Neutrinoless Double Beta Decay
and particle physics:
an overview
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Why look for Lepton Number Violation?

# [ and B accidentally conserved in SM
o L =L+ 1/A L5 + 1/A2 Lo + visss with s — LCCID CI)Le e

* 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...)






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 1397Te) - - v -
CUORE 1301 v - - -
CUPID 82ge ) 100 Mo s 116¢d / 130 e v - - -
DCBA/MTD 828e 7 150Nd - - - v
EXO 136xe - - v -
GERDA 76 Ge v - - -
KamLAND-Zen 136x e - v - -
LEGEND 76 Ge v - - -
LUCIFER 82ge y 100 Mo 7 1307¢ v - - -
LUMINEU 100pmo v - - -
MAJORANA 76 Ge v - - -
MOON 82ge y 100Mmo 7 150Nd - - - v
NEXT 136x e - - v -
SNO+ 1304 - v - -
SuperNEMO 828e 7 150Nd - - - v
XMASS 136x e - - -



Neutrinoless Double Beta Decay

AZ)— (AZ+2)+ 2 e

# Master Formula: T% =G,(Q, 2)|M.(A, Z)n,|?
* Gx(Q,Z): phase space factor, o« Q°
e My(A,Z): Nuclear Matrix Element (NME)

* 1) particle physics parameter



Neutrinoless Double Beta Decay

AZ)— (AZ+2)+ 2 e

# Master Formula: T% =G,(Q, 2)|M.(A, Z)n,|?

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

* 1) particle physics parameter interesting



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) INT (14/06/17)



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
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Werner Rodejohann (MPIK)

amplitude proportional to , effective mass”:

Mee| = | UZ m;| =|UZ my + UZ, moe™ + UZy mge'”

= f (6’12, |Ues|, ms, sgn(Am3 ), a, B)

See talk by Bilenky

INT (14/06/17)



The usual plot

hierarchical cancellation quasi—degenerate

(only normal)
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The usual plot

Normal Inverted
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Connections to Oscillation Experiments

0.1

IH, 30 . = 0251 0125

C N Factor 2 uncertainty of
: 2 minimal m.. in IH, mostly
§ s
N 2 O from 61

sin? 019

Nature gives us two scales

JUNO will fix 612 and remove
uncertainty in value
of minimal m. in IH

sin2 612 =0.32
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Neutrino Mass Observables

Method  Observable current near

model-indep.; final;
clean weakest

YllE 2 23eV . 03eN 01 el2

best; model-dep.;

> M; B5eV. | 01eV | 0.05eV? NELIEL o femt

fundamental, model-dep.;

Yutm |02V (0eV 00Teve L e



Cosmological Mass Limits

—

—*— Lya + CMB
—— Lya + CMB + BAO

* adding more and more data
sets: breaks degeneracies and

improves limits \
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systematics?

P15 (T+P)+lensing+ext _ (2.60) — Planck (TT+|0Wp)
- T3
P15 (T+P)+BAO (2.70) o P — LY'a + HO ]
P15 (T+P)+lensi (2.80) - a
T —e—— - ——— Ly-a + Planck (TT+lowP) |
P15 (T+P) (2.70) u C ]
P15 (TT) (1.70)
@
HOLICOW +,, prior (0.20)

HOLiCOW (0.40)
P15 (TT) £>1000 (3.80) = CMB ACDM+N,_4

—_——— ¢ o
P15 (TT) £ <1000 (1.50) = HOLICOW 0.96

P15 (T+P)+lensing+ext ~ (3.00) = CMB ACDM
P15 (T+P)+BAO (3.20) - 0.95
(T+P)+ _ - R16 -
P15 (T+P)+lensing (3.10)
P15 (T+P) (3.40)
—————
P15 (TT) (3.20)
WMAP9+BAO (2.80,
WMAP9 (1.30)
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Bernal, Verde, Riess, 1607.05617
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Neutrino Mass Observables

