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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. (very 
difficult to do from the experimental side)
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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  
 

 

• Complete model of  masses 
 (Tello, Nemevsek and Senjanovic  2012 ArXiv:1211.2837 for charge conjugation) 
 (Tello and Senjanovic ArXiv: 1612.05503 for parity) 

• The mixing between the  bosons give 
 

 
 

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

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

ν

W − WR

tan ξ = −
v1v2

v2
R

e−iα ≃ (
M2

W

M2
WR

)sin 2βe−iα, tan β ≡ v2/v1

v1 v2
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•  from K and B meson systems (Bertolini, Nesti and 
Maiezza 2019. ArXiv: 1911.09472) 
 
 

 (SM  boson) 
 
 

 

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

 
 
 

 
 
 

tan βmax ∼ 0.5

W+
L = cos ξW+

1μ − sin ξe−iαW+
2μ W

W+
R = sin ξeiαW+

1μ + cos ξW+
2μ

Mν = YΔvL + MDM−1
N MT

D
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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). 

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

 

• 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
)

We assume this piece dominates the neutrino mass contribution
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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). 

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

 

• 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
)

Type-I contribution studied in 
•  ArXiv: 1806.02780, Cirigliano, W. Dekens, J. de 

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

)
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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)

N , ν

RR contribution
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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)

N , ν

Suppressed by heavy  

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

 ATLAS limit  GeV) (arXIv: 1710.09748)

δ++

∼ 800

RR contribution

LL or RR
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Feynman diagrams contributing to the decay rate in the mLRSM

• There are the following contributions (on top 
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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

Suppressed by heavy  

 masses and LFV constraints (Tello and 
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 ATLAS limit  GeV) (arXIv: 1710.09748)

δ++

∼ 800

RR contribution
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(Mohapatra and Senjanovic 1981)

See Tello’s PhD thesis  
For a detailed overview of  

 in mLRSM0ν2β
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Effective Lagrangian in the mLRSM
• The effective Lagrangian for  

 

 
 

 
 

 
 
 

 
 

 
 

  

0ν2β

ℒeff =
G2

F

Λββ
[C3R(𝒪++

3+ − 𝒪++
3− )(ēec − ēγ5ec)

+C3L(𝒪++
3+ + 𝒪++

3− )(ēec − ēγ5ec)

+C1𝒪++
1+ (ēec − ēγ5ec) + C′ 1𝒪++′ 

1+ (ēec − ēγ5ec)]

𝒪++
1+ = (q̄α

Lτ+γμqα
L)(q̄β

Rτ+γμqβ
R)

𝒪++′ 

1+ = (q̄α
Lτ+γμqβ

L)(q̄β
Rτ+γμqα

R)

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

JUAN CARLOS VASQUEZ --- UMASS & ACFI.  CIRCA 2020 BLV

LR quark currents

LL RR

LR1/Λββ =
3

∑
j=1

V2
Rej /mNj
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0ν2β

ℒeff =
G2

F

Λββ
[C3R(𝒪++

3+ − 𝒪++
3− )(ēec − ēγ5ec)

+C3L(𝒪++
3+ + 𝒪++

3− )(ēec − ēγ5ec)

+C1𝒪++
1+ (ēec − ēγ5ec) + C′ 1𝒪++′ 

1+ (ēec − ēγ5ec)]

𝒪++
1+ = (q̄α

Lτ+γμqα
L)(q̄β

Rτ+γμqβ
R)

𝒪++′ 

1+ = (q̄α
Lτ+γμqβ

L)(q̄β
Rτ+γμqα

R)

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

LL RR

LR

RGE generated at 

E ∼ Λχ

1/Λββ =
3

∑
j1

V2
Rej /mNj
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Effective Lagrangian in the mLRSM
• The RGE of the Wilson coefficients are  

(RGEs taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, 
and E. Mereghetti. ArXiv: 1806.02780) 

 
 

 and  
 

 
at  
 

 
 

3

for neutrino masses 1. In this scenario, the Dirac Yukawa
couplings are negligible with respect to triplet contribu-
tion and the light and heavy neutrino mass matrices sat-
isfy the relation mN = vR/vLm⌫ . As already emphasized
in Ref. [25], the proportionality of the heavy and light
neutrino mass matrices fixes the smallest light neutrino
mass as a function of the smallest heavy neutrino mass.
Besides, for this particular scenario, the left and the right
leptonic mixing matrices are related by VL = V ⇤

R
.

To investigate the 0⌫��-decay in the mLRSM, we con-
sider the following effective Lagrangian below the elec-
troweak scale:

Leff =
G2

F

⇤��

⇥
C3R(O

++
3+ �O

++
3� )(ēec � ē�5e

c)

+ C3L(O
++
3+ +O

++
3� )(ēec � ē�5e

c)

+ C1O
++
1+ (ēec � ē�5e

c)

+ C 0
1O

++0
1+ (ēec � ē�5e

c)
⇤
, (5)

where the operators are defined as [28]

O
++
3± =(q̄↵

L
⌧+�µq↵

L
)(q̄�

L
⌧+�µq

�

L
)

± (q̄↵
R
⌧+�µq↵

R
)(q̄�

R
⌧+�µq

�

R
) , (6)

O
++
1+ =(q̄↵

L
⌧+�µq↵

L
)(q̄�

R
⌧+�µq

�

R
) , (7)

O
++0

1+ =(q̄↵
L
⌧+�µq�

L
)(q̄�

R
⌧+�µq

↵

R
) , (8)

where ↵,� are the color indices, ⌧± = (⌧1 ± ⌧2)/2 with
⌧1 and ⌧2 being the Pauli matrices.

The operator O
++
3+ �O

++
3� arises from integrating out

WR and heavy neutrino fields 2; the operators O
++
3+ +

O
++
3� and O

++
1+ are mapped to ūR�µdR((iDµ')†'̃) and

((iDµ')†'̃)2 above the electroweak scale with Dµ and
' being the covariant derivative and Higgs doublet field,
which are not affected by the Quantum Chromodynamics
(QCD) running [34]. To this end, we can se the same no-
tations of Wilson coefficients above the electroweak scale
for simplicity.

The renormalization group evolution (RGE) of Wilson
coefficient C1 from µ = 7 TeV (WR mass) to µ = 2 GeV
is [34, 35]

✓
C1(2 GeV)
C 0

1(2 GeV)

◆
=

✓
0.90 0
0.48 2.32

◆✓
C1(7 TeV)
C 0

1(7 TeV)

◆
, (9)

where Wilson coefficient C 0
1 vanishes above the elec-

troweak scale, C 0
1(7 TeV) = 0 but appears due to the

1 The type-I seesaw scenario was studied in Ref. [34] where the
new physics contribution can also dominate over standard light
neutrino exchange scenario.

2 It is worthy of noting that if the mass of heavy neutrino is well
below the right-handed scale, it should be integrated out sepa-
rately from WR [34], which however will not change our main
results.

RGE of C1. The RGEs of Wilson coefficients C3L and
C3R are
✓
C3L(2 GeV)
C3R(2 GeV)

◆
=

✓
0.71 0
0 0.71

◆✓
C3L(7 TeV)
C3R(7 TeV)

◆
. (10)

The Wilson coefficients above the elctroweak scale are

C3R = ��2

 
1 +

4⇤2
��

M2
�R

!
, C3L = ⇠2, (11)

C1 = �4�⇠ (12)

and 1/⇤�� =
P3

i=1 |VRei|
2/mNi .

