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Why look for Lepton Number Violation?

# [ and B accidentally conserved in SM
2 L Pt LN+ 1 /N2 Fe+.. o with Ls=F"D dL > m vitvr

* Baryogenesis: B is violated
+ B, L often connected in BSM, GU'Ts

* GUTs have seesaw and Majorana neutrinos

(B and L non-perturbatively violated by 3 units in SM...)



Why look for Lepton Number Violation?

Lepton Number as important as Baryon Number




Why look for Lepton Number Violation?

Ov[3[5 18 not just a neutrino mass experiment!




Lepton Number Conservation?

# accidental lepton number conservation difficult in BSM...

* need a symmetry to forbid Mg Ngr Nk:

* can apply flavor symmetries with (Nr1, Nr2 Nr3) ~ 3, in groups that have no
singlet in 3x3 (e.g. A(27))

* still need to explain smallness, e.g. wave-function overlap in ED, 2HDM with one
vev of order eV,...

* (can break U(1)p.r by scalars carrying charge B-L=3/4,...)
« global U(1)Lor U(1)pr — expected to be broken by quantum gravity effects

+ gauge U(1); or U(1)p.; without breaking? — long range force, needs ultra-tiny
charge

Werner Rodejohann (MPIK) IPMU April 19



Neutrinoless Double Beta Decay

best limit from 2002, improved since 2012 by one order of magnitude!

Name Isotope Source — Detector; calorimetric with Source # Detector
high AE low A E topology topology
AMoRE 100pmo v - - -
CANDLES 48 Ca - v - -
COBRA 116 cd (and 139Te) - - v -
CUORE 1301 v - - -
CUPID 82ge ) 100 Mo s 116¢d / 130e v - - -
DCBA/MTD 82se 7 150Nd - - - v
EXO 136xe - - v -
GERDA 76 Ge v - - -
KamLAND-Zen 136x e - v - -
LEGEND 76 Ge v - - -
LUCIFER 828e / 100Mo 7 130Te v - - -
LUMINEU 100pmo v - - -
MAJORANA 76 Ge v - - -
MOON 828e / 100Mo 7 150Nd - - - v
NEXT 136x e - - v -
SNO+ 13014 - v - -
SuperNEMO 82se 7 150Nd - - - v
XMASS 136x e - v - -
Talk by Inoue
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Neutrinoless Double Beta Decay

best limit from 2002, improved since 2012 by one order of magnitude!

Isotope T(1)72 (x10*° y)  (mpg) (eV) Experiment

*8Ca > 58 x 1072 < 3.5—22 ELEGANT-IV

°Ge > 8.0 £012-026 GERDA
> 1.9 < 0.24 — 0.52 MAJORANA DEMONSTRATOR

52Ge > 3.6 x 1072 < 0.89 — 2.43 NEMO-3

67y >9.2x10* <7.2-19.5 NEMO-3

0N >11x1071 < 0.33 —0.62 NEMO-3

116Cd > 1.0 x 1072 <14-25 NEMO-3

128Te > 1.1 x 1072 — —

130Te > 1.5 < 0.11 — 0.52 CUORE

136X e > 10.7 < 0.061 — 0.165 © KamLAND-Zen
> 1.8 < 0.15 —0.40 EXO0-200

ONd >20x107° <16-5.3 NEMO-3

R R T——— 4



Neutrinoless Double Beta Decay

(AZ)— (A Z+2)+ 2. ¢

+ Master Formula: 1% = G.(Q,Z)|M.(A, Z) 77:1:\2

* Gx(Q,Z): phase space factor, o« Q5
e M«(A,Z): Nuclear Matrix Element (NME)

* 1) particle physics parameter

10



Neutrinoless Double Beta Decay

(AZ) — (A Z+2)+ 2 e

+ Master Formula: 1% = G.(Q,Z)|M.(A, Z) 77::;\2

* G«(Q,Z): phase space factor, x Q5 calculable
¢ M«(A,Z): Nuclear Matrix Element (NME) problematic’

* 1) : particle physics parameter interesting

"‘NME talk by Suhonen
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Interpretations

# Standard Interpretation

e Neutrinoless Double Beta Decay is mediated by light and
massive Majorana neutrinos (the ones which oscillate) and all
other mechanisms potentially leading to Ov(3[3 give negligible
or no contribution

“ Non-Standard Interpretations

 There is at least one other mechanism leading to Neutrinoless
Double Beta Decay and its contribution is at least of the same
order as the light neutrino exchange mechanism

