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Is Lepton Number Conserved?

Much is known on ν ’s: ∆m2
21, |∆m2

31|, θ12, θ23, θ13
Still do not know: sign(∆m2

31), δ , absolute mass scale , . . . but

Main question: ν ’s Dirac or Majorana?
If Dirac ν ’s can be accomodated in the SM as the charged
fermions
If ν ’s are Majorana LN is not conserved =⇒=⇒=⇒ new physics scale!

Can we test for Majorana ν masses?
We have only seen ν masses in oscillations which conserve LN
(LNV oscillations suppressed by (mν/E), very difficult!)

Can we test for LN violation ?
Many processes (K +→ π−µ+µ− . . . ) but
only 0νββ can match, perhaps, the precision of ν masses
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How are 0νββ and Majorana ν masses related?

Majorana mν =⇒=⇒=⇒ 0νββ

eL eL

dL

uL

dL

uL

νL νL

W W
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How are 0νββ and Majorana ν masses related?

Majorana mν =⇒=⇒=⇒ 0νββ

eL

dL

uL

dL

uL

eL

But depends on the ν spectrum,

(Mν )ee could be zero even if mν1,ν2,ν3 6= 0
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mν Contribution to 0νββ

Future (EXO,Majorana,GERDA,CUORE,. . . ): mββ ∼ 0.02eVArcadi Santamaria Large 0νββ with small mν Corfu Summer School, September 12, 2012 3/25
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Schechter-Valle “theorem”

0νββ =⇒=⇒=⇒ Majorana mν

eL

dL

uL

dL

uL

eL

Extremely suppresed (4 loops)

Fermion chirality

Majorana ν : νLνL , 0νββ :


eLeL

eLeR

eReR

Break different quantum numbers, only linked by me
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Vertices contributing to 0νββ

Classification of possible 0νββ contributions

Operators with quarks widely considered:
K. Babu & C.N. Leung; K. Choi, K.S. Jeong & W.Y. Song;
J. Engel & P. Vogel; A. de Gouvea & J. Jenkins
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Effective Lagrangian Approach

Assumptions:
The SM is a low-energy approximation of a more complete
theory
The only light particles (m . 250GeV) are those of the SM
(excluding νR)

then

L = LSM +
∞

∑
n=5

∑
i

(
C(n)

i
Λn−4 O

(n)
i + h.c.

)
.

LSM = i` /D`+ ieR /DeR− (`YeeL φ + h.c.) + · · ·
O

(n)
i are dim-n gauge invariant operators built with the SM fields

O
(n)
i effects suppressed by 1/Λn, being Λ the scale of new

physics.
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Operators Contributing to 0ν2β

The Operators

eL eL

dL

uL

dL

uL

νL νL

〈φ〉 〈φ〉

W W O(5) =
(

˜̀φ
)(

φ̃
†`
)

LL

eL eR

dL

uL

dL

uL

νL

W

W

〈φ〉 〈φ〉
〈φ〉

O(7) =
(
φ

†Dµ φ̃
)(

φ
†eRγ

µ ˜̀
)

LR

eR eR

dL

uL

W

dL

uL

W

〈φ〉 〈φ〉
〈φ〉〈φ〉

O(9) = eRec
R
(
φ

†Dµ φ̃
)(

φ
†Dµ

φ̃
) RR

Arcadi Santamaria Large 0νββ with small mν Corfu Summer School, September 12, 2012 7/25



Physical content

LL

O(5) =
(

˜̀
αφ

)(
φ̃

†`β

)
=−v2

νc
αLνβL + . . .

LR

O(7) =
(
φ

†Dµ φ̃
)(

φ
†eαRγ

µ ˜̀
β

)
= i

gv3
√

2
W−

µ eαRγ
µ

ν
c
βL + . . .

