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Goals For This Talk 

•  Provide some context for the heavy particle 
exchange mechanism for 0νββ – decay   

•  Discuss some recent work on the interplay of 
0νββ – decay and EDM searches with energy 
frontier searches 

•  Put the need for refined hadronic and nuclear 
matrix element computations in the broader 
BSM context 
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0νββ-Decay: TeV Scale LNV  

Benchmark Sensitivity: TeV LNV 
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Future Reach: Higgs Portal CPV 
CPV & 2HDM: Type II illustration  λ6,7  = 0 for simplicity	

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future:  

 dn x 0.1 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra) [10-27 e cm] 

Future:  

 dn x 0.01 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra) 

ThO 

 n 

Hg 

 sin αb : CPV 
scalar mixing 

Inoue, R-M, Zhang: 1403.4257 

Ra 
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Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.
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Mh2 = 550 GeV 

Chen, Li, RM preliminary 

Run II 

Current dn 

LHC 100 fb-1 

LHC 300 fb-1 



Had & Nuc Uncertainties 
CPV & 2HDM: Type II illustration  λ6,7  = 0 for simplicity	

Present 

 sin αb : CPV 
scalar mixing 

Inoue, R-M, Zhang: 1403.4257 
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FIG. 6: Current constraints from the electron EDM (left), neutron EDM (middle) and 199Hg EDM (right).First row: type-I
model; Second row: type-II model. In all the plots, we have imposed the condition that ↵ = � � ⇡/2. The other parameters
are chosen to be mH+ = 320 GeV, mh2 = 300 GeV, mh3 = 350 GeV and ⌫ = 1.0. Again, ↵c is a dependent parameter
solved using Eq. (43). The purple region is theoretically not accessible because Eq. (43) does not have a real solution. For
the neutron and Mercury EDMs, theoretical uncertainties from hadronic and nuclear matrix elements are reflected by di↵erent
curves. For the neutron EDM, we vary one of the most important hadronic matrix elements: ⇣̃d

n = 1.63 ⇥ 10�8 (solid, central
value), 0.4 ⇥ 10�8 (dot-dashed) and 4.0 ⇥ 10�8 (dashed). For the Mercury EDM, we take di↵erent sets of nuclear matrix
element values: a0 = 0.01, a1 = 0.02 (solid, central value). a0 = 0.01, a1 = 0.09 (long-dashed), a0 = 0.01, a1 = �0.03 (dashed),
a0 = 0.005, a1 = 0.02 (dotted) and a0 = 0.05, a1 = 0.02 (dot-dashed).

B. Ine↵ectiveness of a Light-Higgs-Only Theory

From the discussion of electron EDM, we have learned that the heavy Higgs contributions via H�� and H±W⌥�
diagrams make non-negligible contributions to the total EDM. They can even be dominant at large tan� & 20. This
example illustrates the ine↵ectiveness of the “light Higgs e↵ective theory”, often performed as model independent
analyses, which include the CPV e↵ects only from the lightest Higgs (mass 125 GeV). The key point is that a CP
violating Higgs sector usually contains more than one scalar at the electroweak scale, and all of them have CPV
interactions in general. The total contribution therefore includes CPV e↵ects from not only CP even-odd neutral
scalar mixings, but also the CPV neutral-charged scalar interactions from the Higgs potential. This is necessarily
model dependent. In this work, we have included the complete contributions to EDMs in the flavor-conserving (type-I
and type-II) 2HDMs .

C. Neutron EDM Constraint

Next, we consider the neutron EDM, whose current bound is |dn| < 2.9⇥10�26e cm. In Fig. 7, we plot the anatomy
of neutron EDM, this time in terms of the various dimension-six operator contributions. The parameters are fixed
as in Fig. 5, and the contributions to neutron EDM from light quark EDMs, CEDMs, and the Weinberg three-gluon
operator are shown as functions of tan�. The plot shows that in the type-II model, the quark CEDM contributions

Range of hadronic 
matrix elements 

Range of nuclear 
matrix elements 

Challenge for Theory 

6 
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Outline 

I.  BSM Context 

II.  LNV: 0νββ – Decay Mechanisms 

III.  The “Standard Mechanism” : Lightning Review 

IV.  TeV Scale LNV: 0νββ – Decay & the LHC 

V.  EDMs & the LHC: Higgs Portal CPV 

VI.  Summary 

VII. Back Up Slides: Sterile Neutrinos, 0νββ – 
Decay Effective Theory 
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I. The BSM Context 
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Questions for Fundamental Physics* 

•  What is the origin of matter (luminous & dark) ? 

•  Why are neutrino masses so small ? 

•  Are fundamental interactions “natural” ?  

*Partial List 



10 

Questions for Fundamental Physics* 

•  What is the origin of matter (luminous & dark) ? 

•  Why are neutrino masses so small ? 

•  Are fundamental interactions “natural” ?  

Partners 

Partners 



11 

Questions for Fundamental Physics* 

•  What is the origin of matter (luminous & dark) ? 

•  Why are neutrino masses so small ? 

•  Are fundamental interactions “natural” ?  

Partners 

Partners 

Higgs Mechanism Something else ? 
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Questions for Fundamental Physics* 

•  What is the origin of matter (luminous & dark) ? 

•  Why are neutrino masses so small ? 

•  Are fundamental interactions “natural” ?  

*Partial List 

LNV Searches: 0νββ Decay + …	
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How “Natural” is mν ? 

Dirac Mass: 
 
 
 
Majorana Mass: 

 mν  = y v  
  

 v = 246 GeV   !   y ~ 10-12 
 
mν  = y v2 / Λ		
	
v = 246 GeV 
& y ~ O (1)      ! 	Λ ~ 1014 GeV  
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How “Natural” is mν ? 

Dirac Mass: 
 
 
 
Majorana Mass: 

 mν  = y v  
  

 v = 246 GeV   !   y ~ 10-12 
 
mν  = y v2 / Λ		
	
v = 246 GeV 
& y ~ O (1)      ! 	Λ ~ 1014 GeV  

How reliable a guide is naturalness ? 
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BSM Physics: Where Does it Live ? 
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BSM Physics: Where Does it Live ? 
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BSM ?  SUSY, LNV, extended 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  
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BSM Physics: Where Does it Live ? 
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 Coupling 

 MW 

BSM ?  SUSY, LNV, extended 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  

Is the mass scale associated with mν  far 
above MW ?  Near MW ? Well below MW ? 
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Questions for Fundamental Physics* 

•  What is the origin of matter (luminous & dark) ? 

•  Why are neutrino masses so small ? 

•  Are fundamental interactions “natural” ?  