Werner Rodejohann (MPIK) 12 IPMU April 19



Standard Interpretation

+ Neutrinoless Double Beta Decay is mediated by light
and massive Majorana neutrinos (the ones which
oscillate) and all other mechanisms potentially leading

to Ovp give negligible or no contribution

dr, ur, Z 3 .
- - amplitude proportional to , effective mass”:
W
Ueig o . .
e Mee| = |2 UZ mi| =|U2 my + U2 mae™™ + UZymae™”|
1%
V,L.>¢< . = f (012, |Ues|, mi,sgn(Am3), a, B)
Ue; “
e’llg W
q = > ur, known limits unknown

Werner Rodejohann (MPIK) 2 IPMU April 19



Imee| [eV]

T'he usual plot

hierarchical cancellation quasi—degenerate
1 (only normal)
- /Am2 ¢, cos 20,5
_ o
' ~a
01! Amj cts )
001 } 12, 952
' 071442,
A 0
0.001 | M1ClyCTy
f \/rmés%zc%?, _\/AmG) +misiycts
' /A 2 .2
- /A A3%3 VAmME 4+ mist,
0.0001 - - e
OOOOI 0001 0.01 0.1
Imee |nor > |m(3)|nor m [CV] |m )lnor > |mee)|nor
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Neutrino Mass Observables

Method  Observable current near

model-indep.; final;
clean weakest

Mo 23V L 03eV L 01leV

best; model-dep.;

> m; O5eV. | Ol eV | 0.05eV? NEIIEL oo

fundamental; model-dep.;

Ylsm o UZeV UV Ol T e

16




Neutrino Mass Observables

Normal Inverted Normal [nverted
]-005 lIIIIIlI I LA I | IIIIIIII I IIIIIIII I ||E 1005 I lIIIII I I I L I IIIIII I 1 I L
: ¢ CPV ) g« CPV ' [ 3555 CPV % CPV
— (+#) ;;__;': —@ —(#4) _::.:-siesi —®
-1 -1
~10°F ~10°F
> >
L/ ./
A, A,
£ g
10k Y10 ]
'3 IllIlllI 1 L1 IIIlIIII 1 Illlllll 1 L1 '3 R 1 1 1 IlllII lIlIlII 1 1 1 IlllII
10 001 01 001 01 10 01 1 01 1
mg (eY) Im, (V)
OvBP rules out that neutrinos saturate Mainz-limit
complete complementarity
Ovpf and reasonable cosmology currently roughly same
of observables
cosmology strongly distavors a signal in KATRIN
17
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Neutrino Mass Observables

Normal lnverted Normal [nverted
1005 I ||||||| I I FTTrrrl I | I ||||||| I I lllllll I I |E 100E I l||||| I I I L 1 |||||| I 1 I L
: ¢ CPV g« CPV ' [ 3555 CPV % CPV
i i — @) — @)
..... e () R
-1 -1
~10F ~l0F
> > r
./ \/
AO AO
g g
"0 Y10% :
'3 | llIlllI 1 | | 1 IIIIIII 1 1 lllllll 1 11 '3 1 1 1 Illlll 1 Illlll 1 1 1 Illlll
10 001 01 001 01 10 0.1 1 01 1
m, (eV)

) m, (eV)

complete complementarity
of observables

IPMU April 19



Neutrino Mass Observables

Normal lnverted Normal [nverted
1005 l||||||| I LA I | |||l|||| I |||||ll| I ||E 100E I IIIIII I I 1T 17T 1T lllllll I 1 17T 17T T 711
i %3 CPV 3 CPV p B s CPV 35 CPV
— (+4) ‘:_';-.":; —# 7 B — (b —®
g : (.) ..... [ A
1
~10F
> I
L
A8
£
V
10°F
'3 | llIlllI 1 | | 1 IIlIIII 1 1 Illllll 1
10 001 01 001 01

m, (eV)

complete complementarity
of observables

cosmology
19

J1s a signal in KATRIN
IPMU April 19




Neutrino Mass Observables

Normal lnverted Normal lnverted
1005 I ||||||| I LA I | I ||l|||| I I ||||||| I I |E 100E I |||||l I I 1 L 1 |||l|| I 1 I L
: ¢ CPV g« CPV ] I w555 CPV 55 CPV
— (+,+) '.’ 1 —_— (+) - (+,+) - (+)
..... - y . R O
1
~10F
>
\
A3
-
V.
10°F E
10'3 llllllI 1 | | 1 ||l|||| 1 1 Illllll 1 1 1 1 1 lllll 1 1 lllll 1 1 1 1 lllII
001 0.1 001 0.1 | 0.1 |
mg (V) Im, (&V)

Vainz-limit

complete complementarity
of observables

Oovp

cosmology strongly distavor TRIN
20




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
0.4
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_