RR

O(9) = eαRec
βR

(
φ

†D φ̃
)2

=−g2v4

2
W−

µ W−µeαRec
βR + . . .
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Amplitude estimates for 0ν2β

Amplitudes (v = 〈φ〉 ∼ 174GeV, peff ∼ 100MeV)

eL eL

dL

uL

dL

uL

νL νL

〈φ〉 〈φ〉

W W A
(5)

0ν2β
∼ C(5)

ee

Λp2
effv2 LL

eL eR

dL

uL

dL

uL

νL

W

W

〈φ〉 〈φ〉
〈φ〉

A
(7)

0ν2β
∼ C(7)

ee

Λ3peffv LR

eR eR

dL

uL

W

dL

uL

W

〈φ〉 〈φ〉
〈φ〉〈φ〉

A
(9)

0ν2β
∼ C(9)

ee

Λ5 RR
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The relevant 0νββ scales

From present 0νββ experiments (HM,IGEX)
T1/2 > 1.9×1025 years

peff

G2
F

∣∣A0νββ

∣∣. 5×10−9

(EXO has improved it recently in about a factor of 2)

0νββ limits on Λ

LL Λ > 1011 |C(5)
ee | TeV

LR Λ > 106 |C(7)
ee |1/3 TeV

RR Λ > 2.7 |C(9)
ee |1/5 TeV
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Contribution to ν masses

Neutrino masses (v = 〈φ〉 ∼ 174GeV)

O(5)

νL νL

〈φ〉 〈φ〉

(mν )ab ∼ v2

Λ
C(5)

ab

O(7)

νL νLeL eR

W v
16π2Λ

(
maC(7)

ab + mbC(7)
ba

)

O(9)
νL νLeL

eL

eR

eR

W

W

1
(16π

2)2Λ
maC(9)

ab mb
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The scales

Assuming that the dominant contribution to ν masses comes
from these operators we can relate A0νββ with (mν )ee

LL
A0νββ ∝ (mν )ee

LR

A0νββ ∝ (mν )ee(4π)2 v2

Λ2
peff

me

RR

A0νββ ∝ (mν )ee

(
(4π)2 v2

Λ2
peff

me

)2

If we require the new contributions dominate the standard ones
we should require for LR and RR

Λ < 4πv
√

peff

me
∼ 30TeV

The new physics scale should be low, perhaps accessible!
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Renormalizable Completions

The O(5), O(7), O(9) obtained from renormalizable interactions
by adding a variety of new particles (Φ(Y )

I , Ψ
(Y )
I , X (Y )

I )
LL

ℓL

Φ
(1)
1

φℓL

φφ

Ψ
(0)
1,0

ℓLℓL

φ

Many possibilities for LR and RR (Classified arXiv:1204.5986),
for instance

LR: {Ψ(1/2)
1/2 , Φ

(1)
1 } ; {Ψ(0)

0 , Φ
(1)
0 } , · · ·

RR: {Φ(2)
0 , Φ

(1)
1 } ; {Ψ(0)

1 , Φ
(1)
1 } , · · ·

To forbid O(5) at tree level: need chiral LN and/or discrete
symmetries
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An example of LR-type model

Spectrum of new particles

LLa LRa χ φ ′

SU(2)L
1
2

1
2 1 1

2

U(1)Y −1
2 −1

2 1 1
2

Z2 − − − −

Lagrangian

L L
H = La(i /D−Ma)La +{ye

abLaLφ
′ebR + yν

abL̃aLχ`bL + h.c.}

La =⇒=⇒=⇒ cannot give see-saw types I-III
No χ`L`L coupling =⇒=⇒=⇒ No see-saw II
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The LR operator in 0νββ

The LR Operator

eR νLL(0)L(−)

W

φ′(0) φ′(0) φ(0)

χ(0)

C(7)
ab

Λ3 =−i
µye∗

ca yν∗
cb

m2
χM2

c
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The neutrino mass

The neutrino mass

νL νLL(−)eR

〈φ′(0)〉

〈φ′(0)〉

φ(−) χ(−)

(mν )ab ' v ′2µ

32π2v
(maye∗

ca yν∗
cb + mbye∗

cb yν∗
ca )

1
M2

c −m2
χ

log
M2

c
m2

χ

ma and loops not enough suppression, small couplings needed.
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Relevant Phenomenology

Large 0νββ (enough to be seen) and small mν favor small
couplings and relativelly light new particles.

