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7.

INnfroduction
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Black box!

ol

Experimentalist observes:

Neutrinoless double
beta decay is:

nn — pp-+e e

o (No missing energy)

Lepton number is violated:

AL =2
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Black box!

Ha—

Experimentalist observes: Express half-live as:

—1
0
10981 = Goules 2|11

Gov - phase space

¢; - particle physics

Many, many
possible
contributions:

RPV SUSY
Leptoquarks
Left-right symmetry
.. efc ... efc ...
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Nass mechanism

Experimentalist observes:

i d d - Neufrino
‘ : propagator:
W
e f d*p my—l-p’
iy @m) p2—m?Z
-
W
d u
n 3 3 p

"Mass mechanism” because weak interaction is leff--handed:
PL(mz/ ‘I‘]é )PL = my Pr,

Meeting on: Next Generation 76Ge experiment; Apr. 25,2016 - p.6/5¢



(m,) versus m,, -status 2015

Global fit data from:

| Tip(PXe) > 1.9 x 10 ys

i 100% NME: Faessler et al., 1301.1587 Forero, Tortola
/EE & Valle;
1 N
~ 10 = |l Inverse hierarchy arXiv:1405.7540
allranges at 1 o c.l.
1072 =
1073 ﬁ
- Planck =
10—4 Lol Lol L0
107 1073 1072 101 10°

my, [eV]
= Planck - limits fromn cosmological data
= T /2 (139 Xe) - limit from KamLAND-Zen
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111,

Ov(B 6 decay,
LNV operators and m,,
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Theoretical expectation?

Majorana Neutrino mass

(Yv)?
m, =~ . Weinberg, 1979
A
Smollneis of nelu’rrln”o Mass Minkowski. 1977
can be “explained” by:
= High scale: Large A Yanagida, 1979
“classical” seesaw Gell-Mann, Ramond, Slansky, 1979

Mohapatra, Senjanovic, 1980
Schechter, Valle, 1980

Foot et al., 1988
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Theoretical expectation?

Majorana Neutrino mass generated from an n-loop dimension d diagram:

= O () ()

Smallness of neutrino Mass
. ” 41
can be “explained” by: _
> Tree y—1
, 8 102 @ 1-loop
= High scale: Large A ~ 2-loop
w ' ” €2 3-loop y— 1072
classical” seesaw o ®le
= Loop factor: n > 1
+ “smallish” ¥ ~ O(1073 — 10~ 1) S | ¢
= Higher order: d = 7,9, 11 1
= Nearly conserved L,

i.e. small e ("inverse seesaw”)

... or combination thereof

Os O; Oy On
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i AL = 2 operators

Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5
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i AL = 2 operators

d = b5: Weinberg, 1979

Ciq
Ow TJ(LZ'H)(LJ'H) One d=5

Example realization, seesaw type-I:

(H) (H)

+ +

/
\ /
\ rvpr
g /
\

/ \
vy, vy
A ~ MyRk

.. vyvuv
Cig < Y Y5
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ﬁ AL = 2 operators

d = b5: Weinberg, 1979

Ciq
Ow TJ(LiH)(LjH) One d=5

Example realization, seesaw type-l: Ov 3 decay:

(H) (H)

+ +

/
\ 1
\ rr
\ /

AN

vy vy,

A ~ MyRk (a)

.. v v .
Cij X Y. Y Mass mechanism!
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AL = 2 operators

d = b5: Weinberg, 1979
Ciq
Ow TJ(Lz‘H)(LjH) One d=5
d="T: Babu & Leung, 2001
de Gouvea & Jenkins, 2007
Oy x LLLe“H A(+1)d =T
O3 < LLQd°H O o (LH)(LH)(H,Hy)

O4 x LLQu°H
Og < Le‘ud“H
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ﬁ Example d = 7: LLQd°H

Graphically:

Q de
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Example d = 7.

LLQd°H

Again, more than one realization.
Example:

Q de

— - — ’_ —_ S —
. S31,-1/3 + S3.2,-1/6 L

S3,1,—1/3 - singlef leptoquark
S3.2.1/6 - doublet lepfoquark

AL = 2,50 ...
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Example d = 7: LLQd°H

Again, more than one realization.
Example:

Q de

Ssq - S35
L 31,-1/3 + 32,-1/6 L

S3,1,—1/3 - singlef leptoquark
S3.2.1/6 - doublet lepfoquark

AL = 2,50 ...

Ov 33 decay:

(b)

Long range contribution!

