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Why Physics Beyond the Standard Model?
The Effective Operator Approach
Lepton Number Violation (LNV) and Majorana particles

Looking beyond the Standard Model
Despite the success of the Standard Model we expect new high scale physics

Why new physics?

Direct evidence
Neutrino masses
Dark matter/Dark energy
Baryon-Antibaryon asymmetry of the universe

Indirect evidence
Stabilize Higgs mass
Particle mass spectrum (neutrinos)
Unification of gauge couplings

Many models exist... How to distinguish them?
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Effective Operators
What does new physics look like to a low energy observer?
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Effective Lagrangian at low energy
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∑
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Majorana particles

Neutrinos are neutral and can therefore be their own
antiparticle.

The Majorana Condition

ψ = ηψc

Mass Terms

∆LD = mD(eReL + eLeR)

∆LM =
1
2

mM(νcν + ννc)

Particle/antiparticle
distinctions are meaningless
for Majorana fields

Example

〈eR | ∆LD | eL〉 = mD

〈νc | ∆LM | ν〉 = mM
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Neutrinoless double beta decay

mi

W− W−

e−e−

d

u u

d

Uei Uei

Γ1/2 ∝ ∑
i U

2
ei

mi

q2−m2
i

≈ Q−2 ∑
i U

2
eimi

A ∆L = 2 process that proceeds via
Majorana neutrino exchange –
ββ0ν is only realistic probe of LNV
Some (as yet) unknown high scale
process

Experiments typically set upper
limits on mee

Assuming the dimension 9 operator (eeuudd) we can extract
the mass scale Λ probed by ββ0ν (assume mee = 0.05 eV)

1
Λ5 ≈

G2
f mee

Q2 ⇒ Λ ≈ 3.3 TeV
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Majorana neutrinos and Lepton Number Violation
The Black Box and extended Black Box theorems

mi

W−
W−

e−e−

Uei Uei
Black Box

Black Box Theorem Schechter & Valle, 1982

LNV operators yield Majorana
neutrino mass
Majorana neutrino mass
yields effective LNV operators

meff
ee =

∑
i(Oi + mOi

ee)
Exact cancelations are possible
but require fine tuning

Extended Black Box Theorem: Assuming 3 ν mixing & arbitrary
LNV, mee = 0 is not consistent with oscillation data!
Hirsch, Kovalenko & Schmidt 2006
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νc ν

mi
W− W+

ee

Uei Uei
Black Box

Black Box Theorem Schechter & Valle, 1982

LNV operators yield Majorana
neutrino mass
Majorana neutrino mass
yields effective LNV operators

meff
ee =
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Motivation

I perform an exhaustive survey of all LNV nonrenormalizable
operators up to dimension 11

Questions to answer

Is ββ0ν always the best probe of LNV? No
Should we look for other signals of LNV? Where?
What is the nature of models predicting large LNV?

If the neutrino Majorana mass is highly suppressed can we
still expect to observe ββ0ν in next generation
experiments? Yes

What is the nature of these models?
What are the other observable features of these models?

What can we generally learn about LNV models from
future experiments/observations? much...
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Plan of attack

1 Categorize all effective LNV operators up to dimension 11
All SU(3)c × SU(2)L × U(1)y invariant SM operators
Babu & Leung, 2001

All possible Lorentz contractions

2 Calculate radiatively generated neutrino mass
3 Extract the scale (Λ) of new physics from observed

neutrino mass (0.05− 1) eV
4 Check for additional constraints
5 Predict possible modes of future observation
6 Select interesting operators for further detailed study

Highly suppressed mν and ββ0ν ⇒ Tree level
phenomenology
Suppressed mν , but enhanced tree level ββ0ν
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Ex. O2 = LiLjLkec
RH lεijεkl

A simple four fermion dimension 7 operator

Characteristics

∆L = 2 (lepton number violating)

Suppressed by 1/Λ3

Carrying out the SU(2)L contractions:
νa(eL)bνc(ec

R)dH0 − (eL)aνbνc(ec
R)dH0 −

νa(eL)b(eL)c(ec
R)dH+ + (eL)aνb(eL)c(ec

R)dH+

Possible Lorentz contractions of fermions
(Lc i

Lj)(Lck
ec), (Lc i

Lk )(Lc j
ec), (Lc i

ec)(Lc j
Lk )

(Lc i
σµνLj)(Lck

σµνec), (Lc i
σµνLk )(Lc j

σµνec),

(Lc i
σµνec)(Lc j

σµνLk )
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Ex. O2: Induced neutrino mass

