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Masses in the standard model (SM)

Gauge symmetry breaking
[SU(2)L × U(1)Y ]EW⇒U(1)Q

ϕ =

(
ϕ+

ϕ0

)
⇒⟨ϕ⟩ =

(
0

v+h√
2

)
Dirac mass in Yukawa
Lagrangian:

−LY ⊃ Γij
ℓ Li

L ϕ ℓj
R ⇒Γij

ℓv√
2

ℓi
L ℓj

R

Massless neutrinos νℓL...
Lepton number is conserved...
But it needs to be extended to
include neutrino masses!

ℓi = e, µ, τ

LL =

(
νℓ
ℓ

)
L

ℓR= ℓ−R
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Seesaw Mechanism (Type I)

Incorporate sterile Ni,R

Lν = −ΓℓjLℓ,Lϵϕ̃∗Nj,R − 1
2 (Ni,R)

TCMijNj,R + h.c.

Lν = −ν̄ℓ,LMD
ℓj Nj,R − 1

2
Nc

i,RMN
ij Nj,R

6 massive states: Majorana fermions

3 Light νm

mν ∼ (MD)2(MN)−1

3 Heavy N

MN ∼ MN

Mixing of the active-massive states:

νℓ,L = Uℓm νm +UℓN N

UℓN ≲ 1×10−6
√

100 GeV
MN
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νSMEFT: dim6 simplified scenario

EFT with NR and SM fields

L = LSM + Lν + L5 + L6 + · · ·

Discard the mixing term in the renormalizable lagrangian:

Lν ⊃ ΓℓLℓ,Lϵϕ̃∗NR → 0 ∼ UℓN → 0

Consider only one massive heavy N (N ≡ NR) with a Majorana
mass: it is a Majorana particle!
Only dim 5 interaction with ONE N is O(5)

Nϕ = N̄R Nc
R ϕ†ϕ:

reabsorb contribution to MN in N physical mass mN (See JHEP 09(2022)079, 2205.13550)

Gain intuition!

Leff = LSM +
∞∑

d=6

(
1

Λd−4

∑
J

αJOd
J + h.c.

)
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Dim= 6 Operators with Majorana N

Higgs dressed mixing

OLNϕ = (ϕ†ϕ)(L̄iNϕ̃) (α
(i)
LNϕ) SCALAR

Boson currents

ONNϕ = i(ϕ†Dµϕ)(N̄γµN) αZ (αNNϕ)

ONlϕ = i(ϕT ϵDµϕ)(N̄γµli) α
(i)
W (α

(i)
Nlϕ) VECTORIAL

4-fermions (4 − f )
OduNl = (d̄jγ

µuj)(N̄γµli) α
(i,j)
duNl

OfNN = (f̄iγµfi)(N̄γµN) α
(i)
fNN f = u, d , l,Q, L

OQuNL = (Q̄iui)(N̄Lj) α
(i,j)
QuNl , OQNLd = (Q̄iN)ϵ(L̄jdj) α

(i,j)
QNLd

OLNQd = (L̄iN)ϵ(Q̄jdj) α
(i,j)
LNQd , OLNLl = (L̄iN)ϵ(L̄j lj) α

(i,j)
LNLl

1-loop generated (1 − loop)

ONB = (L̄iσ
µνN)ϕ̃Bµν α

(i)
NB

ONW = (L̄iσ
µντ IN)ϕ̃W I

µν α
(i)
NW · · · TENSORIAL

α1−loop =
αtree

16π2

N N

Z

αZ

ℓ N

W

αW

αV

αS

N ν

γ

αNB αNW
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Effective operators with one N (dim=6) [1]

e−

e+

N

W

ν

OLNLe

e− N

e+ ν

N

ONeφ

e−

u, d̄ d, ū

W

Ne−

u, d̄ d, ū

OduNe, OQuNL, OLNQd, OQNLd

Tree-level generated :

Oi
Nlϕ = i(ϕT ϵDµϕ)(Nγµli)

Oi,j
duNl = (d jγ

µuj)(Nγµli)

Oi,j
LNQd = (LiN)ϵ(Qjdj)

Oi,j
QuNL = (Qiui)(NLj)

Oi,j
QNLd = (QiN)ϵ(Ljdj)

