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Motivation: absence of  New Physics

No New Physics signals at particle physics experiments  
(modulo several inconclusive anomalies), except for neutrino masses


New Physics


• very weakly coupled 
new degrees of freedom (dofs) below the electroweak (EW) scale �  
very likely singlets of the SM gauge group


• present at scales �   
SMEFT is appropriate description


• both 
“new dofs + SM” EFT (respecting SM gauge symmetry) required


What are these new dofs:

scalars, fermions, vectors?

v

Λ > v
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Motivation: neutrino masses

In the SM neutrinos are massless

Neutrino oscillations show neutrinos are massive 
(hypothesised by B. Pontecorvo in 1957, detected by Super-Kamiokande in 1998)


The minimal way to generate neutrino masses (at renormalisable 
level) is via Yukawa interaction (as for all other fermions in the SM)

This requires a new state — right-handed (RH) neutrino, � 


 � 


� 


�   is Dirac neutrino, lepton number is conserved


� 


(�        flavour problem)

Is lepton number a fundamental symmetry?

νR ≡ N
ℒSM+N = ℒSM + iNγμ∂μN − [LH̃YNN + h.c.]

H̃ = iσ2H*
ν = (νL, N )T

mν = YN
v

2
∼ 0.01 eV v = 246 GeV ⇒ YN ∼ 10−14

Yt ∼ 1 Ye ∼ 10−6 ⇒

�4



Motivation: neutrino masses

If lepton number is not a fundamental symmetry, then


� 


� 


�   and  �   are Majorana neutrinos


Type I seesaw mechanism: � 

     � 


Huge range of values for � ,  
including �

−ℒmass = LH̃YNN +
1
2

NcMN + h.c. →
1
2 (νL Nc) (

0 mD

mT
D M ) (νc

L
N) + h.c.

ψ c = CψT C = iγ2γ0 mD = YN
v

2

ν = (νL, νc
L)T n = (Nc, N )T

mD ≪ M

mν = −mD M−1 mT
D ∼ 0.01 eV

M
M ≲ v
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Motivation: neutrino masses

Of course, at non-renormalisable level, the minimal way to generate 
Majorana neutrino masses is via Weinberg dimension-5 operator


 � 


SMEFT accommodates lepton number-violating neutrino masses


In what follows, we assume

lepton number conservation (LNC)


or


lepton number violation (LNV) by � 


�  should be present in the EFT �  NSMEFT

𝒪LH = (LH̃) (H̃TLc) + h.c.

M ≲ v

N ⇒
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NSMEFT: operator basis

 � 


�  are invariant under � 


Dimension 5 (LNV operators) 

�             Weinberg, PRL 43 (1979) 1566


�          Aguila, Bar-Shalom, Soni, Wudka, 0806.0876  
                                           Aparici, Kim, Santamaria, Wudka, 0904.3244


� 


               � 


               �   for  �     (�  is # of � s)

ℒ = ℒSM+N +
∞

∑
d=5

1
Λd−4

nd

∑
i

α(d)
i 𝒪(d)

i

𝒪(d)
i SU(3)c × SU(2)L × U(1)Y

𝒪LH = (LH̃) (H̃TLc)
𝒪NNH = (NcN) (H†H)

𝒪NNB = (NcσμνN) Bμν

Bμν = ∂μBν − ∂νBμ σμν =
i
2 [γμ, γν]

𝒪NNB ≡ 0 ns = 1 ns N
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NSMEFT: operator basis

Dimension 6 
Initial set of operators (redundant)     Aguila, Bar-Shalom, Soni, Wudka, 0806.0876

Complete set of independent operators (basis)     Liao and Ma, 1612.04527

�8

R
R
R
R

ONN = (N�µN)(N�
µ
N)

OeN = (e�µe)(N�
µ
N) OuN = (u�µu)(N�

µ
N)

OdN = (d�µd)(N�
µ
N) OduNe = (d�µu)(N�

µ
e)

LLRR OLN = (L�µL)(N�
µ
N) OQN = (Q�µQ)(N�

µ
N)