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

I T l T LI T | T I I I | T I I T I T I LI l I T I I
' ' ' . '

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

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

' ' ' '
L 1 1 1 I 1 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 1 1 1

2

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;

also Zhang, Zhou,
1508.05472



Expectations of lifetimes

NuFIT 3.0 (2016)
15 L I B /L
10|~ . -
N L
=
gt
57 — —
07\\\|||||| ||\‘\\\\‘\77 111 \\\\‘\
0.2 0.25 0.3 0.35 04 65 7 75 8 8.5
2 2 5 2
sin" 6, Am, [107eV]
15 T T R R R RN R
10— — -
o [
g L
5_ — = —
ol N A T BT L b A ]
0.3 04 0.5 0.6 0.7 28 -26 24 22 22 24 26 28
2 2 3\ 2 2
sin” 6,, Amy, [107eVT] Amj,
15
10 -
~ L
=2
g L
5_ —
ol N 1L ]
0.015 0.02 0.025 003 0 90 180 270 360
2
sin” 6, Scp

IIII |

0 0.05 0.1 015 0.2 025 0

X [eV]

Werner Rodejohann (MPIK)

0.02

0.04 0.06
my, [eV]

0.08

Predicted Half-Lifetime for “°Ge

0.5 . .
NE =
= LEGEND (200kg)
: LEGEND (1000kg)
0.2
0.1 ‘—ﬂLI-I-LL—
0 2 2 2 2 I2 I 1 7 2
e 0 e oD ol el i

S W

T9), [years]

Ge, WR, Zuber, 1707.07904

correlated NME

=
. uncertainties
Ve
7 R N
ASTTTITT
HNF | 01 0. 7}

"1 Faessler, Fogli et al., 0810.5733
IPMU April 19




Expectations of lifetimes
... 1O area smaller than NO

NUFIT 3.0 (2016)
TTTT TTTT T 17T

NI A T
.2 0.25 0.3 0.35 0.4
.2

sin" 6,

NI BN I
6.5 7 75 8 8.5

2 -5 2.
Am3, [10° eV?)

T UL L L L R L B L Y L
n
"

A TRV

v PNA L T a 1y
0.3 0.4 0.5 0.6 0.7

T e
28 26 -24 22 22 24 26

2 -3 2 2
Amy, [107eVT] Amj,

ol Lo 10

NS L 1
0.015 0.02 0.025 0.03
.2

sin” 6,4

7
0 90 180 270

I
360

oscillation fits

IIII

0

0.05 0.1 0.15
X [eV]

0.2 025 0

Werner Rodejohann (MPIK)

0.02

0.04
my, [eV]

0.06

0.08

PDF dP/dlogT

0.5 due to hints
0.4 | from oscillations )
= = "1 LEGEND (200kg) |
: LEGEND (1000kg)
02 |
0.1
O ‘—h | —tid
02 o oS e 0 02 ol o

T?,V2 [years]

Ge, WR, Zuber, 1707.07904

. correlated NME
VSV < B S
1% O S uncertainties
V2 B £ ' R

7 B a W
N PN ) N
g 97 | g1 F 7

| Faessler, Fogli et al., 0810.5733

IPMU April 19




Predictung the effective mass

Flavor Symmetry models (talk by Everett) can not predict masses,
but relations between them:

Normal Inverted
Case Bl, 3(]' LN L B
)
5
+
B
1
B
> ul
2‘ 7 3o exact
Il TBM exact
‘z llll' I l”l L L -vllll
8
B
+
B
I
B

my (eV)

Penedo, Petcov, Titov, 1705.00309 Barry, WR, 1007.5217

e Bodoioh oo i 24 :



Sterile Neutrinos

Talk by Martinez-Soler

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

and mixing Ues = 0.1 ?

* would make m. sum of 4 terms with sterile contribution
| Ues |2V Am? that can cancel almost completely contribution of TH!

“ usual pheno completely turned around!