Oi,j
LNLl = (LiN)ϵ(Lj lj)

4 − f operators with Majorana fields need renormalizable completion to
be implemented in FeynRules model

[1] F. del Aguila PLB (2009) 0806.0876, Liao PRD(2017) 1612.04527, Bhattacharya PRD(2016) 1505.05264
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Dim= 6 operators: renormalizable UV-realizations

Ltree ⊃ 1
Λ2

∑
i,j

{
−α

(i)
W

v mW√
2

liγνPRN W−
µ

+ α
(i,j)
duNl (ujγ

νPRdj liγνPRN)

+ α
(i,j)
LNLl(ν̄iPRN ljPR lj − νjPR lj liPRN)

+ α
(i,j)
QuNL (ujPLdj liPRN + ujPLuj νiPRN)

+ α
(i,j)
LNQd (djPRdj νiPRN − ujPRdj liPRN)

+ α
(i,j)
QNLd (uiPRN ljPRdj − diPRN νjPRdj)

+ h.c.
}

See also: G.Zapata Eur.Phys.J.C 82(2022)6, 2201.02480 and G. Cottin JHEP 09(2021)039, 2105.13851
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Bounds on the couplings α
(i)
J (νSMEFT)

Ld=6
Nlϕ ⊃ −vmW√

2
α
(i)
W
Λ2 l̄iγµPRNW−

µ

Ld=4
ν ⊃ −g√

2
Uli N l̄iγµPLNW−

µ

g = 2mW
v

Neutrinoless double beta decay:
KamLAND-Zen τ0νββ ≥ 1.1 × 1026yr

n

p

W− e−

ν

ν

n

p

W−
e−

O(1)
duNe α

(1)
V0

O(1)
QuNL α

(1)
S1

O(1)
LNQd α

(1)
S2

O(1)
QNLd α

(1)
S3

d

u

e−

N

d

u

W−

e−

NO(1)
Nℓφ α

(1)
W

We exploit the existing
bounds for the Uli N mixings taking

Uli N ≃ α(i)v2

2Λ2 ,Λ = 1TeV

αbound
0νββ ≲ 3.2 × 10−2 ( mN

100GeV

)1/2

FIPs Antel et. al. 2305.01715

New bounds:Fernández-Martinez 2304.06772
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Lepton-trijet signals at the LHeC: LFV and LNV [2]

Lepton Flavor violation: pe− → jN → j µ−jj

Lepton Number violation: pe− → jN → j µ+jj

N

ONeφ

e−

u, d̄ d, ū

W

Ne−

u, d̄ d, ū

OduNe, OQuNL, OLNQd, OQNLd

P

I

j

e−
N

µ±

II j

j

j

j

N

µ−

W
j

j

N

µ−

[2] G. Zapata, T.Urruzola, O.A. Sampayo, L. Duarte 2305.16991
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Lepton-trijet signals at the LHeC: LFV and LNV [2]

Possible backgrounds:

Label Process
B1 p e− → je−(VV ) → je−(jjµ+µ−)

B2 p e− → je−(VV ) → je−(jjµ−νµ)

B3 p e− → jνe(VV ) → jνe(jjµ+µ−)

B4 p e− → jνe(VV ) → jνe(jjµ−νµ)

B5 p e− → je−(VV ) → je−(jjµ+νµ)

B6 p e− → jνe(VV ) → jνe(jjµ+νµ)

Br
an

ch
in

g 
Ra

tio
 ( 

N 
→)

10−4

10−3

10−2

10−1

100

mN [GeV]
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lud
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νll
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b
]
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]

[2] G. Zapata, T.Urruzola, O.A. Sampayo, L. Duarte 2305.16991
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Multivariate analysis (BDT) [2]

TMVA input variables mN = 100 GeV, α = 0.2.
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[2] G. Zapata, T.Urruzola, O.A. Sampayo, L. Duarte 2305.16991
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νSMEFT Sensitivity prospects for LHeC: [2]

5σ-Discovery and 95% CLs limits at the LHeC: L = 100 fb−1 (Λ = 1 TeV)
from lepton-trijet signals.