Doubly charged scalar contribution gives rise to the
effective operators O

++
3+ � O

++
3� , which is expressed in

Eq. (11). When the left-right symmetry is a good
symmetry, this contribution is negligible due to collider
bounds [36] and charged lepton flavor violation (CLFV)
constraints, as discussed in Ref [25]. On the contrary,
when the left-right symmetry is explicitly broken there is
a future constraint coming from Moller scattering [37]
that is less stringent is the left-right symmetry is re-
spected but becomes important when the parity breaking
scale decouple form the SU(2)R breaking scale [37]. In
this work we will assume the left-right symmetry is a
good symmetry and left the interesting case when it is
broken for a future work.
III. The chiral Lagrangian. After obtaining the
quark-lepton operators, the next step is to map them [28,
34, 38] into the hadron-lepton Lagrangian using chiral
perturbation theory (�PT) [39, 40] involving pions and
nucleons, which is valid below ⇠ GeV scale. In the �PT,
the hadronic operators are classified in powers of p/⇤H

with the chiral symmetry breaking scale ⇤H ⇠ 1 GeV and
p ⇠ m⇡ being the typical momentum transfer. Follow-
ing [28, 41], the hadronic operators, which have the same
transformations properties under chiral SU(2)L⇥SU(2)R
as the quark operators, can be constructed using the X
fields:

Xa

R
= ⇠⌧a⇠†, Xa

L
= ⇠†⌧a⇠, Xa = ⇠⌧a⇠, (13)

where ⌧a is the Pauli matrix with a = 1, 2, 3, ⇠ =
ei~⇡·~⌧/(2F⇡) and F⇡ ' 92.2 MeV. Parity-even quark op-
erator O

++
1+ can contribute to the ⇡⇡ operator at LO:

O
++
1+ ! tr[X+

L
X+

R
+X+

R
X+

L
] =

4

F 2
⇡

⇡�⇡� + · · · , (14)

where the dots denote the terms that are irrelevant to
the 0⌫��-decay. The color-mixed operator O

++0
1+ , which

has the same SU(2)L ⇥ SU(2)R tansformation proper-
ties, maps onto the same hadronic operators as the color-
unmixed O

++
1+ [38]. Formally, we also have

O
++
3+ ! tr[X+

L
X+

L
+X+

R
X+

R
]. (15)

But it is easy to verify that it does not induce the ⇡⇡
operator at LO. To this end, we will consider the hadronic

3

mixing matrices. This interaction is the result of the
mixing between the right-handed WR boson and the light
SM W boson, which are both mass eigenstates to a very
good approximation. The mixing between the heavy and
the light charged gauge boson is given by

tan ⇠ =
v1v2

v2
R

e
i↵ = �

2 tan�

1 + tan2 �
e
i↵
, (4)

where tan� ⌘ v2/v1, � ⌘ M
2
W
/M

2
WR

with MW ' MW1

and MWR ' MW2 being assumed. On top of the EWPT
bound ⇠ < 0.013 [30, 31], there still is another important
constraint coming from the unitarity of the CKM matrix,
which limits the size of the LR mixing ⇠  1.11 ⇥ 10�3

at 95% C.L. [29, 32, 33]. However for WR boson mass
(MWR = 7 TeV) we are using in this work, the theory
value for the LR mixing given in Eq. (4) is below these
bounds.

As in Ref. [26] and for the sole reason of illustration,
in this letter we assume the so called type-II dominance
for neutrino masses 1. In this scenario the Dirac Yukawa
couplings are negligible with respect to triplet contribu-
tion and the light and heavy neutrino mass matrices sat-
isfy the relation MN = vR

vL
M⌫ . As already emphasize

in Ref. [26], the proportionality of the heavy and light
neutrino mass matrices fixes the smallest light neutrino
mass as a function of the smallest heavy neutrino mass.
Finally and for this particular scenario, since the leptonic
mixing matrices are symmetric, the left and the right lep-
tonic mixing matrices are related by VL = V

⇤
R

. For the
leptonic mixing angles and the Dirac CP phase we use
the best fir values reported in Ref. [35].

For the mLRSM the relevant piece of the effective La-
grangian for 0⌫��-decay at the quark level below the
electroweak scale is given by

Leff =
G

2
F

⇤��

⇥
C3R(O

++
3+ �O

++
3� )(ēec � ē�5e

c)

+ C3L(O
++
3+ +O

++
3� )(ēec � ē�5e

c)

+ C1O
++
1+ (ēec � ē�5e

c)

+ C
0
1O

++0
1+ (ēec � ē�5e

c)
⇤
, (5)

where the operators are defined as [29]

O
++
3± =(q̄↵

L
⌧
+
�
µ
q
↵

L
)(q̄�

L
⌧
+
�µq

�

L
)

± (q̄↵
R
⌧
+
�
µ
q
↵

R
)(q̄�

R
⌧
+
�µq

�

R
), (6)

O
++
1+ =(q̄↵

L
⌧
+
�
µ
q
↵

L
)(q̄�

R
⌧
+
�µq

�

R
) , (7)

O
++0

1+ =(q̄↵
L
⌧
+
�
µ
q
�

L
)(q̄�

R
⌧
+
�µq

↵

R
) . (8)

where ↵,� are the color indices, ⌧± = (�1
± �

2)/2 with
�
1 and �

2 being the Pauli matrices.

1 The type-I seesaw scenario was studied in Ref. [34] where the
new physics contribution can also dominate over standard light
neutrino exchange scenario.

It is noticed that the Wilson coefficient C
0
1 vanishes

above the electroweak scale and emerges due to the renor-
malization group evolutions (RGEs) of the Wilson coef-
ficient C1. The RGEs of Wilson coefficients Ci(µ) from
MWR = 7 TeV to ⇤H = 2 GeV are [34]

✓
C1(⇤H)
C

0
1(⇤H)

◆
=

✓
0.90 0
0.48 2.32

◆✓
C1(MWR)
C

0
1(MWR)

◆
(9)

with C
0
1(MWR) = 0, and

✓
C3L(⇤H)
C3R(⇤H)

◆
=

✓
0.71 0
0 0.71

◆✓
C3L(MWR)
C3R(MWR)

◆
. (10)

The non-vanishing Wilson coefficients at µ = MWR are

C3R = ��
2

 
1 +

4⇤2
��

M2
�R

!
, C3L = ⇠

2
, (11)

C1 = �4�⇠ (12)

and 1/⇤�� =
P3

j=1 1/(V
2
Rej

mNj ). It is emphasized that
we have considered the matching between low-energy
EFT in Eq. (5) and the SM EFT at µ ⇠ MW consis-
tently, but use the same notations of Wilson coefficients
above the electroweak scale for simplicity. This is because
O

++
3+ � O

++
3� arises from integrating out WR fields and

takes the form above the electroweak scale; the operators
O

++
3+ +O

++
3� and O

++
1+ are mapped to ūR�µdR((iDµ')†'̃)

and ((iDµ')†'̃)2 above the electroweak scale with Dµ

and ' being the covariant derivative and Higgs doublet
field, which are not affected by the Quantum Chromody-
namics (QCD) running [34].