0
A puX(HY)
3,1,1/3"7%3,2,1/6

No helicity suppression!
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Example d = 7: LLQd°H

Again, more than one realization. 1-loop neutrino mass:
Example: -
|
Q d° +

__(__’___»_

S31,-1/3 + S3.2,-1/6

Q dc

— - — ’— - > — <
Ss1,-1/3 + S32.-1/6

S3,1,—1,3 - Singlet leptoquark |
S3.2.1/6 - doublet lepfoquark -

L

AL = 2,50 ...
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Example d = 7: LLQd°H

Again, more than one redlization. I-loop neutrino mass:
Example: H
|
Q d° +
— - — ’_ —_ S —
. S31,-1/3 + S3.2,-1/6 L
|
H
. . Ssq1_ Szo_
0v38 decay has both contributions: L B S L

u
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AL = 2 operators

d = b5: Weinberg, 1979
Ciq
Ow T”(LZH)(LJ-H ) One d=5
d="T: Babu & Leung, 2001
de Gouvea & Jenkins, 2007
Oy x LLLe“H A+ d =7
O3 x LLQd°H O o (LH)(LH)(H,Hy)

O4 x LLQu°H
Og x Le‘ud“H

d=09: many d =9 and d = 11 ops
Os < LLQA“HHH' Og < LLLeCLe
O¢ < LLQu°HH™H O10 < LLLecQd"
O7 x LQeCQHHHT 011 x LLQA°Qd°
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Example d =9: LLQdQ)d°

True d = 9 operator; Many, many realizations ...

Q Q

de d°
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Example d =9: LLQdQ)d°

True d = 9 operator: Many, many readlizations ...
One example:

Q Q

d€ d° 1 S56,3,1/3 de

t=

Se,3,1/3 - Triplef diquark
S3.2.1/6 - doublet leptfoquark
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Example d = 9: LLQdQd"

True d = 9 operator: Many, many readlizations ...
One example:
Q Q ur, ur,
Q Q
d¢ d¢
| 4/3
dc¢ | S(6,3<71)/3 de
|
e & — — —
L L S(2/3) S(_z/g)
er 3,2,-1/6 3,2,-1/6 er

Se,3,1/3 - Triplef diquark
S3.2.1/6 - doublet leptfoquark

Ov B3 decay without neutrino!

AL = 2,50 ...
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Example d =9: LLQdQ)d°

True d = 9 operator: Many, many readlizations ...
One example:

Q Q

dC

Se,3,1/3 - Triplet diquark
S3.9.1/6 - doublet leptfoquark

2-loop neutrino mass!
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Example d =9: LLQdQ)d°

True d = 9 operator; Many, many readlizations ...
One example:

Q Q

dC

L

d

d

(c)
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Black Box Theorem

Schechter & Valle, PRD 1982
Takasugi, PLB 1984

If Ovis

IS observed
the neutfrino is a
Majorana particle!

= 4-loop “butterfly” diagram: m, ~ 10724 eV Duerr et al 2011
= Tree-level, 1-loop, - - - 4-loop possible

= Rule of thumb: Helo et al., 2015

— Models with tfree-level, 1-loop m, - mass mechanism dominates
— Models with 2-loop, 3-loop m, - mass mechanism ~ SR
— Models with 4-loop m, - SR dominates
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ﬁ Distinguish mechanisms?

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

d u
e
o, ¢
d u
(c)
Mass mechanism “long-range” “short-range”
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ﬁ Distinguish mechanisms?

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

Mass mechanism

Compare with
other experiments:
Cosmology
KATRIN?

(m.) [eV]

“long-range”

d u

&

o, ¢

d u
(c)

“short-range”

103

.

Red line:

Klapdor et al., NIM 2004
Claim for
E | Inverse hierarchy TOVﬁ,B (76 Ge) —

1/2
(1.1970:57) x 1025 ys

“= Normal hierarchy

10

Ll [N
107

Ll Ll
10 10°
my, [eV]
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i Distinguish mechanisms?

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

d u
e
o, ¢
d u
(a) (c)
Mass mechanism “long-range” “short-range”
Compare with = o[ Planck + BAO:
-I-her eX erimen-l-s O, 100f Klapdor et al., NIM 2004
@) P c
2 | P I NO overlap
Osmo Ogy 10— £ | Inverse hierarchy WiTh O”O\Ned

KATRIN? region of (m,)!

10725

103

i

Ll Lol RN
1074 1073 1072 1071 10°
my, [eV]
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i Distinguish mechanisms?

