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Why is Lepton Number Violation that
interesting and powerful?
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Neutrino mass mechanism

* The origin of neutrino masses lies beyond the standard model
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Dirac Majorana
* Dirac masses * Majorana neutrino mass
 Additional right handed neutrinos  Only left handed neutrinos
* tiny Yukawa couplings m, /Agw < 1072 * Lepton number violation (LNV)
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LNV as a probe of baryogenesis models

* generation of lepton asymmetry via heavy neutrino decays
* competition with lepton number violating (LNV) washout processes
* conversion to baryon asymmetry via sphaleron processes at

d N, o
Hz d;V = —(Tp+Ts)(Nn, — NyH) T ~ 100GeV
dN i
Hz— L=l p(Ny, — N3t) — Ty N
z
AL =1 source of CP violation AB — AL — 3

Q,

OB+L = H (QLququigLi)

i=1,2,3

sphaleron processes

AL = 2 scattering processes AL = 2 washout processes
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LNV as a probe of baryogenesis models

baryon
asymmetry

SM processes

lepton
asymmetry

LHC

washout
processes

Mechanism of
CP violation

AL =2 neutrinoless double
beta decay experiments
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LNV at Ovbb decay experiments
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Neutrinoless double beta decay (Ovbb)
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Most stringent limits are currently from GERDA

and Kamland-Zen:

Ty > 5.3 x10% y

Ti)5 > 1.07 x 10% y

3o disc. sens.
Experiment Iso. T /2 ngg

[yr] | [meV]
LEGEND 200 [60, 61] | ®Ge|8.4-10%°| 40-73
LEGEND 1k [60, 61] "Ge (4.5 - 1077 | 17-31
SuperNEMO (67, 68] 528e 6.1 - 10%°|82-138
CUPID [57, 58, 69] %28 [1.8 - 1077 | 15-25
CUORE [51, 52] 130Te |5.4 - 10%° | 66-164
CUPID (57, 58, 69| 10T 2.1 -10%7| 11-26
SNO+ Phasel 65, 70| |'*°Te|1.1-10%°|46-115
SNO+ PhaseII [66] 19076 4.8 - 10%°| 22-54
KamLAND-Zen 800 [59]|'*°Xe [1.6 - 10°° [47-108
KamLAND2-Zen [59] 155Xe (8.0 - 1077 | 21-49
nEXO [71] 199%e 4.1 - 10%7| 9-22
NEXT 100 [63, 72] 156Xe |5.3 - 10%° |82-189
PandaX-III 200 [64] 159Xe 8.3 - 10%° |65-150
PandaX-III 1k [64] 199Xe 9.0 - 10%° | 20-46
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Neutrinoless double beta decay (Ovbb)

standard mass mechanism long range contribution short range contribution

Lt e

Most stringent limits are currently from GERDA
and Kamland-Zen: All AL=2 LNV operators

contribute to Ovbb

Ty >5.3%x10% y Ti)5 > 1.07 x 10% y

The inverse half life can be expressed in terms of effective couplings:

1/2 = Goy | M | mgg | 1/2 = Goy [M[*|e, |
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All AL=2 LNV effective operators up to dim 11
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Possible underlying LNV operators

,’:’\, ,'G \1 standard mass mechanism long range contribution short range contribution
nid g p
‘\d/ ‘?/ d a E H
? W= d
] 67 8_ d
AL = = v v
e~ e~ d
! w- — w= _
nl gl d U d U
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O = L'L"H"H'eje tree level
Og = L'ecucd®H e, tree level

D124 = LZLJ@Z’UTCQ_J’LZC

tree level
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Possible underlying LNV operators

Oy = L'LH*H'e;pe5

standard mass mechanism

tree level 1

d u u
2? W - d
_ e e
— v 1%
e e
W= W=
d U d u
05 (97

long range contribution

short range contribution

U

Og = Lie_CdCdCHjeij

‘\
+
\ h
'

v

Y Yayu v?
~(1672)2 A

tree level 1
A3

N o tree level
D12 = L' LY Qi’U,CQj’U,C 5 5
Yo V° v 1
L (162)2 4 = 1672 A3 A5
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Neutrinoless double beta decay (Ovbb)

