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Outline

+ Neutrino mixing:
* what have we learned?
* what remains to be done?
» what’s its origin?
* new physics prospects

+ Neutrino mass:
* what have we learned?
 what remains to be done?
* what’s its origin?

* new physics prospects



Neutrinos still a hot topic
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Neutrinos oscillate and leptons mix

+ we know that: 0 # Am2 = Am?23
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 lepton flavor

* mixing completely different from quark mixing




Low Energy Paradigm

At low energies, neutrino mass matrix m,:

1
L=—-vm,v with m, = Udiag(mi,ma,ms) UL

2
with PMNS matrix
€12 C13 512 C13 s13€e "’
_ is is
U= —S512C23 — C12 523 513 € C12 C23 — S12 523513 € 523 C13 P
X0} X0}
512 8§23 — C12 C23 S13 €° —C12 S23 — S12 C23 S13 €° C23 C13

changes number of parameters in SM":

Species Species
Quarks Quarks
Leptons Leptons
Charge

Higgs Higegs
strong CP strong CP



Plus: mechanisms to generate m, have
new particles, new energy scales,

new concepts, new...




Low Energy Paradigm

# 3 Tasks:
* determine new parameters (talk by Seo)
* interpret/explain values of new parameters

* check for inconsistencies in standard picture



Determine Parameters

NO, IO (w/o SK-atm)
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Determine Parameters

NO, IO (w/o SK-atm)
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Determine Parameters

NO, IO (w/o SK-atm)
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Determine Parameters

NO, IO (w/o SK-atm)
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Determine Parameters

< We know:

+ We don’t know:

e 012 and Am?y

e O and | Am?23 |

s 0. inversely proportional to

enerey scale of origin
+ We have limits:/' =3 5

i) o 2 4 AR 1

most robust prediction of models;
/ determines flavor structure of m,
e sgn(Am?2;)

Sl conceptually most inte?esting
(baryo/leptogenesis)
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< We know:

+ We don’t know:

miiiiiﬁiii'i]iiiimﬁﬁii 15

Determine Parameters

determines size of

correction to mixing
e Goand Am’ / parameters

= Oz and | Am2 |

<0 inversely proportional to

enerey scale of origin
+ We have limits:/' =3 5

* iy, N2, Ni3

most robust prediction of models;
/ determines flavor structure of m,
e sgn(Am?2;)

Sl conceptually most inte?esting
(baryo/leptogenesis)




Oscillation Parameters

parameter best fit £ 1o
ATYL%I -10—56\/2] 7'551-8:%2 - Current JUNO
|Am?,| [1073eV?] (NO)  2.50+0.03 . Am’), ~3% ~0.6%
Am3 | [107%V?] (10) 242435 A 5 Am?;, 5% | ~0.6%
< in20),, ~6% ~0.7%
Sin2 912/10_1 3201—8%2 - 2\ ::2201- 20% N/A
Q 23 ~aU'70 L
sin? 0,5/10~1 (NO) 547103 KM & sin%0; | ~14%> ~4% | ~15%
Sin2 023/10-1 (IO) 551t8§8 4.4% é
QD
sinz 613/ 10‘2 (NO) 2.1603_:§j§§§ 3.5% E*
sin“ f#,5/107= (10 2.2207 ; :
y (EZ)) 10) 1 32+3'2176 approaching CKM-like
d 9015 recision!
5/m (10) 1.562015 -

(not CKM-like
Tortola, talk at Neutrino2018

redundance...)
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Implications of Lepton Mixing

0.797 — 0.842 0.518 — 0.585
piommeaEl o | 0:235:—5 0.:484 0.458 — 0.671
0.304 — 0.531 0.497 — 0.699

0.9743419:09015  0.22506 + 0.00050

Voxm = | 0.22492 +0.00050 0.97351 =+ 0.00013
0.00875 900052 0.0403 + 0.0013

normal inverted
w3 — | | m3
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32 e
O VIUJ
O v
g Am%l
9 Y
m5 1 |
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Y v
m% I [ | [ | m%
Werner Rodejohann (MPIK) 17
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Implications of Lepton Mixing

0.797 — 0.842 0.518 — 0.585 0.143 — 0.156
US| 0:235— 0484 0.458 — 0.671 0.647 — 0.781
0.304 — 0.531 0.497 — 0.699 0.607 — 0.747
0.9743479:09015  0.22506 + 0.00050 0.00357 + 0.00015
Verm = | 0.22492 4 0.00050 0.97351 4 0.00013  0.0411 + 0.0013
( 0.008751 900052 0.0403 4+ 0.0013  0.99915 + 0.00005)

normal inverted m%
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Flavor Symmetries

* Nature prefers large lepton mixing:

\ V3
[ A

(mu)tBM = | - $(A+ B+ D)

\ .

(VA
= i V1 -
i

1
3

B

%so

)

generated by rather special mass matrix

B \

mixing angles
s(A+B-D) independent from
%(A + B+ D) / masses!!

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

|

0 a
a b

m
) = tan O ~ d
s

162,




Flavor Symmetries

“ preferred solution: Discrete Non-Abelian Symmetries

E Group d Irr. Repr.’s Presentation Type Li v Ve A
S [Ds~Ss 6 1, 1,2 AP = B% = (AB)? = 1 o ,”

i D 8 I, 14,2 AT= B2 = (AB)’ = 1 ae o EEE T
S [ D, 14| 1,1,2,2,2 AT=B%= (AB)? = 1 -

b A 12 1. 1,1". 3 A*— B2 = (AB)® =1 Ny 2 LI 3 L3 =
-2 | A5 ~ PSLy(5) 60 1,3,3.4,5 A3=B2=(BA®’=1 o1 o
S0 [T o4 | 1,1,1",2,2,2",3| AP =(ABP=R’=1, B°=R - . R
S | S 24 1,1,2 3,3 BM : A*= B*= (AB)® = 1 P S L3 S
e TB: A3 =B'=(BA?? =1 » TeEy
> [AQRT) ~Zy x Zy | 27 1y,..19,3,3 o1 B o
E PSLy(7) 168 1,3,3,6,7,8 A3 =B?=(BA)"=(B'A"'BA)* =1 Do 1 g
S [T~ 2 % Zs 21 1,1,1,3,3 AT—=B*=1, AB = BA® by 3 3 ! .
< D4 v, 3 &

B 3 3 L1, .. =
FooL1,1" 3 3 lorl
G 3 L1,1" 11,1
H 3 1,1,1

Many possible groups, within each group many models... 1 3 111 111
J 3 LL1 3

— can distinguish only classes of models
I-talk by Zhou

WINI9 (03/06/19)