L
R
L
R OLNLe = (LN)✏(Le) OLNQd = (LN)✏(Qd)

OLdQN = (Ld)✏(QN)

LRRL OQuNL = (Qu)(NL)

Table 2: CP-even four-fermion operators. The CP-odd ones carry an extra imaginary
unit.

i/@N = Y
†
N
H̃

†
L , (2.8)

i /De = Y
†
e
H

†
L , (2.9)

i /DQ = YuH̃u+ YdHd , (2.10)

i /Du = Y
†
u
H̃

†
Q , (2.11)

i /Dd = Y
†
d
H

†
Q ; (2.12)

while for the bosons we have instead:

(D2
H̃)i = µ

2
H
H̃

i
� �H(H

†
H)H̃ i

� ✏ijQ
jYdd� uY

†
u
Q

i
� ✏ijL

jYee�NYNL
i
, (2.13)

@
⌫
B⌫µ = �

g1

2
(iH†

DµH + h.c.)� g1Y
f
f�µf , (2.14)

D
⌫
W

I

⌫µ
= �

g2

2
(H†

iD
I

µ
H � iD

I

µ
H

†
H + L�µ�

I
L+Q�µ�

I
Q) , (2.15)

D
⌫
G

A

⌫µ
= �

gs

2
(Q�µ�

A
Q+ u�µ�

A
u+ d�d�

A
d) ; (2.16)

where f runs over all fermions. As a consequence, the following relations hold on shell
for the operators in grey in Tab. 1:

O
1
DN

= 0 + · · · , (2.17)

O
2
DN

= �
g1

2
OHN + · · · , (2.18)

O
3
DN

= �O
2
DN

+ · · · , (2.19)

O
1
LN

=
⇣
µ
2
H
LH̃N + h.c.

⌘
� �HOLNH + · · · , (2.20)
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0�Higgs 1�Higgs 2�Higgs

O
1
DN

= N@
2/@N ONB = L�

µ⌫
NH̃Bµ⌫ , ONW = L�

µ⌫
N�IH̃W

I

µ⌫
OHN = N�

µ
N(H†

iDµH)

O
2
DN

= iB̃µ⌫(N�
µ
@
⌫
N) O

1
LN

= LND
2
H̃ , O2

LN
= L@µND

µ
H̃ O

2
NN

= Ni/@N(H†
H)

O
3
DN

= @
⌫
Bµ⌫(N�

µ
N) O

3
LN

= iL�
µ⌫
@µND⌫H̃ , O4

LN
= L(@2

N)H̃ OHNe = N�
µ
e(H̃†

iDµH)

3�Higgs: OLNH = LH̃N(H†
H)

Table 1: Relevant CP-even bosonic operators. The h.c. is implied when needed. For
example, O1

DN
= N@

2/@N + h.c. So all Wilson coe�cients are hermitian. The CP-odd
operators include iBµ⌫(N�

µ
@
⌫
N), iONB, iONW , iO1,2,3,4

LN
, iOLNH , iOHN and iOHNe [?].

1H ONB = L�
µ⌫
NH̃Bµ⌫ ONW = L�

µ⌫
N�IH̃W

I

µ⌫

2H OHN = N�
µ
N(H†

iDµH) OHNe = N�
µ
e(H̃†

iDµH)

3H OLNH = LH̃N(H†
H)

and 2. The ↵i represent Wilson coe�cients. As we enforce LN conservation, there are no
dimension-five operators.

In this work we are only interested in the CP-even sector of the theory. Therefore, in
good approximation we can assume that Yu = diag(yu, yc, yt), while Yd = diag(yd, ys, yb)
and Ye = diag(ye, yµ, y⌧ ) without loss of generality.