*Partial List 

Discovering answers requires studies at three 
frontiers: energy, intensity, & cosmic.  
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Low-Energy / High-Energy Interplay 

Discovery “Diagnostic” 

Low energy High energy 
& cosmology 
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Low-Energy / High-Energy Interplay 

Discovery “Diagnostic” 

Low energy High energy 
& cosmology 

? 
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II. LNV: 0νββ – Decay Mechanisms 
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0νββ-Decay: LNV? Mass Term?  
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0νββ-Decay: LNV? Mass Term?  
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0νββ-Decay: LNV? Mass Term?  
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•  Total lepton number not 
conserved at classical level 

•  New mass scale in nature, Λ	

•  Key ingredient for standard 
baryogenesis via leptogenesis 

LNV Physics 
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0νββ-Decay: Mechanisms 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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III. The “Standard Mechanism” 
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0νββ-Decay: “Standard” Mechanism 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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0νββ-Decay: LNV? Mass Term?  
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•  Light Majorana mass generated 
at the conventional see-saw 
scale: Λ ~ 1012 – 1015 GeV 

 
•  3 light Majorana neutrinos 

mediate decay process 
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0νββ-Decay: LNV? Mass Term?  
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Low-energy eff theory 
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Neutrinos and the Origin of Matter 

30 

m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯`H⇤
) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to particles 
and antiparticles 

•   Rates can be slightly different (CP violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to particles 
and antiparticles 

•   Rates can be slightly different (CP violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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0νββ-Decay: LNV? Mass Term?  
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0νββ-Decay Sensitivity  

 A(Z,N) ! A(Z+2, N-2) +  e- e-   ν ν 2ν DBD: 

 A(Z,N) ! A(Z+2, N-2) +  e- e-  0ν DBD: 

If own antiparticle, can be emitted 
then absorbed during decay 
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0νββ-Decay Sensitivity  

 A(Z,N) ! A(Z+2, N-2) +  e- e-   ν ν 2ν DBD: 

 A(Z,N) ! A(Z+2, N-2) +  e- e-  0ν DBD: 

If own antiparticle, can be emitted 
then absorbed during decay 

All three light neutrinos participate ! 
Rate governed by an effective mass 
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Figure 1. Left: quark level “lobster” diagram for neutrinoless double beta decay in
case of light Majorana neutrino exchange. Right: geometrical visualization of the
effective mass.

neutrino exchange) which can have dependence on the particle physics. Note that the
possibility of destructive or constructive interference of different mechanisms is present.

However, here we are only interested in the presence of one particle physics mechanism,

the exchange of light massive Majorana neutrinos, the ones which are responsible for

neutrino oscillations.

The Feynman diagram for 0νββ on the quark level in this interpretation is shown

in figure 1. The amplitude of the process is for the V − A interactions of the Standard
Model proportional to
∑

G2
F U2

ei γµ γ+
/q +mi

q2 −m2
i

γν γ− =
∑

G2
F U2

ei

mi

q2 −m2
i

γµ γ+ γν ≃
∑

G2
F U2

ei

mi

q2
γµ γ+ γν ,

where γ± = 1
2(1 ± γ5), mi is the neutrino mass, q ≃ 100 MeV is the typical neutrino

momentum (corresponding to the typical nuclear distance of about 1 fm), and Uei an

element of the first row of the PMNS matrix. The linear dependence on the neutrino

mass is expected from the requirement of a spin-flip, as the neutrino can be thought of

as being emitted as a right-handed state and absorbed as a left-handed state.

The decay width of 0νββ is therefore proportional to the square of the so-called
effective mass

⟨mee⟩ =
∣
∣
∣

∑

U2
ei mi

∣
∣
∣ =

∣
∣|m(1)

ee |+ |m(2)
ee | e2iα + |m(3)

ee | e2iβ
∣
∣ , (18)

which is visualized in figure 1 (right) as the sum of three complex vectors m(1,2,3)
ee . The

effective mass is a coherent sum, which implies the possibility of cancellations. Note
that since we have included δ in P (see (8)), the Dirac phase does not appear in ⟨mee⟩,
which is the way it should be. In the symmetrical parametrization (9) the effective mass

is given as

⟨mee⟩ =
∣
∣c212c

2
13 m1 + s212c

2
13 m2 e

2iφ12 + s213m3 e
2iφ13

∣
∣ , (19)

so only the two Majorana phases appear in ⟨mee⟩ [39].
Neutrinoless double beta decay is suppressed by the extremely small ratio of

neutrino mass mi
<∼ 0.5 eV and momentum transfer |q| ≃ 108 eV, and therefore only

Individual contributions 
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Why Might A “Ton-Scale” Exp’t See It? 
Three active light neutrinos 
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Interpreting the Result 
Three active light neutrinos 
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IV. TeV-Scale LNV: 0νββ – Decay & The LHC 
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Why Might A “Ton-Scale” Exp’t See It? 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  

Two parameters: Effective coupling & effective heavy particle mass 
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0νββ-Decay: LNV? Mass Term?  
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•  Majorana mass generated at 
the TeV scale 

•  Low-scale see-saw 
•  Radiative mν 

•  mMIN << 0.01 eV but 0νββ-signal 
accessible with tonne-scale 
exp’ts due to heavy Majorana 
particle exchange 
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0νββ-Decay: TeV Scale LNV  

Theory Challenge: matrix elements
+ mechanism 
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0νββ-Decay: TeV Scale LNV  
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Other Models: Back Up Slides 
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Alternative way:

Heavy fictitious intermediate particles:                   [3]

[3] M. Hrisch, talk BLV-2013, Heidelberg, 09/04/2013.

Particle      :

➢ Complex scalar field
➢ Electric charge = +1
➢ Mass = 1 TeV
➢ Width =119.4 GeV 

Particle      :

➢ Majorana fermion
➢ Electric charge = 0
➢ Mass = 1 TeV
➢ Width = 270.1 GeV

Gauge invariant form:

Y        -1/6   -1/3  1/2                   1/2   0  -1/2     

The SU(2) doublet scalar                          .        is an SU(2) singlet fermion.

DT = ( S+ , S0 ) 
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Fig. 11 

We show limits for the different decompositions assuming
scalars are exchanged. The limits on Meff are in TeV and

scale as gð4=5Þeff . Within a given decomposition different
operators can appear in the calculation of the 0!"" decay
half-life. If within a given decomposition there is more
than one operator combination that appears for the differ-
ent possible helicity states, we quote a range of limits,
corresponding to the operators with the largest and smallest
possible rate within this decomposition. Numbers are cal-
culated using the nuclear matrix elements of [16] and the
uncertainty on Meff scales as !ðMeffÞ / ð!MNuclÞð1=5Þ,
where MNucl stands generically for the nuclear matrix
elements. Current limits range from Meff * 1:2–3:1 TeV,
while future sensitivities up to Meff * 1:8–4:6 TeV are
expected.

C. LHC vs 0!"": Numerical analysis

In this section we compare the LHC and 0!"" sensi-
tivities of the different decompositions for 0!"". In the
numerical analysis we will develop in this section, we will
concentrate on the case when the fermion mass is smaller
than (one of) the scalar masses. The numerical analysis of
the case when the fermion mass is larger than the scalar
masses will be presented in a future paper.

We can divide the discussion of all 18 decompositions
into two groups of cases. The first group corresponds to
‘‘symmetric ‘‘ and ‘‘like-symmetric’’ decompositions. The
former are simply those decompositions in which a scalar
with the same quantum numbers appears twice in the
diagram (1-i, 5-i, 4-i), while the latter are those with
two different scalars but of the same kind (two different
leptoquarks or two different diquarks, such as 2-iii, 3-i).
The second group corresponds to ‘‘asymmetric’’ decom-
positions. Those correspond to decompositions with Sþ2

and either an Sþ1 or a diquark (1-ii, 3-ii, 3-iii) and decom-
positions with a leptoquark and either an Sþ1 or a diquark
(2-i, 2-ii, 4-ii, 5-ii).

First we will derive limits from existing LHC data atffiffiffi
s

p ¼ 8 TeV to compare the discovery potential of the
forthcoming

ffiffiffi
s

p ¼ 14 TeV phase of the LHC with the
sensitivity of current and future 0!"" decay experiments.
We will begin our discussion with the ‘‘symmetric’’
decomposition ð "udÞð "eÞð "eÞð "udÞ.

As discussed in Sec. IVA the most stringent current
limits from the LHC on like-sign lepton searches come
from data taken by the CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV
[32]. CMS also presents upper limits on #% BrðeejjÞ as a
function of meejj. These limits apply directly to the case of
the decomposition ð "udÞð "eÞð "eÞð "udÞ, which describes at
LHC a produced scalar Sþ1, decaying to Sþ1 ! c 0e

þ,
followed by c 0 ! eþ "ud, producing two mass peaks in
meejj and me2jj.

