [0,1.4] | 80 | 97 325 2.1-10%  [80-10%[21-49| 15 | 2 | 29
nEXO [72] 136Xe| 4507 | 25 |[[-1.2,1.2]| 60 | 85 | 1741 4.4-10%  [4.1-10%7| 9-22 | 400 |1.2| 30
NEXT 100 [64, 73] 136Xe| 01 | 7.8 [[-1.3,2.4]| 88 | 37| 26.5 44-10% [5.3.10%(82-189|n/a| 1 | 20
NEXT 1.5k [74] 136Xe| 1367 | 5.2 [[-1.3,2.4]| 88 [ 37| 398 29.10%  [7.9.10%|21-49 |n/a| 1 | 300
PandaX-III 200 [65] 136Xe| 180 | 31 | [2,2] [100] 35| 60.2 4.2-10% [8.3.10%|65-150| n/a |n/a| n/a
PandaX-III 1k [65] 136Xe| 901 | 10 | [2,2] [100] 35 301 1.4-10%  |9.0-10%%| 20-46 | n/a [n/a| n/a

Will enter IH regime soon!

Multi-isotope determination for

mechanism and NMEs!

96620°S0LT ‘Iv 12 11308/




Connections to future Oscillation Experiments

Mz =U.UUI eV SiIlZ 612 = 0323
01 T T T T T T 35000 H ' ' v
- |H, 35 i - ] ; centV  centV+io
i — o 0.25 { 0.125 oo} o
= 0 5 . : ; X y : ;
0.25 > 25000 |- : \ R SO 4
— N~ : : :
> 0.5 S g
— :‘ é 20000
/§ 1 AQ ﬁ
E OE‘_ S 15000 =
2 N |
10000 |-
\ 4 !
5000
0.01 — ' ' T—— 8
0.28 0.3 0.32 0.34 0.36 0.38 0 2 3 4 ; . 7 8
sin? 019 E, [MeV]

JUNO fixes 012 and removes uncertainty

Nature gives us two scales

in value of minimal ni., in 1H

<m>H ., « cos 201
=1 - 2 sin? 912




NuFIT 3.0 (2016)

Expectations of lifetimes
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Am,, [10 eVzl Amg,

Required

Experiment ko. | 15 | & ROIL  |erv |€sig & B 30 disc. sens.
Mass Ty mgs  Improvement
kg, T cts Iso.
g (V]| o] | 19) [ 8] | [ K [kg‘_” Rmyr] bl [fmev] Big| o |
LEGEND 200 [61, 62] | ™®Ge| 175 | 1.3 | [2,2] |93 |77| 119 1.7-10° [8.4-10%(40-73 | 3 |1 | 5.7
LEGEND 1k [61, 62] Ge| 873 | 1.3 | [2,2] |93 |77| 593 2.8-10"  |4.5-10%7|17-31 18 | 1 | 29
SuperNEMO [68, 69] 828e| 100 | 51 | [4,2] [100|16| 16.5 49-102  [6.1-10%(82-138 49 | 2 | 14
CUPID (58, 59, 70] 828e| 336 | 2.1 | [2,2] |100|69| 221 5.2-10% |1.8-10"|15-25 n/a| 6 | n/a
CUORE [52, 53] 130me| 206 | 2.1 [[-1.4,1.4][100] 81 141 3.1-10"  |5.4-10%|66-164 6 | 1 | 19
CUPID [58, 59, 70] 130me | 543 | 2.1 | [-2,2] |100] 81 422 3.0-10  |2.1-10%7| 11-26 3000 1 | 50
SNO+ Phasel [66, 71] |'3°Te| 1357 | 82 |[-0.5,1.5]| 20 | 97 | 164 82:10?  |1.1-10%°|46-115 n/a |n/a| n/a
SNO+ PhaselI [67)] 10Te| 7960 | 57 |[-0.5,1.5)| 28 | 97 | 1326 3.6-10% |4.8-10%|22-54 n/a|nfa| n/a
KamLAND-Zen 800 [60]|'**Xe| 750 | 114 | [0,1.4] | 64 | 97 194 3.9.10%  |1.6-10%°|47-108 1.5 | 1 | 2.1
KamLAND2-Zen [60] |'**Xe| 1000 | 60 | [0,1.4] | 80 | 97 325 2.1-10°  [8.0-10%|21-49 | 15 | 2 | 2.9
nEXO [72] 136Xe| 4507 | 25 |[-1.2,1.2]| 60 |85 | 1741 44-10"  |4.1-10*"| 9-22 400 |1.2| 30
NEXT 100 [64, 73] 136xXe| 91 | 7.8 |[-1.3,2.4]| 88 [ 37| 26.5 4.4-10?  |5.3-10%°|82-189 n/a| 1 | 20
NEXT 1.5k [74] 136Xe| 1367 | 5.2 [[-1.3,2.4]| 88 | 37| 398 2.9-10°  |7.9-10%|21-49 n/a| 1 | 300
PandaX-I1T 200 [65] 136Xe| 180 | 31 | [-2,2] |100|35| 60.2 42-10% [8.3-10%(65-150| n/a [n/a| n/a
PandaX-I11I 1k [65] 136Xe| 901 | 10 | [-2,2] |100|35| 301 1.4-10°  [9.0-10%°| 20-46 | n/a [n/a| n/a