Flavor Symmetries

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

(),




Flavor Symmetries

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

Lesson 2: flavor group broken to different subgroups:

/ \:ha ed
le&s

22 WIN19 (03/06/19)




Flavor Symmetries

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

Lesson 2: flavor group broken to dif e
(™™




How to predict the CP phase

u-7 reflection symmetry: v, <> v.¢ and vy <> v€

T 21 2
m, =\ - 2 Y gives 0 =+ /2 and B3 =1/4
Lo

Ma; Grimus, Lavoura; Joshipura, Patel; He, WR, Xu
“ combine CP and flavor symmetry, typically gives o = +m /2, +m, 0

CP 9
K I /\ (implies consistency relation: generalized CP
. transformation can be interpreted as
¢ Up(g)*¢ s : b
presentation of outer automorphism
\. f discrete group)
N = U *U—l (__J O & P
r p(g)p = Up(g)*U "¢ e

Grimus; Chen; Feruglio, Hagedorn, Ziegler; Holthausen, Schmidt, Lindner;
Ding, King, Stuart; Meroni, Petcov; Branco, King, Varzielas, ...



SSum-rules™

/ cos 0 sin 0 0 \
Uy = | —sinf/v2 cosf/V2 3 and Uy ~ CKM  King et al.; Frampton,
\ sin 9/\/§ COS 9/\/§ \/g / Petcouv, WR,...

= sin 015 ~ sin® f — |Ues| sin 26 cos o

s iisin20=—1/3-033 (tri-bimaximal,. e o. 4, S, T4
* if sin2@=1/2=0.50 (bimaximal, e.g. Dy)

* ifsin2@=1/4=0.25 (hexagonal, e.g. D;7)

» iftan@=1/¢ or sin26 =0.276 (GRA, e.g. As)

* if cos@=¢/2 orsin26 =0.346 (GRB, e.g. Dio)
ol — can distinguish only classes of models




SSum-rules™

/ cos 0 sin 0 0 \
Uy = — sin 9/\/5 COS 9/\/§ % and Uy ~ CKM  King et al.; Frampton,
\ sin 9/\/§ COS 9/\/§ \/g / Petcov, WR,...

= sin® 05 ~ sin” 0 — |Ues| sin 26 cos o

1.0

0.8} o A ”
6‘ HG
Z 0.6}
Girardi, Petcov, Titov, é 042
1410.8056 =
0.2}
0_01:_0\ J % U\

~0.5 0.0 05 1.0

ol — can distinguish only classes of models



Masses and Ordering

. -
0.1 |
— ms 0.1 3 m, &m2
g ' = -
m £
& 001 ¢ = & 001}
8 g -
g : = _
0.001 | e
m; -
Am312 o o Am312 <0
0.0001 ke ok s s i e
0.0001 s e e o Core A e
L0l ALY 0 = 1 0.0001 0.001 0.01 0.1 1
m [eV] T

strong tuning in inverted ordering:

mild hierarchy in normal ordering;:
mZ/ml =1+ Amzsol/Amzatm

m3/m2 = (A 77”12a‘cm/An/lzsol)l/2 =5
plus almost

democratic
structure of
mass matrix

27 WIN19 (03/06/19)
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Perturbations

< Various sources:

* VEV misalignment, NLO terms, RG etfects

* Frequent feature: d(012), 0(0) > d(O13), 0(O23)

+ effects larger for IH and QD

NH IH »
Example RG corrections: / /6

5(012) 1 Am3 /Am2, | 3/ Am2,
(running of phases and 612 5(013) \/ A2 A . // o
can be evaded by 2 :
cancellations) O(023) 1 1 / mg/ Amy
6(9) AmZ /Am3 | Am3 /Am?2 | ms/Am5
typical size: 8(0;)=10-5 tan2 3 m,2/Am?; \/ = - - P @ 2
d(a, B) \/Am% JAmME | Ama [AmE 2/ Am?2

Werner Rodejohann sMPIKg



Perturbations

< Various sources:

* VEV misalignment, NLO terms, RG etffecs

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

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




Many scalar fields...?

L | || 7° Vi Voo Hud | | D1 || €a | @a || & |15 | Xs |05 | As|bs |95 || 6] | 8] |Ga|0” |07 1 X" || A”| K7
Sql3(1(211 1 |11 ||2(3|13|1/2/3/3[3(33|1/3]3/|2|2|2|3/3[3|1
Zslwalwdlwa| 1| 1 [ 1| 1 |lwslws|[1|ws]||1|wd|w?] 1 |ws|ws|ws|wsd|ws|lwd|w|ws|lws| 1]1 |w?|ws
ZglwdlwSlwd| 1] wd |ws| 1 |wslwsllwd|—1||wq| 1111 |1 |1 |jwdwq|l1 11|11 1|1]|1
Zhlwglwlwdlwd| wg [ 1| 1 1)1 w§lwd| 1 |wilwllws 1T~ - -~ * & & % & 7 % °

Gsm T U)p Zs Zy Zy Z3s Zy Zy

6 (1,1,00 3 0 2 0 0 1 0 1

6 (1,1,0) 3 0 2 0 2 0 1 0

6 (1,1,00 3 0 5 0 3 2 0 0

¢ (1,1,00 3 0 0 2 2 0 0 0

Typical flasy model has S (L0 2 0 3 2 3 2 0 0
¢’ (1,100 27 0 7 2 1 2 0 1

huuuuue Scalarsectory: " (1,100 27 0 1 2 3 0 1 1
¢ (11,0 1 0 5 0 1 2 0 1

¢ (L1L0) Y 0 4 0 2 0 0 1

number of free parameters ¢ (110 ¥ 0 2 0 2 0 1 0
¢ (1,100 17 0 2 0 0 1 0 1

1cH ¢ (1,10 1 0 0 0 0 0 1 0

exceeds number of predictions S it S-S S S S -
5 (1,1,00 1 0 0 2 2 0 0 0

e (1,1,0) 1 0 4 1 0 0 0 0

e (1,1,0) 1 0 4 2 2 0 0 1

es  (1,1,0) 1 0 4 2 0 0 0 0

e (1,L1,O) 1 0 0 0 0 1 1 0

e (1,L1,0) 1 0 0 0 0 2 2 0

30
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Many scalar fields...?

* can be solved by modular invariance (Feruglio)

2 Tatsuishi, FLASY18

* e.g. 10D —> 4D + 3 tori @ = e

» C-lattice characterized by 7==2 [m(t) > 0

w1

at+b

» invariant under modular trafos r—yr= ;
CT+

» form discrete group, ,, quotient groups” act on multiplets o as:

90(1) — (CT —+ d)_k’p(l) (7)(,0(1) (p is irrep of quotient group)

» model building in its infancy, but very interesting approach
(Feruglio et al., Petcov et al., King et al., Tanimoto et al.,...)