In good approximation we can also assume that there is no huge fine-tuning between
the operators entering into the expression for the neutrino mass, m⌫ ⇠ YNv�↵LNHv

3
/⇤2,

so in particular YN can be neglected 2. This also implies that lepton flavour is conserved
in L4. For simplicity we focus on the regime in which lepton flavour is also conserved in
the N sector of L6. As a consequence, the three lepton families factorise (in particular
they evolve independently under the RGEs). We can therefore ignore flavour indices for

2Even if, as we show below, ↵LNH is generated radiatively and therefore YN ⇠ g2v2/(16⇡2⇤2) to keep
m⌫ small, YN is of order . 10�4 for ⇤ = 1 TeV, and hence much smaller than even the muon Yukawa.

/L ONNNN = (N cN)(N cN)

/L & /B
OQQdN = (Qc✏Q)(dcN)

OuddN = (ucd)(dcN)

4

Higgs-N operators   # (+h.c.) = 5 (9)

4-fermions   11 (16)  3 (6)  

�
operators including h.c.

nf = 1 (3) : 29 (1614)

0�Higgs 1�Higgs 2�Higgs

O
1
DN

= N@
2/@N ONB = L�

µ⌫
NH̃Bµ⌫ , ONW = L�

µ⌫
N�IH̃W

I

µ⌫
OHN = N�

µ
N(H†

iDµH)

O
2
DN

= iB̃µ⌫(N�
µ
@
⌫
N) O

1
LN

= LND
2
H̃ , O2

LN
= L@µND

µ
H̃ O

2
NN

= Ni/@N(H†
H)

O
3
DN

= @
⌫
Bµ⌫(N�

µ
N) O

3
LN

= iL�
µ⌫
@µND⌫H̃ , O4

LN
= L(@2

N)H̃ OHNe = N�
µ
e(H̃†

iDµH)

3�Higgs: OLNH = LH̃N(H†
H)

Table 1: Relevant CP-even bosonic operators. The h.c. is implied when needed. For
example, O1

DN
= N@

2/@N + h.c. So all Wilson coe�cients are hermitian. The CP-odd
operators include iBµ⌫(N�

µ
@
⌫
N), iONB, iONW , iO1,2,3,4

LN
, iOLNH , iOHN and iOHNe [?].

1H ONB = L�
µ⌫
NH̃Bµ⌫ ONW = L�

µ⌫
N�IH̃W

I

µ⌫

2H OHN = N�
µ
N(H†

i
 !
DµH) OHNe = N�

µ
e(H̃†

iDµH)

3H OLNH = LH̃N(H†
H)

and 2. The ↵i represent Wilson coe�cients. As we enforce LN conservation, there are no
dimension-five operators.

In this work we are only interested in the CP-even sector of the theory. Therefore, in
good approximation we can assume that Yu = diag(yu, yc, yt), while Yd = diag(yd, ys, yb)
and Ye = diag(ye, yµ, y⌧ ) without loss of generality.

In good approximation we can also assume that there is no huge fine-tuning between
the operators entering into the expression for the neutrino mass, m⌫ ⇠ YNv�↵LNHv

3
/⇤2,

so in particular YN can be neglected 2. This also implies that lepton flavour is conserved
in L4. For simplicity we focus on the regime in which lepton flavour is also conserved in
the N sector of L6. As a consequence, the three lepton families factorise (in particular
they evolve independently under the RGEs). We can therefore ignore flavour indices for

2Even if, as we show below, ↵LNH is generated radiatively and therefore YN ⇠ g2v2/(16⇡2⇤2) to keep
m⌫ small, YN is of order . 10�4 for ⇤ = 1 TeV, and hence much smaller than even the muon Yukawa.

/L ONNNN = (N cN)(N cN)

/L & /B
OQQdN = (Qc✏Q)(dcN)

OuddN = (ucd)(dcN)
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NSMEFT: operator basis

Dimension 7 (LNV and BNV operators)

Initial set of operators (incomplete)    Bhattacharya and Wudka, 1505.05264

Complete set of independent operators (basis)     Liao and Ma, 1612.04527


�  operators including h.c.