The effective Lagrangian in Eq. (5) does not include
the doubly charged scalar contribution. When the LR
symmetry is a good symmetry, this contribution is neg-
ligible due to LHC bounds [36] and LFV constraints, as
discussed in Ref [26]. On the contrary, when the LR
symmetry is explicitly broken there is a future constraint
coming from Moller scattering [37] that is less stringent
is the LR symmetry is respected but becomes important
when the parity breaking scale decouple form the SU(2)R
breaking scale. In this work we assumed the LR symme-
try is a good symmetry and left the interesting case when
it is broken for a future work.
III. The chiral Lagrangian. After obtaining the
quark-lepton operators, the next step is to map them [29,
34, 38] into the hadron-lepton Lagrangian using chiral
perturbation theory (�PT) [39, 40] involving pions and
nucleons, which is valid below GeV scale. In the �PT,
the hadronic operators are classified in powers of p/⇤H

with the chiral symmetry breaking scale ⇤H ⇠ 1 GeV
and p ⇠ m⇡ being the typical momentum transfer. Fol-
lowing [29, 41], the hadronic operators, which have the
same transformations properties as the quark operators,
can be constructed using the X fields:

X
a

R
= ⇠⌧

a
⇠
†
, X

a

L
= ⇠

†
⌧
a
⇠, X

a = ⇠⌧
a
⇠, (13)

λ ≡
M2

W

M2
WR

3

for neutrino masses 1. In this scenario, the Dirac Yukawa
couplings are negligible with respect to triplet contribu-
tion and the light and heavy neutrino mass matrices sat-
isfy the relation mN = vR/vLm⌫ . As already emphasized
in Ref. [25], the proportionality of the heavy and light
neutrino mass matrices fixes the smallest light neutrino
mass as a function of the smallest heavy neutrino mass.
Besides, for this particular scenario, the left and the right
leptonic mixing matrices are related by VL = V ⇤

R
.

To investigate the 0⌫��-decay in the mLRSM, we con-
sider the following effective Lagrangian below the elec-
troweak scale:

Leff =
G2

F

⇤��

⇥
C3R(O

++
3+ �O

++
3� )(ēec � ē�5e

c)

+ C3L(O
++
3+ +O

++
3� )(ēec � ē�5e

c)

+ C1O
++
1+ (ēec � ē�5e

c)

+ C 0
1O

++0
1+ (ēec � ē�5e

c)
⇤
, (5)

where the operators are defined as [28]

O
++
3± =(q̄↵

L
⌧+�µq↵

L
)(q̄�

L
⌧+�µq

�

L
)

± (q̄↵
R
⌧+�µq↵

R
)(q̄�

R
⌧+�µq

�

R
) , (6)

O
++
1+ =(q̄↵

L
⌧+�µq↵

L
)(q̄�

R
⌧+�µq

�

R
) , (7)

O
++0

1+ =(q̄↵
L
⌧+�µq�

L
)(q̄�

R
⌧+�µq

↵

R
) , (8)

where ↵,� are the color indices, ⌧± = (⌧1 ± ⌧2)/2 with
⌧1 and ⌧2 being the Pauli matrices.

The operator O
++
3+ �O

++
3� arises from integrating out

WR and heavy neutrino fields 2; the operators O
++
3+ +

O
++
3� and O

++
1+ are mapped to ūR�µdR((iDµ')†'̃) and

((iDµ')†'̃)2 above the electroweak scale with Dµ and
' being the covariant derivative and Higgs doublet field,
which are not affected by the Quantum Chromodynamics
(QCD) running [34]. To this end, we can se the same no-
tations of Wilson coefficients above the electroweak scale
for simplicity.

The renormalization group evolution (RGE) of Wilson
coefficient C1 from µ = 7 TeV (WR mass) to µ = 2 GeV
is [34, 35]

✓
C1(2 GeV)
C 0

1(2 GeV)

◆
=

✓
0.90 0
0.48 2.32

◆✓
C1(7 TeV)
C 0

1(7 TeV)

◆
, (9)

where Wilson coefficient C 0
1 vanishes above the elec-

troweak scale, C 0
1(7 TeV) = 0 but appears due to the

1 The type-I seesaw scenario was studied in Ref. [34] where the
new physics contribution can also dominate over standard light
neutrino exchange scenario.

2 It is worthy of noting that if the mass of heavy neutrino is well
below the right-handed scale, it should be integrated out sepa-
rately from WR [34], which however will not change our main
results.

RGE of C1. The RGEs of Wilson coefficients C3L and
C3R are
✓
C3L(2 GeV)
C3R(2 GeV)

◆
=

✓
0.71 0
0 0.71

◆✓
C3L(7 TeV)
C3R(7 TeV)

◆
. (10)

The Wilson coefficients above the elctroweak scale are

C3R = ��2

 
1 +

4⇤2
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!
, C3L = ⇠2, (11)

C1 = �4�⇠ (12)

and 1/⇤�� =
P3

i=1 |VRei|
2/mNi .

Doubly charged scalar contribution gives rise to the
effective operators O

++
3+ � O

++
3� , which is expressed in

Eq. (11). When the left-right symmetry is a good
symmetry, this contribution is negligible due to collider
bounds [36] and charged lepton flavor violation (CLFV)
constraints, as discussed in Ref [25]. On the contrary,
when the left-right symmetry is explicitly broken there is
a future constraint coming from Moller scattering [37]
that is less stringent is the left-right symmetry is re-
spected but becomes important when the parity breaking
scale decouple form the SU(2)R breaking scale [37]. In
this work we will assume the left-right symmetry is a
good symmetry and left the interesting case when it is
broken for a future work.
III. The chiral Lagrangian. After obtaining the
quark-lepton operators, the next step is to map them [28,
34, 38] into the hadron-lepton Lagrangian using chiral
perturbation theory (�PT) [39, 40] involving pions and
nucleons, which is valid below ⇠ GeV scale. In the �PT,
the hadronic operators are classified in powers of p/⇤H

with the chiral symmetry breaking scale ⇤H ⇠ 1 GeV and
p ⇠ m⇡ being the typical momentum transfer. Follow-
ing [28, 41], the hadronic operators, which have the same
transformations properties under chiral SU(2)L⇥SU(2)R
as the quark operators, can be constructed using the X
fields:

Xa

R
= ⇠⌧a⇠†, Xa

L
= ⇠†⌧a⇠, Xa = ⇠⌧a⇠, (13)

where ⌧a is the Pauli matrix with a = 1, 2, 3, ⇠ =
ei~⇡·~⌧/(2F⇡) and F⇡ ' 92.2 MeV. Parity-even quark op-
erator O

++
1+ can contribute to the ⇡⇡ operator at LO:

O
++
1+ ! tr[X+

L
X+

R
+X+

R
X+

L
] =

4

F 2
⇡

⇡�⇡� + · · · , (14)

where the dots denote the terms that are irrelevant to
the 0⌫��-decay. The color-mixed operator O

++0
1+ , which

has the same SU(2)L ⇥ SU(2)R tansformation proper-
ties, maps onto the same hadronic operators as the color-
unmixed O

++
1+ [38]. Formally, we also have

O
++
3+ ! tr[X+

L
X+

L
+X+

R
X+

R
]. (15)

But it is easy to verify that it does not induce the ⇡⇡
operator at LO. To this end, we will consider the hadronic

μ = MWR

3

mixing matrices. This interaction is the result of the
mixing between the right-handed WR boson and the light
SM W boson, which are both mass eigenstates to a very
good approximation. The mixing between the heavy and
the light charged gauge boson is given by

tan ⇠ =
v1v2

v2
R

e
i↵ = �

2 tan�

1 + tan2 �
e
i↵
, (4)

where tan� ⌘ v2/v1, � ⌘ M
2
W
/M

2
WR

with MW ' MW1

and MWR ' MW2 being assumed. On top of the EWPT
bound ⇠ < 0.013 [30, 31], there still is another important
constraint coming from the unitarity of the CKM matrix,
which limits the size of the LR mixing ⇠  1.11 ⇥ 10�3

at 95% C.L. [29, 32, 33]. However for WR boson mass
(MWR = 7 TeV) we are using in this work, the theory
value for the LR mixing given in Eq. (4) is below these
bounds.