143, Normal, SN 143, Inverted, SI 76
0 e e Predicted Half-Lifetime for ' “Ge

107 T
- 1.2

— 3 v (best-fit)
---3v(20)

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

— 3 v (best-fit)
---3v(20)

Bl 1+3 v (best-fit)
@ 143 v (20)

i

1| _'_‘ H — -
0.8 | LEGEND (200kg) -

L 10 =
3 S
g S 06| - LEGEND (1000Kg) |
v L
10 E 04t
0.2t B
0.001 0.01 0.1 0.001 0.01 0.1 1025 1026 1027 1028 1029 1030
Mygne (EV) T [years]
25 1/2

Werner Rodejohann (MPIK) IPMU April 19




CA A,
g

0

143, Normal, SN

IE

— 3 v (best-fit)
- 3v(20)
143 v (best-fit)
1+3 v (20)

26

Predicted Half-Lifetime for “°Ge

NH
IH e e A

LEGEND (200kg) -

=1 Nl
LEGEND (1000kg) |




Non-Standard Interpretations

* There is at least one other mechanism leading to
Neutrinoless Double Beta Decay and its contribution is
at least of the same order as the light neutrino exchange

X/ 1] | ) W

mechanism
dj, UL g uL g ei dy, ur,
e P> > < l > > P>
> . .
e ~ L
dp L UL' ——
. W

X/g' I ur, 0
V% 2 s e

A V2P = .
A X/9 St ZEE

u
|

Werner Rodejohann (MPIK) e IPMU April 19



Non-Standard Interpretations

* There is at least one other mechanism leading to

Neutrinoless Double Beta Decay and its contribution is
at least of the same order as the light neutrino exchange

mechanism

dr > > U, uy,

&
W ——>-{
- dp ‘L

ur, e €, dL ur,

—> > >
| SW e,
L
eL UL' ———
| Uy, .
i e )
Vi ey
ur,
|
i >
€] |
| W fL
< > > >
up d e d u



Non-Standard Interpretations

There is at least one other mechanism leading to

Neutrinoless Double Beta Decay and its contribution is
at least of the same order as the light neutrino exchange

mechanism
d uy uL gy UL ge e; (I ug
e »- - < l > P> -
——>- 0 SW ;
dp e e, ULY ——
e ~ W
X/7Y | u
, i eepmne
X V2tu y = h .
e Wi ey
ur,
& X/gﬂ ) W . I >
] € 'UL
——l - I W L
& JR > > < > > >

C - ;
u, dp ug d e, dp UL

— need to solve the ,inverse problem”



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 ij? 2x 1078 Gev! .
g collider
: 2 _ _ flavor,
heavy neutrino and RHC %— 4x 107 Gev™ * ,O
M; My, collider
flavor,
Higes triplet and RHC ‘—%— 10715 GeV—1 collider
mAR Wn _ . . .
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
A211211 ll'd
short-range R Adysy 7x 1071® GeV~? ccf)l e
Asusy = f(mg, may,mg,, my;) avor
: —13 —2
sin 20° Nia1 13 (m12 o m12 )l 210 GeV flavor,
long-range R ® 11\1, | by lid
collider
~ CEmy 5 1 x 107" GeV—?
) _ spectrum,
Majorons or 2 107%...1
j o) or [(gy) AN

o]V

- Werner Rodejohann (MPIK)



Non-Standard Interpretations

dy > UL u, g e A ug
d > > . > >
> ) | Su ;
dp ‘L . e iz S
X/g' I ur, 0
2 i Rl
X \/ig g, -»>- hee }
A X/§ e [
0 X
%] | it I
€ e i >
el , 514 €
d ] > > B > > >
dy > R u, dg up d e dg u,

+ decouples double beta decay from cosmology and KATRIN

(m)

2
-ASta,nda,rd =G F g

c
VEISUS ANon—Standa,rd — M_g(

Werner Rodejohann (MPIK) oL IPMU April 19



Non-Standard Interpretations

UL U e dy, ug,

€L

d > > < l > P> >
< -Pp- B | ; W e,
] eL e_ &L L
~ R I/V L '
X/g' | ur, 0
p - |
X \/§Q2UL ->- hee X/‘i]
A" X/3 Ry s
X/g‘ W [ o
£ Cor —
——t e P - I $W L
d ; > > < > > >

dp u, d u, d e, d ur,

+ decouples double beta decay from cosmology and KATRIN

(m)

_ Y2
ASta,ndard =G Fq

c
VEISUS 'ANon—Standa,rd = M_gf

Therefore:

T(eV) = T1(TeV)



Non-Standard Interpretations

d; > > u, UL gy UL e e, dr ug
C

> > -
61—1 fLL
VL, X/g' W ur, 0
X/d oo A
Np X V20Pur = e )
A= X/g = - XO
N - UL
R : A W
, €L
> > <

C -
d > > ug u, u d e, UL

+ decouples double beta decay from cosmology and KATRIN

(m)

2
ASta,ndard =G F g

C
VETSUS ANon—Standard — M_j;)(

Therefore:
e —. Tests with LHC, LFV, etc.