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

(a)
Mass mechanism

Compare with

other experiments:

Cosmology
KATRIN?

(my) [eV]

Ll [
1074 1073

d u

e

o, e

d u

(b) (c)
“long-range” “short-range”
[ Tus("Xe) > 1.9 x 10% ys Claim now
E NME: Faessler et al., 1301.1587

- ruled out by:
? | Inverse hierarchy GERDA
EXO-200

KamLAND-Zen

Planck =

Ll L
102 10t 10°
i [V)
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Distinguish mechanisms?

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

d u
e
o, ¢
d u
(b) (c)
Mass mechanism “long-range” “short-range”

Angular correlations
OvBT /EC decays 15

LHC? o
410
5
SuperNEMO = 05
Arnold et al., 2010 0
00 02 04 06 08 1C

AL/ Q
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ﬁ Distinguish mechanisms?

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

10+

10?

d u

&

o, ¢

d u
(c)

Estimate OvE3
sensitivity for
different operators:

LHC tests

LHC-2018 (99 Gnd Oll
(coloured) O n d
‘B partially O~

LEP

Os

Oy

Oy
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111,

Ov3p decay, LNV and LHC
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Leff-right symmetry

Motivation:
.
Vu.L
P
W- o=
Py B
Ve,L

~ 1/m%VL — Gp

Extend standard model gauge group to:

SUB)e x SU2)r, xU(1)y — SU3)e x SU(2)L, x SUR)r xU(1)p_1,
If my, > my -, -interactions mostly left-handed

= LR symmmetry implies: L « L° - vg is part of theory!
= Seesaw mechanism included in theory
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Wr and OvE 38 decay

The experimentalist sees:
If my — OO

’ . limit on
= = 5
Wo ~ 1/mWR mwg — 0
> e
N X ~ 1/my
> e
~ 1/m?2
Wi /miy.
d > > u

With 7)1 (1% X e) > 1.6 x 10% ys;

<mN> —1/4
>
mwg =2 1.3 ( [1TeV] ) TeV
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i Example: Wr @ LHC

Keung & Senjanovic, 1983

Signail:

Same-sign and opposite-sign
di-lepton + jets, no Fr
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* Example: Wr @ LHC

Signal:

Same-sign and opposite-sign
di-lepton + jets, no Fr

CMS (and ATLAS) with /s = 8 TeV:
Non-observation gives

stringent limits on

short-range Wr diagrams

for Ov BB decay.

Assumes: gr = g1,/

3.5

Mg [TeV]
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* Dijet and 0v33 decay

Absence of pp — Wgr — j7 gives limit on 0v34:

10 \ Helo & Hirsch
1P ) 1509.00423
10" .
g < displaced vertex search (future)
| 2[ ; ray:
% 10 : |} SHIP (Future) TOVB6 10925 ys
l— 10—3 A E 1/2 ~ y
z ;
OvBp
105" Ty )" 21027 ys
107°-
10—7 \ .l \ \ \ \ \ \ \ \ \ \ \
12 3 456 7 8 91011121314151617

Myr(TEV)

= full (dashed) current limits

(future sensitivity) for dijet data
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LNV @ [HC
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LNV @ [HC

ql, g4 fl
b% Y S
81 8> Y
. /s
J
g
’ S

Example:

ud — W5 — TN — I+t
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LNV @ [HC

84 fl
q;
P
81 8>
Sy
! >y,
Example: Example:
'LLJ—> W;{_ — l+N — l+l+]j uu — S6,3,1/3 — 233,2,1/6 — l+l+j]

ug — Ss 1,13 + 1T — 113555 99 — g9 — Ye,2,1/6 T 156,2,1/6 — 1Tt 5557
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OvBs and LHC (/s = 14 TeV)

J.C. Helo et al,
PRD88 (2013)

- - ~DQ
Uuu - 543

_____ aa - ng/gg

........ L_J d- é]_
..... = l] g% Sk(/g:g e

_ -LQ
d g - 82/3 e’

Jer - Mean coupling
Mg - mean mass

= Assumed upper limit on o(pp — X): 1072 fb
= mpr = 1000 GeV (realistic (?) case)

= Full lines: Br= 10—1, dashed lines Br= 102
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Conclusions

LNV & Ov 33 decay:

= Maqjorana neutrino mass and
Ov 3B decay always related

= What is the scale of LNV?

d u
e
o ¢
d u
(a) (b) (c)
Mass mechanism “long-range” “short-range”
near GUT scale ? (103 — 10%) GeV? “few” TeV?
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Backup slides
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Leptogenesis, OvG s and LHC
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Leptrogenesis