- Werner Rodejohann (MPIK)

discovery probability for NO

discovery probability for IO

1:, S U U
0.9F
A S S Bayesian discovery
sk ... probability:discovery
°5- """"""""""""" sensitivity (value of m1.
v M for which expt. has 50%
o2k g chance to see it at 30)
01_ ; g===me Ty folded with probability
o;""' distribution of .
o:aé— ----------------
07f i A ...
0.6f -
NN AR Agostini et al, 1705.02996;
03[ .l | also Caldwell et al.,
IV e 1705.01945;
SN <« also Zhang, Zhou,

0 1 2 3 4 5
live time [yr]

1508.05472

v-Platform (29/01/18)



Expectations of lifetimes
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Sterile Neutrinos

» are there sterile states (LSND /reactor/etc.) with mass Am?2 = eV2

and mixing Ues= 0.1 ?

* would make m,., sum of 4 terms with sterile contribution
| Uesa |2VAm?  that can cancel almost completely contribution of [H!

“ usual pheno completely turned around!

1+3, Normal, SN 143, Inverted, SI 76
Predicted Half-Lifetime for ' ~"Ge

10° - .
- — 3 v (best-fit) — 3 v (best-fit) 1 2 !
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New Physics in Double Beta Decay

Double Beta Decay is AL = 2, not neutrino mass!

Interpretations:

. o

Standard: Non-Standard:

d I ury, . g =
> > - dr ur, - : >
[}
Wiy, ﬂL Y
W o e r ! ur
U Nr A x/3
) % X/9
o T Nr'Y ur,
[}
; i
[}

9 vL
XO
- - er X/§ = S—’— =
L w €L
dL ur - > de '?'< > >
uy, dR e ur,

Werner Rode]'ohann (MPIK) v-Platform (29/01/18)



New Physics in Double Betggecay
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|
8 Y ur,
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e XO
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R R
d u
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]
er ur,
£ |
el ur
292’UL =P hee X/g
AN 0
e X/ o= S . <
iz %% er
d L UL - de Z i < > =
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New Physics in Double Beta Decay
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Non-Standard Interpretations

dy UL d, up e e, ug
d > > < l > > >
< > B ) I Su &7
AN i g i | S
X/7Y | ug
Ui eepme )
X f?gva = h )
A= x/g St ZEER
X/g A W [ "
e er U
—— >-< ' ' ! Woog
d ] > > A > > >
f u, g v d e, dg UL

+ decouples double beta decay from cosmology and KATRIN

_ 2\ _
AStandard =G F<q2> VEISUS ANon—Standard — ML%

Werner Rodejohann (MPIK) v-Platform 529 ‘ 01 ‘ 18 z



Non-Standard Interpretations

ug dL ur & dL ur,
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u, dg ug d e, dg Ur

+ decouples double beta decay from cosmology and KATRIN

_ 2\ _
AStandard =G F<q2> VEISUS ANon—Standa,rd — ML%

Therefore:

T(eV)=T(IeV)



Non-Standard Interpretations

ug dL ur, &

> > < l
Bi ’llL
X/g' W U, 0
x/§ Fom P X
X Vgt = hee .
A" X/3 St ZEEE
. uy,
x/iA W ]
€L
> > <

(4 -
u, dp ug d e, dp UL

+ decouples double beta decay from cosmology and KATRIN

2 \T" _
Astandard = G F<q2> versus ANon—Standard = ML%

Therefore:
T(eV)=T(IeV)

— Tests with LHC, LEV, etc.