T(eV) = T(IeV)



Scales

+ 0vBP standard mechanism: Ty, o« 1/ (1m,2)

* Qvpp standard and Weinberg: m, « 1/ A = Ty, oc A2
* 0vpBp and heavy Physics: Ty, o« A10

+ cf. to proton decay with Ty, o« A4

+ cf. to neutron-antineutron oscillation P o« A10

Werner Rodejohann (MPIK) = IPMU April 19



Scales

+ cf. to neutron-antineutron oscillation P JlXeAY%

Ovpp standard mechanism: Ty, o 1/ (11,2)

“ Qvpp standard and Weinberg: m, « 1/ A =>

“ Qvpp and heavy Physics: Ty, o« A10 FIEKERY
« cf. to proton decay with T, « A4  JIENERAY

50




Double Beta Decay and LR-Symmetry

dr, dr, ur, dr UR
> > > |
W Wr
e, €R
N Ri N Ri,
€L €R
W Wr
! >
dr d, UL dp UR
d L ur, d R Up dr
> > ' -
e, €,
W L W R
ﬁgQUL ->- hee \/ngUR ->- hee
o~ op~
Wy ) W i
€r, €p
> > > >
dr, UL dr UR di

36



Double Beta Decay and LR-Symmetry

hght V plus hght v and
m1x1ng of exchange of

57




Double Beta Decay and LR-Symmetry

dp

iL
aZ
—
Q
-
)
©)
Q
-
)

4

[LE]

One c

38
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Double Beta Decay and LR-Symmetry
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Double Beta Decay and LR-Symmetry

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

dp UR

dp UR

= right-handed neutrinos diagonalized by PMNS matrix!

Ve, Uz
A x M, X -

amplitude determined
by PMNS, but « 1/m,

again, NH/IH turned around...

- 0.001
lightest neutrino mass in eV

Senjanovic etﬁll., 1011.3522

normal

largest mny = 0.5 TeV
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Double Beta Decay and LR-Symmetry

1029 — — . ———y
- My,=3TeV 76 Ge

* add Standard and LR-diagram
& T ocl/m2and g o m2

“ gives lower limit on m,
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Expectations for hali-lifes

Predicted Half-Lifetime for "Ge
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However, most alternative mechanisms unrelated to neutrino parameters...
...thus decoupled from cosmology (and direct experiments)!

Werner Rodejohann (MPIK)

IPMU April 19




Unexpected Correlations with other Experiments

—

o
N
@

(a) CC s-channel

(c) NC s-channel

(e) NC s-channel

ViL €L
> dir <

djL UjL

ViL ViL
> dkn <

djL djL

dkr > < dkr

viL

diR |
UjL djL
(b) CC u-channel

ViL
viL

(d) NC u-channel
ViL
ViL
s, |

dyxr
dyxr

(f) NC u-channel

RPV SUSY
at IceCube

and in Ov[3[3

Dev, Ghosh, WR, 1605.09743
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ms =400 GeV

GERDA-II

GERDA-|

10%°

0.1

02

0.5

1 2

Excess events at IC

Werner Rodejohann (MPIK)

keV v and
RH currents
in KATRIN
= and in Ovp3f3

UR

— S¢=107%, Mj=2 keV

— S=107%, Mj=4 keV
— S¢=10"%, M;=7 keV

E  KATRIN

GG6SFOFL M YooY ‘hiivg

GERDA I

'1627 1629 1631 1633

0vBB halflife T, for °Ge in yrs

1 625

= IPMU April 19



N
N

AQIAD)
(b) s-channel production

Wi r

(a) t-channel production

d

LHC and Double Beta Decay
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HC and Double Beta Decay

Lepton Number Violation at the LHeC

e —
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my [GeV|

LHC and Double Beta Decay

7000
5000

standard + displaced
KS (eejj +e€j)
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My, [TeV]

Nemevsek, Nesti, Popara, 1801.05813

displaced vertices

for low masses
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10°F

Mun [GeV]

Chianese et al., 1812.01994

Jow mass neutrinos
better constrained

by other expts.

100



Barry, WR, 1303.6324
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LEV and Double Beta Decay

[T1/2]NR(R, 9"’3)

+
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Ramsey-Musolf et al., 1508.044dd 1 o 0 o 1 1577.03945

Complementarity of LHC and Ov[3[3

l/JN(l/O)

. ‘ | ® 6.(12)
_E'_+_1_ W :5_+_1_
d

* LHC prefers Ms > My

-
o N OB

* LHC has low sensitivity for small My

eff
o
oo

g
o
o
<

* include jet-fake rate, charge mis-ID,
QCD corrections in Ovf3f3, etc.

