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Dirac vs Majorana

» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only a
fermions but with ™/, =~ 10712 left—-handed neutrino
couplings to Higgs — Lepton number violation
H H
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Beta Decays

» Single beta decay

(4,2) > (AZ+1) +e” +7, b

» Allowed double beta (2vBB) decay
(A4,2) » (A, Z +2) +2e + 27,

» Neutrinoless double beta (0vBp) decay
(A4,Z) - (A, Z + 2) + 2e”

> Violation of lepton number

- Mediated by Majorana neutrinos

o Variants
- OvB*Bt: (A4,2) » (A, Z —2) + 2e*
- OVBTEC: (4,2)+e > (4,Z—-2)+e"
- OVECEC: (4,2) + 2e~ > (4,Z — 2)
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Ovip

4 Half_llfe V_A:I?/?LV—A -

g ~ 100 MeV X

\

uy,

— 2
Tl/% — |m’3’B|ZGOV|MOV|

» Particle Physics d—> - "

+m, V(1 +v5)y
Ay =7 ZUequ(l'l'VS)% ZVv(l ys) ~ = ; szezimvi - Mgg

» Atomic Physics
- Leptonic phase space G

» Nuclear Physics
> Nuclear transition matrix element M% B’

Q ~ 2—4 Mé¢

>7

7+l 742
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Three Active Neutrinos

» Effective OvBp Mass

_ 2 .2 2 .2 i 2 i(p13—20
Mpp = CirCiamy, + stpcfamy,e'®12+sfym,, eH($13729)

» Degenerate Regime

0.08

. . P12 I
|mgg| =m,, [1— sin? (26, )sin? (T "KamLAND-Zen upper limit
| Phys. Rev. Lett. 117 (2016) 082503

» Uncertainty from
unknown Majorana

phases
» Accidental cancellation i 7
for NH possible ” R i
0.15 0.20

Zcosm [eV]

Dell'Oro, Marcocci, Viel, Vissani,
Adv.High Energy Phys. (2016) 2162659
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Nuclear Matrix Elements

MCSM
. IBM-3¢k
» Hadronic current IBlelt\(T;CMf/I
gy BCSISMIBM:-1
(@) = gvv* = gar*y® + 5—=0""qy — gpy°q" EDE IMSRG
: i R PPACE
] (] eRPA® o
» Nuclear Matrix Element M% “rabinitio
— 5 IBM-ATB V] -2
— (MGT -y, +MT) RQRPA
|74
8 | T T I —
- Dependence on isotope JE R v E
and operator e — w E
> Many-body problem L e Li I ) 4 ?: M
_ N A
> Factor 2 - 3 uncertainty g b wwe—F = xvVLY i
between nuclear models |= Pz ¢ . m
3:_ v LA L o o % I
2+ : Tz i A 7
Eoe ]
0 4|8 7|6 8|2 Qé 1|OO 11‘612|411|’>0 1|36 1é0
Menendez, arXiv:1605.05059 A
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Quenching of g4?

» Nuclear matrix element

2
9da

MOV = gi (MGT _?MF + MT)
|74

» Axial-vector coupling g4
> Free nucleon: g, = 1.27

> Comparison of 8 and
2vBB decay with theory:
ga ~ 0.6—0.8
- If applicable to 0vpp,
strong reduction of sensitivity

- Genuine effect or
short-coming of models?
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0 g4=1254"%" 1
) @g4=1254"01% 1

- O from experimental 7, (ISM)

- W/a from experimental 7, (IBM-2 g o

=
|
= L
o 06
04/
Ca Ge Se ZrMo Cd Te Xe Nd
02
().() L L L L 1 L L X i 1 L 1 1 ]
40 60 80 100 120 140 160
lachello ‘16 Mass number

gs
log ft(EC) = 4.40 + 0.24
100Mo log ft(B~) = 4.60 + 0.01
i 42
t7y) = (7.1 £ 0.4) x 10'%y 100Ry

0gs
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Quenching of g4?

» Nuclear matrix element i
1.2} 1
, g5 1.0} ‘ I*
M = gi| Mgr —=5 Mg + My 08l | |
9v < * } L ” [ *
© 0.6} + | # t
» Axial-vector coupling g4 0.4} | ll b 1“
> Free nucleon: g, = 1.27 0.2} i
- Comparison of g and 0.0{ FFD, Suhonen, Phys.Rev. C94 (2016) 055501
2vBp decay with theory: 60 80 100 120 140
A
ga~ 0.6—0.8
- If applicable to ovBp, o i
strong reduction of sensitivity o
431C i
> Genuine effect or lgs
short-coming of models? "’”“E””‘“‘““/ -
16 log ft(B~) = 4.60 + 0.01
0% a>Mo
5 = (7M 190Ry
Ogs
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Quenching of g4?