The number of eejj-like events at the LHC, in general,
depends on a different combination of couplings and
masses than the 0!"" decay amplitude. The 0!""

half-life depends on the effective parameters defined in
Eq. (5) and the cross section #% BrðeejjÞ is, in the narrow
width approximation, proportional to g2udSþ1

and to a non-

trivial function FSþ1
of the scalar mass mSþ1

. We can then
write the number of events as

#% BrðeejjÞ ¼ #ðpp ! SÞ % BrðS ! eejjÞ
¼ FSðmSÞg21BrðS ! eejjÞ; (6)

defining

FSþ1
ðmSþ1

Þ ¼ #ðpp ! Sþ1Þ=g2udSþ1
: (7)

The BrðS ! eejjÞ can be calculated from Eq. (A2) and is
equal to

BrðS ! eejjÞ ¼ fðmc =mSÞg22
3g21 þ fðmc =mSÞg22

% 1

2
: (8)

Here S ¼ Sþ1, g1 ¼ gudSþ1
, g2 ¼ gec 0Sþ1

, c ¼ c 0

and fðxÞ ¼ ð1& x2Þ2. Note that in the limit where all
couplings are equal (and mc 0

¼ 0) BrðSþ1 ! eþeþjjÞ ¼
BrðSþ1 ! eþe&jjÞ ’ 1=8. We have used CALCHEP [42] to
calculate the production cross sections for Sþ1 at the LHC.
We have compared our cross sections with the figures in
[27] finding quite good agreement.
In ‘‘symmetric’’ decompositions, such as ð "udÞð "eÞð "eÞ%

ð "udÞ, the effective couplings and scalar boson masses are
pairwise equal, i.e. in Eq. (5) g1 ¼ g4, g2 ¼ g3 and mS ¼
mS0 . Then, the effective parameters defined in (5) become

MeffðSÞ ¼ ðm4
Smc Þ1=5; geffðSÞ ¼ ðg1g2Þ1=2: (9)

Equation (6) depends on four variables: the couplings
g1, g2 and the masses mS, mc . For comparison with 0!""
we have expressed Eq. (6), using Eqs. (9) and (8), in terms
of four new variables: the effective coupling and mass geff ,
Meff , respectively, the fermion massmc and BrðS ! eejjÞ.
Then, by using Eq. (6) expressed in terms of these four new
variables, and the current limits on#% BrðeejjÞ presented
by CMS [32], we can plot in the plane geff versus
Meff bounds of the LHC for differentt values of the
BrðSþ1 ! eejjÞ and the fermion mass mc 0

. We have
drawn these limits for BrðSþ1 ! eejjÞ ¼ 10&1 (solid red
lines) and BrðSþ1 ! eejjÞ ¼ 10&2 (dashed red lines) in
Fig. 7, using different values of the fermion mass mc 0

¼
200 GeV, 800 GeV. For larger masses mc 0

the LHC
limits become more stringent except for the region
ðmc 0

&mSþ1
Þ & 100 GeV, where the LHC sensitivity

becomes very small as we discussed in Sec. IVA. Note
that the for the dotted/dashed lines, the part of the line that
is shown dotted corresponds to values of 1 ' g1 ¼
gudSþ1

' 2, i.e. close to values where this coupling would
become nonperturbative.
In addition, Fig. 7 shows current and future limits from

0!"" decay. The dark gray area is the currently excluded
part of parameter space from nonobservation of 136Xe
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Cj = gj 

  

Alternative way:

Heavy fictitious intermediate particles:                   [3]

[3] M. Hrisch, talk BLV-2013, Heidelberg, 09/04/2013.

Particle      :

➢ Complex scalar field
➢ Electric charge = +1
➢ Mass = 1 TeV
➢ Width =119.4 GeV 

Particle      :

➢ Majorana fermion
➢ Electric charge = 0
➢ Mass = 1 TeV
➢ Width = 270.1 GeV

Gauge invariant form:

Y        -1/6   -1/3  1/2                   1/2   0  -1/2     

The SU(2) doublet scalar                          .        is an SU(2) singlet fermion.



0νββ-Decay: TeV Scale LNV  

Helo et al claim: 

Dirac Majorana 
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Fig. 11 

We show limits for the different decompositions assuming
scalars are exchanged. The limits on Meff are in TeV and

scale as gð4=5Þeff . Within a given decomposition different
operators can appear in the calculation of the 0!"" decay
half-life. If within a given decomposition there is more
than one operator combination that appears for the differ-
ent possible helicity states, we quote a range of limits,
corresponding to the operators with the largest and smallest
possible rate within this decomposition. Numbers are cal-
culated using the nuclear matrix elements of [16] and the
uncertainty on Meff scales as !ðMeffÞ / ð!MNuclÞð1=5Þ,
where MNucl stands generically for the nuclear matrix
elements. Current limits range from Meff * 1:2–3:1 TeV,
while future sensitivities up to Meff * 1:8–4:6 TeV are
expected.

C. LHC vs 0!"": Numerical analysis

In this section we compare the LHC and 0!"" sensi-
tivities of the different decompositions for 0!"". In the
numerical analysis we will develop in this section, we will
concentrate on the case when the fermion mass is smaller
than (one of) the scalar masses. The numerical analysis of
the case when the fermion mass is larger than the scalar
masses will be presented in a future paper.

We can divide the discussion of all 18 decompositions
into two groups of cases. The first group corresponds to
‘‘symmetric ‘‘ and ‘‘like-symmetric’’ decompositions. The
former are simply those decompositions in which a scalar
with the same quantum numbers appears twice in the
diagram (1-i, 5-i, 4-i), while the latter are those with
two different scalars but of the same kind (two different
leptoquarks or two different diquarks, such as 2-iii, 3-i).
The second group corresponds to ‘‘asymmetric’’ decom-
positions. Those correspond to decompositions with Sþ2

and either an Sþ1 or a diquark (1-ii, 3-ii, 3-iii) and decom-
positions with a leptoquark and either an Sþ1 or a diquark
(2-i, 2-ii, 4-ii, 5-ii).

First we will derive limits from existing LHC data atffiffiffi
s

p ¼ 8 TeV to compare the discovery potential of the
forthcoming

ffiffiffi
s

p ¼ 14 TeV phase of the LHC with the
sensitivity of current and future 0!"" decay experiments.
We will begin our discussion with the ‘‘symmetric’’
decomposition ð "udÞð "eÞð "eÞð "udÞ.

As discussed in Sec. IVA the most stringent current
limits from the LHC on like-sign lepton searches come
from data taken by the CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV
[32]. CMS also presents upper limits on #% BrðeejjÞ as a
function of meejj. These limits apply directly to the case of
the decomposition ð "udÞð "eÞð "eÞð "udÞ, which describes at
LHC a produced scalar Sþ1, decaying to Sþ1 ! c 0e

þ,
followed by c 0 ! eþ "ud, producing two mass peaks in
meejj and me2jj.