* => complementary

49
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()CD Corrections

d% <d d
(a)

(b)
- naive size (as/4m) In (Mw/100 MeV)2 = 10%, true for standard

diagram

» creates in non (V-A) ® (V-A) short-range mechanisms color

non-singlets, Fierzing to singlets gives different operators with
vastly different NMEs

* => can give etfect exceeding NME uncertainty...

Mahajan, PRL 112; Gonzalez, Kovalenko, Hirsch, PRD 93;

Peng, Ramsey-Musolf, Winslow, PRD 93
Werner Rodejohann (MPIK) IPMU April 19



Leptogenesis

Many connections to Ov[3[3 possible, just some examples...

GERDA Il, MAJORANA ]
0100 -ANoRE Pandakcil. SupNEMO.........oocooooorecoaaseceeeaasaee o1
o 050 CUORE, SNO+
10
ST R——— et ——
? 51
= 0.005
0 =
3 =
g >,
0.001 S
5.x10™ _5t
1 x10-4L_ W —10}
' 0.005  0.010 0.050  0.100
mlight(ev) —15t
a) 1Mool vs miore for the NO case 0.0150 0.0155 0.0160 0.0165 0.0170
) Imee| vs mijgnt [(m,)] (eV)
Merlo, Rosauro-Alcaraz, 1801.03937 Moffat, Pascoli, Petcov, Turner, 1809.08251
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|meel(eV)

0.100
0.050

0.010
0.005

0.001
5.x1074

1.x1074

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

Leptogenesis

Inverted Ordering
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Arcadi et al., 1810.12463




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 €R,
processes stay long in equilibrium (Frere, Hambye,
Vertongen, Dev, Mohapatra; Sarkar et al.)

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

wash-out:

log 1, I“W(QQ—;IH# q9) < 6.94+0.6 (% — ) + log, OIEIBIC

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

T R I T . IPMU April 19



leV-scale LNV and Baggogenesis

QQQ

log gy W0 > 6.0 4 6 (%XV _ 1) + logy HC

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

T R I B . IPMU April 19



Werner Rodejohann (MPIK)

Necoel,
Homn.a

e —

Summary

Chi U'ha visto ?

Litore Majorana
MAInNnAarlg 4l nsica
" Univer-

Lk dl Napoll, ¢
m:steriosamente
omparso daglt ul.
mi di marzo., Di
anng 31, alto me-
tri 1,70, snello, con
capelli nerl, occhi
scuri, una lunga ci-
catricce sul dorso di
una mano Chi ne
sapesse qualco=a ¢
Dregato di scrivere
al R. P. E. Maria-
Viale Regina Margherita A8 -

25

IPMU April 19



Nuclear Matrix Elements

eea 2 e How good are the models?
e NREEDE A : : : :
S i = Example isobaric triplets
L aRPAYy X . e
6 - QRPATU z Wlthln QRPA
QRPACH+Ts  + ¥ o
S BM2 m = 13
% B VR — ] —
= 4 Comstmastk @ E 131¢C 1%

3

= ;
v =] log f£(EC) = 4.40 + 0.24
i ]
A A 1 10006 log ft(B~) = 4.60 + 0.01
| Y o0t 42
L 3 8s
I ] @v) _
S 5 £y = U'W WRu L
= | _
| i
48

Engel, Menendez, 1610.06548

Deppisch, Suhonen, 1606.02908

"
76 82 96 100 116124 130 136 150
A A=100, Zy,=42 A=116, Z,=48
1.0 1.0
log ft,
0.8 — 0.8 o,
- A - e
> ' > [ y
0.6 - / 0.6 £’
&
0.4 0.4
log ftg
0.2 0.2
0.2 04 0.6 0.8 1.0 1.2 0.2 04 0.6 0.8 1.0 1.2
9pp 9pp
56




1.4;

Nuclear Matrix Elements

o
1.0}

0.8}

84, eff

0.6}

0.4}

lachello et al., 1506.08530

O from experimental 7, (ISM)

O gine=1.26947%12

m/A from experimental 7,, (IBM-2 CA/SSD)
ogngff e

Menendez, Gazit, Schwenk,
1103.3622; Engel, Simkovic,
Vogel, 1403.7860

QUENCHING??

Ov —4
T% X g,

» factin  and 2vpf

+ truncation of model-space?

“ also in OvBp??