As in Ref. [26] and for the sole reason of illustration,
in this letter we assume the so called type-II dominance
for neutrino masses 1. In this scenario the Dirac Yukawa
couplings are negligible with respect to triplet contribu-
tion and the light and heavy neutrino mass matrices sat-
isfy the relation MN = vR

vL
M⌫ . As already emphasize

in Ref. [26], the proportionality of the heavy and light
neutrino mass matrices fixes the smallest light neutrino
mass as a function of the smallest heavy neutrino mass.
Finally and for this particular scenario, since the leptonic
mixing matrices are symmetric, the left and the right lep-
tonic mixing matrices are related by VL = V

⇤
R

. For the
leptonic mixing angles and the Dirac CP phase we use
the best fir values reported in Ref. [35].

For the mLRSM the relevant piece of the effective La-
grangian for 0⌫��-decay at the quark level below the
electroweak scale is given by

Leff =
G

2
F

⇤��

⇥
C3R(O

++
3+ �O

++
3� )(ēec � ē�5e

c)

+ C3L(O
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3+ +O

++
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c)

+ C1O
++
1+ (ēec � ē�5e

c)

+ C
0
1O
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1+ (ēec � ē�5e

c)
⇤
, (5)

where the operators are defined as [29]

O
++
3± =(q̄↵

L
⌧
+
�
µ
q
↵

L
)(q̄�

L
⌧
+
�µq

�
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)

± (q̄↵
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⌧
+
�
µ
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↵
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)(q̄�
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+
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), (6)

O
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1+ =(q̄↵

L
⌧
+
�
µ
q
↵

L
)(q̄�
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⌧
+
�µq
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) , (7)

O
++0

1+ =(q̄↵
L
⌧
+
�
µ
q
�

L
)(q̄�

R
⌧
+
�µq

↵

R
) . (8)

where ↵,� are the color indices, ⌧± = (�1
± �

2)/2 with
�
1 and �

2 being the Pauli matrices.

1 The type-I seesaw scenario was studied in Ref. [34] where the
new physics contribution can also dominate over standard light
neutrino exchange scenario.

It is noticed that the Wilson coefficient C
0
1 vanishes

above the electroweak scale and emerges due to the renor-
malization group evolutions (RGEs) of the Wilson coef-
ficient C1. The RGEs of Wilson coefficients Ci(µ) from
MWR = 7 TeV to ⇤H = 2 GeV are [34]

✓
C1(⇤H)
C

0
1(⇤H)

◆
=

✓
0.90 0
0.48 2.32

◆✓
C1(MWR)
C

0
1(MWR)

◆
(9)

with C
0
1(MWR) = 0, and

✓
C3L(⇤H)
C3R(⇤H)

◆
=

✓
0.71 0
0 0.71

◆✓
C3L(MWR)
C3R(MWR)

◆
. (10)

The non-vanishing Wilson coefficients at µ = MWR are

C3R = ��
2

 
1 +

4⇤2
��

M2
�R

!
, C3L = ⇠

2
, (11)

C1 = �4�⇠ (12)

and 1/⇤�� =
P3

j=1 1/(V
2
Rej

mNj ). It is emphasized that
we have considered the matching between low-energy
EFT in Eq. (5) and the SM EFT at µ ⇠ MW consis-
tently, but use the same notations of Wilson coefficients
above the electroweak scale for simplicity. This is because
O

++
3+ � O

++
3� arises from integrating out WR fields and

takes the form above the electroweak scale; the operators
O

++
3+ +O

++
3� and O

++
1+ are mapped to ūR�µdR((iDµ')†'̃)

and ((iDµ')†'̃)2 above the electroweak scale with Dµ

and ' being the covariant derivative and Higgs doublet
field, which are not affected by the Quantum Chromody-
namics (QCD) running [34].

The effective Lagrangian in Eq. (5) does not include
the doubly charged scalar contribution. When the LR
symmetry is a good symmetry, this contribution is neg-
ligible due to LHC bounds [36] and LFV constraints, as
discussed in Ref [26]. On the contrary, when the LR
symmetry is explicitly broken there is a future constraint
coming from Moller scattering [37] that is less stringent
is the LR symmetry is respected but becomes important
when the parity breaking scale decouple form the SU(2)R
breaking scale. In this work we assumed the LR symme-
try is a good symmetry and left the interesting case when
it is broken for a future work.
III. The chiral Lagrangian. After obtaining the
quark-lepton operators, the next step is to map them [29,
34, 38] into the hadron-lepton Lagrangian using chiral
perturbation theory (�PT) [39, 40] involving pions and
nucleons, which is valid below GeV scale. In the �PT,
the hadronic operators are classified in powers of p/⇤H

with the chiral symmetry breaking scale ⇤H ⇠ 1 GeV
and p ⇠ m⇡ being the typical momentum transfer. Fol-
lowing [29, 41], the hadronic operators, which have the
same transformations properties as the quark operators,
can be constructed using the X fields:

X
a

R
= ⇠⌧

a
⇠
†
, X

a

L
= ⇠

†
⌧
a
⇠, X

a = ⇠⌧
a
⇠, (13)
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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 --- UMASS & ACFI.  CIRCA 2020 BLV

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)

Feinberg and Goldhaber 1959
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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

JUAN CARLOS VASQUEZ --- UMASS & ACFI.  CIRCA 2020 BLV

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.

22



Pion interactions
• In more detail the interaction of the pions at 

the  energy scale 
 

 
 
 

 
 
 

 
Where 

 

 
 

 
Extracted from Lattice results in Nicholson 
et.al. arXiv:1805.02634  
 
Agrees with V. Cirigliano, W. Dekens, M. Graesser and E. 
Mereghetti arXiv:1701.01443 using  chiral 
symmetry 
 
 
 Finally 
 

 

Λχ

ℒπ =
G2

FF2
π

Λββ
{Λ2

Hπ−π−e(β1 + β2γ5)ec

+∂μπ−∂μπ−e(β3 + β4γ5)ec

+ΛH /FπN̄γ5τ+π−Nē(ζ5 + ζ6γ5)ec + H.c.},

4

where ⌧
a is the Pauli matrix with a = 1, 2, 3, ⇠ =

e
i~⇡·~⌧/(2F⇡) and F⇡ ' 92.4 MeV. Parity-even quark op-

erator O
++
1+ can contribute to the ⇡⇡ operator at LO:

O
++
1+ ! tr[X+

L
X

+
R
+X

+
R
X

+
L
] =

4

F 2
⇡

⇡
�
⇡
� + · · · , (14)

where the dots denote the terms that are irrelevant to
the 0⌫��-decay. Formally, we also have

O
++
3+ ! tr[X+

L
X

+
L
+X

+
R
X

+
R
]. (15)

But it is easy to verify that it does not induce the ⇡⇡

operator at LO. To this end, we will consider the hadronic
operators of O++

3+ at higher chiral order by inserting the
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c. This short-range contact term has
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2 =

⇤4
H

72⇤2
��

M
2
0

M2
⌫


(�1 + ⇣5�NN⇡ � �3�⇡⇡)

2

+ (�2 + ⇣6�NN⇡ � �4�⇡⇡)
2

�
(28)

with

�⇡⇡ ⌘
2m2

⇡

⇤2
H

M2

M0
, �NN⇡ ⌘

p
2m2

⇡

gA⇤HmN

M1

M0
. (29)

In Eq. (26), the terms |m
ee

⌫
|
2 and |m

ee

N
|
2 come from the

diagrams with the exchange of light and heavy neutri-
nos, respectively. As discussed in Sec. III the quark-level
operators O++(0)