The number of eejj-like events at the LHC, in general,
depends on a different combination of couplings and
masses than the 0!"" decay amplitude. The 0!""

half-life depends on the effective parameters defined in
Eq. (5) and the cross section #% BrðeejjÞ is, in the narrow
width approximation, proportional to g2udSþ1

and to a non-

trivial function FSþ1
of the scalar mass mSþ1

. We can then
write the number of events as

#% BrðeejjÞ ¼ #ðpp ! SÞ % BrðS ! eejjÞ
¼ FSðmSÞg21BrðS ! eejjÞ; (6)

defining

FSþ1
ðmSþ1

Þ ¼ #ðpp ! Sþ1Þ=g2udSþ1
: (7)

The BrðS ! eejjÞ can be calculated from Eq. (A2) and is
equal to

BrðS ! eejjÞ ¼ fðmc =mSÞg22
3g21 þ fðmc =mSÞg22

% 1

2
: (8)

Here S ¼ Sþ1, g1 ¼ gudSþ1
, g2 ¼ gec 0Sþ1

, c ¼ c 0

and fðxÞ ¼ ð1& x2Þ2. Note that in the limit where all
couplings are equal (and mc 0

¼ 0) BrðSþ1 ! eþeþjjÞ ¼
BrðSþ1 ! eþe&jjÞ ’ 1=8. We have used CALCHEP [42] to
calculate the production cross sections for Sþ1 at the LHC.
We have compared our cross sections with the figures in
[27] finding quite good agreement.
In ‘‘symmetric’’ decompositions, such as ð "udÞð "eÞð "eÞ%

ð "udÞ, the effective couplings and scalar boson masses are
pairwise equal, i.e. in Eq. (5) g1 ¼ g4, g2 ¼ g3 and mS ¼
mS0 . Then, the effective parameters defined in (5) become

MeffðSÞ ¼ ðm4
Smc Þ1=5; geffðSÞ ¼ ðg1g2Þ1=2: (9)

Equation (6) depends on four variables: the couplings
g1, g2 and the masses mS, mc . For comparison with 0!""
we have expressed Eq. (6), using Eqs. (9) and (8), in terms
of four new variables: the effective coupling and mass geff ,
Meff , respectively, the fermion massmc and BrðS ! eejjÞ.
Then, by using Eq. (6) expressed in terms of these four new
variables, and the current limits on#% BrðeejjÞ presented
by CMS [32], we can plot in the plane geff versus
Meff bounds of the LHC for differentt values of the
BrðSþ1 ! eejjÞ and the fermion mass mc 0

. We have
drawn these limits for BrðSþ1 ! eejjÞ ¼ 10&1 (solid red
lines) and BrðSþ1 ! eejjÞ ¼ 10&2 (dashed red lines) in
Fig. 7, using different values of the fermion mass mc 0

¼
200 GeV, 800 GeV. For larger masses mc 0

the LHC
limits become more stringent except for the region
ðmc 0

&mSþ1
Þ & 100 GeV, where the LHC sensitivity

becomes very small as we discussed in Sec. IVA. Note
that the for the dotted/dashed lines, the part of the line that
is shown dotted corresponds to values of 1 ' g1 ¼
gudSþ1

' 2, i.e. close to values where this coupling would
become nonperturbative.
In addition, Fig. 7 shows current and future limits from

0!"" decay. The dark gray area is the currently excluded
part of parameter space from nonobservation of 136Xe
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Cj = gj 

  

Alternative way:

Heavy fictitious intermediate particles:                   [3]

[3] M. Hrisch, talk BLV-2013, Heidelberg, 09/04/2013.

Particle      :

➢ Complex scalar field
➢ Electric charge = +1
➢ Mass = 1 TeV
➢ Width =119.4 GeV 

Particle      :

➢ Majorana fermion
➢ Electric charge = 0
➢ Mass = 1 TeV
➢ Width = 270.1 GeV

Gauge invariant form:

Y        -1/6   -1/3  1/2                   1/2   0  -1/2     

The SU(2) doublet scalar                          .        is an SU(2) singlet fermion.



0νββ-Decay: TeV Scale LNV  

Helo et al claim: 

Dirac Majorana 
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Fig. 11 

We show limits for the different decompositions assuming
scalars are exchanged. The limits on Meff are in TeV and

scale as gð4=5Þeff . Within a given decomposition different
operators can appear in the calculation of the 0!"" decay
half-life. If within a given decomposition there is more
than one operator combination that appears for the differ-
ent possible helicity states, we quote a range of limits,
corresponding to the operators with the largest and smallest
possible rate within this decomposition. Numbers are cal-
culated using the nuclear matrix elements of [16] and the
uncertainty on Meff scales as !ðMeffÞ / ð!MNuclÞð1=5Þ,
where MNucl stands generically for the nuclear matrix
elements. Current limits range from Meff * 1:2–3:1 TeV,
while future sensitivities up to Meff * 1:8–4:6 TeV are
expected.

C. LHC vs 0!"": Numerical analysis

In this section we compare the LHC and 0!"" sensi-
tivities of the different decompositions for 0!"". In the
numerical analysis we will develop in this section, we will
concentrate on the case when the fermion mass is smaller
than (one of) the scalar masses. The numerical analysis of
the case when the fermion mass is larger than the scalar
masses will be presented in a future paper.

We can divide the discussion of all 18 decompositions
into two groups of cases. The first group corresponds to
‘‘symmetric ‘‘ and ‘‘like-symmetric’’ decompositions. The
former are simply those decompositions in which a scalar
with the same quantum numbers appears twice in the
diagram (1-i, 5-i, 4-i), while the latter are those with
two different scalars but of the same kind (two different
leptoquarks or two different diquarks, such as 2-iii, 3-i).
The second group corresponds to ‘‘asymmetric’’ decom-
positions. Those correspond to decompositions with Sþ2

and either an Sþ1 or a diquark (1-ii, 3-ii, 3-iii) and decom-
positions with a leptoquark and either an Sþ1 or a diquark
(2-i, 2-ii, 4-ii, 5-ii).

First we will derive limits from existing LHC data atffiffiffi
s

p ¼ 8 TeV to compare the discovery potential of the
forthcoming

ffiffiffi
s

p ¼ 14 TeV phase of the LHC with the
sensitivity of current and future 0!"" decay experiments.
We will begin our discussion with the ‘‘symmetric’’
decomposition ð "udÞð "eÞð "eÞð "udÞ.

As discussed in Sec. IVA the most stringent current
limits from the LHC on like-sign lepton searches come
from data taken by the CMS Collaboration at

ffiffiffi
s

p ¼ 8 TeV
[32]. CMS also presents upper limits on #% BrðeejjÞ as a
function of meejj. These limits apply directly to the case of
the decomposition ð "udÞð "eÞð "eÞð "udÞ, which describes at
LHC a produced scalar Sþ1, decaying to Sþ1 ! c 0e

þ,
followed by c 0 ! eþ "ud, producing two mass peaks in
meejj and me2jj.

The number of eejj-like events at the LHC, in general,
depends on a different combination of couplings and
masses than the 0!"" decay amplitude. The 0!""

half-life depends on the effective parameters defined in
Eq. (5) and the cross section #% BrðeejjÞ is, in the narrow
width approximation, proportional to g2udSþ1

and to a non-

trivial function FSþ1
of the scalar mass mSþ1

. We can then
write the number of events as

#% BrðeejjÞ ¼ #ðpp ! SÞ % BrðS ! eejjÞ
¼ FSðmSÞg21BrðS ! eejjÞ; (6)

defining

FSþ1
ðmSþ1

Þ ¼ #ðpp ! Sþ1Þ=g2udSþ1
: (7)

The BrðS ! eejjÞ can be calculated from Eq. (A2) and is
equal to

BrðS ! eejjÞ ¼ fðmc =mSÞg22
3g21 þ fðmc =mSÞg22

% 1

2
: (8)

Here S ¼ Sþ1, g1 ¼ gudSþ1
, g2 ¼ gec 0Sþ1

, c ¼ c 0

and fðxÞ ¼ ð1& x2Þ2. Note that in the limit where all
couplings are equal (and mc 0

¼ 0) BrðSþ1 ! eþeþjjÞ ¼
BrðSþ1 ! eþe&jjÞ ’ 1=8. We have used CALCHEP [42] to
calculate the production cross sections for Sþ1 at the LHC.
We have compared our cross sections with the figures in
[27] finding quite good agreement.
In ‘‘symmetric’’ decompositions, such as ð "udÞð "eÞð "eÞ%