λ
Λ3(νceL)(νcec

R)H0 λ
Λ3(νcν)(ec

Lec
R)H0

H0

H0

φ1
φ1

φ2
φ2

ν
ν νc

νc

eR

eR

ec
L

ec
L

me me

No Trace

Trace needed
Yields extra factor:

ν νc

me

H0

eRec
L

k

Easy to determine
Lorentz structure from
diagram
Only 4 distinct mass
diagrams
Easy to expand vertices
Replace H0 with VEV

δmν = up
λv
Λ3

∫ Λ d4k
(2π)4

6k
k2 me

6k
k2 up × O(1) factor

=
λme

16π2

v
Λ
× O(1) factor
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Ex. O2: Induced neutrino mass

λ
Λ3(νceL)(νcec

R)H0 λ
Λ3(νcν)(ec

Lec
R)H0

H0

H0

φ1
φ1

φ2
φ2

ν
ν νc

νc

eR

eR

ec
L

ec
L

me me

No Trace

Trace needed
Yields extra factor:

ν νc

me

H0

eRec
L

k

Scalar-Scalar No Tr: 1
Scalar-Scalar Tr: 4
Tensor-Tensor No Tr: 12
Tensor-Tensor Tr: 0

Tr [σµν ] = 0

Assuming a coupling constant λ = 1 we extract:

Λ = 5.5× 107

(
0.05 eV

mν

)(
me

mτ

)
TeV
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Ex. O2: 2 loop evaluation of the vanishing operator

ν νc

me

H0

eRec
L

k

σµν

σµν νc

Z0

γαgZe

γβgZν

u(p)

∫
d4qd4k
(2π)8 gνZγ

α ηαβ

q2

(6p − 6q)

(p − q)2σµν
λ

Λ3

Tr [σµν(6k − 6q)γβgeZ 6kme 6k ]

(k − q)2k2k2 u(p)

=
48λmev
(16π2)2Λ

gνZ geZ ln
(

Λ

v

)
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Ex. O2: 2 loop evaluation of the vanishing operator

ν νc

me

H0

eRec
L

k

σµν

σµν νc

Z0

γαgZe

γβgZν

Assuming a coupling constant λ = 1 we extract:

Λ = 1.5× 106 TeV
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This is too hard!!!
Doing this for all 129 operators is not necessary

Estimate amplitudes based of the assumptions/rules:

Include trivial numerical factors: gi , λij , Λ−n, v and color
enhancements. Assume operator couplings λ ≈ 1.

Assume SM fields massless at 0th order... Add as needed.

Obtain loop divergences from power counting.

Include phase space suppressions 16π2 for each loop
adding loops to enhance rates for Λ < 3 TeV is not efficient.

Assume tree level intermediate virtual states at
characteristic momentum transfer Q.
Gauge boson ∼ (Q2 −M2

g )−1, Fermion ∼ (Q −Mf )
−1

Neglect Lorentz structure and logarithmic divergences.
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Miscellaneous diagrams
These neutrino self energies illustrate many general features

να ν̄β

LNV
Operator

(a) (b) (c)

(d) (e)

ν̄βνα

λv λv

ν̄βνα

λv λv

λ H−
ē

λβ

γ, g

W, Z

να ν̄β

vv

W, Z

γ, g

ν̄βνα

λλ H−
e ē

v v

H+

λβλα

h0h0h0 h0

Different dim. and loop #

(b) ∝ λ
(3)
i λ

(3)
j

(d) λ independent!!!

(c) ∝ λα

(e) ∝ λαλβ

Despite the dimension of the underlying operators canceling
divergences yields:

mαβ ∼ ξαβ
1
Λ

LαLβHH Dim 5!
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Λ Scale distribution
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Oscillation phenomenology
Neutrinoless Double β-decay
Other Rare Decays
Collider Signatures

Implied neutrino mass textures

9 parameters in a Majorana mixing matrix
{m1, m2, m3, θ12, θ23, θ13, δ, φ2, φ3}
Oscillation Constraints

Solar: ∆2
S = m2

2 −m2
1, θS = θ12

Atmospheric:|∆2
A| = |m2

3−m2
2|,θA = θ23

Reactor: θR = θ13

mee ≈ 0 implies Normal hierarchy

M ∝

(
1 1 1
1 1 1
1 1 1

)

20 of these

M ∝

(
λe λµ λτ

λµ λµ λτ

λτ λτ λτ

)