Long range contribution:

Gr
ﬁZT{JV Ay A,J,JFZ nis )

Leptonic and hadronic current with different chirality structure:

Ovia =7"(1%75)

jf o with  Osip=(1£7)
Jl=10,d ;
OTR,L — 5[%“'7@](1 T '75)

2 52 X 10°[e, [ V75 aa cir o
1/2 = Goy |[M|"|€,] OGe |41] 021 37 066 0.07
©Xe 26| 011 22 026 0.03

12
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Neutrinoless double beta decay (Ovbb)

Short range contribution:

G2
Lot = 7mp et dJj+ead" Juj

tes I T+ ead T g" + esJ T,

Leptonic and hadronic current with different chirality structure:

J=u(l+75)d, J* =uy" (1 +y5)d, J* = ug[y*,v"]1(1 + v5)d
i=e(l+~5)e’, j* =ev*(1+~5)e”
€1 €9 €3 eg €4 €5
2
1/2 = Gou |M|?|€] 19 0.11 130 0.83 0.90 9.0
101 0.06 0.43 0.66 0.46 4.6
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Constraining the effective operator scale

Os = (L'LYYH" H e;p,¢ 51 —_— 2P
5
=St i + ) e}
. o | NG Jv—adv—apu aﬂea.?ﬂ o
O7 = (L'd°)(euc)H ¢;j ~ ——» Grer  gov
V2 2A53
d u G2
- EGHZTF [61;];]]+€2JMVJ/,LI/,7+€3JMJMJ+€4JMJMV] +€5JMJJM]
2 4
0y = (L'L)(Qiuc)(Qjuf) ——» Crcto.) ={ J , }
o, € 2mp A95 A117
d u

OD A% [GGV]
Os 9.1 x 10%3

o _ O~ 2.6 x 10*
: 011 = (LZLJ)(dec)(Qldc)HmHiEjkelm (99 2.1 x 103

O11 1.0 x 10°

If OVBP is observed, the scale of the underlying operator can be determined
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Lepton Asymmetry Washout

v u

* LNV operator would cause washout of pre-existing net v o, .
lepton asymmetry in the early Universe <
d

O7 = (L'd°)(ecuc)Hl e,

dnr, N Nge  MNyeNjeNp _ -
e e dc'"H ¢ C
ZH?%Y d — = eq _eq  _eq_eq_eq |V q<Le€C — U dCH)
z nLene—c nucnd—cnﬁ
T2D—4
2D—4 71
7 djar, T A -2D—8
z n’)/ dZ - CD AD2D_8 TIALE D

CD operator specific factor
* washout efficient if

_ 2D -9
Fw_CD T2D4 ,Ap](T) >1

H - ’an ADQD_S - AD AD

"L lepton density

If OVRR is observed, washout efficient in the temperature interval

A 2D1—9
AD(,D) =\p <T < Ap
cHAp
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Impact on Baryogenesis models

1014;—

scale of operator

scale above which a maximal lepton asymmetry of 1 is

washout out to the observed baryon asymmetry (or less)

1
127 future ~ 10~ 2D—9
107 Ap &~ [(QD 9)In ( ) 2P0 v2D9]
- 773
current
10%r . _— - Tw
: scale above which washout is highly effective —— > 1
> 0vBB H
O 8"
5 10°r
~
106;_ If was observed via non-standard mechanism,
: resulting washout would rule out baryogenesis
mechanisms above )\
LHC reach I I
10“ I ! I ! However:
£ EW scale _ OvRR decay probes only electron component of LNV
C | | I operators:
05 07 0o O 1 cap
53 ! 5
A9 A9
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Extending the impact with LFV