Double Beta Decay and LR-Symmetry
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Double Beta Decay and LR-Symmetry
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Double Beta Decay and LR-Symmetry
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Double Beta Decay and LR-Symmetry
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Double Beta Decay and LR-Symmetry

Type Il dominance: ™, = M, — MI%/MR — myp, with mp oc Mp

= right-handed neutrinos diagonalized by PMNS matrix!

i 1.0 | %
R UR : =
> > ‘/62’1, U€2?, | normal =
We A o ¢ 0.1 W inverted _ : §
eR Gg) : :,i o ) — T >, ﬁ.
Nri < 0.01 e .
= A S,

€pn s . P RS
. gl amplitude determined 103, ~

R :

by PMNS, but « 1/m, | Mwr=3.5TeV =

> > - largest my = 0.5 TeV .
dp UR 104 . o Qo
10—4 0.001 0.01 0.1 1 &)
lightest neutrino mass in eV B

again, NH/IH turned around...




Double Beta Decay and LR-Symmetry

1029 — —r : ————
- My,=3TeV 76 Ge

* add Standard and LR-diagram

s oo | / m-v2and Tir o< 11,2

“ gives lower limit on m,

Predicted Half-Lifetime for "°Ge [LRSM-typell]
HM 90 % CL

1.2 ,
i E=——
1 IH ] RS - - o]

= 0.001 001
© 0.8 | LEGEND (200kg) — _ S
5 LEGEND (1000kg) lightest (€V)
o 06}
©
o
= 04 |

10c 7 10 e b T 0 0
T9), [years]
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Expectations for hali-lifes

Predicted Half-Lifetime for "Ge
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LHC and Double Beta Decay
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LHC and Double Beta Decay

Nemeuvsek, Nesti, Popara, 1801.05813
my [GCV]

Werner Rodejohann (MPIK)
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T'eV-scale LNV and Baryogenesis

« Example TeV-scale Wr: leads to washout in early
Universe via E€R ER <> WR WR and €Rr WR = WR ER.
processes stay long in equilibrium (Frere, Hambye,
Vertongen, Bhupal Dev, Mohapatra; Sarkar et al.)

* more model-independent (Deppisch, Harz, Hirsch):

wash-out:

logg Fw(QQ—;fH& 99) 2 6.9+0.6 (% — 1) + logy a?gc

would need electroweak, resonant, ARS, post-sphaleron baryogenesis

 Werner Rodejohann (MPIK) v-Platform (29/01/18)



New Physics with 72y Experiments

* 0vP constrains many models and could provide most
fundamental discovery in the field!

* cosmology limits sensitive to new physics

+ KATRIN etc. can do more:

* eV-scale steriles
* keV steriles if full spectrum is measured...
» exotic CC interactions (scalar, tensor, etc.) if full spectrum is

measured (TeV-scale physics!)

Wgrner Rode]'ohann ‘MPIK: v-Platform ‘29 ‘ 01 ‘ 18:



New Physics with 72y Experiments

eV-scale neutrinos,and KATRIN
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New Physics with 7y Experiments
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exotic.charged currents and imodified KATRIN
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Summary

* More models than one can distinguish with oscillation data...

* O close to 3m/2 and/or 63 very close to m/4 would be huge: something
protects these special values, in particular for IH and QD

e = can at least distinguish main classes of models

« = should focus also on New Physics in experiments, often complementarily
to LHC

* Neutrino mass and ordering important for many reasons
+ 0vpBp well motivated for NP, almost no model is secondary
+ KATRIN also sensitive to interesting new physics

+ can do interesting physics with large and small scale experiments
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