3 of these

M ∝

(
λeλe λeλµ λeλτ

λeλµ λµλµ λµλτ

λeλτ λµλτ λτλτ

)
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Implied neutrino mass textures (numerical results)

Require mee < 10−4 eV
all phases vary freely
95% confidence limits
θ13 varies from 0◦ − 14◦

M ∝

 λe λµ λτ

λµ λµ λτ

λτ λτ λτ


M ∝

 λeλe λeλµ λeλτ

λeλµ λµλµ λµλτ

λeλτ λµλτ λτλτ


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Golden Channel

`α`β → dµdνūσūρ

Other possibilities

External state neutrinos: `α ↔ να

Potential for β-beam facilities?
More external state leptons ⇒ neutrino always included
Only two external state quarks: `α`β → dµūσ + W−

Rare W and Z boson decays

Each mode is experimentally challenging in its own way... But
the golden channel is the most promising!
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Oscillation phenomenology
Neutrinoless Double β-decay
Other Rare Decays
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Neutrinoless double β-decay
Contributing diagrams and assumptions

mee

dd

u uee

νeνc
e

dd d d d

d d d d

d

uu u u u

u uu u

u

e e e

e e e e e e

e

νc

νc

H, W H, W

H, W

H, W

D4 D5

D9D7D6

Dν

General Observations
Tree level contributions
are dominant at
sufficiently low scales!

D9 dominates low Λ
Dν dominates high Λ
D6 dominates middle Λ
ν yields Q−1 factor

Dν > D4 in most cases
Neglect variations in nuclear matrix element
Diagrams are added incoherently due to chiral structure

meff
ee =

Q2

G2
f |Vud |2

√∑
i

A2
Di
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Neutrinoless double β-decay
mee distribution

James Jenkins Exploring New Leptonic Physics With Effective Operators



Introduction
LNV Operators and the Scale of New Physics

Constraints and predictions
Future Work and Summary

Oscillation phenomenology
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Meson and τ decays
Contributing diagrams and assumptions

mαβ

d

u

νβνc
α

d d

d d d

d

uu u

uu

νc
α

νc
α

H, W

H, W

H, W

H, W

D4 D5

D9D7D6

Dν

`α

`β

`β`β
`β

`β `α

`α `α

`α

`β

`α `β

u

d

u

uu

u u

d

d d d

d

V V ′

V V ′V ′

V V

V

Modification

Use crossing symmetry
relate amplitudes

CKM matrix element V

Include new Q

Modify phase space

Lorentz structure: σµν

Neglect variations in hadronic matrix element

Diagrams are added incoherently due to chiral structure

mαβ bounds calculated for dominant decays
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Meson and τ decays
mαβ distributions
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International Linear Collider (ILC)

Consider ILC in e−e−-mode at 1 TeV COM energy and
100 fb−1 characteristic integrated luminosity.

e−e− → 4j + (no missing energy)

Characteristics and assumptions

Resonance production is important... Assume Λ > TeV

Structurally equivalent to 0νββ process

Little or no SM background

γγ collider possibilities

µ−µ− collider possibilities

Final state leptons also possible: e−e− → µν + 2j
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ILC in e−e− mode
Cross-section distribution
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Oscillation phenomenology
Neutrinoless Double β-decay
Other Rare Decays
Collider Signatures

ILC in e−e− mode
Cross-section distribution assuming polarized initial state
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Large Hadron Collider (LHC)

q

J JJ ``

g g g

J JJJ ` `

gg

JJ ``

q

Two jets preferable

Color enhancements

γγ collider diagrams?

Assume same parameters as ILC ⇒ similar cross-sections
Λ > Q ∼ TeV and L = 100 fb−1

qg and gg events dominate qq at LHC energies

Probe different coupling constants: light quark/heavy lepton.

Higher possibility of resonant production

Tevatron has little hope of LNV discovery from this perspective!
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Hadron collider search backgrounds

Dilepton signal + jets and no missing energy!

Ideally no SM background
Real world is not ideal!