Werner Rodejohann (MPIK) 31 WIN19 (03/06/19)




Abelian Flavor Symmetries

“ Less predictive but less complicated: Abelian flavor
symmetry, e.g. Ly, - L;

 anomaly-free, has Z”and can explain (g - 2).

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

* masses a and ib, O3 = 7'[/4, B13=0
a 0
(mV)L“_LT — - 0

Werner Rode]'ohann ‘MPIK: 32 WIN19 303 ‘ 06‘ 19:
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1072 E

1073 E

10~

Ly

Tests with DUNE, LHC, etc.

— L,, DUNE ND, 75 tonnes, 5y v-mode + 5y v-mode, 120 GeV p*, opom = 5%

Ballet et al.,
1902.08579

COHERENT

y L,— L.
%\\59 Bauer et al.,
DUNE 90% C.L. 1803 06566
ANeg > 0.5 . (9 —2)u 20 php trident 10_7,///?5
e —_— — ——— =
1072 10 10° 10" T 1o
My (GeV) My K}éV]
LHC Constraints for . =~ w/o DM
—-— 2/-Sig. -
10° ——— 3/-Sig. -
41-Sig.

——e — Others -~

1o=1 (g
o0
Lo-2 Drees, Shi, Zhang,
- 1902.08579
. -

-

10 3 d—rrr -y -1 ——r——r—r—rrrr
10° 10! 102 103
my [GeV]

o, /o




New Physics in Oscillations

* Various good reasons to expect NP:
 unitarity violation from new fermions
» Non-Standard Interactions (NSI) from new physics
e General Neutrino Interactions (GNI) (scalar, tensor, etc.)
* long-range forces
* decay, Pseudo-Dirac,...
» Lorentz/CPT violation

* light sterile neutrinos...

R i'l “ FBHE] 34 WI



New Physics in Oscillations

Various good reasons to expect NP:

 unitarity violation from new fermions

good theory arguments for all those things,

except for eV-scale steriles...

* long-range forces
see I-talks by
* decay, Pseudo-Dirac,... Diring, Farnese, Palazzo,

: : Roca, Ternes
 Lorentz/CPT violation

light sterile neutrinos...

Werner Rodejohann (MPIK) = WIN19 (03/06/19)



New Physics in Oscillations

* Various good reasons to expect NP:
 unitarity violation from new fermions
« Non-Standard Interactions (NSI) from new physics
e General Neutrino Interactions (GNI) (scalar, tensor, etc.)
* long-range forces
* decay, Pseudo-Dirac,...
» Lorentz/CPT violation

* light sterile neutrinos...

Werner Rodejohann (MPIK) A Wi



Non-Standard Interactions

SLNst = —2V2G R Z 6{;; (" Prvg) (fruPf)
f.P

modify matter potential in LBL expts: & = gL + gR = ge+ 34 + 3¢d

1 4 €ce() €cp () €er ()
T) € (X

,u(E G,UT(:U))
() €. () érr(2)

e o 2/Mx? = & =0.011is TeV-scale physics

N

oscillation effect is t-channel forward scattering (42 very
small), hence ¢ can be very small and Mx MeV-ish

can prevent experiments from determining parameters...

Werner Rodejohann (MPIK) 37 WIN19 (03/06/19)




LMA LMA @ LMA-D
g, — —0.020, +-0.456] @[—1.192, —0.802]
gY_ — —0.005,40.130]  [—0.152, 4+0.130]
ey, —0.060, +0.049]  [—0.060, +0.067]
g% —0.292, 4+0.119]  [—0.292, 4+-0.336]
e, —0.013,40.010]  [—0.013, 40.014]
e —0.027, +0.474] @®[-1.232, —1.111
gd_ — —0.005, +0.095]  [—0.013, 4+0.095]
ed, —0.061,4+0.049]  [-0.061, +0.073]
ed —0.247,40.119]  [-0.247,40.119]
ed. —0.012, +0.009]  [—0.012, 4+0.009]
Ebe — —0.041, +1.312] @®[—3.328, —1.958]
el — —0.015,4+0.426]  [—0.424, +0.426]
el —0.178,40.147]  [-0.178, 4+0.178]
ebr —0.954, 4+0.356]  [—0.954, +0.949]
ehr —0.035,40.027]  [~0.035, 4+0.035]

38
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Non-Standard Interactions

T2K / Double Chooz
} .
’g\ 0.1
2 m =00 o
T 005 A
a z"'.g
iz Bie
2002 :\j
b . : K
S o e <
C\lﬁ 0.01 ot e ) 8
N . rl_‘&‘-%.l.ég:w(lg‘]) < upper limit 6
0 < arg(e) < 27 |
001 0.02 005 0.1

Sin*26,3 Best Fit (T2K)

Kopp, Lindner, Ota, Sato, 0708.0152
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Non-Standard Interactions

10
DUNE (5+5) — 81
1 -=== NSI(trueg., =@, =0) |
8+ -+ NSI (true @, @, € [-11: 11]) + e
|€cul, |Ecxl, |Ec.| =0.01,0.01,0.1 1 |€cu |, |Ecel, |Ecc| =0.04,0.04, 0.4 + &l |8, [Ecc| =0.07,0.07,07

Masud, Mehta, 1603.01380




o =V x)

Non-Standard Interactions

DUNE (5+5) — gl

20f

-

[ NS] (ll'UC (pru:(pc‘=0;€-cc>0)

e NS (true @y, @ E[-: 1) e < 0)
NSI (true ., (p.. € [-11: 1]; €. > 0)

|€cul, |€cx |, € =0.01,0.01, £0.1

|€cpls |Ecxl, B =0.04,0.04, £0.4

4

lecyul, |81, Ecc =007, 0.07, £0.7

Masud, Mehta, 1606.05662
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NSIs for solar parameters

= I I I = o .
N LMA—dark _ - .
- - with 612 > /4| T _ 20 tension |
‘\‘; ;‘ <> - _E 151 for Am21 ;
- _ LMA-D - o | .~
L | E LMAL i =+ |could be NSIs
R - 7 '
o 10}
o 8 - ‘ — — | KamLAND
& E LMA-0 3 g
g9 F a |
s — 5 L
| I | I | I - I | I | I | | I | I - | BBaAR
0 02 04 06 038 18 0 0
.2 0 0.1 0.2 0.3 0.4 0.5
SN Ygq sin*6;,
Miranda, Tortola, Valle, hep-ph/0406280 Liao, Marfatia, Whisnant, 1704.04711

Werner Rodejohann (MPIK) . WIN19 (03/06/19)



NSIs for solar parameters

- N N —
[ JUNO
L) [
7_
g,; :
> 60
l? a
Lo
e
=
Lo
. -1 1—0.8 -06 04 -02 O 02 04 06 08
u,V
Gee

3
02 03 04 05 06 07 08

COHERENT sin%0,
distavors LMA-dark JUNO and HyperK

with about 30 would reject no NSI-case by 70
Coloma et al., 1708.02899 Liao, Marfatia, Whisnant, 1704.04711

Werner Rodejohann (MPIK) = WIN19 (03/06/19).