ð "udÞ, the effective couplings and scalar boson masses are
pairwise equal, i.e. in Eq. (5) g1 ¼ g4, g2 ¼ g3 and mS ¼
mS0 . Then, the effective parameters defined in (5) become

MeffðSÞ ¼ ðm4
Smc Þ1=5; geffðSÞ ¼ ðg1g2Þ1=2: (9)

Equation (6) depends on four variables: the couplings
g1, g2 and the masses mS, mc . For comparison with 0!""
we have expressed Eq. (6), using Eqs. (9) and (8), in terms
of four new variables: the effective coupling and mass geff ,
Meff , respectively, the fermion massmc and BrðS ! eejjÞ.
Then, by using Eq. (6) expressed in terms of these four new
variables, and the current limits on#% BrðeejjÞ presented
by CMS [32], we can plot in the plane geff versus
Meff bounds of the LHC for differentt values of the
BrðSþ1 ! eejjÞ and the fermion mass mc 0

. We have
drawn these limits for BrðSþ1 ! eejjÞ ¼ 10&1 (solid red
lines) and BrðSþ1 ! eejjÞ ¼ 10&2 (dashed red lines) in
Fig. 7, using different values of the fermion mass mc 0

¼
200 GeV, 800 GeV. For larger masses mc 0

the LHC
limits become more stringent except for the region
ðmc 0

&mSþ1
Þ & 100 GeV, where the LHC sensitivity

becomes very small as we discussed in Sec. IVA. Note
that the for the dotted/dashed lines, the part of the line that
is shown dotted corresponds to values of 1 ' g1 ¼
gudSþ1

' 2, i.e. close to values where this coupling would
become nonperturbative.
In addition, Fig. 7 shows current and future limits from

0!"" decay. The dark gray area is the currently excluded
part of parameter space from nonobservation of 136Xe
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Cj = gj 

  

Alternative way:

Heavy fictitious intermediate particles:                   [3]

[3] M. Hrisch, talk BLV-2013, Heidelberg, 09/04/2013.

Particle      :

➢ Complex scalar field
➢ Electric charge = +1
➢ Mass = 1 TeV
➢ Width =119.4 GeV 

Particle      :

➢ Majorana fermion
➢ Electric charge = 0
➢ Mass = 1 TeV
➢ Width = 270.1 GeV

Gauge invariant form:

Y        -1/6   -1/3  1/2                   1/2   0  -1/2     

The SU(2) doublet scalar                          .        is an SU(2) singlet fermion.
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:
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✓
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.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000
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Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by
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B =
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.
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FIG. 2: Integrating out S+ and F0 to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:
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1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds

Diboson Charge Flip Jet Fake
W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by
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B =
sSignalpsBG
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From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.
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4

FIG. 1: Significance of a LHC e�e� + di-jet signal as a func-
tion of integrated luminosity assuming the maximum C1/⇤

5

consistent with the GERDA 0⌫�� half-life limit. Upper and
lower curves correspond to values of the NME M0 = �1.0 and
�1.99, respectively.

FIG. 2: Present and future reach of 0⌫�� and LHC searches
for the TeV LNV interaction (1) as functions of the e↵ective
coupling ge↵ and mass scale ⇤ (see text). Present GERDA
exclusion and future tonne-scale 0⌫�� sensitivity are indi-
cated by upper and lower shaded regions, respectively. Darker
shaded bands indicate impact of varying M0⇤

2
H by a factor of

two. LHC exclusion reach for representative integrated lumi-
nosities are indicated by the solid, dashed, and dotted lines.

present GERDA limit for 76Ge (T1/2 <3⇥1025 yr) as
implied by Eq. (8). We see that non-observation with
⇠ 735 fb�1 (⇠ 70 fb�1) would imply exclusion at a level
consistent with the present GERDA limit assuming the
larger (smaller) value of M0⇤2

H . The corresponding re-
quirement for discovery S/

p
S +B � 5 is >⇠4.6 ab�1 (>⇠

435 fb�1). It is striking that a factor of two di↵erence in
M0⇤2

H , when translated into an upper bound on C1/⇤5,
implies an order of magnitude di↵erence in the luminos-
ity needed for LHC exclusion or discovery. The ex-
clusion and discovery reaches for both the LHC and a

FIG. 3: Same as Fig. 2 but giving LHC discovery reach.

future, one-ton 0⌫��-decay as functions of ⇤ and an ef-
fective coupling ge↵ = C1(⇤)1/4 are shown Figs. 2 and
3, respectively. We use a prospective 76Ge sensitivity of
T1/2 = 6⇥1027 yr[46]. We also show the present GERDA
exclusion for reference. The darker shaded bands at the
lower edges of each 0⌫��-decay exclusion and future sen-
sitivity regions indicate the impact of varying M0⇤2

H by
a factor of two. From Fig. 2 we observe that with >⇠ 100
fb�1 the LHC would begin to extend the present GERDA
exclusion for ⇤ in the vicinity of 1.4 TeV for the larger
value of |M0|⇤2

H and for a broader range of masses as-
suming the smaller value. As indicated by Fig. 3, the
opportunities for discovery with 300 fb�1 appear more
limited, even under the assumption of the smaller nu-
clear and hadronic matrix elements. However, the high
luminosity phase of the LHC with 3 ab�1 could open
the possibility for discovery over a range of masses that
depends on the value of M0⇤2

H .

From the standpoint of the LHC, this conclusion is not
as optimistic as obtained in Refs. [29, 30], as the reach
of the tonne-scale 0⌫��-decay experiments appears to
exceed that of the high-luminosity LHC over nearly the
entire range of parameter space considered. It is, nev-
ertheless, interesting to compare the prospects for both
0⌫��-decay and the LHC, as observation of a signal in
both experiments is possible and would point to the exis-
tence of TeV scale LNV interactions. Reducing the 0⌫��-
decay nuclear and hadronic matrix element uncertainties,
as well as refining the estimates of jet-fake and charge flip
backgrounds at the LHC, would clearly clearly sharpen
the implications of this comparison.
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•  Include backgrounds 

•  Incorporate QCD running 

•  Include long-distance contributions to nuclear matrix elements 
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•  Charge flip 

•  Jet faking electron  e+	

 e+	  e-	
Z	

 e+ transfers most of pT to conversion e- ; 
Z / γ*  + jets !  apparent e- e- jj event   

 e-	

g	

g	
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48 

•  Charge flip 

•  Jet faking electron 

 e+	

 e+	

 e-	

 e-	

 ν	
 ν	

W	

W	

b	

b	
t	

t	

g	

 e+ transfers most of pT to conversion e- ; 
b’s not tagged !  apparent e- e- jj event   
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Electron charge misidentification probability:

Global misidentification probability = 
(agrees with 
1110.3174v2) 

CMS, arXiv:1110.3174v2

For charge-flip events: 
 Bin the events according to the η bins above.
 When making the histograms, if an event has η falling into any of the bins above, 

the event weight is then multiplied by the corresponding misID probability in that eta bin.

