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Accessible in Ton scale  
Experiments

It is not correct then to declare that a positive observation  
In next experiments would mean that IH neutrino mass ordering

A positive observation would just mean that LNV indeed occurs but it could well 
be due to new physics dominating the rate. 

This highlight the importance of measuring the chiralities of outgoing electrons 
and possible interplay with other process at low and/or high energies. 

https://arxiv.org/abs/1806.10832


The minimal left-right symmetric model 
(J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975);  G. Senjanovic and R. N. Mohapatra,  

Phys. Rev. D 12, 1502 (1975); G. Senjanovic, Nucl. Phys. B153, 334 (1979). 

)
• Extends the SM gauge group  

 
 

• The mixing between the  bosons give 
 

 
 

 and  are the v.e.vs of the light and heavy doublets. 

•  from K and B meson systems (Bertolini, Nesti and Maiezza 2019. ArXiv: 
1911.09472) 
 

 (SM  boson) 
 
 

 
 
 
 

SU(3) × SU(2)R × SU(2)L × U(1)B−L × Z2

W − WR

tan ξ = −
v1v2

v2
R

e−iα ≃ (
M2

W

M2
WR

)sin 2βe−iα, tan β ≡ v2/v1

v1 v2

tan βmax ∼ 0.5

W+
L = cos ξW+

1μ − sin ξe−iαW+
2μ W

W+
R = sin ξeiαW+

1μ + cos ξW+
2μ

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 
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)

• Neutrino mass matrix (well-known see-saw formula) 
 
 

 
 
 
 
 
 
 

Mν = YΔvL + MDM−1
N MT

D
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• For type II dominance and  as the LR symmetry  the Leptonic mixing 
matrix satisfy 
 

 
 
and the   
 
(Tello and Senjanovic. ArXiv: 1011.3522 ) 
 
 
 
 
 

Mν = YΔvL + MDM−1
N MT

D

𝒞

VL = V*R

mNmin
= mNmin

(mνmin
)
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We assume this piece dominates the neutrino mass contribution
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Type-I contribution studied in 
•  ArXiv: 1806.02780, Cirigliano, W. Dekens, J. de 

Vries, M. L. Graesser, and E. Mereghetti 



Feynman diagrams contributing to the decay rate in the mLRSM

• There are the following contributions (on top 
of the usual light neutrino contribution)

N , ν

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU
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RR contribution



Feynman diagrams contributing to the decay rate in the mLRSM

• There are the following contributions (on top 
of the usual light neutrino contribution)

N , ν
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Suppressed by heavy  

 masses and LFV constraints (Tello and 
Senjanovic. ArXiv: 1011.3522) 

 ATLAS limit  GeV) (arXIv: 1710.09748)

δ++

∼ 800
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Feynman diagrams contributing to the decay rate in the mLRSM

• There are the following contributions (on top 
of the usual light neutrino contribution)

The Blue contributions are 

Suppressed by small heavy-light  

Neutrino mixing

N , ν

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU

Suppressed by heavy  

 masses and LFV constraints (Tello and 
Senjanovic. ArXiv: 1011.3522) 

 ATLAS limit  GeV) (arXIv: 1710.09748)

δ++

∼ 800
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LL or RR



Effective Lagrangian in the mLRSM

• The effective Lagrangian for  
 

 
 

  
 
 
 

 
 
 

 

0ν2β

ℒq
0ν2β,LR = 2G2

F

mββ

p2 (𝒪++
3+ + 𝒪++

3− ) ēLec
L

+2G2
F ( MW

MWR
)

2 3

∑
j=1

V2
Rje

mNj

ξ𝒪++
1+ + ( MW

MWR
)

2

(𝒪++
3+ − 𝒪++

3− ) ēRec
R .

𝒪++
1+ = (q̄Lτ+γμqL) (q̄Rτ+γμqR)

𝒪++
3± = (q̄Lτ+γμqL) (q̄Lτ+γμqL) ± (q̄Rτ+γμqR) (q̄Rτ+γμqR) .