Origin of NSIs

» ¢ from integrating out scalar of type Il seesaw: e¢up o (1my)ap (Malinsky,
Ohlsson, Zhang, 0811.3346)

“ if color needed to generate €9ap:  |eoul? = cccepps leurl? = cunerrs leer|? = €cetrr
“ gfrom Z’ of Ly - Lt ey = - €c  (Heeck, WR, 1107.5238)

« ¢ from integrating out leptoquarks (Wise, Zhang, 1404.4663)

* & from integrating out charge +1 scalar singlet: €3 antisymmetric

“ ¢ from loop etfects, including secret neutrino interactions (Bischer, WK,
Xu, 1807.08102)

» & from higher dimensional operators (Gavela et al., 0809.3451); within
flavor symmetry models have information on flavor symmetry (Wang,

Zhou, 1801.05656)
« ¢ from integrating out Z’ (Heeck, Lindner, WR, Vogl, 1812.04067)

Werner Rodejohann (MPIK) 44 WIN19 (03/06/19)




Example I: Leptoquark

Colored SU(2); doublet with hypercharge -7/3 £ = /\ijEPRujS

Leptoquark model L,uS

g
1 _ Nonperturbative regime
w% 0.1 3 . ‘_ e - _§ )\al)‘ﬁ]_
o _.—._  NuTeV exclusion ap 4 \@Gpm%’
00]. LHC8TeV T
| g LHC Limit (u™ u~ channel);
: exclusion :
0001 b e
0 500 1000 1500 2000 2500 3000

mg (GCV)

Wise, Zhang, 1404.4663
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Example 11: flavor-dependent 2

Introducing RH neutrinos: most general anomaly-free U(1)x given by:

Araki, Heeck, Kubo,

X =rpe(B—L)+ru-(Ly— L) +7rue(Ly — Le) 1203.4951

for NSI in oscillations and no Z-Z’ mixing: need gL OT 7y

1

0.100

0.010

S
S
~

0.001

9B-31,

1074

10°°

1076

5 10 50 100 500 1000
Mz [MeV]

Heeck, Lindner, WR, Vogl, 1812.04067
46



Example 11: flavor-dependent 2

now Z’ without direct coupling to first generation matter = needs Z-Z’ mixing:

siny -

VT T2 7 7
5 4 By + 0M7Z, 2"

Emix —

f mass mixing;

: needs scalar charged
st exist under SM and U(1)x

kinetic mixing;

it only kinetic mixing: no NSI in LBL experiments!

“ hence, if observed, need scalar charged under SM and U(1)x
= non-standard Higgs physics

Heeck, Lindner, WR, Vogl, 1812.04067

Werner Rode]'ohann SMPIKg WIN19 $03 ‘ 06‘ 19:



Example 11: flavor-dependent 2
E—

0.100 TE
- g o ¢-2 region cannot give
& 0.010 cE large NSI
© O 3
Oc
COHERENT weaker than

0.001

oscillation result

(9-2) u

1074
0.001

0010 0100 1 10 100
M [GeV]

€rr — €y = 2(€0e — €,) = _24\/§GFSWCW MZMZ 3 can be % for M(Z’)= 60...150 GeV

Heeck, Lindner, WR, Vogl, 1812.04067

WIN19 (03/06/19)



Coherent Elastic Neutrino-Nucleus Scattering

do  ogM T
Freedman, PRD9, 1974 = — |1 —
Tmax

dT ~ M )OCNZ

neutrino

2
pSM — G% [N — (1—4s3,)Z]” F?(¢*)M?

neutrino
A7

replace with:

1 1 .
Qe =4 [N~ +ett + 2688 ) +.2 (G - 2y + 2 e )|

+4 3" [N(ESY +2e8) + Z(2e1Y +e2V)]

a=p,T

Complementary to oscillation experiments; SRR CRAVEE I TIMN I s

sensitive to ol WIN19 (03/06/19)




Coherent Elastic Neutrino-Nucleus Scattering

Example: CONUS-100 like, BG 3/day/kg/keV,
exposure: 5 kg yr GW m-2

[ I T TTTTI I T TTTT I T T I | [ TTTI | |

d
|l o

|7l

o |

|

@ /-Gecons. |

@ - Geopti :
latest bound

¢ DUNE

e

d
e O

¢

I
o o
| | [ | I N | [ 1111 |

103* 1073 107 107! 10°

Lindner, WR, Xu, 1612.04150

Werner Rode]'ohann s MPIK : WIN19 503 406‘ 19:



Coherent Elastic Neutrino-Nucleus Scattering

1.30—————— 71—
X diff. cross section: o szt oo
g SM+(Y=7.0x105, my= 10 MeV)
| oG ( 2 M T _|_ mz D 2 : SM+(Y=5.8x105, my= 0.1 MeV)
l 2o ;
heavy and light NSI origin B -
P2 k A £
v D can be distinguished! ‘ | | |
10° — — — Meson+n scat.
= -

—— All (VNS, Phase 1)
~ = All (VNS, Phase 2)

— — — COHERENT (stat. x100)

~

g

g 102 - o
o ATLAS ] — — — SN v diffusion
i 3 dielectron | 1074

§ 10 E > OvpBB+n scat.
g 10 - ) —CONUS

Q‘ h 10_

=t : ~ - -~ CONUS100
X 10° - v — e Scattering -

S ] -—-— SN core EoS
g 106 - 10—6 L _

% ] . BBN+n scat.
=

107 Fixed target i 10° 10" 102
108 Lt ey PP BV BV B B mg (MeV)
10° 10% 10! 10° 10' 10% 10° 10* 10° 10° 107

my [MeV]

Billard et al., 1805.01798 Farzan et al., 1802.05171
Werner Rodejohann (MPIK) = WIN19 (03/06/19)



Werner Rodejohann (MPIK) 2 WIN19 (03/06/19).

Coherent Elastic Neutrino-Nucleus Scattering

New interactions can influence neutrino floor by

one order of magnitude!