Processes with missing energy
Missed final state leptons
Misidentified lepton charge: µ+ ↔ µ−

Reduce Background... no jet kinematic cuts!
Well isolated final state leptons
Look for µe final state events

Luckily, experimentalists have vast experience searching for
this signal in simple SUSY scenarios!
Distinguishing LNV from SUSY at LHC is difficult
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Suggestions for future study
Bottom up model building of “interesting” operators

Interesting
Operators

Possible new directions:

Expand vertices-reveal model
Detailed LHC/ILC analysis

PDF, flux, background...
Include resonance

Combine operators

Cosmological implications

We isolate a number of TeV scale, unconstrained operators that
can naturally generate small neutrino masses.
What is the nature of such models? Can they do anything else
for us?
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Model building suggestions: O35

H

eR

eR

L

ec
R

Qc uR

H

O35

1
Λ7 ēcēcLiecQ j ūcH jHkεik

Λ ≈ 2 TeV

Many models defined by number of Lorentz contractions

Pure vector exchange is not allowed... Need scalar/tensor

Other operators with same structure!
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Model building suggestions: O35
Simple Scalar mediation cases

H

H
φ1

φ2

φ3

φ4

eR

eR(uR)

H

H

φ1

φ2

φ3

φ4

eR

eR(uR)

L L
ec
R ec

R

Qc
QcuR(eR) uR(eR)

Model Characteristics

4 scalar fields needed

Constrained couplings

essential φ4 role
Variations

2 Lorentz contractions
Higgs placement

Easy to write Lagrangian!

Avoiding lower dimensional operators suggests Lagrangian
constraints... Guaranteeing this in a model setting requires
nontrivial symmetry structure!
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Summary

We expect new physics above the TeV scale to stabilize the SM

The categorization and exploration of effective low energy
operators is a model independent probe of new physics
I consider effective LNV operators to:

Categorize all relevant operators by scale
Extract current constraints
Predict/suggest future probes

Analysis is useful on a number of levels!

Future work still needed... Great prospects!
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Summary

We expect new physics above the TeV scale to stabilize the SM

The categorization and exploration of effective low energy
operators is a model independent probe of new physics
I consider effective LNV operators to:

Categorize all relevant operators by scale
Extract current constraints
Predict/suggest future probes

Analysis is useful on a number of levels!

Future work still needed... Great prospects!

This illustrates the need for complementary experimental
searches to truly understand LNV.
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Rare gauge boson decays

Gauge bosons can couple to operators in three ways

1 Close golden channel quark fermion loops
2 Couple to external fermion legs
3 Explicit goldstone Higgs operator content

Z boson decay... Z → `α`β + 4j (allowed)
Invisible Z-decay width: Z → νανβ (close 2 loops)

Γexp
inv < 2MeV ⇒ A <

√
4π2MeV

MZ
⇒ y2

(
v
˜

)3
< 4× 102

W decay is similar... W → `α`β + 2j (loop suppressed!)

ΓLNV ≤ mW
4π

(16π2)5

( v
Λ

)10 ≈ 10−5 MeV
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Implied neutrino mass textures

mee = m1 cos2 θ12 cos2 θ13+m2 sin2 θ12 cos2 θ13e2ıφ2+m3 sin2 θ13e2ı(φ3−δ)

For the normal hierarchy, m2 =
√

m2
1 + ∆2

S, m3 =
√

m2
1 + ∆2

S + ∆2
A

Solve for m1 assuming small mee, θ13, and η =

√
∆2

S

∆2
A

m1q
∆m2

12

≈
�

m(0)
1 + δm(mee, φ2)

�
/
q

∆m2
12

=
sin2 θS

cos1/2 2θS
+

cos2 θS

cos 2θS

0
B@ meeq

∆2
S

−
θ2

13

η
e2ı(φ3−δ) + ı (2φ2 − π)

sin2 2θS

4 cos1/2 2θS

1
CA .

In a similar way, expand m2 and m3

Now look at the magnitude of mαβ and compare with textures
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Implied neutrino mass textures
Analytic results

m2
αβ

∆2
A

= .25

0
@

0 0 0
0 1 1
0 1 1

1
A+ .31η cos 2φ3

0
@

0 0 0
0 −1 1
0 1 −1

1
A

+ .28η2

0
@

0 1 1
1 1.45 1.45
1 1.45 1.45

1
A+ .50θ2

13

0
@

0 1 1
1 −1 −1
1 −1 −1

1
A

+ .75ηθ13 cos(2φ3 − δ)

0
@

0 −1 1
−1 1 0
1 0 −1

1
A+ .19η(2φ2 − π) sin 2φ3

0
@

0 0 0
0 −1 1
0 1 −1

1
A

Zeroth order

First order

Second order

M ∝

 λe λµ λτ

λµ λµ λτ

λτ λτ λτ

 , M ∝

 λeλe λeλµ λeλτ

λeλµ λµλµ λµλτ

λeλτ λµλτ λτλτ


These do not fit... But what about parameter uncertainties?
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