5σ

95%CLs

p e -⟶ μ - + 3 Jets

LHeC s ~1.3 TeV
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[2] G. Zapata, T.Urruzola, O.A. Sampayo, L. Duarte 2305.16991
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νSMEFT B-decays bounds: LD Eur.Phys.J.C 79(2019)7, 1904.07175

Operators Couplings Type Set1 Set2 Set3 Set4 Set5 Set6

OLNϕ, OduNL α
(i)
W α

(i)
V0

V 1 1 0 1 1 0

OQuNL, OLNQd , OQNLd α
(i)
S1

α
(i)
S2

α
(i)
S3

S 1 0 1 1 0 1

ONB , ONW α
(i)
NB α

(i)
NW T 1 1 1 0 0 0

 Bounds from B -> μυγ

α

100

101

 

mN [GeV]
1 2 3 4 5

Set 1
Set 2 
Set 3 

Λ=1 TeV

LHCb limit from Br(B- -> μ-μ-π+)

α

10−1

100

101

 

mN [GeV]
1 2 3 4 5

 Set 1
 Set 2
 Set 3

Λ=1 TeV

LHCb limit from Br(B- -> μ-μ-π+) 

α

10−1

100

101

 

mN [GeV]
1 2 3 4 5

Set 4
Set 5
Set 6

Λ=1 TeV

U2 =
(

v2

2Λ2

)2
α2 ≈ 10−3α2, Λ = 1 TeV

Needs simulation improvement and update!

[4] Belle Phys.Rev.D 98(2018)11,112016, 1810.12976, LHCb 1401.5361,PRL(2014). Shuve 1607.04258, PRD(2016)
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B → τ ν̄τ vs. B → τN (νSMEFT) LD Eur.Phys.J.C 80(2020)9,896, 2006.11216

Br exp(B → τν) = (1.09 ± 0.24)× 10−4
PDG, combined Belle and BaBar

Br th = (ΓSM
B→τν + ΓB→τN)/Γ

tot
B =⇒ mN , α , ∆Br =

√
(∆BrSM)2 + (∆Br exp)2

N escapes undetected: τN > 103 ps 7−→ No αT : Sets 4,5,6

Region in the (mN , α) plane consistent with the conditions:
Brexp −∆Br ≤ Br th ≤ Brexp +∆Br and τN > 103 ps

Needs simulation improvement and update!
 

α

0

1

 

mN [GeV]
1.5 2 2.5 3 3.5
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LHCb limit 

Set 4

B->τν limit 
Only τ α(3)

B->τν limit for α(2)=α(3)

 

α

0

1

 

mN [GeV]
1 1.5 2 2.5 3 3.5

LHCb limit

V=0, S=1,T=0
Λ=1 TeV

B-> τυ limit 
for α(2) =α(3)

B-> τυ limit
Only τ α(3)

Set 6
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Final thoughts

νSMEFT: model independent info on new physics
(beyond mixing!) contributions to heavy N (HNL) phenomenology
LHeC: pe− → jN → j µ−jj (LFV)
LHeC: pe− → jN → j µ+jj (LNV)
95% CLs exclusion limits in O(EW ) mN − α plane show the LHeC
could constrain the effective couplings (muon family) to a region
as tight as the bounds that are currently considered for
mN ≲ O(10 GeV)

Lots of parameter space to be explored yet!

¡Thanks for your attention!
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νSMEFT: (Backup)

EFT with N i
R and SM fields

L = LSM + Lν + L5 + L6 + · · ·

Non-renormalizable operators (dim > 5) [1]:

O(5)
W =

∑
ℓℓ′

(αW )ℓℓ′

Λ
L̄ℓ,L ϕ̃∗ ϕ̃† Lℓ′,L + h.c. (OLH)

O(5)
Nϕ =

∑
ij

(αNϕ)ij

Λ
N̄i,R Nc

j,R ϕ†ϕ+ h.c. (ONNH)

O(5)
NB =

∑
i ̸=j

(αNB)ij

Λ
N̄i,R σµν Nc

j,R Bµν + h.c. (ONNB)

[1] See: Graesser PRD(2007) 0704.0438, Aparici (PRD 2009) 0904.3244 and Caputo (JHEP 2017) 1704.08721,

Delgado JHEP 09(2022)079, 2205.13550
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