Boehm et al., 1809.06385




Coherent Elastic Neutrino-Nucleus Scattering

General Neutrino Interactions (GNI):
scalar, pseudoscalar, vector, axialvector, tensor

10 af3yd
G ~)
NC F _
LYY = ~7 Z ( € ) (7. O;v8) (f, 05 fs) same for CC (B-decay)
j=1
e 2m+§:eavy Scalar)) |+ obtainable from SMEFT with Ng
5 +(heavy veclor =
' SM+(heaV§ tensor) 1 + then CC and NC correlated
1.15 ;\'\/fe(\l/ t;”mpl | # UV-completion via leptoquarks
———— +(light scalar
= > ° (B-anomalies and radiative
0 neutrino mass)
o5 T e : .
I /\ s I-talk by Bischer
1.00} -

recoil energy T/keV
Lindner, WR, Xu, 1612.04150; Sierra et al., 1806.07424
Werner Rode]'ohann (MPIKZ WIN19 (03/06/ 192



Neutrino Mass Observables

Method Observable current near

model-indep.; final;
clean weakest

(2101222 23eV E03eV | 012

best; model-dep.;

> M, 0.25eV| 0.1eV | 0.05eV? NEIE

fundamental; model-dep.;

Y Usm 02w BN TORIeNE e e

OvBp: see talks by Gratta, Vissani, \-talks by Singh, Lubashevskiy, Li, Pazos, Chiesa
~Werner Rodejohann (MPIK) . WINL (03/06/19)
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Neutrino Mass Observables
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Neutrino Mass Observables

Normal lnverted

Normal Inverted
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Neutrino Mass Observables

Normal Inverted Normal Inverted
1005 I I |||||| I I FTrTrrIrTl I ||||||| 1 I 1 1005 1
[ 254 CPV % CPV X
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- ()
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EU) Eﬂ) |
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Expectations of lifetimes

NUFIT 3.0 (2016)

NI ST
7.5 8

2 -5 2.
Am,, [107 eV7]

w |
5; — = —
0_\I.. R N R Vi
0.3 0.7 28 26 24 22 22 24 26 28
Ami2 [10%ev? Am;
15 1T T
10l ]
o |
5__ —
) AT IR AT IR T i
0.015 0.02 0.025 0.03
sin2913
Experiment Iso. [so. o ROI |erv|€sig & B 3? disc. sens. Required
Mass T2 g | Improvement
kg, cts Iso.
gl [keV)| ]| (]| 10| [|E ]| [ o] | ]| meV) | Bk o | 0
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 2.8-107%  |4.5-10%"| 17-31| 18 | 1 | 29
SuperNEMO [68, 69] 828e| 100 | 51 | [4,2] [100|16 | 16.5 49-102  [6.1-10%5(82-138| 49 | 2 | 14
CUPID [58, 59, 70] 828e| 336 | 2.1 | [-2,2] |100|69 221 52-10* |1.8-10%7| 15-25 |n/a| 6 | n/a
CUORE [52, 53] 130Te| 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] 130T | 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+ Phasell [67] 130Te| 7960 | 57 |[-0.5,1.5]| 28 | 97 | 1326 3.6-10%  |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°  (8.0-10%6| 2149 | 15 | 2 | 2.9
nEXO [72] 136Xe| 4507 | 25 |[-1.2,1.2]| 60 | 85| 1741 44-10*  |4.1-10%7| 9-22 |400 [1.2| 30
NEXT 100 [64, 73] 136Xe| 91 | 7.8 |[-1.3,2.4]| 88 | 37| 26.5 4.4-102% [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-IIT 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

discovery probability for NO

discovery probability for IO

0.9
0.8
0.7
0.6
0.5
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0.3
0.2
0.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

-IIIIIIIIIIIIIIIIIIIIIIIIlIIII|IIII|IIII|IIII|IIII_
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I T l T LI T | T I I I | T I I T I T I LI l I T I I
' ' ' . '

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

.....................
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1 2

3 4 5

live time [yr]

Bayesian discovery
probability: discovery
sensitivity (value of m1.

for which expt. has 50%
chance to see it at 30)
folded with probability
distribution of m1,,

Agostini et al, 1705.02996;
also Caldwell et al.,
1705.01945; Zhang, Zhou,
1508.05472

WIN19 (03/06/19)



Cosmological Mass Bounds

95%CL upper bounds on Zim

beyond 7 parameters

MG, interactions...

difficult to quantity,
but no known example
giving weaker bounds

to 12 params < 600 meV
8 params < 370 meV

7 params < 250 meV,

with very conservative 2015 dataset
Planck 2015 {TT+lowl+lensing} + BAO

Usual suspects:

» extra massless relics

» extra light relics

e gspatial curvature
simplest dynamical DE

* primordial GWs
primordial tilt running
Even more freedom in:
 modified Einstein Gravity

* |nteractions in DM sector

. orimordial et

3
1
% L
22 9
- __ 03F
>
© i
L £
g ~ o
= i
n
0.03F
0-%oo1

T0.01 01
lightest m, (eV)

1

QTOZOULIINAN IV Y]V} ‘SaNIN0ISI]

[Planck col.] 1502.01589; Di Valentino et al. 1507.06646

future observation will have to see neutrino mass even in modest extensions!

E.g: 50 detection when Euclid and SKA are combined!

~ Werner Rodejohann (MPIK)
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New Physics in Double Beta Decay

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

Interpretations:

. B,

Standard: Non-Standard:

dr, ur . . .
> > > dr 2 - T >
Wi ol
§ : Gy
W Lo E: =
U ‘ Nr A X;?
(4 i, N, >V i ur
g l ur,
|

Werner Rodejohann (MPIK) 63 WIN19 (03/06/19)



New Physics in Double Beta Decay

B (cvV) = T(TeV)




New Physics in Double Beta Decay

=> Tests with LHC, LFV, etc.

Decoupled from cosmo and KATRIN!

see talk by Vissani




Expectations for hali-lifes

probability distributions of half-lives:

Sjizieielzirel STerie Eelke-riorie
Predicted Half-Lifetime for "Ge Predicted Half-Lifetime for "°Ge Predicted Half-Lifetime for "°Ge [LRSM-typell]
0.5 ' ' e 1.2 . . 1.2 . . .
pEE—— (e
0.4 | J—-l_._LI_ e 1} I_"‘ I 1} H — |
il LEGEND (200kg) | Ev 08} i LEGEND (200kg) - E; 0.8 | LEGEND (200kg) - ’J-I" -
JJ LEGEND (1000kg) 5 e LLeLEGEND (1000kg) | = 06 k LEELD 40i0ka) LIL
0.2 Dt D
L L
E 04} E 04} "H

01 | ] =

02 _ | 02 _ﬂ\’—/’_ﬂj LI’I.L
: 25 26 27 28 29 30 31 32 0 : 0 - J -
102 e 10571010 = 10w 102205 210 1025 1028 10%7 1028 10%° 10%° 102* 10 10 107 1028 10®° 10°

Ov
T9)z lyears] 79 lyears] T9)2 lyears]

Ge, WR, Zuber, 1707.07904
However, most alternative mechanisms unrelated to neutrino parameters...