Normal Inverted Normal Inverted
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OvBP rules out that neutrinos saturate Mainz-limit
complete complementarity
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cosmology strongly distavors a signal in KATRIN
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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 [nverted
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Expectations of lifetimes

NUFIT 3.0 (2016)

o I | L1 L1 ‘ L1l | I_ L L1 L1l 1
02 025 03 035 04 65 7 7.5 8 85
.2

sin” 6,, Am; [10'5 eV2]

discovery probability for NO

Bayesian discovery
probability: discovery
sensitivity (value of m1,.
for which expt. has 50%
chance to see it at 30)
folded with probability
distribution of m..
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o Agostini et al, 1705.02996;
also Caldwell et al., 1705.01945




Neutrino Mass Sum-Rules

Flavor Symmetry models can not predict masses,
but relations between them:

Normal

sunrule — Flavour symmetry S

Barry, WR, 1007.5217

2m2

My

2mg+m3 =M A4, T’, (54) 10 E “%,
B
10-25 - I
My My My =M 54, (A4) - E
) 11 ey
+ = A4, T’ \8/8
my Mgy 107 ;
8
L1 .
f k:
t—= S4
my My My o




Sterile Neutrinos

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

and mixing Ues=0.17

+ would make m,.. sum of 4 terms with sterile contribution
| Ues 12V Am?2 that can cancel contribution of IH!

usual pheno completely turned around!

1+3, Normal, SN 1+3, Inverted, SI

10° F T T e T T

— 3 v (best-fit) — 3 v (best-fit)
B ---3v(20) ---3v(20)
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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
dj, > UL dp UL ge €, d, U
0 > > < ' > > >
——>- _ . Sw ;
N S —
X/.(}' I ur,
i mmee
X V2020 9= hee )
A~ X/g St SRR
X/f}ﬂ W ) L
€ er | > _
——lp- , W €
d > — < > . > —

Werner Rodejohann (MPIK) INT (14/06/17)



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




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

dj, UL dp uL g €, dy, ur,

4 P> P> < l > P>
——T->- N $W é

dp ‘L W €L uf, Y —
X/g' I Uur, 0
X/§ Fom P X
X \/2()2’0[, ->- hee :
A" X/3 St ZEE
x/ﬂ W | i

€] €L | > _
——lop- ! ?w €

d ; > > < > > >

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 |Ue2z mi| 0.2 eV cosmology,
neutrino mass
heavy neutrino exchange % 2x 1078 GeV~! cgl]i;zl/;r
heavy neutrino and RHC |M—Kf4— 4x 10716 Gev S flavor,
i Mw g collider
flavor,
Higes triplet and RHC ‘;g%_ 10715 GeV—1 collider
SR WR e distribution
i flavor,
A-mechanism with RHC o 1.4 x 10719 GevV—2 collider,
VR e~ distribution
flavor,
n-mechanism with RHC tan ( |Ue; S'ei 6 x 107° collider,
e distribution
% .
short-range R Ag:;sly 7x 10718 GeV~? collider,
Asusy = f(mg, may,mg,, my;) flavor
sin 20° \jaq M1 ( 1 _ 1 )l 2 x 10713 GeV 2 Aavor
long-range R \ m51, "o I de,r
~ GqF mp |)‘R3:’§1UZ;13 1 x 1071 Gev—3 0
Majorons 1{gx)| or [{gx)|? 107%...1 :E:j;;r;”

- Werner Rodejohann (MPIK)



Unexpected Correlations with other Experiments

ViL €iL
> e <
djL UjL

(a) CC s-channel

viL
-
dkr !
I

UsL

(b) CC u-channel

RPV SUSY
at IceCube

uR keV nus and

RH currents
in KATRIN

”"L>Jm < viL Bk JkRi viL and in O\/ﬁﬁ W
diz G dir

e and in Ov(3f3

(c) NC s-channel

viL viL viL
de i viL
JL ~
- &y vy
dxr

dkr dyr  dikr

(d) NC u-channel

(e) NC s-channel (f) NC u-channel

Dev, Ghosh, WR, 1605.09743

oJ
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3
S
=
: m
1028 _3 : -3 %

i 10 : — Sej:10 s M]=2 keV ~N
ms =400 GeV ? i — 8¢=10"", M;=4 keV §
27 e — S¢=10"°, M=7 keV o)