Bin in η and apply charge flip prob  
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Jet fakes 
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Cuts 

63 

•  HT 
•  MET 
•  Mll 



0νββ-Decay: TeV Scale LNV  

Backgrounds: 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

Cuts 
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Running 
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QCD Running 
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QCD Running 

Assuming Ck = 1 at µ = 5 GeV ! 
Effective DBD amplitude for O1 
substantially weaker for given 
LHC constraints 
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Nuclear Matrix Elements: Long Range Effects 

Exploit Chiral Symmetry & EFT ideas 
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Nuclear Matrix Elements: Long Range Effects 

Exploit Chiral Symmetry & EFT ideas 
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Putting the pieces together 
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0νββ / LHC Interplay: Matrix Elements 
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V. EDMs & the LHC: Higgs Portal CPV 
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EDMs & SM Physics 

 dn ~ (10-16 e cm)  x  θQCD +  dn
CKM 
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EDMs & SM Physics 

 dn ~ (10-16 e cm)  x  θQCD +  dn
CKM 

dn
CKM = (1 – 6) x 10-32 e cm 

C. Seng arXiv: 1411.1476 



83 

EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 
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EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 

CPV Phase: large enough for baryogenesis ? 
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EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 

BSM mass scale: TeV ? Much higher ? 
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EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 

BSM dynamics: perturbative? Strongly coupled?  
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EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 

BSM dynamics: perturbative? Strongly coupled?  

Hadronic & atomic systems: reliable SM calc’s?  
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EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 

Need information from at least three “frontiers”  
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EDMs & BSM Physics 

 d ~ (10-16 e cm)  x  (υ / Λ)2  x  sinφ  x yf F 

Need information from at least three “frontiers”  

•  Baryon asymmetry    Cosmic Frontier 
•  High energy collisions   Energy Frontier 
•  EDMs        Intensity Frontier 
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EDM/LHC Complementarity 



The Higgs Portal 

91 



Higgs Portal CPV 
CPV & 2HDM: Type I & II 

22

work, only the scalar loop could contribute to C12 and eventually to EDMs. A representative diagram is shown in
the right panel of Fig. 12. It is proportional to

Im(�5m
2⇤
12v

⇤
1v2) = �

�

��5m
2
12v1v2

�

� sin �2 . (A10)

Using the relation in Eq. (13), the above quantity is indeed related to the unique CPV source in the model.
The fermionic loops do not contribute because the physical charge Higgs and quark couplings have the structure

proportional to the corresponding CKM element. As a result, the coe�cients Cij are purely real and C̃ij are purely
imaginary. They contribute to magnetic dipole moments instead of EDMs.
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FIG. 12: Left: quark or lepton EDM from W ±H⌥ exchange and CPV Higgs interactions. Right: a scalar loop contribution
to �†

1
�a

2 W a
µ⌫�2B

µ⌫ e↵ective operator, which then contributes to EDM as the upper loop of the left panel.

The gauge invariant contributions to EDM from this class of diagrams have been calculated recently in [42],
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where the functions I4,5(m2
1,m

2
2) are given in the Appendix B. The coe�cient sf = �1 for up-type quarks, and

sf = +1 for down-type quarks and charged leptons.

To summarize, the total contribution to fermion EDM is the sum of Eqs (A3,A4,A5,A6,A7,A8,A11),
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H . (A12)

3

II. 2HDM FRAMEWORK

A. Scalar potential

In this work, we consider the flavor-conserving 2HDM in order to avoid problematic flavor-changing neutral currents
(FCNCs). As observed by Glashow and Weinberg (GW) [12], one may avoid tree-level FCNCs if diagonalization of the
fermion mass matrices leads to flavor diagonal Yukawa interactions. One approach2 to realizing this requirement is to
impose a Z2 symmetry on the scalar potential together with an appropriate extension to the Yukawa interactions (see
below). In this scenario, however, one obtains no sources of CPV beyond the SM CKM complex phase. Consequently,
we introduce a soft Z2-breaking term that yields non-vanishing CPV terms in the scalar sector [16].

To that end, we choose a scalar field basis in which the two Higgs doublets �1,2 are oppositely charged under the
the Z2 symmetry:

�1 ! ��1 and �2 ! �2 , (1)

though this symmetry will in general have a di↵erent expression in another basis obtained by the transformation
�j = Ujk�

0
k. For example, taking

U =
1p
2

✓

�1 1
1 1

◆

, (2)

the transformation (1) corresponds to

�0
1 $ �0

2 . (3)

We then take the Higgs potential to have the form
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. (4)

The complex coe�cients in the potential are m2
12 and �5. In general, the presence of the �†

1�2 term, in conjunction
with the Z2-conserving quartic interactions, will induce other Z2-breaking quartic operators at one-loop order. Simple
power counting implies that the responding coe�cients are finite with magnitude proportional tom2

12�k/(16⇡2). Given
the 1/16⇡2 suppression, we will restrict our attention to the tree-level Z2-breaking bilinear term.

It is instructive to identify the CPV complex phases that are invariant under a rephasing of the scalar fields. To
that end, we perform an SU(2)L⇥U(1)Y transformation to a basis where the vacuum expectation value (vev) of the
neutral component of �1 is real while that associated with the neutral component of �2 is in general complex:

�1 =
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, (5)

where v =
p

|v1|2 + |v2|2 = 246GeV, v1 = v⇤1 and v2 = |v2|ei⇠. It is apparent that in general ⇠ denotes the relative
phase of v2 and v1. Under the global rephasing transformation

�j = ei✓j �0
j , (6)

the couplings m2
12 and �5 can be redefined to absorb the global phases

(m2
12)

0 = ei(✓2�✓1)m2
12, �0

5 = e2i(✓2�✓1)�5 , (7)

so that the form of the potential is unchanged. It is then straightforward to observe that there exist two rephasing
invariant complex phases:
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2
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,

�2 = Arg
⇥

�⇤
5(m

2
12)v1v

⇤
2

⇤
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2 Another approach is to have 2HDM at the electroweak scale without the Z2 symmetry is to assume minimal flavor violation, flavor
alignment or other variants. We do not discuss this possibility, but refer to [13–15] for recent phenomenological studies.
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neutral component of �1 is real while that associated with the neutral component of �2 is in general complex:

�1 =

✓

H+
1

1p
2
(v1 +H0

1 + iA0
1)

◆

, �2 =

✓

H+
2

1p
2
(v2 +H0

2 + iA0
2)

◆

, (5)

where v =
p

|v1|2 + |v2|2 = 246GeV, v1 = v⇤1 and v2 = |v2|ei⇠. It is apparent that in general ⇠ denotes the relative
phase of v2 and v1. Under the global rephasing transformation

�j = ei✓j �0
j , (6)

the couplings m2
12 and �5 can be redefined to absorb the global phases

(m2
12)

0 = ei(✓2�✓1)m2
12, �0

5 = e2i(✓2�✓1)�5 , (7)

so that the form of the potential is unchanged. It is then straightforward to observe that there exist two rephasing
invariant complex phases:

�1 = Arg
⇥

�⇤
5(m

2
12)

2
⇤

,

�2 = Arg
⇥

�⇤
5(m

2
12)v1v

⇤
2

⇤

. (8)

2 Another approach is to have 2HDM at the electroweak scale without the Z2 symmetry is to assume minimal flavor violation, flavor
alignment or other variants. We do not discuss this possibility, but refer to [13–15] for recent phenomenological studies.