1+ are mapped to the LO ⇡⇡ hadronic op-
erator, while O

++
3+ can only be mapped to the NNLO

⇡⇡ and NLO NN⇡ operators with chiral suppression. In
Eq. (28), the contributions are individually given with the
quatities �⇡⇡ and �NN⇡ being introduced. For 136Xe, the
phase space factor G�1

0⌫ = 7.11⇥1024 eV2
·yr [45, 46], the
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The decay rate including “long-range” contributions
• In the mLRSM the decay rate is 

 
 

 
 

 

• The new physics contribution 
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2
+ mee

N
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≡ G ⋅ ℳν
2
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ν+N

2

|mee
N |2 =

Λ4
H

72Λ2
ββ

ℳ2
0

ℳ2
ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe

(NME taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)

δππ ≡
2m2

π

Λ2
H

ℳ2

ℳ0
, δNNπ ≡

2m2
π

gAΛHmN

ℳ1

ℳ0
.
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The decay rate including “long-range” contributions
• In the mLRSM the decay rate is 

 
 

 
 

 

• The new physics contribution 
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1/2)

−1 = G ⋅ ℳν ( mee
ν

2
+ mee

N
2)

≡ G ⋅ ℳν
2

mee
ν+N

2

|mee
N |2 =

Λ4
H

72Λ2
ββ

ℳ2
0

ℳ2
ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

(NME taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)

δππ ≡
2m2

π

Λ2
H

ℳ2

ℳ0
, δNNπ ≡

2m2
π

gAΛHmN

ℳ1

ℳ0
.

Hadronic matrix elements

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe
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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

|mee
N |2 =

Λ4
H

72Λ2
ββ

ℳ2
0

ℳ2
ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

mixing∝ WL − WR mixing∝ WL − WR

These are the leading parts

4

where ⌧
a is the Pauli matrix with a = 1, 2, 3, ⇠ =

e
i~⇡·~⌧/(2F⇡) and F⇡ ' 92.4 MeV. Parity-even quark op-

erator O
++
1+ can contribute to the ⇡⇡ operator at LO:

O
++
1+ ! tr[X+

L
X

+
R
+X

+
R
X

+
L
] =

4

F 2
⇡

⇡
�
⇡
� + · · · , (14)

where the dots denote the terms that are irrelevant to
the 0⌫��-decay. Formally, we also have

O
++
3+ ! tr[X+

L
X

+
L
+X

+
R
X

+
R
]. (15)

But it is easy to verify that it does not induce the ⇡⇡

operator at LO. To this end, we will consider the hadronic
operators of O++

3+ at higher chiral order by inserting the
chiral derivative or quark masses. Considering the ⇡⇡

operator at NNLO:

O
++
3+ !

1

2
tr[Dµ

X
+
L
DµX

+
L
+D

µ
X

+
R
DµX

+
R
]

= �
1

F 2
⇡

(@µ⇡
�)2 + · · · , (16)

where

Dµ = @µ � iVµ, Vµ =
1

2
i(⇠@µ⇠

† + ⇠
†
@µ⇠). (17)

On the other hand, the insertion of quark masses of O++
3+

does not contribute to the ⇡⇡ operator at NNLO since
the LO ⇡⇡ operator vanishes. We also consider the NN⇡

operator at NLO:

O
++
3+ ! N̄{�

µ
�5[X

+
L
(�iDµX

+
L
)�X

+
R
(�iDµX

+
R
)]}N

=
i2
p
2mN

F⇡

N̄�5⌧
+
⇡
�
N + · · · , (18)

where in the second step we have used the equation of
motion of the nucleon field N , and the nucleon mass
mN ' 0.94 GeV. Finally, the hadron-lepton Lagrangian
for the ⇡⇡ee and NN⇡ee vertices up to NNLO is [29]

L
⇡ =

G
2
F
F

2
⇡

⇤��

n
⇤2
H
⇡
�
⇡
�
e(�1 + �2�

5)ec

+ @µ⇡
�
@
µ
⇡
�
e(�3 + �4�

5)ec

+ ⇤H/F⇡N̄�5⌧
+
⇡
�
Nē(⇣5 + ⇣6�

5)ec

+ H.c.
o
, (19)

where the dimensionless coefficients �1,··· ,4 and ⇣5,6 in-
clude the Wilson coefficients of the dim-9 quark-lepton
operators and the low energy constants (LECs) describ-
ing the non-perturbative QCD effects.

Gang’s results: At µ = 2 GeV scale, the coefficients of
hadronic operators are expressed as [29]

�1 = ��2 = ↵
⇡⇡

1 C1 + ↵
⇡⇡0
1 C

0
1 (20)

�3 = ��4 = ↵
⇡⇡

3 (C3L + C3R) (21)

⇣5 = �⇣6 = �2
p
2gA↵

⇡N

3
mN

⇤H

(C3L + C3R) (22)

with the LECs ↵
⇡⇡

1 = �0.71, ↵
⇡⇡0
1 = �2.98 and

↵
⇡⇡

3 = 0.60 obtained from the lattice calculations [34, 42],
see also Ref. [43]; while the naive dimensional analysis
(NDA) [44] indicates ↵

⇡N

3 ⇠ O(1) [34].
Juan’s results:

�1 = ��2 =
1

2F 2
⇡
⇤2
H

✓
C1

1 +�1
O1 +

C
0
1

1 +�1
O

0
1

◆
, (23)

�3 = ��4 =
1

2

(C3L + C3R)

F 2
⇡
m2

⇡
(1 +�3)

O3, (24)

⇣5 = �⇣6 = �2
p
2gAg

⇡N

1
mN

⇤H

(C3L + C3R). (25)

The matrix elements O1, O
0
1, O3 are those reported in

Table II of Ref. [42] and computed from lattice QCD,
while the naive dimensional analysis (NDA) [44] indicates
g
⇡N

1 ⇠ O(1). It is noticed that the color mixed opera-
tor is matched to the same hadronic operator but with
another LEC g

⇡⇡

5 . We do not include the contribution
from the NNNNee

c. This short-range contact term has
been discussed in Ref.[] for dimension 9 operators. Since
the finite part is not known, since it will not change our
main conclusions.
IV. The decay rate in the minimal left-right sym-
metric model. Using the effective interactions shown
in Eq. (5), the decay rate including these new long range
contributions is of the form:

(T 0⌫
1/2)

�1 =G0⌫ · M
2
⌫

⇣
|m

ee

⌫
|
2 + |m

ee

N
|
2
⌘

⌘G0⌫ · M
2
⌫

��mee

⌫+N

��2 , (26)

where

m
ee

⌫
'

3X

j=1

(VL)
2
ej
m⌫j , (27)

and

|m
ee

N
|
2 =

⇤4
H

72⇤2
��

M
2
0

M2
⌫


(�1 + ⇣5�NN⇡ � �3�⇡⇡)

2

+ (�2 + ⇣6�NN⇡ � �4�⇡⇡)
2

�
(28)

with

�⇡⇡ ⌘
2m2

⇡

⇤2
H

M2

M0
, �NN⇡ ⌘

p
2m2

⇡

gA⇤HmN

M1

M0
. (29)

In Eq. (26), the terms |m
ee

⌫
|
2 and |m

ee

N
|
2 come from the

diagrams with the exchange of light and heavy neutri-
nos, respectively. As discussed in Sec. III the quark-level
operators O++(0)

1+ are mapped to the LO ⇡⇡ hadronic op-
erator, while O

++
3+ can only be mapped to the NNLO

⇡⇡ and NLO NN⇡ operators with chiral suppression. In
Eq. (28), the contributions are individually given with the
quatities �⇡⇡ and �NN⇡ being introduced. For 136Xe, the
phase space factor G�1