The basis of operators involving �  should be added  
to the basis of SMEFT operators derived in


Dim 5     Weinberg, PRL 43 (1979) 1566 

Dim 6     Buchmüller and Wyler, NPB 268 (1986) 621 
               Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884

Dim 7     Lehman, 1410.4193 
               Liao and Ma, 1607.07309

nf = 1 (3) : 80 (4206)

N
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Hierarchy of  scales: SM

�Λ ∼ 𝒪(1−?) TeV

�10

�v ∼ 𝒪(100) GeV

�E ∼ 𝒪(1) GeV

SMEFT

Low-energy EFT (LEFT) 
�  integrated outt, H, W, Z



Hierarchy of  scales: SM

�Λ ∼ 𝒪(1−?) TeV

�10

�v ∼ 𝒪(100) GeV

�E ∼ 𝒪(1) GeV

SMEFT

Low-energy EFT (LEFT) 
�  integrated outt, H, W, Z

Renormalisation of dim-6 operators  
at 1 loop   Jenkins, Manohar, Trott, 1308.2627  
               Jenkins, Manohar, Trott, 1310.4838  
       Alonso, Jenkins, Manohar, Trott, 1312.2014

Renormalisation of dim-6 operators  
at 1 loop  


Jenkins, Manohar, Stoffer, 1711.05270

Matching of SMEFT onto LEFT at 

tree level 
Jenkins, Manohar, Stoffer, 1709.04486

1 loop   Dekens, Stoffer, 1908.05295



Hierarchy of  scales: SM + N

�Λ ∼ 𝒪(1−?) TeV

�11

�v ∼ 𝒪(100) GeV

�E ∼ 𝒪(1) GeV

NSMEFT

NLEFT



Hierarchy of  scales: SM + N

�Λ ∼ 𝒪(1−?) TeV

�11

�v ∼ 𝒪(100) GeV

�E ∼ 𝒪(1) GeV

NSMEFT

NLEFT

Renormalisation of dim-6 operators  
at 1 loop


Higgs-N including gauge, lambda 
and Yukawa dependence   


Chala and AT, 2006.14596

Higgs-N and 4-fermions including 
gauge dependence only


Datta, Kumar, Liu, Marfatia, 2010.12109

Renormalisation of dim-6 operators  
at 1 loop


partial results  
Chala and AT, 2001.07732  
Li, Ma, Schmidt, 2005.01543

Matching of NSMEFT onto NLEFT  
at tree level      Chala and AT, 2001.07732  
                   Li, Ma, Schmidt, 2005.01543  
         Bischer and Rodejohann, 1905.08699



Running of  dim-6 Higgs-N operators

Green basis: set of operators independent off shell

�12

0H 1H 2H

O
1
DN

= N@
2/@N ONB = L�

µ⌫
NH̃Bµ⌫ , ONW = L�

µ⌫
N�IH̃W

I

µ⌫
OHN = N�

µ
N(H†

iDµH)

O
2
DN

= iB̃µ⌫(N�
µ
@
⌫
N) O

1
LN

= LND
2
H̃ , O2

LN
= L@µND

µ
H̃ O

2
NN

= Ni/@N(H†
H)

O
3
DN

= @
⌫
Bµ⌫(N�

µ
N) O

3
LN

= iL�
µ⌫
@µND⌫H̃ , O4

LN
= L(@2

N)H̃ OHNe = N�
µ
e(H̃†

iDµH)

3H: OLNH = LH̃N(H†
H)

Table 1: Relevant CP-even bosonic operators. The h.c. is implied when needed. For

example, O
1
DN

= N@
2/@N + h.c. So all Wilson coe�cients are hermitian. The CP-odd

operators include iBµ⌫(N�
µ
@
⌫
N), iONB, iONW , iO

1,2,3,4
LN

, iOLNH , iOHN and iOHNe [?].

1H ONB = L�
µ⌫
NH̃Bµ⌫ ONW = L�

µ⌫
N�IH̃W

I

µ⌫

2H OHN = N�
µ
N(H†

i
 !
DµH) OHNe = N�

µ
e(H̃†

iDµH)

3H OLNH = LH̃N(H†
H)

and 3. The ↵i represent Wilson coe�cients. As we enforce LN conservation, there are no
dimension-five operators.