4

For future purposes, we emphasize that the value of ⇠ is not invariant.
Denoting tan� = |v2|/|v1|, the minimization conditions in the H0

k and A0
k directions give us the relations

m2
11 = �1v

2 cos2 � + (�3 + �4)v
2 sin2 � � Re(m2

12e
i⇠) tan� +Re(�5e

2i⇠)v2 sin2 � , (9)

m2
22 = �2v

2 sin2 � + (�3 + �4)v
2 cos2 � � Re(m2

12e
i⇠) cot� +Re(�5e

2i⇠)v2 cos2 � , (10)

Im(m2
12e

i⇠) = v2 sin� cos�Im(�5e
2i⇠) . (11)

From the last equation, it is clear that the phase ⇠ can be solved for given the complex parameters m2
12 and �5. It is

useful, however, to express this condition in terms of the �k:

|m2
12| sin(�2 � �1) = |�5v1v2| sin(2�2 � �1) . (12)

In the limit that the �k are small but non-vanishing that will be appropriate for our later phenomenological discussion,
Eq. (12) then implies
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�
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�

�1 , (13)

so that there exists only one independent CPV phase in the theory after EWSB.
A special case arises when �1 = 0. In this case, Eq. (12) implies that

|m2
12| sin(�2) = |�5v1v2| sin(2�2) , (14)

or
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12
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�

�

�

�

. (15)

When the right-hand side is less than 1, �2 has solutions two solutions of equal magnitude and opposite sign, corre-
sponding to the presence of spontaneous CPV (SCPV) [17, 18]:

�2 = ± arccos
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To the extent that the vacua associated with the two opposite sign solutions are degenerate, one would expect the
existence of cosmological domains [19] associated with these two vacua. Persistence of the corresponding domain walls
to late cosmic times is inconsistent with the observed homogeneity of structure and isotropy of the cosmic microwave
background. Consequently, parameter choices leading to �1 = 0 but �2 6= 0 should be avoided. In practice, we will
scan over model parameters when analyzing the EDM and LHC constraints. As a check, we have performed a scan
with 106 points and find less than ten that give �1 = 0. We are, thus, confident that the general features of our
phenomenological analysis are consistent with the absence of problematic SCPV domains.

Henceforth, for simplicity, we utilize the rephasing invariance of the �k and work in a basis where ⇠ = 0. In this
basis, the phases of m2

12 and �5 are redefined and related by Eq. (11). As we discuss below, we will trade the resulting
dependence of observables on �1 [and �2 via �1 in Eq. (13)] for one independent angle in the transformation that
diagonalizes the neutral scalar mass matrix.

B. Scalar spectrum

After EWSB, the diagonalization of the 2 ⇥ 2 charged Higgs mass matrix yields the physical charged scalar and
Goldstone modes,

H+ = � sin�H+
1 + cos�H+

2 , G+ = cos�H+
1 + sin�H+

2 , (17)

The charged scalar has a mass

m2
H+ =

1

2
(2⌫ � �4 � Re�5) v

2, ⌫ ⌘ Rem2
12 csc� sec�

2v2
. (18)
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future:  

 dn x 0.1 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra) [10-27 e cm] 

Future:  

 dn x 0.01 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra) 

ThO 

 n 

Hg 

 sin αb : CPV 
scalar mixing 

Inoue, R-M, Zhang: 1403.4257 

Ra 

93 



 Higgs Portal CPV: EDMs & LHC 
CPV & 2HDM: Type II illustration  λ6,7  = 0 for simplicity	

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future:  

 dn x 0.1 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra) [10-27 e cm] 
  

Future:  

 dn x 0.01 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra)  

ThO 

 n 

Hg 

 sin αb : CPV 
scalar mixing 

Inoue, R-M, Zhang: 1403.4257 

Ra LHC Current 

Dawson et al: 1503.01114 Mh2 = 400 GeV 

94 



 Higgs Portal CPV: EDMs & LHC 
CPV & 2HDM: Type II illustration  λ6,7  = 0 for simplicity	

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.
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FIG. 6: Current constraints from the electron EDM (left), neutron EDM (middle) and 199Hg EDM (right).First row: type-I
model; Second row: type-II model. In all the plots, we have imposed the condition that ↵ = � � ⇡/2. The other parameters
are chosen to be mH+ = 320 GeV, mh2 = 300 GeV, mh3 = 350 GeV and ⌫ = 1.0. Again, ↵c is a dependent parameter
solved using Eq. (43). The purple region is theoretically not accessible because Eq. (43) does not have a real solution. For
the neutron and Mercury EDMs, theoretical uncertainties from hadronic and nuclear matrix elements are reflected by di↵erent
curves. For the neutron EDM, we vary one of the most important hadronic matrix elements: ⇣̃d

n = 1.63 ⇥ 10�8 (solid, central
value), 0.4 ⇥ 10�8 (dot-dashed) and 4.0 ⇥ 10�8 (dashed). For the Mercury EDM, we take di↵erent sets of nuclear matrix
element values: a0 = 0.01, a1 = 0.02 (solid, central value). a0 = 0.01, a1 = 0.09 (long-dashed), a0 = 0.01, a1 = �0.03 (dashed),
a0 = 0.005, a1 = 0.02 (dotted) and a0 = 0.05, a1 = 0.02 (dot-dashed).

B. Ine↵ectiveness of a Light-Higgs-Only Theory

From the discussion of electron EDM, we have learned that the heavy Higgs contributions via H�� and H±W⌥�
diagrams make non-negligible contributions to the total EDM. They can even be dominant at large tan� & 20. This
example illustrates the ine↵ectiveness of the “light Higgs e↵ective theory”, often performed as model independent
analyses, which include the CPV e↵ects only from the lightest Higgs (mass 125 GeV). The key point is that a CP
violating Higgs sector usually contains more than one scalar at the electroweak scale, and all of them have CPV
interactions in general. The total contribution therefore includes CPV e↵ects from not only CP even-odd neutral
scalar mixings, but also the CPV neutral-charged scalar interactions from the Higgs potential. This is necessarily
model dependent. In this work, we have included the complete contributions to EDMs in the flavor-conserving (type-I
and type-II) 2HDMs .

C. Neutron EDM Constraint

Next, we consider the neutron EDM, whose current bound is |dn| < 2.9⇥10�26e cm. In Fig. 7, we plot the anatomy
of neutron EDM, this time in terms of the various dimension-six operator contributions. The parameters are fixed
as in Fig. 5, and the contributions to neutron EDM from light quark EDMs, CEDMs, and the Weinberg three-gluon
operator are shown as functions of tan�. The plot shows that in the type-II model, the quark CEDM contributions
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model; Second row: type-II model. In all the plots, we have imposed the condition that ↵ = � � ⇡/2. The other parameters
are chosen to be mH+ = 320 GeV, mh2 = 300 GeV, mh3 = 350 GeV and ⌫ = 1.0. Again, ↵c is a dependent parameter
solved using Eq. (43). The purple region is theoretically not accessible because Eq. (43) does not have a real solution. For
the neutron and Mercury EDMs, theoretical uncertainties from hadronic and nuclear matrix elements are reflected by di↵erent
curves. For the neutron EDM, we vary one of the most important hadronic matrix elements: ⇣̃d

n = 1.63 ⇥ 10�8 (solid, central
value), 0.4 ⇥ 10�8 (dot-dashed) and 4.0 ⇥ 10�8 (dashed). For the Mercury EDM, we take di↵erent sets of nuclear matrix
element values: a0 = 0.01, a1 = 0.02 (solid, central value). a0 = 0.01, a1 = 0.09 (long-dashed), a0 = 0.01, a1 = �0.03 (dashed),
a0 = 0.005, a1 = 0.02 (dotted) and a0 = 0.05, a1 = 0.02 (dot-dashed).

B. Ine↵ectiveness of a Light-Higgs-Only Theory

From the discussion of electron EDM, we have learned that the heavy Higgs contributions via H�� and H±W⌥�
diagrams make non-negligible contributions to the total EDM. They can even be dominant at large tan� & 20. This
example illustrates the ine↵ectiveness of the “light Higgs e↵ective theory”, often performed as model independent
analyses, which include the CPV e↵ects only from the lightest Higgs (mass 125 GeV). The key point is that a CP
violating Higgs sector usually contains more than one scalar at the electroweak scale, and all of them have CPV
interactions in general. The total contribution therefore includes CPV e↵ects from not only CP even-odd neutral
scalar mixings, but also the CPV neutral-charged scalar interactions from the Higgs potential. This is necessarily
model dependent. In this work, we have included the complete contributions to EDMs in the flavor-conserving (type-I
and type-II) 2HDMs .