2 ° Moststringent limits on LFV set by 6-dim

_ A : S
101 oMy ] AL = 0 operators
3 L T K o & K ° e-
1012, f e ] aa
: % P T _ v
: N
g_ current _%l / Nucleus '\ _ = _
10107 oAl \A ey
S 0vBB LFV Oy = CopyLoo" [cHF,,
G 10%% 4 _
_‘ ; Oregq = Cuuqq(L111£)(qH2q)
B~ " _- g2 e93
1065_ E Creqq = Cooy =

1 0“ = EW scale

05 07

Afgqq 167T2A?€7

~ * Determine interval in which LFV process
LHC Teach : equilibrate pre-existing flavour
I! I! E asymmetry

IF LFV processes are observed as well,
loophole of asymmetry being stored in
another flavour sector is ruled out

011 Oﬂe’y Orf’? Oﬂeqq
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Distinguishing between different operators

- SuperNEMO will be able to discriminate O, from others, due to e, and e* in the final state
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<
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» potential discrepancy between neutrino mass (cosmology)
and Ovbb half live measurement could be an indication for
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Mass Mechanism

- Theoretical distributio

l:l Reconstructed distribution

n A=

2

a:) Right Handed Current

>

n w Il 7reoretical distribution

0.8 I:I Reconstructed distribution
0.6
0.4
0.2

I T T I
-1 -08 -06 -04 -02 0 0.2 04

n 1 1 L1 | L1l L1l | L1l L1l L1 LT
1 -0.8 -06 04 -02 0 02 04 06 08 1
Cosine of angle between electrons

1 L1
06 08 1
Cosine of angle between electrons

0.08

| D‘ell"O‘rol, Marcqc;i, ‘Vigl,‘Vi‘ss‘an‘i (‘20‘1 6)

"KamLAND-Zen upper limit

| Phys. Rev. Lett. 117 (2016) 082503 " - |

Ovbb triggered by non-standard mechanism 0.06
* distinguishing between different mechanisms via EOM* 1
measurements in different isotopes g :
(RNP—R™) /R
—-80% —60% —40% —-20% O 20% 0.02~ —
82 Se I ' A I I * B I RSUSYace 30 |
100\ [0 * 0O A 0 gSUsY =l (95% C.L.) A
0 | 1 1 1 1 | 1 1
1287 A; s | A R 0.05 0.10 0.15 0.20
130 AR A Z osm [eV]
136)]; IA il Py * R (10Gevh T1/2< X) ) _ |M (76G€) |2G(76G€)
oxg - T /5(*X) IMAX)[PG(AX)
- observation of OvBp via O, and O,, will imply observation of LNV at LHC
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Validity of the effective operator approach

ud® <> Le‘H | LH < e‘ucde

1 | ] | ] 1 | | | | | I | |

101k {%. %}:{aﬂ_z 53.4) 10791 {%, %}:{Hﬂ. 5.3) —

B (gr. yo)=(1. 1) ~ B (gr. y)=(1, 107%) ~

: We resonance : : :

105F . 105F -

I - T - Wy, resonance :

iy B Ny B i

10°%- 10%=-- e T

: : :l'ﬂl N resonance

10_5 -I | 1 1) | 1 1 10_5 -I | | ! ] | 1 ] L

10¢ 10° 10* 10° 10° 10" 10° 10° 10¢ 10° 10 10° 10° 10" 10° 10°
T [GeV] T [GeV]
1 gny

A3 m{%{/ ma with mwg = 1.ompyn
R
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Little summary

We can distinguish experimentally the different interactions contributing to
Ovbb (mass mechanism, long-range interaction, short-range interaction)

If Ovbb is observed and triggered by a non-standard operator, we can falsify high-
scale leptogenesis (and baryogenesis!)

In order to be sure that no asymmetry is stored in another flavour, LFV should be
observed as well

Julia Harz Low-scale LNV and leptogenesis
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Little summary

We can distinguish experimentally the different interactions contributing to
Ovbb (mass mechanism, long-range interaction, short-range interaction)

If Ovbb is observed and triggered by a non-standard operator, we can falsify high-
scale leptogenesis (and baryogenesis!)