0⌫ = 7.11⇥1024 eV2
·yr [45, 46], the

C1 ∝
m4

W

m4
WR

tan β

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe
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The decay rate including “long-range” contributions
• In the mLRSM the decay rate is 

 
 

 
 

 

• The new physics contribution 
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2
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2
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N |2 =

Λ4
H

72Λ2
ββ

ℳ2
0

ℳ2
ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

(NME taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)

δππ ≡
2m2

π

Λ2
H

ℳ2

ℳ0
, δNNπ ≡

2m2
π

gAΛHmN

ℳ1

ℳ0
.

chiral suppression of the RR contributions ∼ p2/Λ2
H ≈ 1/30

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe
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The decay rate including “long-range” contributions
• In the mLRSM the decay rate is 

 
 

 
 

 

• The new physics contribution 
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1/2)

−1 = G ⋅ ℳν ( mee
ν

2
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N
2)

≡ G ⋅ ℳν
2
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72Λ2
ββ
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0
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ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

3

mixing matrices. This interaction is the result of the
mixing between the right-handed WR boson and the light
SM W boson, which are both mass eigenstates to a very
good approximation. The mixing between the heavy and
the light charged gauge boson is given by

tan ⇠ =
v1v2

v2
R

e
i↵ = �

2 tan�

1 + tan2 �
e
i↵
, (4)

where tan� ⌘ v2/v1, � ⌘ M
2
W
/M

2
WR

with MW ' MW1

and MWR ' MW2 being assumed. On top of the EWPT
bound ⇠ < 0.013 [30, 31], there still is another important
constraint coming from the unitarity of the CKM matrix,
which limits the size of the LR mixing ⇠  1.11 ⇥ 10�3

at 95% C.L. [29, 32, 33]. However for WR boson mass
(MWR = 7 TeV) we are using in this work, the theory
value for the LR mixing given in Eq. (4) is below these
bounds.

As in Ref. [26] and for the sole reason of illustration,
in this letter we assume the so called type-II dominance
for neutrino masses 1. In this scenario the Dirac Yukawa
couplings are negligible with respect to triplet contribu-
tion and the light and heavy neutrino mass matrices sat-
isfy the relation MN = vR

vL
M⌫ . As already emphasize

in Ref. [26], the proportionality of the heavy and light
neutrino mass matrices fixes the smallest light neutrino
mass as a function of the smallest heavy neutrino mass.
Finally and for this particular scenario, since the leptonic
mixing matrices are symmetric, the left and the right lep-
tonic mixing matrices are related by VL = V

⇤
R

. For the
leptonic mixing angles and the Dirac CP phase we use
the best fir values reported in Ref. [35].

For the mLRSM the relevant piece of the effective La-
grangian for 0⌫��-decay at the quark level below the
electroweak scale is given by

Leff =
G

2
F

⇤��

⇥
C3R(O

++
3+ �O

++
3� )(ēec � ē�5e

c)

+ C3L(O
++
3+ +O

++
3� )(ēec � ē�5e

c)

+ C1O
++
1+ (ēec � ē�5e

c)

+ C
0
1O

++0
1+ (ēec � ē�5e

c)
⇤
, (5)

where the operators are defined as [29]

O
++
3± =(q̄↵

L
⌧
+
�
µ
q
↵

L
)(q̄�

L
⌧
+
�µq

�

L
)

± (q̄↵
R
⌧
+
�
µ
q
↵

R
)(q̄�

R
⌧
+
�µq

�

R
), (6)

O
++
1+ =(q̄↵

L
⌧
+
�
µ
q
↵

L
)(q̄�

R
⌧
+
�µq

�

R
) , (7)

O
++0

1+ =(q̄↵
L
⌧
+
�
µ
q
�

L
)(q̄�

R
⌧
+
�µq

↵

R
) . (8)

where ↵,� are the color indices, ⌧± = (�1
± �

2)/2 with
�
1 and �

2 being the Pauli matrices.

1 The type-I seesaw scenario was studied in Ref. [34] where the
new physics contribution can also dominate over standard light
neutrino exchange scenario.

It is noticed that the Wilson coefficient C
0
1 vanishes

above the electroweak scale and emerges due to the renor-
malization group evolutions (RGEs) of the Wilson coef-
ficient C1. The RGEs of Wilson coefficients Ci(µ) from
MWR = 7 TeV to ⇤H = 2 GeV are [34]

✓
C1(⇤H)
C

0
1(⇤H)

◆
=

✓
0.90 0
0.48 2.32

◆✓
C1(MWR)
C

0
1(MWR)

◆
(9)

with C
0
1(MWR) = 0, and

✓
C3L(⇤H)
C3R(⇤H)

◆
=

✓
0.71 0
0 0.71

◆✓
C3L(MWR)
C3R(MWR)

◆
. (10)

The non-vanishing Wilson coefficients at µ = MWR are

C3R = ��
2

 
1 +

4⇤2
��

M2
�R

!
, C3L = ⇠

2
, (11)

C1 = �4�⇠ (12)

and 1/⇤�� =
P3

j=1 1/(V
2
Rej

mNj ). It is emphasized that
we have considered the matching between low-energy
EFT in Eq. (5) and the SM EFT at µ ⇠ MW consis-
tently, but use the same notations of Wilson coefficients
above the electroweak scale for simplicity. This is because
O

++
3+ � O

++
3� arises from integrating out WR fields and

takes the form above the electroweak scale; the operators
O

++
3+ +O

++
3� and O

++
1+ are mapped to ūR�µdR((iDµ')†'̃)

and ((iDµ')†'̃)2 above the electroweak scale with Dµ

and ' being the covariant derivative and Higgs doublet
field, which are not affected by the Quantum Chromody-
namics (QCD) running [34].

The effective Lagrangian in Eq. (5) does not include
the doubly charged scalar contribution. When the LR
symmetry is a good symmetry, this contribution is neg-
ligible due to LHC bounds [36] and LFV constraints, as
discussed in Ref [26]. On the contrary, when the LR
symmetry is explicitly broken there is a future constraint
coming from Moller scattering [37] that is less stringent
is the LR symmetry is respected but becomes important
when the parity breaking scale decouple form the SU(2)R
breaking scale. In this work we assumed the LR symme-
try is a good symmetry and left the interesting case when
it is broken for a future work.
III. The chiral Lagrangian. After obtaining the
quark-lepton operators, the next step is to map them [29,
34, 38] into the hadron-lepton Lagrangian using chiral
perturbation theory (�PT) [39, 40] involving pions and
nucleons, which is valid below GeV scale. In the �PT,
the hadronic operators are classified in powers of p/⇤H

with the chiral symmetry breaking scale ⇤H ⇠ 1 GeV
and p ⇠ m⇡ being the typical momentum transfer. Fol-
lowing [29, 41], the hadronic operators, which have the
same transformations properties as the quark operators,
can be constructed using the X fields:

X
a

R
= ⇠⌧

a
⇠
†
, X

a

L
= ⇠

†
⌧
a
⇠, X

a = ⇠⌧
a
⇠, (13)

Heavy neutrino contribution
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The decay rate including “long-range” contributions
• In the mLRSM the decay rate is 

 
 

 
 

 

• The new physics contribution 
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ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

(NME taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)

δππ ≡
2m2

π

Λ2
H
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ℳ0
, δNNπ ≡

2m2
π

gAΛHmN

ℳ1

ℳ0
.