Sakharov’s conditions:

e
(i) Baryon number violation N; /

(i) C and CP violation Nk
(i) departure from thermal equilibrium N

(e) Tree

In Leptogenesis:

(i) Convert L to B through SM sphalerons
(i) CP violation through interference tree < 1-loop
(i) L out of equilibrium via right-handed neutrino decay
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Lepfogenesis and LHC

Deppisch, Hartz & Hirsch
arXiv:1312.4447
PRL 112 (2014)

plue lines
washout factor I'yy,
- Suppression of L oc 107w

Observation of

LNV @ LHC implies:
(High-scale) Leptogenesis
is ruled out!

Loopholes???

(i) Resonant LG
withmy < mx?

(i) Hide LG in 7's?
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LG and Ov (B3 decay

A
1014_ Hi R

10123 Rire _ Deppisch et al.,

: 2015
= current E

1010z ] If 038 is found

— L 3 and demonstrated to be
% o6 0vB6 LFV ;

— L ] LG ruled out above

scale )\

LHC reach

1 02— EW scale H_! !_! _

1 1 1
5 7 9 011 Ouey Orfy O,ueqq
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Comments on
using different isotopes
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ﬁ More than one isotope?

‘ T T T T . '
i NMEs: arXiv:1212.1331 Simple idea:
10+ Argonne, g4 = 1.25 .
. 70vBB (76 _ 25
cyan: T(l]/2 (®Ge) = (4£0.4) x 10* ys 1 T1/2 :G{(€1M1)2+(€2M2)2}
blue: 777 (**0Xe) = (1.6 +0.16) x 10% ys 1

| Only one example:
| e1 = ((mv)/me)

€2 = (mp/(mn))
M, - matrix elements

(my/ (m)) x 10°

Use two (or more) isotopes
solve for two unknowns ...

Consistency region
shown in red

((my,) /me) x 107
Note:

Plot is not based on experimental data! For illustration only.
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* More than one isotope?

‘ T T T T . '
i NMEs: arXiv:1212.1331 Simple idea:
10+ Argonne, g4 = 1.0 .
. 70vBB (76 _ 25
| cyan: T(1]/2 (®Ge) = (4£0.4) x 10* ys 1 T1/2 :G{(€1M1)2+(€2M2)2}
blue: 777 (**0Xe) = (1.6 +0.16) x 10% ys 1

| Only one example:
* e1 = ((mv)/me)

€2 = (mp/{mn))
M, - matrix elements

(my/ (m)) x 10°

Use two (or more) isotopes
solve for two unknowns ...

No overlap for exactly
same numbers, except:
M|

((my,) /me) x 107
Note:

Plot is not based on experimental data! For illustration only.
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% More than one isotope?

2 I ' NMEs: arXiv:1212.1331 | Same numbers except:
— 10- Argonne, gy, = 1.25 i
. VBB 76 _ 25 \
ol cyan: Ty, (MGe) = (44 0.4) x 107 ys Arbitrary error for:
= blue: 77,7 ("% Xe) = (1.6 £0.16) x 10 ys o -6
S (AM)/ M ~ 20 % for °Ge
= 3 (AM)/M ~ 15 %
Q‘ |
S
6 Different mechanisms in
different nuclei lead to
4* (5-25) % differences,
— much smaller than
] typical error (AM)
2
(O Conclusion:

Better M needed!
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i Ratios of martrix elements

of NMEs in Table 1 of 1212.1331

— 1.05

& To distinguish:
S Need different mechanisms
§ Lr ] ] to have different NME ratios.
S 0.95 } l “Error bar” due to variation

0.9

S
<
3
=z
>Z
Na}

Plot shows ratio of matrix elements for different “mechanisms”, see 1212.1331:

(my) - Mass mechanism

(my) - heavy neutrino exchange
A’ - trilinear RPV”

g - gluino RPV
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i Ratios of martrix elements

M0 Xe)/ M(TGe)

1.0

7 ) To distinguish:
0.8 T Need different mechanisms

7 to have different NME ratios.
0.6- |

: I “Error bar” due to variation
0.4" of NMEs in Table T of 1212.1331
0.2 | 7 |

(my) — (mw) N 9

Plot shows ratio of matrix elements for different “mechanisms”, see 1212.1331:

(my) - Mass mechanism

(my) - heavy neutrino exchange
A’ - trilinear RPV”

g - gluino RPV
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