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º oscillations: first  evidence of NP 


º masses

add ºR



Dirac masses

some NP





Majorana masses
(¤ large)
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difficult to differentiate
 0º¯¯ decay

Lepton number
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NP    º mass    0º¯¯  ¤ » 106 TeV (mD = m¹)

NP    0º¯¯  º mass    ¤ » 1 TeV

An interesting alternative:

“Standard” scenario:

N.B.: ¡SM(0º¯¯)´ 0



Write down all relevant effective operators exhibiting LNV … what is relevant?

- Choose the low energy fields
What is the scalar sector like?
Are there νR? How many?

-Decide whether the new physics is strongly or weakly coupled
For strong coupling: some of the light fields should participate (in practice some of 
the hypotheticals e.g. νR)

- Do not use the effective theory above ¤!

- Operator hierarchies
-Weakly coupled new physics: canonical dimension, loop or tree generated
- Strongly coupled new physics: naïve dimensional analysis

N.B. loop-generated: for all models
tree-generated: there is a model

-Can determine the types of heavy physics that can generate any set of operators
Testing the consistency of the resulting  “reverse engineered” model(s) is 
straightforward, but tedious

Low-energy LNV effects
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Example

Low energy fields: SM (1 scalar isodoublet)

New physics: weakly coupled

Leading LNV operator (Weinberg):

Generated at tree level by

Fermion isosinglet: type I see-saw models
Fermion isotriplet: type III see-sew models

Boson isotriplet: type II see-saw models
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BR(Z ! p`) < 1:8£ 10¡6 95%CL

L =
1

¤4
(¹q ~Á°¹ec)( ¹dD¹uc) ) ¤LNV > 500GeV

BR(¿ ! p°) < 3:5£ 10¡6 90%CL

L =
1

¤4
(¹q ~Á°¹ec)( ¹dD¹uc) ) ¤LNV > 600GeV

¿ ! `¼¼; ¤¼

K+ ! ¼¡``

D+ ! ¼¡``; pe

¥¡ ! p¹¹

9
>>=
>>;

) ¤LNV > O(100GeV)

Best limits: 0º¯¯ decay - considered later

Other limits:

N.B. These limits in general refer to different types of heavy physics
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LNV scale



0nbb decay

Next: what kinds of new physics can be responsible:

… What does the H-M experiment constrain?

… What will GENIUS-II probe?

Of interest in probing
LNV
Structure of the º mass sector

Best limit from the Heidelberg-Moscow experiment:
T1/2 =  1.8 £ 1025 years

Violates B-L: absolutely forbidden in the SM
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Possible new physics effects:
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Effective operators with no quarks:

vertex e®ective operators dim. lepton chirality

ºº (¹̀~Á)( ~ÁT `c) 5 LL

ºeW (ÁyD¹
~Á)
h
¹e°¹(~ÁT `c)

i
7 LR

eeWW (ÁyD¹ ~Á)(ÁyD¹
~Á)(¹eec) 9 RR

(D¹ ¹̀~Á)( ~ÁTD¹`c)

(ÁyD¹
~Á)(¹̀²D¹`c) 7 LL

(¹̀~Á)@¹(~ÁTD¹`c)
g

Generated by the 
same heavy physics:

Discard dim 7

A given type of NP may generate any of the first 3 
operators without generating the other 2 (at tree level)
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vertex e®ective operators dim. lepton chirality

ºe¹ud (¹̀²D¹`c)(¹u°¹d) 7 LL

(¹̀~Ád)(¹uec) + Fierz T. 7 LR

eeW ¹ud (¹̀²D¹`c)(¹u°¹d) 7 LL

(ÁyD¹
~Á)(¹̀°¹ec)²)¹qd) 7 LR

(ÁyD¹
~Á)(¹e°¹d)(¹uec) 7 LR

ee¹u¹udd (¹e°¹d)(¹u°¹d)(¹uec) ¢ ¢ ¢ 9 LL; LR; RR

Effective operators with quarks:
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Operators, vertices & amplitudes:

d

u

d

u

W W

e e

n
(¹̀~Á)(~ÁT `c)!A= ²

(ÁyD¹
~Á)
h
¹e°¹(~ÁT`c)

i
!A= ´²3

(ÁyD¹~Á)2(¹eec)!A= ´2²3

Amplitude ' A=(Q2v3)

² = v=¤

´ = Q=v ' 5:7£ 10¡4
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(¹e°¹d)(¹u°¹d)(¹uec)!A= ´2²3

(¹̀²D¹`c)(¹u°¹d)!A= ´²3

(¹̀²D¹`c)(¹u°¹d)!A= ´2²3

Amplitude ' A=(Q2v3)

² = v=¤

´ = Q=v ' 5:7£ 10¡4

12J. Wudka - Salars 2011 (8.11)



Limit: A < 1:5£ 10¡13 )

A ¤min(TeV)

² 1012

´²3 270

´2²3 3

May have observable 
LHC effects

Example (Brahmachari & Ma):

¤ = O(TeV)
mº tiny: 4 loop effect (!)
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$ (ÁyD¹ ~Á)2(¹eec)