LO

+ counter term (see ahead)

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe
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The decay rate including “long-range” contributions
• In the mLRSM the decay rate is 

 
 

 
 

 

• The new physics contribution 
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(NME taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)
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NNLO NLO

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe
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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

|mee
N |2 =

Λ4
H

72Λ2
ββ

ℳ2
0

ℳ2
ν [(β1 + ζ5δNNπ − β3δππ)2 + (β2 + ζ6δNNπ − β4δππ)2] ,

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

(NME taken from V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. ArXiv: 1806.02780)

We use  ,  and  for .ℳν = 2.91 ℳ0 = 2.64 ℳ1 = 5.52 ℳ2 = 4.20 136Xe

See Cirigliano 
Talk on this issue

JUAN CARLOS VASQUEZ --- UMASS & ACFI.  CIRCA 2020 BLV

31



The decay rates
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No long range 
Contributions

(Tello and Senjanovic. ArXiv: 1011.3522)
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No long range 
Contributions

Long range 
Contributions

(Tello and Senjanovic. ArXiv: 1011.3522)
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and tan β ∈ [0,0.5]
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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 studied the mLRSM.   

• 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
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Figure 4. Same as figure 3, now with the choice of the model parameters in eq. (6.21).
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Connection between low and high 
energy 

• Low Energy: Netrinoless double beta decay 
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Connection between low and high 
energy 

• Low Energy: Netrinoless double beta decay • High Energy: Keung-Senjanovic

KS process 
Keung-Senjanovic 1983

Keung-Senjanović process at LHC: from LNV to displaced vertices to invisible decays

Miha Nemevšek,1, ⇤ Fabrizio Nesti,2, 3, 4, † and Goran Popara4, ‡

1Jožef Stefan Institute, Jamova 39, Ljubljana, Slovenia
2Dipartimento di Scienze Fisiche e Chimiche, Università dell’Aquila, via Vetoio SNC, I-67100, L’Aquila, Italy

3INFN Sez. Trieste, Via A. Valerio 2, 34127 Trieste, Italy
4Ruđer Bošković Institute, Division of Theoretical Physics, Bijenička cesta 54, 10000, Zagreb, Croatia

(Dated: March 6, 2018)

In the context of Left-Right symmetry, we revisit the Keung-Senjanović production of right-handed
WR bosons and heavy neutrinos N at high energy colliders. We develop a multi-binned sensitivity
measure and use it to estimate the sensitivity for the entire range of N masses, spanning the standard
and merged prompt signals, displaced vertices and the invisible N region. The estimated sensitivity
of the LHC with 300/fb integrated luminosity ranges from 5 to beyond 7TeV, while the future
33(100)TeV collider’s reach with 3/ab extends to 12(26)TeV.

PACS numbers: 12.60.Cn, 14.70.Pw, 11.30.Er, 11.30.Fs

The Standard Model (SM) of fundamental interactions
continues to be experimentally verified, and yet we are
short of having evidence for a mechanism providing mass
to neutrinos. At the same time, the weak interactions are
evidently parity asymmetric while the fermion sector ap-
pears to hint to a fundamentally parity symmetric spec-
trum. The Left-Right symmetric theories [1–3] address
these issues simultaneously. The minimal model (LRSM)
postulates that parity is broken spontaneously [2] along
with the breaking of the new right-handed (RH) weak
interaction SU(2)R. The breaking generates at the same
time a Majorana mass for the RH neutrino N and thus
also implies Majorana masses of the known light neutri-
nos via the celebrated see-saw mechanism [3, 4].

Although the scale of breaking is not predicted, the
Large Hadron Collider (LHC) would be especially fit for
probing this scenario, if the mass of the new RH gauge
boson WR were in the TeV range. Low energy processes,
in particular quark flavor transitions were since the early
times the main reason for a lower bound on the LR scale
in the TeV region [5–10]. Updated studies of bounds from
K and B oscillations [11] and CP-odd ", "0 [10] set a lower
limit of MWR & 3–4 TeV, depending on the measure of
perturbativity [12, 13] and barring the issue of strong P

conservation [14]. The bottom line is, there remains a
significant potential to discover the WR at the LHC or
future colliders, with the high scale hinted by tensions in
the kaon sector [15].

The golden such channel is the Keung-Senjanović (KS)
process [16], in which the Drell-Yan production of WR

generates a lepton and RH neutrino N that in turn de-
cays predominantly through an off-shell WR into another
lepton and two jets, as depicted in Fig. 1. Due to the
Majorana nature of N , this process offers the possibil-
ity of revealing the breaking of lepton number, with the
appearance of same sign leptons and two jets.

Pre-LHC studies of the KS process were performed by

⇤ miha.nemevsek@ijs.si
† fabrizio.nesti@units.it
‡ gpopara@irb.hr
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FIG. 1. The Keung-Senjanović process. The final state lep-
tons could be of same sign owing to the Majorana nature of N .
The Drell-Yan production of WR and N may be dominated
by an off-shell W ⇤

R exchange.

ATLAS [24] and CMS [29]. Because the heavy neutrino
lifetime lN depends on its mass, the KS process leads to
substantially different signatures depending on mN . A
roadmap for different mN was performed in [30], using
the early LHC data, where transitions from prompt to
displaced and invisible signals were sketched out.

The standard region is the usual golden channel with
lN . 0.02 mm and two isolated leptons resulting in the
``jj signature that was revisited in [31, 32]. For lighter
N , it transitions into the merged region, where one lep-
ton and two jets merge into a single neutrino (or lepton)
jet [33], the `jN signature. Eventually, the neutrino be-
comes long-lived and the jet vertex becomes displaced,
`jdN ; we call this the displaced region [34–36]. The dis-
placed vertex may lie in the inner detector or even in
the external parts like calorimeters or muon spectrom-
eters. Finally, the invisible region covers the remaining
case when lN & 5 m decays outside of the detector. In
this work we systematically analyze all four relevant re-
gions and provide sensitivity estimates throughout the
entire parameter space.

Existing experimental searches address the standard
KS region [37–39], while searches for W 0

! `⌫ [40, 41]
apply to the invisible region. However, no active search
has been devoted to the merged and displaced regions so
far. The purpose of this work to provide an assessment
of the sensitivity of LHC in these cases and realistically
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The decay rate including “long-range” contributions

Displaced vertices at the LHC
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The decay rate including “long-range” contributions

Displaced vertices at the LHC
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KS process 
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Keung-Senjanović process at LHC: from LNV to displaced vertices to invisible decays
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(Dated: March 6, 2018)

In the context of Left-Right symmetry, we revisit the Keung-Senjanović production of right-handed
WR bosons and heavy neutrinos N at high energy colliders. We develop a multi-binned sensitivity
measure and use it to estimate the sensitivity for the entire range of N masses, spanning the standard
and merged prompt signals, displaced vertices and the invisible N region. The estimated sensitivity
of the LHC with 300/fb integrated luminosity ranges from 5 to beyond 7TeV, while the future
33(100)TeV collider’s reach with 3/ab extends to 12(26)TeV.

PACS numbers: 12.60.Cn, 14.70.Pw, 11.30.Er, 11.30.Fs

The Standard Model (SM) of fundamental interactions
continues to be experimentally verified, and yet we are
short of having evidence for a mechanism providing mass
to neutrinos. At the same time, the weak interactions are
evidently parity asymmetric while the fermion sector ap-
pears to hint to a fundamentally parity symmetric spec-
trum. The Left-Right symmetric theories [1–3] address
these issues simultaneously. The minimal model (LRSM)
postulates that parity is broken spontaneously [2] along
with the breaking of the new right-handed (RH) weak
interaction SU(2)R. The breaking generates at the same
time a Majorana mass for the RH neutrino N and thus
also implies Majorana masses of the known light neutri-
nos via the celebrated see-saw mechanism [3, 4].