In order to be sure that no asymmetry is stored in another flavour, LFV should be
observed as well

So far we only considered tree level contributions — what about loop
induced contributions?

How does this compare with the mass mechanism? Radiative neutrino
mass models?

Julia Harz
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All AL=2 LNV effective operators up to dim 11
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Possible underlying LNV operators

) ’G‘
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9 Y,
e
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Oy = L'LH*H'e;pe5

standard mass mechanism

long range contribution

What is
contribt

short range contribution

the dominant
ytion to Ovbb?

Og = Lie_CdCdCHjeij

Y Yayu v?
~(1672)2 A

v

tree level 1
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tree level
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The Full picture

1065 A A A A A A A
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111 7-dim
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Competition between long- and short-range
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Competition between long- and short-range
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Competition between long- and short-range
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Impact of Flavour structure
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Impact of Flavour structure
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Possible underlying LNV operators
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Competition with the mass mechanism
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Competition with the mass mechanism
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Competition with the mass mechanism
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Competition with the mass mechanism
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Little summary

® Higher dimensional operators can dominantly contribute via loops to lower
dimensional Ovbb contributions

® Underlying flavour structure can impact this picture

® Survey tells us if existence of specific UV complete radiative neutrino mass
models would falsify high scale baryogenesis models

Julia Harz Low-scale LNV and leptogenesis
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Low-scale LNV and leptogenesis
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LNV at the LHC

i ; +7+ ' q; g q
signature: pp — 71T + 2 jets ~/
X Y 2
141 83 Y
q; 3 /s q;
’ I
'y I T 3 Vs cross section in early universe
H n, H 32" /0 ds s770(s) K, 7 | determines washout strength
2= —(2 1
)=y B g e gy
42 My

OLHC =

—(2Jx + 1)]1\}_ququ (_7 M§(> « Br(X — qugo)Br(X — 4f) €r0ss section possibly
S X

V'S measured at LHC

4‘9‘5LHC

- fCJ1CJ2 (MX/VSLHC>

*OLHC * 5(8 — Mi—)

o(s)

Observable LNV signal at LHC and corresponding resonant mass can be
directly related to baryon asymmetry washout

Ty 0.028 MpMx® Ky (Mx/T)
H \/g_* T fQ1Q2 (MX/\/m

) X (SLHCULHC)
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LNV at the LHC

* Assuming pre-existing lepton asymmetry generated at high scale

0F

10°F A\

—10000 " " -
10

W =107

OHHIHHZIH

I3“”4””5

My [TeV]

I M
logl() FW > 0.9+ 0.6 (ﬁ . 1) 4 logm OI;;C

Observation of LNV process at the LHC implies
a strong washout that it excludes leptogenesis
models that generate an asymmetry above M
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LNV at the LHC

- NOW: assumption that CP-asymmetry ¢ is created at scale M
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LNV at the LHC

- NOW: assumption that CP-asymmetry ¢ is created at scale M

109~

- My > My

10- 1L

: not possible to generate large enough
10_2' baryon asymmetry at all

w 10_35 My < Mx

10_4:_ lower limit on CP-asymmetry
105}

f observation of LNV process at the LHC
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* sets lower limit on the baryon asymmetry
My/Mx of a low-scale leptogenesis model
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Caveats

Asymmetries can be protected from washout in models where lepton
asymmetry can be transferred in a hidden sector and decouple

only the observation of LNV in all flavours allows for a conclusive statement

Baryon asymmetry could be generated below the electroweak scale where
sphaleron processes are not efficient

in that case: lepton asymmetry washout does NOT imply baryon asymmetry
washout

Julia Harz
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Conclusions

Majorana

mass mechanism new physics

LNV @ LHC

very probably
high-scale origin
of neutrino mass

low scale
baryogenesis

new experimental
observation?
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