For the contributions

º masses generated at 2 loops:

eR

ºL
! (mº)ij »

1

¤

mimj

2048¼4

(mº)ee » 10¡6eV Fit º data?  Specific model

e

º

mº »
¤6

(2¼)8v5
» g2

¤ O

Must take into 
account: gauge 
invariance & chirality!
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Testable model

Interested in generating (ÁyD¹ ~Á)2(¹eec)

Many possibilities. We chose SM + 3 scalars:

+ spontaneously broken L

(use a singlet ¾)
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k = Isosinglet, y=2  

Â = Isotriplet, y=1

 



Lagrangian:

L = LSM + jDkj2 + jDÂj2 + 1

2
(@¾)2 ¡ V0(Á£ Áy; jkj2; ÂyÂ; ¾)

¡
h
¹kk

ytr
¡
Â2
¢
¡ ¸6¾ÁyÂ~Á+H:c:

i

+
£
Yrs ¹̀resÁ+ grsecres k +H:c:

¤

N` conservation: no ºL Maj. masses

Ne conservation: no 0ºeReR decay

Z2 forbids Â¡lepton coupling (spont. broken by h¾i 6= 0)

Y ! 0:
N` and Ne decouple: MMaj(ºL) = 0

6Ne if ¹· ¢ ¸6 ¢ grs 6= 0: 0º¯¯ 6= 0

MMaj(ºL) 6= 0 ) ¹· ¢ ¸6 ¢ grs ¢ Y 6= 0
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Particle content:

Â =

µ
Â+=

p
2 Â++

Â0 ¡Â+=
p
2

¶
Á =

µ
Á+

Á0

¶
:

Á+ ; Â+!H+ ; G+ (eaten)

k ; Â++! k1;2 (mixing / hÂi)

ReÂ0 ;ReÁ0 ; ¾ ! h; h0 ; h00

ImÂ0 ; ImÁ0 !A;G0 (eaten)

² hÂi ¿ mÂ;k and jmÂ ¡mkj > hÁi : k1 ' k; k2 » Â++

² k : no WW coupling, 2(Z=°) couplings OK

² Â : no ee coupling



Some bounds:

Process Bound (90% CL)

¹¡ ! e+e¡e¡ jge¹geej < 2:3£ 10¡5(m·=TeV)2

¿¡ ! e+e¡e¡ jge¿geej < 0:025(m·=TeV)2

¿¡ ! e+e¡¹¡ jge¿ge¹j < 0:017(m·=TeV)2

¿¡ ! e+¹¡¹¡ jge¿g¹¹j < 0:020(m·=TeV)2

¿¡ ! ¹+e¡e¡ jg¹¿geej < 0:019(m·=TeV)2

¿¡ ! ¹+e¡¹¡ jg¹¿ge¹j < 0:018(m·=TeV)2

¿¡ ! ¹+¹¡¹¡ jg¹¿g¹¹j < 0:025(m·=TeV)2

¹+e¡ ! ¹¡e+ jgeeg¹¹j < 0:2(m·=TeV)2
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hÂi = ¸6 h¾i hÁi2

m2
Â

hÂi
hÁi =

r
1¡ ½

2
(tree¡ level)

Loop corrections:  opposite sign ±½jloop »
µ

mÂ

4¼ hÁi

¶2

Will take hÂi < 10GeV
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0nbb:

Le® =
f

¤5
(ÁyD~Á)2¹eec = ¡g2¹· hÂi2

m2
Âm2

·

g¤ee ¹ee
c (W¡)2 + ¢ ¢ ¢

Integrate-out · and Â :

¤5 =
m4
Âm2

k

¹k
f = 2

Ã
mÂ hÂi
hÁi2

!2

= 2

µ
¸6 h¾i
mÂ

¶2

hÂi = ¸6 h¾i hÁi2

m2
Â

6£ 10¡10
GEN

<
Mp

¹k

µ
¹k hÂi
mkmÂ

¶2
jgeej < 4£ 10¡8 (90% c:l:)
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Majorana masses:

m
·
(G

eV
)

mÂ (GeV)

Iº

(mº)rs =
G2
F

4¼4
¹k hÂi2 mrmsgrs Iº

Charged 
lepton 
masses
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eº
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¡7:5+ 2(logmk + logmÂ)
GEN

< log jmeej <¡5:7+ 2(logmk + logmÂ)

log [jmeejjme¹j] <¡11:9+4log (mk)

Consistent with the current data?

(mk;Â in TeV)
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Too small for GENIUS II

Excluded by 0º¯¯

¹¡ ! e+e¡e¡ :

log j(mº)e¹(mº)eej < ¡11:9 + 4 logmk
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mk;Â = 1TeV



Conclusions
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LNV effects can have a light scale
… consistent with º data and the 0º¯¯ constraint

The scale can be low enough to be probed at the LHC

k and Â++ probed at LEP and Tevatron:
mk, Â > 100 GeV

Phenomenology: in progress
some initial LHC limits already available
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At the LHC:  qq Z g  k k: mk > few £ 100 GeV

mk > 277 GeV

EPS-2011 (Nayak)
CMS-PAS-HIG-11-007)


