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» Origin of neutrino masses beyond the Standard Model
» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only a
fermions but with ™/,  ~ 107" left-handed neutrino
couplings to Higgs — Lepton Number Violation
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vy Y
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Neutrino Oscillations

» Neutrino interaction eigenstates different from mass

e _ @ ens .ﬁm..ﬁm S normal hierarchy inverted hierarchy
> Neutrino flavour can change through
propagation Se— (m, e —
- A (Am™)_,
<~. — QQNJ\Q\ \_\mﬁﬂv — ngm.mﬂlﬁmkva\mAOv (M)’ e—
. . Am? L/km
= Py p = sin® 260 sin“ | 1.27 VZ E/GeV . H
" (Am’ N
» Era of neutrino precision physics i — 7
> Current errors ~ 1-10% e i eie—

» Experimental unknowns and anomalies
> CP Violation? Sign of Am,3? Octant of 6,57 Sterile Neutrinos?

Frank Deppisch | Theory of LNV and LFV | 9/11/2017



Neutrino Oscillations

CP Violation Sensitivity

CP Violation Sensitivity
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Beta decays

» Single beta decay

(A,Z) > (A,Z+1) +e™ +7, i Leﬁ - gLﬁF

» Allowed double beta (2vBf) decay
(A4,72) > (A, Z+2)+ 2e” + 27,

» Neutrinoless double beta (0vBB) decay
(A4,Z) > (A, Z +2) + 2e~
> Violation of lepton number
- Mediated by Majorana neutrinos
> Variants
- 0vB BT (4,2) > (A,Z—2)+ 2e”
OvBTEC: (4, 2)+e - (A,Z—-2)+e™
OVECEC: (4,2) +2e~ = (4,Z —2)*

» Majoron-assisted 0vBp decay
(A4,Z) > (A, Z+2)+2e” +ny
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» Half-life s —
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» Atomic Physics & \i
> Leptonic phase space G
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» Nuclear Physics
> Nuclear transition matrix element M%
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» Half-life
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» Particle Physics

x

AP = M UZy,(1+ E

» Atomic Physics
> Leptonic phase spa

=C,C

» Nuclear Physics
> Nuclear transition
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Ovpp - Light Neutrinos

» Effective OvBp Mass
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2 .2 2 .2 i 2 i
Mg = C12C1{3My, + S12C13My, € P12 +m5§<wm P13

» Degenerate Regime

|mgg| = m,,

1 — sin?(26,,)sin? A%v

» Uncertainty from
unknown Majorana
phases

» Accidental cancellation
for NH possible

0.08

"KamLAND-Zen upper limit
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Dell'Oro, Marcocci, Viel, Vissani,
Adv. High Energy Phys. (2016) 2162659
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Ovpp - Light Neutrinos

» Effective OvBp Mass
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Ovpp - Light Neutrinos

» Experimental Sensitivity
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Nuclear Matrix Elements

MCSM
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» Nuclear matrix element Free _, | . J
value 1.2 O from experimental 7;, (ISM) ) 0 g4=12547012
- W/a from experimental 7,, (IBM-2 mw\uucv @ .m,‘,u_.mm\»-o._m
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» Axial-vector coupling g, N
> Free nucleon: g, = 1.27 i 8 Ge s ZMo G4 Te Xe R
> Comparison of single N o
and N<.%.% n_mnm.< with ﬁ_\_mOJ\” 40 60 80 100 120 140 160
lachello ‘16 Mass number

gs ~ 0.6—0.8

- If applicable to 0vgp,
reduction of sensitivity

> Genuine effect or
short-coming of models?

log ft(EC) = 4.40 + 0.24

199Mo

Ogs

t7y = (714 0.4) x 10%8y
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» Nuclear matrix element

__f
2 Virtual £ transition
ES\H,QM Emﬂlwswl_n\&ﬂ tua MHV transitio
2 —
. | /)
» Axial-vector coupling g4 — D
> Free nucleon: g, = 1.27 EEJ
- Comparison of single g ah
and 2vBp decay with theory:
gs = 0.6—0.8 — 1)
- If applicable to 0vgp,
reduction of sensitivity o —2
> Genuine effect or /
short-coming of models? . Nwmma —0
Ge As Se

Frank Deppisch | Theory of LNV and LFV | 9/11/2017



_UClL

DC encC —x_ m n @ O.—.n .,Q\— ..V University College Condon

» Nuclear matrix element Virtual () transition
> E)l@
M = g3 Emﬂlﬁmiw+§ﬂ /|\M:
9a W-v
» Axial-vector coupling g4 1
> Free nucleon: g, = 1.27 EGJ
- Comparison of single g 19
and 2vBp decay with theory:
gas ~ 0.6—0.8 — 1)
- If applicable to 0vgp,
reduction of sensitivity - —2
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New Physics and 0vgp
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» Examples in Left-Right Symmetry wwvwﬂ .
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New Physics and 0vgp

4 A > uy
» Examples in Left-Right Symmetry s
Q u dy — = up Z Xmy )
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» OvBB probes (A/1TeV)5

the TeV scale

Modified angular and energy

distribution of emitted electrons | (5
(Doi et al. '83; Ali et al. '06)

gl . | . .
FED, SuperNEMO,| 0.0 02 04 06 08 10

Eur.Phys.). C70 (2010) 927) | At |
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OvgBp vs LHC

» Example of Left-Right Symmetry

(Mohapatra, Senjanovic ‘75)

1 u
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» Effective operator for Majorana neutrino mass .
Only dimension-5 operator beyond SM A._av/ \m_a.v
1 hy . . 1 N /
LD M>:<< @ SAE - L; v 5 QE\V: V; m\vIQIAlm