Although the scale of breaking is not predicted, the
Large Hadron Collider (LHC) would be especially fit for
probing this scenario, if the mass of the new RH gauge
boson WR were in the TeV range. Low energy processes,
in particular quark flavor transitions were since the early
times the main reason for a lower bound on the LR scale
in the TeV region [5–10]. Updated studies of bounds from
K and B oscillations [11] and CP-odd ", "0 [10] set a lower
limit of MWR & 3–4 TeV, depending on the measure of
perturbativity [12, 13] and barring the issue of strong P

conservation [14]. The bottom line is, there remains a
significant potential to discover the WR at the LHC or
future colliders, with the high scale hinted by tensions in
the kaon sector [15].

The golden such channel is the Keung-Senjanović (KS)
process [16], in which the Drell-Yan production of WR

generates a lepton and RH neutrino N that in turn de-
cays predominantly through an off-shell WR into another
lepton and two jets, as depicted in Fig. 1. Due to the
Majorana nature of N , this process offers the possibil-
ity of revealing the breaking of lepton number, with the
appearance of same sign leptons and two jets.

Pre-LHC studies of the KS process were performed by

⇤ miha.nemevsek@ijs.si
† fabrizio.nesti@units.it
‡ gpopara@irb.hr

WR (W �
R)

N

�

�

j

j

W �
R

p

p

FIG. 1. The Keung-Senjanović process. The final state lep-
tons could be of same sign owing to the Majorana nature of N .
The Drell-Yan production of WR and N may be dominated
by an off-shell W ⇤

R exchange.

ATLAS [24] and CMS [29]. Because the heavy neutrino
lifetime lN depends on its mass, the KS process leads to
substantially different signatures depending on mN . A
roadmap for different mN was performed in [30], using
the early LHC data, where transitions from prompt to
displaced and invisible signals were sketched out.

The standard region is the usual golden channel with
lN . 0.02 mm and two isolated leptons resulting in the
``jj signature that was revisited in [31, 32]. For lighter
N , it transitions into the merged region, where one lep-
ton and two jets merge into a single neutrino (or lepton)
jet [33], the `jN signature. Eventually, the neutrino be-
comes long-lived and the jet vertex becomes displaced,
`jdN ; we call this the displaced region [34–36]. The dis-
placed vertex may lie in the inner detector or even in
the external parts like calorimeters or muon spectrom-
eters. Finally, the invisible region covers the remaining
case when lN & 5 m decays outside of the detector. In
this work we systematically analyze all four relevant re-
gions and provide sensitivity estimates throughout the
entire parameter space.

Existing experimental searches address the standard
KS region [37–39], while searches for W 0

! `⌫ [40, 41]
apply to the invisible region. However, no active search
has been devoted to the merged and displaced regions so
far. The purpose of this work to provide an assessment
of the sensitivity of LHC in these cases and realistically
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The decay rate including “long-range” contributions

Displaced vertices at the LHC Image taken from Nemevsek, Nesti, Popara 
arXiv: 1801.05813 (KS channel )ℓ±ℓ±jj 9
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

discovering the RH gauge boson WR in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp ! WR ! `N ! ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.

In this work we reconsidered this process and addressed
the regime of light N (mN . 100GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `jN . 3) a displaced region, for
mN ⇠ 10 � 100GeV, in which the merged jet jN is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for mN . 40GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the mN , MWR parameter space, up to O(10) TeV. For
WR masses beyond ⇠ 5TeV the process is dominated by
the off-shell W ⇤

R production, and we noted that, by this
mechanism, for mN . 500GeV the final cross section

JUAN CARLOS VASQUEZ --- UMASS & ACFI.  CIRCA 2020 BLV
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Keung-Senjanović process at LHC: from LNV to displaced vertices to invisible decays
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In the context of Left-Right symmetry, we revisit the Keung-Senjanović production of right-handed
WR bosons and heavy neutrinos N at high energy colliders. We develop a multi-binned sensitivity
measure and use it to estimate the sensitivity for the entire range of N masses, spanning the standard
and merged prompt signals, displaced vertices and the invisible N region. The estimated sensitivity
of the LHC with 300/fb integrated luminosity ranges from 5 to beyond 7TeV, while the future
33(100)TeV collider’s reach with 3/ab extends to 12(26)TeV.

PACS numbers: 12.60.Cn, 14.70.Pw, 11.30.Er, 11.30.Fs

The Standard Model (SM) of fundamental interactions
continues to be experimentally verified, and yet we are
short of having evidence for a mechanism providing mass
to neutrinos. At the same time, the weak interactions are
evidently parity asymmetric while the fermion sector ap-
pears to hint to a fundamentally parity symmetric spec-
trum. The Left-Right symmetric theories [1–3] address
these issues simultaneously. The minimal model (LRSM)
postulates that parity is broken spontaneously [2] along
with the breaking of the new right-handed (RH) weak
interaction SU(2)R. The breaking generates at the same
time a Majorana mass for the RH neutrino N and thus
also implies Majorana masses of the known light neutri-
nos via the celebrated see-saw mechanism [3, 4].

Although the scale of breaking is not predicted, the
Large Hadron Collider (LHC) would be especially fit for
probing this scenario, if the mass of the new RH gauge
boson WR were in the TeV range. Low energy processes,
in particular quark flavor transitions were since the early
times the main reason for a lower bound on the LR scale
in the TeV region [5–10]. Updated studies of bounds from
K and B oscillations [11] and CP-odd ", "0 [10] set a lower
limit of MWR & 3–4 TeV, depending on the measure of
perturbativity [12, 13] and barring the issue of strong P

conservation [14]. The bottom line is, there remains a
significant potential to discover the WR at the LHC or
future colliders, with the high scale hinted by tensions in
the kaon sector [15].

The golden such channel is the Keung-Senjanović (KS)
process [16], in which the Drell-Yan production of WR

generates a lepton and RH neutrino N that in turn de-
cays predominantly through an off-shell WR into another
lepton and two jets, as depicted in Fig. 1. Due to the
Majorana nature of N , this process offers the possibil-
ity of revealing the breaking of lepton number, with the
appearance of same sign leptons and two jets.

Pre-LHC studies of the KS process were performed by

⇤ miha.nemevsek@ijs.si
† fabrizio.nesti@units.it
‡ gpopara@irb.hr
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FIG. 1. The Keung-Senjanović process. The final state lep-
tons could be of same sign owing to the Majorana nature of N .
The Drell-Yan production of WR and N may be dominated
by an off-shell W ⇤

R exchange.

ATLAS [24] and CMS [29]. Because the heavy neutrino
lifetime lN depends on its mass, the KS process leads to
substantially different signatures depending on mN . A
roadmap for different mN was performed in [30], using
the early LHC data, where transitions from prompt to
displaced and invisible signals were sketched out.

The standard region is the usual golden channel with
lN . 0.02 mm and two isolated leptons resulting in the
``jj signature that was revisited in [31, 32]. For lighter
N , it transitions into the merged region, where one lep-
ton and two jets merge into a single neutrino (or lepton)
jet [33], the `jN signature. Eventually, the neutrino be-
comes long-lived and the jet vertex becomes displaced,
`jdN ; we call this the displaced region [34–36]. The dis-
placed vertex may lie in the inner detector or even in
the external parts like calorimeters or muon spectrom-
eters. Finally, the invisible region covers the remaining
case when lN & 5 m decays outside of the detector. In
this work we systematically analyze all four relevant re-
gions and provide sensitivity estimates throughout the
entire parameter space.

Existing experimental searches address the standard
KS region [37–39], while searches for W 0

! `⌫ [40, 41]
apply to the invisible region. However, no active search
has been devoted to the merged and displaced regions so
far. The purpose of this work to provide an assessment
of the sensitivity of LHC in these cases and realistically
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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 scale may dominate the decay 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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•  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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