TE | | | | | l B
0 o taene g =102 vs. 100 MeV?
; @@ 2bc (Argonne) ;
55_ = = 2bc (CD-Bonn) _g : : =
* higher multipolarities?
z 4 —
S : < * two-body currents?
[ less quenchmg ° Muon Capture?
1=/
AL than in 2v
0: 48I 76I 82| 96I 100I 110I ﬁﬁ b SM VS' QRPA
Ca Ge Se Zr Mo P (20_30% effect)
57
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Dirac vs. Majorana beyond V-4

£ > TES o [I1%(Ca + Dair’)]
a

/7
0’0

do

dT(I/+€) =

G%M
2T

(Ca—Da+Cy —Dy)?+=

A+ZB(

o+ 25

1
2

B=—

o =

8

1 — —
L,

1 — —

14

)
o

with:

1
CPCT+§(C,%+C§+D%+D§)—

Rosen, PR1.48 (1982)

WR, Xu, Yagquna, 1702.05721

1 — —
L,

1 — —
L,

2

(C% + C%+ D3 + D) + C3 + D3,

T)2
T)2

gives cross section for elastic neutrino-electron scattering:

2M EZc;
(M + B,)? - B2

1 1

1
—CgCrp —I—C¢12w +—-DpDp— —DsDT-{—D%

2 2

1 1 1 1
—(C%+C§+D%+D§)+§CT05+C%— —DpDr+-DsDr+ D3

2 2

* For Majorana neutrinos: Cv=Dy=Cr=Dr=0

Werner Rodejohann (MPIK)

‘Medex (30/05/17)



Dirac vs. Majorana beyond V-

\/A2+BZ+C2

B A-C
3X2+£sl XE§7Y T

z R=+\/A2+ B2 1 (2
| can only
—2X2+(Y-X)*<1
, demonstrate
Dirac nature! Dirac neutrinos:
3X2+Y?%<1
> B
X=
\/A2 +B2+C?

Majorana neutrinos:

2X?+ (Y +£X)*<1 and X <0

-

WR, Xu, Yagquna, 1702.05721

Werner Rodejohann (MPIK)

Medex (30/05/17)
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- Werner Rodejohann (MPIK)
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Comparison of Limits

Limit from Xenon is better than limit from Germanium if:

2
GGe M Ge VTS
GXe MXe

TXe > TGe

* depends on NMEs

76

(
0
'™
o
Je!
13
10
15
1D
:O_
-
P

gt [CERDAThase) : i\ |+ for most NMEs Xe better

claim {2094( il

1 |* limit about m. <0.2 eV

Z = means 0.2...0.6 eV for KATRIN
S 2 :
S |z + means 0.6...1.8 eV for cosmo
o
w x
10 1024 1[::25 I I 6
9 (*°xe) [y
61



Best chance: Neutrinoless Double Beta Decay

(A,Z) = (A,Z+2) + 2 ¢

AL )

@s(AZ)—= (AZ+2)+2e +2 Ve
"

ik =1

= Two Neutrino Spectrum
- Zero Neutrino Spectrum
1% resolution

I(2v)=100* T(0V)

62




Neutrinoless Double Beta Decay

(

y?

)~

ac

[ ] prior cuts I after all cuts
[0 after LAr veto (Phase I1) — limit (90% C.L.)
VD = 1F : -
& 3 t Phase | Q 23.6 kgyr 3
: ¥ F : BB ot
-— E 10_15_ E,%
S SN I|||| I A .
Z € 107
>
o ° |
107°
l\ IR | A . .
IQ ’: 1E_ T T . T . : T T T
= F E Phase Il - enric hed coaxial : 5.0 kgyyr
X r '
O. E 10! \_ ; )
onN) ‘\;
o € 1072
N 3
~ 3
10
~
< - 1 T - T T - T T T
Q 3 E Ph Il - enriched BEGe 5.8 kgyr
g F
> I
- £ 102
>
) g
(]
107 :
1950 2000 2050 2100 2150
energy [keV]

E

alMet without background

Mt
BAE

with background

first background free result

current limits: Ty, = 1026 years
with exposure of about 100 kg * years
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10

50 % chance for 3o discovery

T T TTT

|
%

1t for 3yr

|
%

-ound

)
©
o
2 .
= 4027 - , =
0O 102 S : U nd
B8 B et 1t for 17yr| =
-, ¥ g Q
- o et | in ~
7 10%® A O my" range -
B et et — Background free &L
Q E AT - --0.1counts/ROI-ty |
et 5| et =
= sl — 10%° /7 == 1.0 count/ROI-t-y :‘i
E i || = 10 counts/ROI-ty | 2 ¢
- K | | | | | -
10—3 . 1024 1 L il | 14041004 | SR | E O I 2o YN | L i1l
- 10° 10?2 10" 1 10 10° 10°
% Y Exposure [ton-years]
2 107"
o =
E ‘210‘2
T - 10?6 years
T e
> EP ®
iﬂ( WTTETET 100 kg - years
8 HiLL I R Il (1|