» Seesaw Mechanism
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» Effective operator for Majorana neutrino mass
Only dimension-5 operator beyond SM

1 hy 1

LD= LS-H)(HT - L; \lelAl
N>E<<A VA v (H) NQﬁévC \ 7 —

(H) (H)

t~

» Radiative Generation via Loops
> Alternative to Seesaw, e.g. Babu-Zee model (zee 85, Babu ‘88)

5 - 2 ¥ - s .- il
S, e a1 Rb kS e
v ¢ AN 5 9
V- I {n v
k£ £ e (fkd ety P F e
1 4 Neutrino masses DN 3
. suppressed at 2-loop g,
,QN \N 4
NVV 2
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Heavy Sterile Neutrinos

» Correct light neutrino masses for TeV scale heavy neutrinos

> Seesaw Mechanism with TeV scale heavy neutrinos
- Standard m.mmmm<< with small Yukawa couplings| {,Lr Y, ~ 1076,/My/TeV
+ CLFV remains small

> “Bent” Seesaw mechanisms
- Decouple Ap Ny from

heavy neutrino mass %z Y,(H) = 102 GeV d
- Example oof M =103 GeV
0 Y,(H) 0 105
6F 1
M =Y, (H M o . _
vH) % 10°f Quasi-Dirac ““
0 M u O 02k . . 1
- '%FMajorana Neutrinos 5 3
. = 10% ¢ 1
- Potentially large CLFV |* 1ok K !
. . _ar i
» In the limit u - 0, 10~
no LNV but CLFV g
re
] m, = 0.1 eV “”
.-Lﬁl srauml oyl o oumel conmd el sl syoed s oseel saped el sl saumd o oneed sromed syl sl sl o oeel saped el §
10 10°® 107 107% 10° 10* 10* 10° 10% 10%'° 10! 10
p [GeV]
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Heavy Sterile Neutrinos

» Constraints on coupling
to leptons |V |

» Neutrinoless Double Beta
Decay

- GERDA

> stringent for pure
Majorana N

» Peak Searches in Meson
Decays

o 1K —>ev
> Belle

»  Beam Dump Experiments
- e.g.PS191, CHARM
- LBNE

» LNV Meson Decays
o K —eerm

- SHiP

» Z Decays
> LEP: L3, Delphi
> FCC-ee

» Electroweak Precision Tests

o

i

University College London
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EWPD: Fit of electroweak precision observables,
lepton universality observables
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Heavy Sterile Neutrinos

» CLFV in the Seesaw Mechanism

> Light neutrino exchange
+ Negligible due to small neutrino masses

2

3a >§
Br(u - ey) = 39m M : ~ 107°°

> Heavy neutrino exchange

- Sizable for TeV scale heavy neutrinos and
large LR mixing ViR =~ 1072

2
my.

2
my,

Br(u — ey) = 4 x 1073 M Vi vetG

i

Q <E~
Uv = AQ\E% va
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» Neutrino flavour mixing radiatively ——= e
induces slepton flavour mixing
(Borzumati, Masiero ‘86)
Correlation bet lept M o e
» Correlation between sle ;
i ._U.OS LV\% 1
and neutrino flavour mixing (Type 1) I~ '8,

611 012 013 e %;\t\v/\_\_.\w\

(6mZ) =612 822 623 | o (YV1-YY)log(Myx/M,,)
613 033 033

my=M, ,=1000 (GeV), tanp=10, A,=0 (GeV)

» Induces observable charged " L Tvoe Il
LFV rates despite high scale e YRR
n 14 =10 | [ -
Seesaw M, =~ 10'* GeV | Typell//Typel
107 .G_ \N\K EERTE 5

_.c__mommm_.a AOm<V

Esteves et al. ‘11
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Generation and Washout W
» Classic Example: High-Scale Leptogenesis PI\/

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

L

-- M
> Conversion to baryon asymmetry
- EW sphaleron processes at T =~ 100 GeV L
+ Observed asymmetry " _H

ng —Ng _ NS
=2 B _ (6204 0.15) x 10710 — N
B n, ( T ) L ;.

» What if we observe lepton number N, F T CT
. . ! N
violating processes in 0vvp? H o - W

d

™
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Lepton Asymmetry Washout

» Compare 0vgBp rate with T FFD, Harz, Hirsch, Huang, Pas, :
lepton asymmetry washout 10" gB-3 Phys.Rev. D92 (2015) 036005
in the early Universe st _ future

» Observation of lepton e N rent
number violation 107

0 LFV
o O

1 Br(u - ey) R(i— €)

- gives information at what
temperatures operators
are in equilibrium ;

> corresponds to highly 10 - 3
effective washout I, /H > 1

- can falsify high-scale
baryogenesis scenarios

T [GeV]

LHC reach = =

H ONI EW scale |

Br(t - {y)

1 nnml L

10*

lIIlIL‘ L

Qm Qq Qo Q: Q_:S\ 03@ th@.
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Conclusion

v

Neutrinos much lighter than other fermions
> LNV! Dirac or Majorana? Lepton Number Violation?

LNV and LFV are crucial probes for BSM physics
- Test mechanisms and scale of neutrino mass generation
- How is lepton number/flavour approximately protected

- High scale, small couplings, symmetry?
Neutrinoless double beta decay

> Discovery =2 Majorana v 2 Physics near GUT scale? LNV @ TeV?
> Exclusion = Dirac v? 2 Fine-tuned SM?

Strong Synergy with LHC+LFV searches

> LHC can deep-probe anatomy of 0vgpB LNV operators
> Observation of LNV+LFV would strongly constrain baryogenesis

v

v

h 4

Frank Deppisch | Theory of LNV and LFV | 9/11/2017