..thus decoupled from cosmology (and direct experiments)!

very detailed analysis of standard diagram:
Agostini et al, 1705.02996; Caldwell et al 1705.01945; Zhang, Zhou, 1508.05472

Werner Rode]ohann (MPIK) WIN19 (03/06/19)



Origin of Neutrino Mass

* Most straightforward possibility: add Nr and obtain Dirac mass:
LD Nep >mpis Ne
* Gauge invariance allows Majorana mass:
Mg Nr NRr
* 1in total Majorana mass for SM neutrinos:
my vi¢vr with my = mp? [Mr = mp € with € = mp/Mg = msp/Mg

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

A

B - W WU WS W o1 2 67 WIN19 (03/06/19)



Origin of Neutrino Mass

* Most strai 1 d oaces mass
n of SM gauge B!
D VI, NR
* Gauge invariance allows Majorana mass

Mg Nr NR
* 1in total Majorana mass for SM neutrinos:
i, VitV with i — /MR — Mp & With € = mD/MR = mSM/MR

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

L




Origin of Neutrino Mass

* 1in total Majorana mass for SM neutrinos:
i, VitV with i — /MR — Mp & With € = mD/MR = mSM/MR

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

A

69 WIN19 (03/06/19)



Origin of Neutrino Mass

- Most straightforw : mass
presenta’uon of

X/

* 1in total Majorana mass for SM neutrinos:

; tion
My VI VL Wit N concept: lepton qumber viola sm/MR
ew '

my INnverse
proportional to
scale of origin!
\VL




Origin of Neutrino Mass

* Most straightforward possibility: add Nr and obtain Digs .
L @ Nr— mp vr Nr
* Gauge invariance allows Majorana

* in total Majorana masessey
gl .
VIR = mp € with € = mp/Mg = msp/Mg

(l) ¢ my INnverse
proportional to
scale of origin!

A




Type | Seesaw my = mp2/ My ocy=/My

needs to be tested or has phenomenology via ,seesaw portal”:

Lepton-Higgs-Singlet Vertex: y L. @ Ng
8 L) > Np D> DN

N;j

skl i / \ Vacuum stability,
Yp o« Im(y?) naturalness
Lepton Flavor Violation
I-talk by Rink dA/dt o -y
BR o« y4/(M#n or M4susy) d(mi2) o y2 Mn?

e Dodoiol o O ERTc 72 WIN19 (03/06/19)



Type 1 Seesaw my = mp? /Mg

1015 ; T T T T [ E gl ~. 6#2 <(5 Tev)z :
- Non-—perturbative . 5 )
i i mou” < (1 TeV)
- : 5 0u® < (0.5 TeV)?
> I | 6 w612 < (0.2 TeV)2
2 10 - - a 6u% < (0.1 TeV)?
é : - w02 < (0.05 TeV)?
- i ] - w 6p2 < (0.01 TeV)?
3 7 < g4
"% - 1]5 i =
T
L 13 |- i}
'O‘:D 10 E ] ‘5’ 13 NG S e = \E
(a7 B Oel/ RN - ~ ~
L (llppe S o 2
- Meta—stable 2 -
10]2 E L l | l | R N
0.06 0.08 0.1 0.2 03 04 0506 08 1 0
. . 0 5.0x10° 1.0x 107 1.5%x10’ 2.0x 107
Neutrino mass in eV My (GeV)

dA/dt o -y# O(my2) o« y2 M?N o« M3nm,

Clarke, Foot, Volkas, 1502.01352;
Bambhaniya et al., 1611.03827

Elias-Miro et al., 1112.3022



» I he neutrino option™

Brivio, Trott, 1703.10924

Seesaw.generates 2 termuin Higos potential

(W)

compatible with neutrino mass!
0.130} easured value —~ _rpga_sg'r_eg Jvalue W o
aes % 107}
> o
S 0.120} g
I g
B -
~  o.110} 3
0.105} % y
0.100 s s : . | /Zmlu (ev),/. > my, > 0.23 eV
10° 106 107 108 = 100 105 104
M (GeV) w|

Brivio, talk at NuPhys2018

e conformal realization with additional singlets (Brdar et al., 1807.11490)
e strong phase transition with GW signals (Brdar et al., 1810.12306)
* leptogenesis also possible (Brdar at al., 1905.12634; Brivio et al., 1905.12642)

Werner Rodejohann (MPIK) 74 WIN19 (03/06/19)



Type | Seesaw my = mp? /Mg

107
10®
10?
N .
~ 10710F T4
g \
i= <
(a)]
2
&
£
:‘é 10—12 1 N 1 o I
= 0.1 1 10 100
30 My (GeV)

hierarchical cancellation uasi—degenerate — - — - Ly i
) (only normal) q g . —_— 0(22—0.9995 A Ia21|—0.023, INP—TC, 0=0
VAmZ 2, cos 2015 —_—- (X,22=0.9998, |0(21|=0.02, INP=—27'C/5,6=0 -
01! Amici;
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= 001}
g
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Pathways to Neutrino Mass

similar discussion for all thinkable and unthinkable mass mechanisms

. . quantum number
approach ingredient L my scale
OF messenger
“sM"
RH v Np ~ (1,0) WNR®L hv h = o(10—12)
(Dirac mass)
"effective” new scale — 2
- hLCo®L bz A = 101% Gev
(dim 5 operator) + LNV
“direct” Higgs triplet —
free el in A ~ (3, —2) WLCAL + uddA hvp A= LM%
(type |l seesaw) + LNV H
indirect 1" RH v N (1, 0) WNp®L + NpMpNE (hv)? A=Lm
~J ) <P . SR A— g
(type | seesaw) + LNV R R RTRTR M h R
Liw d. t 211 f - t . I t L L 2
indirec ermion triplets s ~ (3,0) hS L® + TrEMs % (}17\!4#) A — %MZ
(type 11l seesaw) 4+ LNV >

plus seesaw variants (linear, inverse, double, singular,...)

plus radiative mechanisms
plus higher dimensional operators I-talk by Fonseca

plus extra dimensional

plus plus plus

Werner Rode]'ohann SMPIKg 76 WIN19 $03 ‘ 06‘ 19:



Summary

* Neutrinos still only testable BSM physics
* PMNS parameters approach CKM-precision

“ physics behind mass and mixing offers many tests
outside of pure neutrino physics

« still new windows open up

Werner Rodejohann (MPIK) 77 WIN19 (03/06/19)



Seesaw Mechanism

“ suppresses neutrino mass for each generation
(my, = mg and myp ~ m; vs. My, << m, and my; << miz)

 little hierarchy in m,, strong quark-like hierarchy in mp

Masses of Particles

Dirac masses = up quarks; TBM from M,
le+24 F — '
€avy neutrinos

m

= stronger

hierarchy in Mgr?