10 =
gl i 4 10_5* 3 :
= * o P
>a GERDA-II < 107° : A
o 1026 S e E  KATRIN ] QTl
| GERDA-I | 107 L
; i ; Sy

102§ \ , e e e e e e i, N
L ! | : ; | e S ) f | - ] 10_9; (“_,-; 1
0.1 0.2 0.5 1 2 5 e ] ‘ ‘ ‘
(S e e i e L

Excess events at IC

Werner Rodejohann (MPIK)

0vgB halflife T, for °Ge in yrs

INT (14/06/17



Non-Standard Interpretations

UL UL ge

+ decouples double beta decay from cosmology and KATRIN

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

Werner Rodejohann (MPIK) INT (14/06/17)



Non-Standard Interpretations

ug dL ur & dL ur,

> L > >
S I/V e—

< - - < l
»>-- ) |
] € er u
R L L LY
X/g' W | U, 0
i e X
X \/2(]21’[, ->- hee B
A X/d St ZEEE
- U
X/gA W i | .
ei €L Y“L
—‘—.-’.- I
JR > > < P>

s -

C - ;
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(TeV)



Non-Standard Interpretations

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

)
VL X/g ' W ur, 0
i eepmne )
Ny X \/2(]21)[, »=( fee y
A" X/3 St ZEEE
Ng . v/ik - ur,
/ N e -

c -
dj, > > uL u, dg u, d e, dg ur,

+ decouples double beta decay from cosmology and KATRIN

2 {m)

AStandard = G4 F 2 versus ANon—Standard = M5

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

T(eV) = T(TeV)



Double Beta Decay and LR-Symmetry

dr, dr, ur, dr UR
> »- > |
W Wr
e €R
NR! NRi
€L €p
W Wr
> -
dL dL ur, dR UR
d, ug, dg UR dr
g - >
e, €,
W L W i
\/5_(}21)[, == e \/ﬁQQ’UR == e
0p~ 0~
Wi, Wkg
er, €R
- - - -
dr, UL dr UR dg




Double Beta Decay and LR-Symmetry

light v and

light v plus

mixing of WM exchange of
W and Wr W and Wg




Double Beta Decay and LR-Symmetry

light v plus |8 light v and
mixing of WM exchange of
W and Wg W and Wg

>

>




Double Beta Decay and LR-Symmetry




Double Beta Decay and LR-Symmetry

Ml both e H -

simultaneous presence/interference/ ...
- Werner Rodejohann (MPIK) INT (14/06/17)




Double Beta Decay and LR-Symmetry

Type II dominance: ™,, = M, — MI%/MR — My, with myp X MR

= right-handed neutrinos diagonalized by PMNS matrix!

; 1.0 | %
R UR : =
> > ‘/;2?’ ng | normal =
W A X X 0.1 W inverted _ : §
—p— Cp - , e - e ] 2%
Np; . 0.01 ﬁJ e, o =
= B S,

€R : : I | <
. 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

10295. — i

add Standard and LR-diagram My, =3TeV

Tst « 1/m2and Tir « m,? | :
gives lower limit on m, /
| A KK 0%

104 0001 001 01

M lightest €eV)




LHC and Double Beta Decay

Lepton Number Violation at the LHeC

d R UR -
- > eR e R q J
Wgr dR ﬂR
- |% %4 R e+
Ng; N R
> e WR Ri WR = J
%4
W R
R UR dp
> > 4
dp UR 7