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 

LR quark currents

LL RR

LR
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The chiral Lagrangian induced by the effective 
interaction

• At the hadronic level   and using  
Weinberg’s power counting, it gives a LO 
contribution to  vertex 
 

 

• At NLO it induces the  piece 
 

 (NLO)

𝒪++
1+

ππeec

𝒪±±
1+ →

4
f 2

π
π∓π∓ + ⋯,

NNπ

𝒪±±
1+ → N̄γ5Φ±±

1− N → pπ /mN

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU. ACFI & UMASS AMHERST 

LO contribution

, its form is not relevant 
for our arguments
Φ±±

1− = Φ±±
1− (π′ s)

𝒪(1/p2
ν ) 𝒪(p0)

𝒪(1/p2) 𝒪(p0)
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The minimal left-right symmetric model

• At the hadronic level   and using  
Weinberg’s power counting, it gives a LO 
contribution to  vertex 
 

 

• At NLO it induces the  piece 
 

 (NLO)

𝒪++
1+

ππeec

𝒪±±
1+ →

4
f 2

π
π∓π∓ + ⋯,

NNπ

𝒪±±
1+ → N̄γ5Φ±±

1− N → pπ /mN
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LO contribution

• enhanced as Λ2
H /p2 ∼ 102

, its form is not relevant 
for our arguments
Φ±±

1− = Φ±±
1− (π′ s)

𝒪(1/p2
ν ) 𝒪(p0)

𝒪(1/p2) 𝒪(p0)

• Prezeau-Ramsey-Musolf-Vogel 2003. ArXiv: 0303205.
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The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
 

 
 
 

 

• The new physics contribution 
 
 
 
 
 
 
 
 
 

 
 
                                

(T0ν
1/2)

−1 = G ⋅ ℳν ( mee
ν

2
+ mee

N
2)

≡ G ⋅ ℳν
2

mee
ν+N

2

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU

mee
N ≃

2
3

gππ
4 −

ℳ0

ℳν

sgn(Δ)tβ +
2
3

|Δ |

ℳν

m2
π

gππ
4 ( MW

MWR
)

4 3

∑
j=1

(VR)2
ej /mNj

, Δ ≡ 6gπN
1 ℳ1 + 5gππ

1 ℳ2

We use ,  and ,  

,  and 

ℳ0 = 4.74 ℳ1 = 9.30 ℳ2 = 6.93

gππ
4 = − 1.9 GeV2 gππ

1 = 0.36 gπN
1 = 𝒪(1)

(NME and LECs taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)
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The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
 

  
 

 

• The new physics contribution 
 
 
 
 
 
 
 
 
 
 

 
                                

(T0ν
1/2)

−1 = G ⋅ ℳν
2

mee
ν

2
+ ℳ0

2
mee

N
2

≡ G ⋅ ℳν
2

mee
ν+N

2

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU

mee
N ≃

2
3

gππ
4 −

ℳ0

ℳν

sgn(Δ)tβ +
2
3

|Δ |

ℳν

m2
π

gππ
4 ( MW

MWR
)

4 3

∑
j=1

(VR)2
ej /mNj

, Δ ≡ 6gπN
1 ℳ1 + 5gππ

1 ℳ2

Hadronic matrix elements
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The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
 

  
 

 

• The new physics contribution 
 
 
 
 
 
 
 
 
 
 

 
                                

(T0ν
1/2)

−1 = G ⋅ ℳν
2

mee
ν

2
+ ℳ0

2
mee

N
2

≡ G ⋅ ℳν
2

mee
ν+N

2
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mee
N ≃

2
3

gππ
4 −

ℳ0

ℳν

sgn(Δ)tβ +
2
3

|Δ |

ℳν

m2
π

gππ
4 ( MW

MWR
)

4 3

∑
j=1

(VR)2
ej /mNj

, Δ ≡ 6gπN
1 ℳ1 + 5gππ

1 ℳ2

mixingWL − WR
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The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
 

  
 

 

• The new physics contribution 
 
 
 
 
 
 
 
 
 
 

 
                                

(T0ν
1/2)

−1 = G ⋅ ℳν
2

mee
ν

2
+ ℳ0

2
mee

N
2

≡ G ⋅ ℳν
2

mee
ν+N

2
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mee
N ≃

2
3

gππ
4 −

ℳ0

ℳν

sgn(Δ)tβ +
2
3

|Δ |

ℳν

m2
π

gππ
4 ( MW

MWR
)

4 3

∑
j=1

(VR)2
ej /mNj

, Δ ≡ 6gπN
1 ℳ1 + 5gππ

1 ℳ2

chiral suppression of the RR contributions ∼ p2/ΛH ≈ 1/30
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mLRSM contribution
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The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
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LO
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The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
 