Werner Rodejohann (MPIK) 78 WIN19 (03/06/19)



Limits on Heavy Neutrinos

M (WR) S VocN

103

1075

0|2

1077}

1079

10—11 _\_J

01 1 o 100 10 50 100 500 1000
My (GeV) M [GeV]

Deppisch, Dev, Pilaftsis, 1502.06541 Antusch, Cazzato, Fischer, 1612.02728

peak searches, kink searches, displaced vertices, LNV decays, ...

see also Atre et al., 0901.3589

. 79
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Oscillaton Parameters

Maximal 03 preferred by LBL, slight 1-20 shift to > /4
by SK

LBL prefer 0 = 3m/2, driven by (too many?) v,;
also SK due to sub-GeV e-like events

normal mass ordering preferred by LBL (tension with
reactors) and SK (excess of upward going e-like events),
~ 20 effect each, = 30 total

see talks by Sekiguchi, Bhatnagar, Wu, Tanaka

Werner Rodejohann (MPIK) 80 WIN19 (03/06/19)



Expectations of lifetimes

NUFIT 3.2 (2018)

0 1 1 Il 1 Il 1 1 1
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Werner Rodejohann fMPIK)

0.04 0.08
my, [eV]

0.06

Predicted Half-Lifetime for “°Ge

0.5 . .
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S 03 | LEGEND (200kg) | =
2 0
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o S
w 0.2¢ =
o =
o ~
01} S
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: = =
02 02 el 100t ol ol o
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- see also Agostini et al,
| g correlated NME 1705.02996; Caldwell et al.,
" 71" luncertainties 1705.01945; Zhang, Zhou,
MOE N 1508.05472; Benato,
(ORI 1510.01089
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L
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The usual plot
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Non-Standard Interpretations

mechanism physics parameter current limit test
oscillations,
light neutrino exchange |U‘32z m; 0.2 eV cosmology,
neutrino mass
: 2 _ _ LFV,
heavy neutrino exchange }9\;? 2x 1078 Gev! .
g collider
: 2 _ _ flavor,
heavy neutrino and RHC %— 4x 107 Gev™ * ,O
M; My, collider
flavor,
Hi : (MR)ee —15 -1 .
ggs triplet and RHC —y o 10 GeV collider
ap Mw
R R e~ distribution
N flavor,
A-mechanism with RHC LS 1.4 x 1071 GeV~? collider,
WRr e . .
e~ distribution
flavor,
n-mechanism with RHC tan ¢ |Ue;i Se; 6 x 1077 collider,
e~ distribution
A4 .
collider,
short-range R Adyusy 7x 1071% GevV~? q
Asusy = f(mg, may,mg,, my;) avor
sin. 29b A,131 )\/113 (‘m'l2 _ m12 )l 2 X 10_13 GeV_2 fAavor
long-range R ® 12\1, | bo id ’
collider
~ CEmy 5 1x 1071 GeV ™3
) _ spectrum,
Majorons or 2 107%...1
j o) or [(gy) AN

. 83
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Neutrino Mass Observables

Werner Rodejohann (MPIK) . WIN19 (03/06/19)

fr=ae o Normal lnverted

0.84 10’
0.83 '
0.82

0.81

0.803  *
0.79 e
0.78 Y102
0.77 ;
0.76

'3 1 1 1 L1 111 I 1 1 L1 1 11 I
10 01 1 01 1
xm,, ) m, (eV)

0:13:4.0.03,e V. fromi 1711.05210

large effect of v-mass in clustering length of galaxy clusters;
much larger effect than on power spectrum;
os larger locally larger than CMB-value;
(Ho still unresolved)




Connections to future Oscillation Experiments

Mz =U.uUI eV SiIlZ 612 = 0323

01 T T T T T T 35000 H T ? H
i IH, 30 : 5025 - :

IH, BF mwwes -1 0425 30000 | TN
0.25 > 25000 [
2 05 S <
— — £ 20000
E 1 OEI‘\_ c‘é 15000 f
2 )
10000 -
. 4
\ 432 5000 -

0.28 0.3 0.32 0.34 0.36 0.38 0= 3 . '5 5 7 8
sin? 019 E, [MeV]

JUNO fixes 012 and removes uncertainty

Nature gives us two scales

in value of minimal ni., in IH
<m>H ., « cos 201

=1 -2sin? 912

‘Werner Rodejohann (MPIK) o WIN19 (03/06/19).




Sterile Neutrinos

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

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!

143, Normal, SN

143, Inverted, SI

10°

L — 3 v (best-fit)

r ---3v(20)

i Bl 143 v (best-fit)
r @ 143 v (20)

10 F
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€

<11 -~

—
OI

10

0.001 00

Werner Rode]'ohann (MPIK)
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Type I Seesaw my = mp? /Mg

vlus: provides a DM candidate

Hitomi (30)
107}
[ T15 P 0

: erseus (90 %3

e + 7 D §

(4 (AN =N
S 10710 S

= ste lusters x

Vex R% ‘ - =

M 14 Dwarfs (90%) | =
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H14 M3T (90%)] d
3
-11 P
107"} s
: —_
%)
Qo
| Il | L \l
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Flavor Symmetries

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

* compatibility with larger frameworks (LR symmetry, Pati-Salam,
St ocld) )

Werner Rodejohann (MPIK) 88 WIN19 (03/06/19)



Barry, WR, 1007.5217
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Flavor Symmetries

sunrule — Flavour synmetry
mytmy=m AT, (S
My My + My =My S4a (Azl)
) 1 1
T—5 A47 I
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Implications

50% 77T
40% -
% 300 -
1 g
* Maximal B3 =m/4?  Fau
e 10%;
probability to change / =
octant of O3 IS
1073 1072 0.1 02 >
smallest mass/eV =
(normal/inverted) -
50% (- S
| S
ok =
40% * =
) c N
I . o
. . 7 3 g 0%
s Naoamal 0o =38t 27 :
/;W
probability to change sign of sin 0 0
1073 1072 0.1 02
Werner Rodejohann (MPIK) 0 smallest mass/eV WIN19 (03/06/19)