» Single beta / EC / 2vBp 3)
analysis relevant for OV,B,B7 Virtual ng)) transition
—,
Unclear! —
[ﬁ]@ @a[r‘n \_le_)
\ /(1+) _
» Processes different at — 17—
nucleon level -
» Probing different transitions
y
» Incorporate more 0
experimental information m .
o i i 0
Higher, forbidden beta decays 76 G 760 766

> Charge exchange reactions
Muon capture
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Quenching of g4?

) Slngle beta / EC / 2vpBp Virtual 3) transition
analysis relevant for 0vpg? \ @)
A ah
Unclear! -y
./ a)

» Processes different at
nucleon level

» Probing different transitions

» Incorporate more — 2
experimental information m
> Higher, forbidden beta decays | - 76 T
: Ge As Se
> Charge exchange reactions
Muon capture

0+

Frank Deppisch | Looking for LNV | 18/04/2017



iy

University College London

New Physics and 0vgpf

dy — = uy
» Plethora of New Physics scenarios ;?1;: —
d u K SR g Y Ty s R -
‘;,/;:ZLVH\ - W, V+A r

o . V_A._r‘} X .
| e— | X my
| e— | _ o >

e > ep A > Ur

V+A
W
V+A

d u dy - = g o ép
Left-Right Symmetry Ry ]
W; g

2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

df\' > yia > g
dy, wr,
e -
W e
- ¢ —
' ﬂﬂi Extra
| Dimensions
v, A ur,
X/g :
eg /i Majorons
e —— - - i MY ur,
a 7 c
b b up, hL Leptoquarks
o 1
R-Parity| , — —
. . L
Violating SUSY
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Y
y

New Physics and Ovgp

» Plethora of New Physics scenarios W, i

V+AY’L1'L HR CW N _
1 eR
W L a - ‘ILV}SAG VA

- e 4
V—A
e = = u
| m— | X my
— _ - .
e e e VA > Hp

V+A
W
V+A

Y

d u dy =

d u dy o £ Uy ”ﬁ’ e
Left-Right Symmetry SO )
-1 _ _2 ~0v|pn0v]|2 M *
T1/2 = ENPGNP|MNP de . VA . lg
dr, ur,
] ] — -
» Neutrinos still w
. , T -
Majorana - “liy Extra
A . .. || Dimensions
‘ X/7 _
eg /i Majorons
._‘___r—_f ’ : Uy,
¢ b b up, + i Leptoquarks
R-Parity| , —<————

Violating SUSY
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New Physics and Ovgp

» Examples in Left-Right Symmetry —

Y

Hy Xmy

d u di{ > V+A"L—Z7’ , R e
W Lyea - iyi;sl@vm > R

e N = u
 m— K my t
e = e

3

H‘/Q V+A

d dy > V+Arj\rr & Hy Elgi-jll - z UelWel tan (W
u 3 . =1 10_9
m, m
_ 2 RRz _ 2P "W ~
Ti/s = €npGRp| MY €5 = 2 Vei———3 (A/10 TeV)3
i=1 N Wr
1078
» 0vBpB probes (A/1TeV)3

the TeV scale
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New Physics and 0vgpf

» Examples in Left-Right Symmetry

d u
e
e
d u
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2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

» OvBB probes
the TeV scale

dy — = up
W lyoa e
Xmy
d;f - V"‘A"L_ZL L= Hp CW ><m;\-" - .
W, Ly N e 4 V+A R
_ V—A _ u
X my i i -
IKR‘S‘S\\H—A > el; V+A
dy — VA & Hy EV—A - eiWei tan (W
3 4
RRz _ 2 Mp My, ~
B Vei my ma
i=1 N w
1078

~ (A/1TeV)s

Modified angular and energy

distribution of emitted electrons
(Doi et al. '83; Ali et al. '06)

FFD, SuperNEMO,
Eur.Phys.J. C70 (2010) 927)

0.0
00 02 04 06 08 1.0

|At ]
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New Physics and 0vgpf

» Effective Operators

d u d u
e €
e
o, €
d u d u
2
-1 _ 2 0 0
Ti/z = €xpGRp | MNP Long-range Short-range
Isotope |yt 3 €37 e3ih et | e
%Ge 35-10Y 62-1007 1.1-107% 1.1-107% 6.7-1071° 1.1-107°
136¥e  28-107? 56-1077 6.8-107Y 6.8-107Y 48-1071° 81.10710
FFD, Pas, Hirsch,
J.Phys. G39 (2012) 124007 | ax €| €| ngLZ(RRz)’ |E§RZ(RLZ)| €] les]