  
 

 

• The new physics contribution 
 
 
 
 
 
 
 
 
 
 

 
                                

(T0ν
1/2)

−1 = G ⋅ ℳν
2

mee
ν

2
+ ℳ0

2
mee

N
2

≡ G ⋅ ℳν
2

mee
ν+N

2

JUAN CARLOS VASQUEZ. EMAIL: JVASQUEZCARM@UMASS.EDU

mee
N ≃

2
3

gππ
4 −

ℳ0

ℳν

sgn(Δ)tβ +
2
3

|Δ |

ℳν

m2
π

gππ
4 ( MW

MWR
)

4 3

∑
j=1

(VR)2
ej /mNj

, Δ ≡ 6gπN
1 ℳ1 + 5gππ

1 ℳ2

+

NNLONLO

26



The decay rate including “long-range” contributions

• In the mLRSM the decay rate is 
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mee
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gππ
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MWR
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(VR)2
ej /mNj

,

Not quantified yet
Give an uncertainty to  
Since it have to be used as  
A counterterm of the two loop 
Divergent diagram. 
(arXiv:1806.02780, 1802.10097 and 
1907.11254)

ℳ0

• (Prezeau-Ramsey-Musolf-Vogel 2003. ArXiv: 0303205)
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• We use  for Xe-136 and ℳν ∼ 3.2 ℳLR = 2
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• We use  for Xe-136 and ℳν ∼ 3.2 ℳLR = 2
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• We use  for Xe-136 and ℳν ∼ 3.2 ℳLR = 2
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Comparison with type-I scenario
• In  ArXiv: 1806.02780, Cirigliano, W. 

Dekens, J. de Vries, M. L. Graesser, and E. 
Mereghetti assumes  

• They study the  heavy neutrino regime 
with  GeV and  TeV 

• They consider small . 
Instead we consider large  

• Finally, they assume Type I dominance 
and also in this scenario the new physics 
contribution may dominate

mN ∼ 10 MWR
= 4.5

tan β ∼ mb/mt ≃ 0.02
tan β ∼ 0.5

J
H
E
P
1
2
(
2
0
1
8
)
0
9
7

Figure 4. Same as figure 3, now with the choice of the model parameters in eq. (6.21).
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Conclusions
• Since current cosmological bounds are getting more 

constraining, we should be ready to the possibility that new 
physics at the TeV dominate the rate  

• The mLRSM is a well motivated example of the kind of new 
physics dominating the decay rate 

•  boson mass  TeV could give signals in current and 
next  decay experiments 

• It is crucial to include the long-range (pion exchange) 
contributions. This is what would make the mLRSM 
contribution to  observable in the ton scale experiments, 
even in the light of the cosmological bounds. 

WR ∼ 10
0ν2β

0ν2β
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Thank you
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Backup slides 
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The decay rate including “long-range” contributions
• We use  for Xe-136 and ℳν ∼ 3.2 ℳLR = 2

Displaced vertices at the LHC
 in GeVmNmin

1 10 100 400 500
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Image taken from Nemevsek, Nesti, Popara 
arXiv: 1801.05813
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FIG. 7. LHC sensitivity to the KS signal in the MWR – mN plane, for integrated luminosity of L = 300/fb. Left, green
(Right, red) frames show the sensitivity in the electron (muon) channel, obtained by combining the prompt ``jj signature
which features LNV as well as the displaced `jj signature. Contours show the LHC reach at 1, 2, 5, 10 � C.L.

Electron Channel L = 300 fb�1 MWR : 4TeV 4TeV 4TeV 6TeV 6TeV 6TeV 6TeV
variable range # bins mN : 20GeV 300GeV 2TeV 20GeV 300GeV 2TeV 3TeV
pT (`1) {150, 4500}GeV 35 14.19 13.82 7.19 1.03 1.77 1.22 0.80

dT (j1) {0.001, 300}mm 100 17.57 14.04 7.60 2.02 1.91 1.38 0.97

#(jets) 1, 2, 3, 4 4 17.88 14.20 7.94 2.24 2.04 1.47 1.08

#(leptons) 1, 2 2 17.97 14.90 9.08 2.30 2.23 1.60 1.22

#(same sign) 0, 1 2 18.00 15.71 9.85 2.32 2.61 1.70 1.30

minv
`1j1 {200, 8500}GeV 20 18.82 17.24 10.91 2.81 3.03 1.91 1.47

TABLE I. Grid binning variables and progressive sensitivities obtained with 300 fb�1, for a selection of points in parameter
space, representing the regimes of single lepton and displaced jet, single lepton and jet, and standard two leptons plus two jets.