In this work we are only interested in the CP-even sector of the theory. Therefore, in
good approximation we can assume that Yu = diag(yu, yc, yt), while Yd = diag(yd, ys, yb)
and Ye = diag(ye, yµ, y⌧ ) without loss of generality.

In good approximation we can also assume that there is no huge fine-tuning between
the operators entering into the expression for the neutrino mass, m⌫ ⇠ YNv�↵LNHv

3
/⇤2,

so in particular YN can be neglected 2. This also implies that lepton flavour is conserved
in L4. For simplicity we focus on the regime in which lepton flavour is also conserved in
the N sector of L6. As a consequence, the three lepton families factorise (in particular
they evolve independently under the RGEs). We can therefore ignore flavour indices for
clarity.

The operators in grey in Tabs. 1 and 3 are redundant when evaluated on shell; the
redundancies due to algebraic or Fierz identities or ensuing from integration by parts have
been removed. We refer to this basis as o↵-shell or Green basis; see Ref. [?] for a Green
basis of the sector with no N .

The relevant equations of motion of L4 for the fermions read:

i /DL = YeHe+ YNH̃N , (2.7)

2Even if, as we show below, ↵LNH is generated radiatively and therefore YN ⇠ g2v2/(16⇡2⇤2) to keep
m⌫ small, YN is of order . 10�4 for ⇤ = 1 TeV, and hence much smaller than even the muon Yukawa.

4

Chala and AT, 2001.07732

The basis is obtained with the help of the package BasisGen     Criado, 1901.03501

Operators in gray are redundant when evaluated on shell:


�          � 


(The equations hold up to �  suppressed operators and 4-fermions)

𝒪1
DN = 0

𝒪2
DN = −

g1

2
𝒪HN

𝒪3
DN = − 𝒪2

DN

𝒪2
NN = 0

𝒪1
LN = (μ2

HLH̃N + h.c.) − λH𝒪LNH

𝒪2
LN = − (μ2

HLH̃N + h.c.) −
g1

8
𝒪NB +

g2

8
𝒪NW −

1
2

Ye𝒪HN −
λH

2
𝒪LNH

𝒪3
LN = − 𝒪2

LN

𝒪4
LN = 0

YN



Running of  dim-6 Higgs-N operators

Anomalous dimension matrix


 � 


� 


We set � no mixing between Higgs-N and pure SMEFT operators


For � ,   �  is invariant under � 


�

16π2μ
d ⃗α
dμ

= γ ⃗α

γ =

γSMEFT
59×59

× × 0 0 0
× × 0 0 0

𝒪(Ye) 𝒪(Ye) × 𝒪(Ye) 𝒪(Ye)
𝒪(Ye) 𝒪(Ye) 𝒪(Ye) × 𝒪(Ye)

× × 𝒪(Ye) 𝒪(Ye) ×

YN = 0 ⇒

Yu,d,e = 0 ℒSM+N N → eiθNN , e → eiθee , H → eiθHH

𝒪NB,NW,LNH → ei(θN−θH)𝒪NB,NW,LNH , 𝒪HN → 𝒪HN , 𝒪HNe → ei(θe−θN+2θH)𝒪HNe
�13

αNB
αNW
αHN
αHNe
αLNH

Non-renormalisation theorems

Cheung and Shen, 1505.01844



Running of  dim-6 Higgs-N operators

Technicalities of the computation


Background field method: � 


Feynman gauge

To order �  any divergence  
can be mapped onto EFT’s Green basis

(Off-shell) 1PI amplitudes

Dim reg: � 


(Semi-)automatic computation using 

FeynRules + FeynArts + FormCalc


(Semi-)manual check using

FeynRules + QGRAPH

Vμ → Vμ + δVμ

𝒪 (1/Λ2)

d = 4 − 2ϵ

�14

Alloul et al.,  
1310.1921

Hahn,  
hep-ph/0012260

Hahn and Perez-Victoria  
hep-ph/9807565

Nogueira,  
JCP 105 (1993) 279



Running of  dim-6 Higgs-N operators

Example:  �   amplitudeNN → B

�15

H0N(p3)