E i ‘ y feting | - | | i | | 1%
1950 2000 2050 5100 5150
energy [keV]

| . 64 -
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Neutrinoless Double Beta Decay

isotope  FWHM background T, sensitivity upper mg

mass [kg] [keVl  [(FWHM after4yr  limit [meV
in FV € bisotope YT )] [1025 yr] (lowest NME
Ge detectors _ Ge 27 3 S 15 190
Majorana-D Ge 24 3 5 15 190
§ 200 kg Ge 155 3 1 100 75
S LEGEND
L: 1000 kg Ge 780 3 0.2 1000 24
L
n
i iquid noblegas EXO | Xe 80 88 220 6 240
)
% nEXO Xe 4300 58 5 600 24
=
loaded liquid 400 kg Xe 88 250 90 6 240
scintilator  KAMUAND. 1.
800kg Xe ~180 250 ~10 50 90
SNO+ Te 260 190 60 17 160
cryo bolometers CUORE Te 206 5 180 9 210

T R I T =) IPMU April 19




Black Box Theorem

Whatever the mechanism, observation of Ov(33 implies

Majorana neutrinos (Schechter-Valle, '82)

4%

d

A L LA

44

is 4-loop diagram = tiny mass (Diirr, Lindner, Merle, 1105.0901)

Werner Rodejohann (MPIK)

66

IPMU April 19



Limits on Heavy Neutrinos

M (WR) S VocN

103

107°

0|2

1077}

1079

10—11 _\_J

0.1 | 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, LNV decays, ...
see also Atre e§7al., 0901.3589




New ldea

assume RH neutrinos with mass less than mw (Dib, Kim, 1509.05981):

et () W (k) e (t,) et t,)
N, e Hieh = e v, (k,)
e L1
WV e jiro . W+ — et u et anti-v,
Aty - AL D

2ok

hiddetiin v
but u comes from
different vertex!

Werner Rodejohann (MPIK) Blois LNV (01/06/17)



New ldea

107"
10" 1 10 10" 1 10

|UN6UN/~L‘2
[Unel? + |Unpl?’ UNul?
Dib, Kim, Wang, 1703.01936

s =12 x 10°




Connections to Oscillation Experiments

| 025 Factor 2 uncertainty ot
s 5 3 minimal .. in IH, mostly
2 T
- 2 O from 1>
4
0.01 ‘ : : TR 4 16 8
0.28 0.3 0.32 0.34 0.36 0.38

sin? 612

Nature gives us two scales

sin2 01 =]0. S JUNO will fix 812 and remove
1 P uncertainty in value
=N N\ of minimal 1., in TH
00000 \ \\
1 Dueck, WR, Zuber, 1103.4152; Ge, WR, 1507.05514

EEEEEE
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Cosmological Mass Limits

talk by Takada

N}{ 20 L L2 L L 1 L) L) ! . 1 ! LI L ! | ! ! ! ! |
—— Lya + CMB
—— Lya + CMB + BAO

—

IIIII

* adding more and more data
sets: breaks degeneracies and
improves limits

15

°
1e

IIJIIIIIII
L]
T

K/
L X4

BUT: can introduce

-
Sean
- -
-------

-}llllllllllll

—02

o
w

systematics? Zm,
[ ]
P15(T+P)+Iensinlg+ext (2.60) — Planck (TT-l-lOWP)
P15 (T+P)+BAO (2.70) E LY'G. N H0 _I_E
e 99 ——— Ly-o + Planck (TT+lowP) |-
P15 (T+P) (2.70) » ]
—_— - n
P15 (TT) arg
HOLICOW +Q,, prior (0.20)
HOLICOW (040) |
P15 (TT) £>1000 (3.80) = CMB ACDM+N,_4

= HOLICOW 0.96|
= CMB ACDM -
= R16 0.95F

P15 (TT) £ <1000 (1.50)

P15 (T+P)+lensing+ext (3.00)
——

9/650°90ST + FHTL OLFT “IV 32 d]j1moiquia(-anbuviy

P15 (T+P)+BAO (3.20)
i+7
P15 (T+P)+lensing (3.10)
L ——
P15 (T+P) (3.40)
————
P15 (TT) ‘ (3.20) ‘
WMAP9+BAO (2.8(7‘
WMAP9 ‘ (1.30)
60 65

Bernal, Verde, Riess, 1607.05617
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Neutrinoless Double Beta Decay

aMet background free,
Ov -
(T1/2) o =
1/2 Mt . =
ac | ——— with background, () Past =
BAFE @ Running 7
10° - () CUORICINO ¥ Future H
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