Configuration 1: E.=60 GeV,P.=0

| 0.1% MID 1
O _
D
S 'ég 1,000 -
g e E 1,000
S <A )
ST = ]
ST o —_
~ 8 - >
QZ 3 zz O
e 100 . | 2 4 e g =
S =  FEEHECERN 000 e gy . 100
D \,31?3(06 ]
s %‘O ~~~~~ :\:Oj 4
.E >-4 —! N\ TN T
| ] ¢ '
i ] meson ]
% i meson vOBB (Kamland) VOB (Kamland)
g l 1 LI I L L I L) LI T I 1 LI T I LB I LI 10 ' _— ' l ' . p— . ' ' ' I . ' ' ’ I v ; , , I — ; ; l ' — ;
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

) Mwr [GeV] Mur [GeV]



LHC and Double Beta Decay

z
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(b) s-channel production

(a) t-channel production
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Barry, WR, 1303.6324

10%

[T1/2]NR(R, 9"3)

10

T T T

[LFV and Double Beta

dp UR
- -
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W S
V2¢%ugy = hee
5}_2_
Wgr ~
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. -
dr UR
Normal ==m, =3.5TeV Inverted
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T T T T
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Ramsey-Musolf et al., 1508.044dd 1 o 1) o 1 1577.03945

Complementarity of LHC and Ov[3[3

: T | " - gl
>5+1 ¥ 5+1< ~(1,0)

* LHC needs Ms > M,

-
o N OB

* LHC has low sensitivity for small M,

eff
o
oo

g
© o o o
o N OB

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

* => complementary

See talk by Ramsey-Musolf

E



()CD Corrections

d% <d d
(a)

(b)
- naive size (as/4m) In (Mw /100 MeV)? = 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) INT (14/06/17)



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, Bhupal Dev, Mohapatra; Sarkar et al.)

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

wash-out:

loggy WL a0 > 6.9 4 0 g (% _ 1) + logy S

(& need for high-scale baryogengesis if TeV-scale LNV 1s present...?)

- Werner Rodejohann (MPIK) JINLCLAL06.L17)



Dirac vs. Majorana beyond V-4

£ > E Yo [(1(Ca + Dain®)]
a

/7
0’0

do

dT’

(v + 1) =

G4 M
27

A28

c+25

1
2_
)" +3

B=—

ol =

1

T
1—E—V>+C(

T
1—E_,/>+A<

with:

1
CPCT+§(C,%+C§+D1%+D§)—

Rosen, PR1.48 (1982)

WR, Xu, Yagquna, 1702.05721

] T
L,
T
1 — —

L,

1

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

gives cross section for elastic neutrino-electron scattering:

;
:

2ME2c;
(M + E,)? — B33

1 1

§C5'CT —|—Cr12-» +—-—DpDp— —DsDT—l—D%

2 2

1 1 1 1
(Ca+Ds—Cy —Dy)?—=CpCr+=(C3+C2+D%+D%)+—-CrCs+C%—=DpDr+~DsDr+ D3

2 8

2

2 2

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

Werner Rodejohann (MPIK)

dex (3



Y=

Dirac vs. Majorana beyon

\/A2+B2+C2

B A-C
3X2+731 X E Y T

3X2+Y%<1

| R=+\A24 B2 42
| can only
F2X%+(Y-X)’<1

demonstrate
Dirac nature!

Dirac neutrinos:
3X24+Y?<1
> B

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)

Necel,
Homn .

N e e ———

Summary

Chi U'ha visto ?

Litore Majorana

N AINAlrlg dl Nsica
vl* Univer-

Lk dl Napoll, ¢
misf{eriosamente
omparso daglt ul.
:mi di marzo., Di
anng 31, alto me-
tri 1.70, snello, con
capelli nerl, occhii
scuri, una lunga ci-
catriec sul dorso di
una mano Chi ne
sapesse qualco=a ¢
Dregato di scrivere
al R. P. E. Maria-
Viale Regina Margherila 6§ -

INT (14/06/17)