N(p1)

B(p2)

(1)

H
+

N(p3)

N(p1)

B(p2)

(2)

H0

H0

N(p3)

N(p1)

B(p2)

(3)

H
+

H
+

N(p3)

N(p1)

B(p2)

(4)

Let us first consider the amplitude for N(p1)N(p2) ! B(p3). Hereafter we work in
dimensional regularisation with space-time dimension d = 4� 2✏ and absorb 1/⇤2 in the
Wilson coe�cients in the expressions for amplitudes. Using FeynArts [?] together with
FormCalc [?] we obtain the following one-loop divergence to order O(p2):

iMloop =
i

48⇡2✏
g1↵HNv1

⇣
p
2
3�

µ
� p

µ

3/p3

⌘
PRu2✏

⇤
µ
. (3.1)

iMloop =
i

48⇡2⇤2✏
g1↵HNv1

⇣
p
2
2�

µ
� p

µ

2/p2

⌘
PRu3✏

⇤
µ

(3.2)

Here and in what follows v1 ⌘ v(p1), u2 ⌘ u(p2) and ✏
⇤
µ
⌘ ✏

⇤
µ
(p3). The most generic

divergence in the EFT depends only on O
2
DN

and O
3
DN

. It reads

iMdiv = iv1

h
e↵3
DN

⇣
p
µ

3/p3
� p

2
3�

µ

⌘
+ 2e↵2

DN

⇣
�
µ
p2p3 � �

µ
/p3/
p
2
+ p

µ

3/p2
� p

µ

2/p3

⌘i
PRu2✏

⇤
µ
.

(3.3)
Upon equating Mloop and Mdiv, we obtain:

e↵2
DN

= 0 , (3.4)

e↵3
DN

= �
1

48⇡2✏
g1↵HN . (3.5)

For the amplitude for ⌫L(p1)N(p2) ! H0(p3) at O(p2) we obtain:

iMloop =
i

32⇡2✏
v1

h
(3g1↵NB � 9g2↵NW + 2Ye↵HNe) p

2
1 + Ye↵HNe/p1/

p
2

i
PRu2 , (3.6)

and

iMdiv = iv1


e↵1
LN

p
2
1 +

�
e↵1
LN

� e↵2
LN

+ e↵4
LN

�
p
2
2

+
�
2e↵1

LN
� e↵2

LN
+ e↵3

LN

�
p1p2 � e↵3

LN/p1/
p
2

�
PRu2 , (3.7)

which implies

e↵1
LN

=
1

32⇡2✏
(3g1↵NB � 9g2↵NW + 2Ye↵HNe) , (3.8)

e↵2
LN

=
3

32⇡2✏
(2g1↵NB � 6g2↵NW + Ye↵HNe) , (3.9)

e↵3
LN

= �
1

32⇡2✏
Ye↵HNe , (3.10)

e↵4
LN

=
1

32⇡2✏
(3g1↵NB � 9g2↵NW + Ye↵HNe) . (3.11)
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Let us first consider the amplitude for N(p1)N(p2) ! B(p3). Hereafter we work in
dimensional regularisation with space-time dimension d = 4� 2✏ and absorb 1/⇤2 in the
Wilson coe�cients in the expressions for amplitudes. Using FeynArts [?] together with
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Table 1: Relevant CP-even bosonic operators. The h.c. is implied when needed. For

example, O
1
DN

= N@
2/@N + h.c. So all Wilson coe�cients are hermitian. The CP-odd

operators include iBµ⌫(N�
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and 3. The ↵i represent Wilson coe�cients. As we enforce LN conservation, there are no
dimension-five operators.

In this work we are only interested in the CP-even sector of the theory. Therefore, in
good approximation we can assume that Yu = diag(yu, yc, yt), while Yd = diag(yd, ys, yb)
and Ye = diag(ye, yµ, y⌧ ) without loss of generality.