C. Neutron EDM Constraint

Next, we consider the neutron EDM, whose current bound is |dn| < 2.9⇥10�26e cm. In Fig. 7, we plot the anatomy
of neutron EDM, this time in terms of the various dimension-six operator contributions. The parameters are fixed
as in Fig. 5, and the contributions to neutron EDM from light quark EDMs, CEDMs, and the Weinberg three-gluon
operator are shown as functions of tan�. The plot shows that in the type-II model, the quark CEDM contributions
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model; Second row: type-II model. In all the plots, we have imposed the condition that ↵ = � � ⇡/2. The other parameters
are chosen to be mH+ = 320 GeV, mh2 = 300 GeV, mh3 = 350 GeV and ⌫ = 1.0. Again, ↵c is a dependent parameter
solved using Eq. (43). The purple region is theoretically not accessible because Eq. (43) does not have a real solution. For
the neutron and Mercury EDMs, theoretical uncertainties from hadronic and nuclear matrix elements are reflected by di↵erent
curves. For the neutron EDM, we vary one of the most important hadronic matrix elements: ⇣̃d

n = 1.63 ⇥ 10�8 (solid, central
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B. Ine↵ectiveness of a Light-Higgs-Only Theory

From the discussion of electron EDM, we have learned that the heavy Higgs contributions via H�� and H±W⌥�
diagrams make non-negligible contributions to the total EDM. They can even be dominant at large tan� & 20. This
example illustrates the ine↵ectiveness of the “light Higgs e↵ective theory”, often performed as model independent
analyses, which include the CPV e↵ects only from the lightest Higgs (mass 125 GeV). The key point is that a CP
violating Higgs sector usually contains more than one scalar at the electroweak scale, and all of them have CPV
interactions in general. The total contribution therefore includes CPV e↵ects from not only CP even-odd neutral
scalar mixings, but also the CPV neutral-charged scalar interactions from the Higgs potential. This is necessarily
model dependent. In this work, we have included the complete contributions to EDMs in the flavor-conserving (type-I
and type-II) 2HDMs .

C. Neutron EDM Constraint

Next, we consider the neutron EDM, whose current bound is |dn| < 2.9⇥10�26e cm. In Fig. 7, we plot the anatomy
of neutron EDM, this time in terms of the various dimension-six operator contributions. The parameters are fixed
as in Fig. 5, and the contributions to neutron EDM from light quark EDMs, CEDMs, and the Weinberg three-gluon
operator are shown as functions of tan�. The plot shows that in the type-II model, the quark CEDM contributions
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VI. Summary & Outlook  
•  There exist a variety of well-motivated neutrino mass 

mechanisms associated with LNV interactions ranging from 
low- to high-scales 

•  0νββ-decay and LHC searches provide complementary 
probes of TeV scale LNV 

•  EDM and LHC searches can provide complementary 
probes of BSM CPV 

•  LHC results may provide a powerful diagnostic for 
interpreting a non-zero 0νββ-decay and/or EDM observation 

•  Refined hadronic & nuclear ME computations are essential 
to this inter-frontier complementarity 
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LRSM: Type I See-Saw 

WR WR NR 

e e 

Mass: standard see-saw but TeV 
scale 



0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)
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g
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hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
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|hee|2
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2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3
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��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
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���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)
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WR WR 

ΔR 

e e LRSM: Type II See-Saw 



0νββ-Decay: TeV Scale LNV  

General Classification: Helo et al, PRD 88.011901, 88.073011 

Dirac Majorana 

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g
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hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)
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�Qe
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Qe
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���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯Lc
˜H ˜HT L + h.c. (31)

3

O5 =

��H

⇤

�̄� H†H (25)

M⌃± �M⌃0 ⇠ ↵

4⇡
MW (26)

L =

g

2

hij

⇥
¯LCi"�LLj

⇤
+ (L$ R) + h.c. (27)

����
�Qe

W

Qe
W

���� = 0.14

|hee|2
(M�/1 TeV)

2 (28)

|Vud|2 + |Vus|2 = |Vud|2

1 +

|Vus|2
|Vud|2

�
(29)

Lmass = y ¯L ˜H⌫R + h.c. (30)

Lmass =

y

⇤

¯LcHHT L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R ! ¯`H⇤
) (32)

m⌫ =

m2
D

MR

(33)
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Scalar Leptoquarks 

Mass: like RPV SUSY (loop) 
 
NLDBD: need Majorana fermion 
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Why Might A “Ton-Scale” Exp’t See It? 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale source of 
neutrino mass 

•  > 3 light neutrinos  
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Interpreting a Positive Result 
Three active light neutrinos 

E
ffe

ct
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B
D

 n
eu

tri
no

 m
as

s 
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V
) 

Inverted  Normal  

Ton Scale 

Positive result would be consistent with 3 
light active ν’s & IH or quasi-deg regime, 
but not definitive as to mechanism 

Lightest neutrino mass (eV) ! 

Current generation Current generation 
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Interpreting a Positive Result 
3+1 active light neutrinos 

E
ffe

ct
iv
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D

B
D

 n
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tri
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(e

V
) 

Inverted  Normal  

Positive result would be consistent with 
3+1 light active ν’s & NH, IH, or quasi-deg 
regime, but not definitive as to mechanism 

Lightest neutrino mass (eV) ! 

Ton Scale 

Current generation Current generation 

Giunti & Zavanin, JHEP07 (2015) 171 
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Sterile Neutrinos & 0νββ-Decay 
3 active light neutrinos 
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Lightest neutrino mass (eV) ! 

Giunti & Zavanin, JHEP07 (2015) 171 

3+1 active light neutrinos 

Lightest neutrino mass (eV) ! 
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Sterile Neutrinos & 0νββ-Decay 
3 active light neutrinos 

E
ffe

ct
iv
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) 

Lightest neutrino mass (eV) ! 

Giunti & Zavanin, JHEP07 (2015) 171 

3+1 active light neutrinos 

Lightest neutrino mass (eV) ! 



0ν ββ - decay in effective field theory 
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Tractable nuclear operators 

Systematic operator classification 
117 

Prezeau, MJRM, Vogel 
PRD 68 (2003) 034016 



0ν ββ - decay in effective field theory 
Operator classification 

€ 

µ = MWEAK

L(q,e) =	

€ 

GF
2

Λββ

C j (µ) ˆ O j
++ e Γ je

c + h.c.
j=1

14

∑

€ 

ˆ O 1+
ab = q Lγ

µτ aqL q Rγµτ
bqR

 e.g. 

0ν ββ - decay: a = b = + 
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0ν ββ - decay in effective field theory 
Operator classification 

€ 

µ = MWEAK

€ 

ˆ O 1+
ab = q Lγ

µτ aqL q Rγµτ
bqR

€ 

qL → LqL

€ 

qR → RqR   

€ 

L
R

= exp i
! 
θ L
R
⋅
! 
τ 
2
PL
R

% 

& 
' 

( 

) 
* 

Chiral transformations: SU(2)L  x  SU(2)R 

€ 

ˆ O 1+
ab ∈ (3L , 3R )

Parity transformations: qL $  qR  

0ν ββ - decay: a = b = + 

€ 

ˆ O 1+
++ ↔ ˆ O 1+

++
119 



0ν ββ - decay in effective field theory 
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KNNNN p0
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KπNN p−1
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Kππ p
−2

O (p-2) for  O (p0) for  

€ 

ˆ O 1+
++

€ 

ˆ O 3+
++
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