La, χ and φ ′ can be descovered at LHC if light enough (
. 800GeV)

LFV is always small at tree level (new scalars do no couple
to SM lepton pairs and mixings La-SM fermions are small)

LFV at one loop provide some constraints but can be
easily satisfied
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An example of RR-type model

Spectrum of new particles

χ κ σ

SU(2)L
1
2 0 0

U(1)Y 1 2 0

Z2 − + −

Lagrangian

L = gαβ eαR
ceβR κ−µκ κTr

{
χ

†
χ

†}−λ6 σ φ
†
χφ̃ + · · ·

No new fermions =⇒=⇒=⇒ No see-saw I-III
No χ`L`L coupling =⇒=⇒=⇒ No see-saw II
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The RR operator in 0νββ

The LR Operator

e

e
κ−−

χ−−

W

W
χ0

〈σ〉

〈φ〉

〈φ〉

〈φ〉〈σ〉

〈φ〉

χ0

C(9)
ab

Λ5 =−i
4(λ6〈σ〉)2µκ

m2
κM6

χ

g∗ab
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The neutrino mass

The neutrino mass

ν e νe

κ++

χ+ χ+

φ+ φ+

〈φ〉 〈φ〉

〈σ〉〈σ〉

(mν )
αβ

=
µκv2

χ

2(2π)4v4
φ

mαg∗
αβ

mβ Iν
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LFV in the RR model

`−a → `+
b `−c `−d : limits on gab

τ−

µ+

µ−

µ−

k−−

Strong constraints
BR(µ−→ e+e−e−) < 1.0×10−12

|gµeg∗ee|< 2.3×10−5 (mκ/TeV)2

BR(τ−→ e+µ−µ−) < 1.7×10−8

|gτeg∗µµ |< 0.007(mκ/TeV)2
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Constraints on the doubly-charged scalars

If scalar masses too large:
0νββ too small
Too small ν masses

If scalar masses too small:
Too large ν masses
Problems with LFV
Problems with LEP, LHC
(not included in plot)

Ä

0.1 0.5 1 5 10 50

0.1

0.5

1

5

10

50

mΚ HTeVL
m

Χ
HTe

V
L

Arcadi Santamaria Large 0νββ with small mν Corfu Summer School, September 12, 2012 22/25



Constraints on the ν mass matrix

Large 0νββ : relatively large gee and small scalar masses
mee highly suppressed by the factor m2

e

meµ also suppressed because the µ → 3e bound on geµ

ν mass matrix highly constrained

|mν |=


< 10−4 < 10−4 ∼ 0.01

< 10−4 ∼ 0.01 ∼ 0.01

∼ 0.01 ∼ 0.01 ∼ 0.01

 eV

Only NH allowed
Predicction for mlight = m1

Prediction for sin2
θ13

Ä

0.00 0.01 0.02 0.03 0.04
-Π

- Π
2

0

Π
2

Π

sin2 Θ13

∆
Hra

d
L

2012: sin2
θ13 ∼ 0.02−0.026
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Conclusions

We have used effective field theory language to classify
new physics contributions to 0νββ involving operators
without quarks
For the lowest order operators, charged lepton chiralities,
operator dimension and the order at which mν should
appear are linked

eLeL 0ν2β appears at dim 5: mν tree-level
eLeR 0ν2β appears at dim 7: mν one loop
eReR 0ν2β appears at dim 9: mν two loops

Large 0ν2β =⇒=⇒=⇒mν small (supressed by loops) possible
Models complicated and tighly constrained but could give a
rich phenomenology in LFV processes and LHC
(especially if a doubly charged scalar is discovered!)
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Thank you

Thanks for your attention
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