In good approximation we can also assume that there is no huge fine-tuning between
the operators entering into the expression for the neutrino mass, m⌫ ⇠ YNv�↵LNHv

3
/⇤2,

so in particular YN can be neglected 2. This also implies that lepton flavour is conserved
in L4. For simplicity we focus on the regime in which lepton flavour is also conserved in
the N sector of L6. As a consequence, the three lepton families factorise (in particular
they evolve independently under the RGEs). We can therefore ignore flavour indices for
clarity.

The operators in grey in Tabs. 1 and 3 are redundant when evaluated on shell; the
redundancies due to algebraic or Fierz identities or ensuing from integration by parts have
been removed. We refer to this basis as o↵-shell or Green basis; see Ref. [?] for a Green
basis of the sector with no N .

The relevant equations of motion of L4 for the fermions read:

i /DL = YeHe+ YNH̃N , (2.7)

2Even if, as we show below, ↵LNH is generated radiatively and therefore YN ⇠ g2v2/(16⇡2⇤2) to keep
m⌫ small, YN is of order . 10�4 for ⇤ = 1 TeV, and hence much smaller than even the muon Yukawa.
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6 more amplitudes to fix all �α̃i



Running of  dim-6 Higgs-N operators

After removing the redundant (on shell) operators


�                          �  contains SM couplings


�         � 


�       �  contains wave-function 
                                                                     renormalisation factors     

ℒdiv =
1

32π2Λ2ϵ
⃗𝒪T ⋅ 𝒞 ⋅ ⃗α 𝒞

ℒ6 =
1

Λ2
⃗α T ⋅ ⃗𝒪 + ℒc.t. ℒc.t. = − ℒdiv

γ = − 𝒞 − KF KF = 32π2ϵ (ZF − 1) ZF
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Anomalous dimension matrix Chala and AT, 2006.14596
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Gauge and lambda dependence of RGEs for �      Bell et al., hep-ph/0504134αNB , αNW , αLNH



Applications

Dirac neutrino magnetic dipole moment and neutrino mass


�    Bell et al., hep-ph/0504134   �
μν

μB
=

4 2
e

mev
Λ2

αNA(v) 𝒪NA = cW 𝒪NB + sW 𝒪NW

�17

∼ 2 × 10−11

XENON1T, 2006.09721

� 


�        � 


�   to be cancelled by �   —  considerable fine-tuning

αNA ∼ 10−5 (10−1) for Λ = 1 TeV (100 TeV)

αLNH(v) ∼ 10−7 (10−3) 𝒪LNH = LNH̃ (H†H) EWSB δmν ∼
αLNHv3

2 2Λ2

δmν ∼ 102 eV (103 eV) YN



Applications

�  and neutrino mass


�   also renormalises  �  


For � ,  �   and


� 


Bound from � 


� 


� 


6 orders of magnitude stronger bound from RGE!

𝒪HNe

𝒪HNe = (Nγμe) (H̃†iDμH) 𝒪LNH

ℓ = τ Yτ ∼ 10−2

δmν ≲ 1 eV ⇒
αHNe

Λ2
≲ 10−6 TeV−2

W → τν

ΔΓ(W → τν) =
m3

Wv2

48πΛ4
α2

HNe

ΔΓ(W → τν)
Γtotal

W
< 2 × 10−3 ⇒

αHNe

Λ2
≲ 4.5 TeV−2

�18

PDG, RPP 2020



Running of  4-fermions

Gauge dependence of anomalous dimension matrix

�19

Datta, Kumar, Liu, Marfatia, 2010.12109

γNSMEFT
16×16 = ( γ5×5 γ5×11

γ11×5 γ11×11) Higgs-N

4-fermions

The strong gauge coupling constant is in play

Sizeable mixing between certain 4-fermion operators, e.g.,

�   and  �𝒪LNQd = (LN) ϵ (Qd) 𝒪LdQN = (Ld) ϵ (QN)