Werner Rodejohann (MPIK) -

Implications

It OD or IH: more need of
protection of special values

impact on necessary precision/ interpretation
of oscillation parameters




erturbations
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Gariazzo et al., 1801.04946

7 I | | I | | | ' | | | | | | | I | I | |
strong
6k moderate [ K ) 3 i
weak ,
inconclusive 3
)
41 d
O |
> 3F . i
Q 13 3 = [) [} I ¥ ¥
5 T T R N s
21 ' () I_
Y E — S
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0 OSC :
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logarithmic priors on masses give more importance
to smaller masses, where NO/IO difference is large
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T'ensions: only in solar sector?
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Maltoni, Smirnov, 1507.05287
(plus too large matter effect and too large D/N effect)




Non-Standard Interactions

— Present

20 I T | I 1 I I | | I T | 1 1 i /I
|
—— Future 7 -
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Miranda, Tortola, Valle, hep-ph/0406280

(can also explain small Am? discrepancy in KamLAND/solar and missing upturn of Pe.)
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Neutrino Mass guaranteed?

Sprenger et al., 1801.08331

M,[eV] = 0.06+

Planck: 0.084
O realistic © CS cons. @ CS real. @® conservative
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50 detection when Euclid and SKA are combined!




Farzan, Lindner, WR, Xu, 1802.06171

Werner Rodejohann (MPIK)

New Physics in Coherent Scattermg

assume light scalar mediator:
(no matter NSI...)

diff. cross section
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Double Beta Decay

dL ur, . " . .
hierarchical cancellation uasi—degenerate
> > 1 (only normal) a 8
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Experimental Situation

Experiment Iso. Iso. o ROI |epv |€sig E B 3? disc. sans. Required
Mass T1)2 mgag | Improvement
kg, . vyr cts Iso.
o [ O | e e I IR R T e e

LEGEND 200 [61, 62] | ®Ge| 175 | 1.3 | [-2,2] | 93 | 77 119 1.7-10%  |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] *2Se| 100 | 51 | [4,2] [100|16 | 16.5 49-10%  |6.1-10%(82-138| 49 | 2 | 14
CUPID [58, 59, 70 "2Se| 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] 130Te| 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+ PhaseII [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 | 2.9
nEXO [72] 136Xe| 4507 | 25 |[[-1.2,1.2]| 60 | 85| 1741 44-10%  [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% |83-.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!
99
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Direct Neutrino Mass Determination

I 1 I T

— m(v)=0eV [
-—-m(v)=10 eV

Counts/0.01eV

Counts/0.0

RLSRUHETRITIUM NEUTRINO EXPERIM

lNAUGURATlON KIT, 11t

ENT (KATRIN) B
Juhe 2018 \\_ 10°

1 \l

1 1 1 1 1 ' 1
00 05 1.0 15 20 25 3.0 276 277 2.78 2.79
Energy / keV Energy / keV

1
280 281

ECHo (EC on 13Ho), spectrum to be
measured with low T micro-calorimeters

@

¢+ Tritium since May 2018, first v-
mass datazat TATP .2

+ first limit coming soon...

L X4

*  (already plans for future versions,
aiming at keV-v, exotic interactions,...)




Coherent Elastic Neutrino-Nucleus Scattering

do oM ( T )
Freedmann, PRD9, 1974 — = —|( 1 — oc N2
dT M CZ—vllﬂl'd,)(

neutrino

2
oM = G [N = (1= dsyy) 2] F2(¢) M .

47

* last missing v-cross section in SM (largest one...)
“ helps SN explode

« neutron charge density <= neutron skin <= NS eos
* ultimate background for DM direct detection

* measurement of Ow at low energies

+« NSIs, exotic NC, Z’, sterile v, ...

Werner Rodejohann (MPIK) 101 WIN19 (03/06/19)



Mass Ordering

“ weak preference for normal ordering

e tension in the preferred values of 03in T2K/NOVA and reactor, found
to be stronger for the case of inverted mass ordering

« tension in the preferred values of Am23;in T2K/NOVA and reactor,
found to be stronger for the case of inverted mass ordering

 e-like multi-GeV events in SK
» supported by strongest cosmological mass bounds

» BUT: depends on sampling with logarithmic or linear prior, using m;
Or Msm + Am2(Gariazzo et al., 1801.04946, Hannestad and Schwetz,
1606.04691)

Werner Rodejohann (MPIK) 102 WIN19 (03/06/19)



Interpretation/Precision of CP Phase

« if o = 230.7%: model predicting this value or perturbed
model with 270.00- 39.307?

« 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 (12 /m3)" similar
to GST

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

Werner Rodejohann (MPIK) 104 WIN19 (03/06/19)
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CP + Flasy

Combining Flavor and CP Symmetries

Example G = S4x CP broken to G, = Sx CP, Gy =

52:]]_, T3:]]., U2:]].

(8T} =1, (SU)?*=1, (TU)?=1, (STU)* =

¢~ 3, with 3’ irrep:

(-1 2 2 ) 100\

2—12,T=0w2 , U=

\ 2 2 -1 w)

Sm,S =m, and X3 m, X3 =m}, consnstency s X3:5* — 5X3 =0:

Werner Rode]' ohann s MPIK :

(1 0 0 )

Xg = 0O 0 1

\0 1 0 )

gives = +7/2 (Hagedorn, Feruglio, Ziegler, EPJC74)

106
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Mu-tau reflection symmetry

“Constrained Maximal CP Violation”

data seems to want ) = —7/2 and 033 = /4, equivalent to
e Jop maximal when first row of PMNS is fixed
e column unitary triangles are isosceles triangles

e second row of PMNS is (third row)*

“If residual symmetries are real and fully determine the mixing pattern, then
0 = +m/2 and 653 = w/4 follows.”

He, W.R., Xu, 1507.03541

contains subgroups of O(3), such as A4, S4, A5 (Joshipura, Patel, PLB749)

and u-7 reflection symmetry (Ma; Grimus, Lavoura)

* * *
Ve > Vg, V), = V7, Vg =V,

Werner R _ _ 03/06/19)



Re-using part of TBM
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Re-using part of TbM
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General Neutrino Interactions
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V2 ; J,ud ( J 5) ( T )

# can come from dim-6 operators incl. SM & 0O, !
and NR 1 L Tl =7 (=)
: 2 L W@ +7) (A=)
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° 6 €s (T +~°) 1

* correlations between CEVNS and 3-decay e (1 — ) .

8 —é 14 ~° ’
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