Finally, the maximal statistical and systematic uncer-
tainty on the sensitivity can be quoted as ±0.5 and ±0.01,
as discussed in Appendix D.

The result of the analysis is shown in Fig. 7 for both
the muon and electron channel. Starting from below, i.e.
from the most displaced region, we see that as soon as the
displacement of neutrino decay can be detected by the
tracker, i.e. below 30 cm, displacement helps in raising
the sensitivity, which features a bump, for masses up to
mN ⇠ 40–60GeV. Thus, in this region, even if LNV is
not observable, a very good sensitivity can be achieved
by discriminating on the jet displacement. The result is
a promising reach of more than 7TeV, at 95% C.L..

Just above, in the prompt but merged region with
150GeV . mN . TeV, the sensitivity is lower due to
phase space suppression. Nevertheless, as soon as gen-
uine LNV becomes observable, the presence of same sign
leptons acts as a complementary variable. In the stan-

dard KS regime where LNV helps, the combined effect
leads to a plateau up to circa mN ⇠ TeV or 500GeV,
with sensitivity to circa MWR ⇠ 6.5TeV at 95% C.L..

Above that, the KS process becomes increasingly sup-
pressed by kinematics and sensitivity drops.

III. THE INVISIBLE KS

A separate assessment can be provided for the region
where N decays outside of the detector. In fact, in
this region a very clean signature appears with a high-
pT charged lepton and significant missing energy carried
away by N . This happens for fairly light mN . 10GeV,
which may be motivated by having a warm DM candi-
date [61].

The simple 2 ! 2 kinematics of the process allows
for a straightforward recast of the existing W 0

! `⌫
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•  includes an infinite tower of 
nonrenormalizable operators, but they are 
arrange according to their importance at low 
energies 

• There is a power counting in powers of 
 

•  is any small quantity and typically is  
 
Power counting rules (Ramsey-Musolf at al 
2003 ):  

• A pion propagator is  

• Each derivative of the pion field is  

• The strong interaction vertex  

• The  vertex is , where  is the pion 
momentum 

• The  vertex is  

• The  vertex is  
• All diagrams are equally important in the 

light  exchange scenario 
 
 

ℒeff

p/ΛH, p/Λββ and ΛH/Λββ

p ∼ mπ

𝒪(1/p2)

∼ p

NNπ ∼ p

ππeec ∼ p2 p

NNπeec ∼ p/mN

NNNNeec ∼ p0

ν

Weinberg’s power counting

𝒪(1/p2) 𝒪(p0)

𝒪(p0) 𝒪(p0)
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Future plans
• We can also perform a similar analysis in the 

case of parity for which a new recent bound 
applies 

• For parity and due to the new bound from 
 (Senjanovic and Tello 2020) 

 

 

• For  TeV this give  GeV so 
EFT with Light heavy neutrinos is needed 
(De Vries et .al.  2020.  ArXiv: 2002.07182  
for the EFT study) 

θQCD

6

However, the Dirac Yukawa couplings they do not have
to be real. Even if they were complex as their quark
counterparts - a natural scenario - the situation would
be actually welcome. Namely, smaller YD means smaller
mN , which helps explaining the smallness of lepton num-
ber violation, see e.g. [12]. This is what physics is all
about, correlating di↵erent physical phenomena. We can
actually be more precise about it.