%Ge 32-1007 1.8-107? 22-10% 14-107% 1.5-107% 1.5-10°°
B¥Xe 26-1077 1.4-107° 1.1-100% 1.7-10% 12-100% 12-1077
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Heavy Neutrinos

ovgp

> stringent for
pure Majorana N

Peak Searches in
Meson Decays

o 1,K - ev; Belle

Beam Dump
Experiments

> e.g. PS191;
CHARM; LBNE

LNV Meson Decays
o K — eem; SHIP

Z Decays

iy

University College London

0.01F

10—4,
E 10
107

10—10

10—12

0.1
FFD, Dev, Pilaftsis,
New J.Phys. 17 (2015) 075019

> LEP: L3, Delphi; FCC-ee
Electroweak Precision Tests (EWPD)

> Fit of electroweak precision observables,
lepton universality observables

7
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OvBp vs LHC

» Example of Left-Right Symmetry

(Mohapatra, Senjanovic ‘75)

10!

s

LHC #ijj

[
S
[

LHC displ. vert.

\

E RE~W |

9
1075 [o y
(Y K VA g “r
107} |5 T ';Vl;LLVM g o
10—7 1 u | | | | 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 Xmy
Helo, Hirsch, Phys.Rev. - e,
D92 (2015), 073017 mygr(TeV) Z;UJ‘M ®
d o VA .

Uup
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Baryon Asymmetry :
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Generation and Washout - H
» Classic Example: High-Scale Leptogenesis —
L

- Generation via heavy neutrino decays
- Competition with LNV washout processes

Lr—-H
> Conversion to baryon asymmetry ! N
- EW sphaleron processes at T ~ 100 GeV H L
+ Observed asymmetry H ,H

ng — Nj NSOV
= = (6.20 + 0.15) x 10710 — L\
NB n, ( T ) L ;.

» What if we observe lepton number Ny K TTTF
d, L.z

violating processes in Ovvp or at H o =
the LHC? d
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Baryon Asymmetry
Lepton Asymmetry Washout

» Compare 0vBp rate / %R
LHC cross section with
lepton number washout 100k |

in the early Universe

FFD, Harz, Hirsch, Phys.Rev.Lett. 112 (2014) 221601 _2:
FFD, Harz, Hirsch, Huang, Pas, Phys.Rev. g 10
D92 (2015) 036005

Tw _ MpM; K (My/T) S 107
— >3x1073 X (so : 110000 " :
H T* " fa,q,(Mx/s) (5 9LHC) £ .
. 10_6E EW ln é

» Observation of LNV z i =t s
. E 3

corresponds to highly ol B~
effective washout I, /H > 1 o 1 2 3 4
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Baryon Asymmetry
Lepton Asymmetry Washout

» Temperature ranges of A FFD, Harz, Hirsch, Huang, Pas, |
1 - 1014k I_g Phys.Rev. D92 (2015) 036005,

strong equilibration ; I :

- Assumes observation of o2 W i ;

corresponding process!

current

» Observation of LN(F)V 10102—

> gives information at what
temperatures operators
are in equilibrium
> can falsify high-scale 106%’ l
Br(t - ¢y)

0 LFV 7
o O

3 Briw2er)  pius e

T [GeV]

baryogenesis scenarios

104

£ LHC reach H [I

1 02 = EW scale

05 07 09 011 Oue}r Orf'y Oueqq
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Baryon AsymmEtry UnivetyCoIIegeLondon
Lepton Asymmetry Washout

» Temperature ranges of
strong equilibration

- Assumes observation of
corresponding process!

» Observation of LN(F)V 1019}

Lo preliminary |

1012_

- gives information at what %
temperatures operators O 10%
are in equilibrium B

> can falsify high-scale 10°%
baryogenesis scenarios '

\ LHC reach I
il il bl 1 W B W)

10 3 W iscale

104_

[}
"T
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Conclusion

» Neutrinos much lighter than other fermions
> Dirac or Majorana? Lepton Number Violation?
> Natural suppression of charged LFV?

» OvBp is crucial probe for BSM physics
> New LNV physics at the LHC scale?
> Standard Mass Mechanism?
- 5-dim operator from LNV at GUT scale
> Impact on baryon asymmetry in the Universe

> Challenging Physics: concerted effort between
theory/experiment in nuclear/particle physics

» Importance of probing LNV around the TeV scale
> Mechanism of neutrino mass generation?
> Other probes, e.q.

+ LNV Higgs decays [Maiezza, Nemeviek, Nesti, Phys.Rev.Lett. 115 (2015) 081802]
- u~ > et conversion in nuclei [Geib, Merle, Zuber, Phys.Lett. B764 (2017) 157]

LR
\ WA
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