The crucial point is that in the MLRSM the seesaw can
be untangled. In particular for the case of the Hermitian
Dirac mass matrix MD, relevant here, MD - and thus
in turn YD - can be determined from the knowledge of
M⌫ and MN [27]. For illustration, without any loss of
generality, assume equal left and right-handed leptonic
mixing matrices VL = VR which then gives [27]

YD = i
g

2MW

VL

p
m⌫mNV †

L
, (25)

where VL is the PMNS mixing matrix.
Since YR = gMN/MWR and using (25), and by taking

the largest value y` = y⌧ , one can rewrite (24) as an
estimate

M5
N
M⌫ . 10�20M2

W
M4

WR
. (26)

where we ignore the details of leptonic mixings without
any real loss of generality, since they are not small. This
implies the following limit on the mass of N by taking
M⌫ ' 10�10 GeV

MN . 10�6/5 (MWR/GeV)4/5 GeV. (27)

which simply says that the RH neutrinos must be rel-
atively light compared to WR, just like most charged
fermions of the SM compared to WL. This fits nicely
with their possible impact on neutrinoless double beta
decay and the limits from lepton number violation. The
lower vR, the smaller then MN and in turn MD, making
it easier to account for the smallness of strong CP vio-
lation. Of course, this is not very strict since the imag-
inary part of Dirac Yukawas could be somewhat small.
Increasing the scale vR poses no real problem, all that
is needed smaller YR in order to comply with the strong
CP violation limits.

To get a feel for the scales, let us exemplify (27) with
MWR ' 10TeV which gives MN . 100GeV, in the right
ballpark for the observation of the KS process.

How natural are the above constraints, in a technical
sense of the word? Since fermion masses are protected
by chiral symmetries, there is absolutely no problem and
since most of the SM Yukawas are small, there is also
nothing unnatural in an intuitive sense.

It may happen that N 0s are too light to be seen at
colliders, in particular if the lightest N is the warm dark
matter [28]. Still, MN still ends up being completely
determined [29] with mN ' KeV � GeV making Dirac
Yukawa couplings much smaller, so that the strong CP
violation bound is automatically satisfied.

Needless to say, there is always the contribution due
to the KM phase, but that is negligible as in the SM.
Thus, in a nut-shell, the smallness of ✓̄ implies either a
real Dirac Yukawa matrix, which in turn implies small
leptonic EDM or, more naturally, small N masses. In
either case, it makes the theory more predictive.

B. Strong CP and C: connection lost

If the LR symmetry was charge conjugation C, the sit-
uation would be less restrictive since at the tree level ✓̄ is
undetermined, just as in the SM. Namely, in this case the
quark mass matrices are symmetric, the arg det(MuMd)
is arbitrary and so is ✓ itself since it does not break C.
The situation is similar to the SM one, the only physical
parameter is ✓̄, and, unlike in the P case, one has no right
to separate the strong and weak contributions. In other
words, it makes no sense to speak of radiative corrections
to ✓̄, as it makes no sense to do it in the SM.
One could still pretend to study the loop contribu-

tion to arg det(MuMd), as done in [2]. We know that
in the SM these corrections are negligible, so we would
have bring in the physics of RH gauge bosons and new
scalars into the game. It is easy to see that the dominant
contribution would appear at the one-loop level through
WL �WR mixing as in Fig. 1.
One could go on and put constraints on the three con-

tributions in the above equation, coming from the KM
phase, theKu,d phases and the complexWL�WR mixing.
It would be wrong though. Once again, arg det(MuMd) is
not a physical parameter and it cannot be computed, pe-
riod. Instead, one could use the Fig. 1 as a typical contri-
bution to the electric dipole of a quark, but it is subdom-
inant contribution to the EDM of the neutron. Namely,
it is suppressed by a small light quark mass which goes
away with the strong interactions. The leading contribu-
tion comes the chiral loops, and for recent discussions in
the context of the MLRSM see e.g. [11, 30]. Simply on
dimensional grounds one expects

dn ' e
1

16⇡2
mN GF ImVLudV

⇤
Rud

⇠LR (28)

where mN ' GeV is the nucleon mass, or

dn ' 10�20 cm ImVLudV
⇤
Rud

⇠LR (29)

where ⇠LR ' M2
WL

/M2
WR

t2�(ca + isa). Using VR =
KuV ⇤

L
Kd, and the lower limit MWR & 4TeV, this implies

limits for the WR accessible at the LHC

ImK11
u,d

. 10�2 sat2� . 10�2. (30)

As the WR mass gets increased, these limits get weaker.
This constraint, albeit not very strong, is important since
it a↵ects the low energy limits on the LR breaking scale.
In short, independently of the details of the LR sym-

metry implemented, be it P or C, one cannot predict
the value of ✓̄ in the MLRSM, just as one cannot do it

MWR
∼ 7 mNmax

∼ 75
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