NLEFT: operator basis

NLEFT is the EFT below the EW scale invariant under �SU(3)c × U(1)em

�20

Dipole ON� = ⌫L�
µ⌫
NAµ⌫
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R
R
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µ
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µ
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µ
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= (uRdL)(eLN)

Table 3: List of ⌫LEFT lepton number conserving operators involving N . The addition
of h.c. is implied when needed. Note that the operators obtained from the non-Hermitian
operators in the table with multiplication by the imaginary unit are also present. The
notation follows that of Ref. [17], although we have not tried to minimise the number of
operators involving �µ⌫.

D Matching the ⌫SMEFT onto the ⌫LEFT and anoma-

lous dimensions

The full list of lepton number conserving dimension-six operators in the ⌫LEFT involving
N is shown in Tab. 3. (Those not involving N can be found in Ref. [17].) The following
relations hold at the EW matching scale (note that we are ignoring family indices):

↵N�

v
=

v
p
2⇤2

(↵NBcW + ↵NW sW ) , (D.1)
↵
V,RR

NN

v2
=

↵NN

⇤2
, (D.2)

↵
V,RR

eN

v2
=

↵eN

⇤2
�

g
2
Z
ZeRZN

m
2
Z

, (D.3)
↵
V,RR

uN

v2
=

↵uN

⇤2
�

g
2
Z
ZuRZN

m
2
Z

, (D.4)

28

LNC operators                 Chala and AT, 2001.07732

Dipole: 1

4-fermions: 23



Matching NSMEFT onto NLEFT

Tree-level matching at EW scale (w/o Yukawas)       Chala and AT, 2001.07732

�21

gZ =
e

sWcW
ZψSM

= T3 − Qs2
W

ZN = −
αHNv2

2Λ2
WN =

αHNev2

2Λ2



NLEFT: operator basis

There are also LNV operators
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Table 2: List of ⌫LEFT lepton number violating operators involving N
c
. The addition

of h.c. is implied when needed. Note that the operators obtained from the non-Hermitian

operators in the table with multiplication by the imaginary unit are also present.

i/@N = Y
†
N
H̃

†
L , (2.8)

i /De = Y
†
e
H

†
L , (2.9)

i /DQ = YuH̃u+ YdHd , (2.10)

i /Du = Y
†
u
H̃

†
Q , (2.11)

i /Dd = Y
†
d
H

†
Q ; (2.12)

while for the bosons we have instead:

(D2
H̃)i = µ

2
H
H̃

i
� �H(H

†
H)H̃ i

� ✏ijQ
jYdd� uY

†
u
Q

i
� ✏ijL

jYee�NYNL
i
, (2.13)

/L ONNNN = (N cN)(N cN)

/L & /B
OQQdN = (Qc✏Q)(dcN)

OuddN = (ucd)(dcN)

5

LNV operators                 Chala and AT, 2001.07732
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Constraints on 4-fermions
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Figure from Alcaide’s PhD thesis
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pp → j + Emiss
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Novel LHC analysis for t → bl + inv

A multivariate analysis based on a BDT classifier (� )pbi
T , pji

T, mW, ΔRij
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Phenomenology: Majorana N

�    is  Majorana


�

−ℒmass = LH̃YNN +
1
2

NcmNN + h.c. ⇒ N

Γ(N → νγ) =
m3

Nv2

4πΛ4
α2

NA αNA = cWαNB + sWαNW
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Duarte, Peressutti, Sampayo, 1508.01588

N → νγ

N → 3 f

Butterworth, Chala, Englert,  
Spannowsky, AT, 1909.04665

Let’s restrict to Higgs-N operators

For the analysis including 4-fermions in this regime see

Biekötter, Chala, Spannowsky, arXiv:2007.00673
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Higgs-N operators
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iDµH)

3�Higgs: OLNH = LH̃N(H†
H)

Table 1: Relevant CP-even bosonic operators. The h.c. is implied when needed. For
example, O1

DN
= N@

2/@N + h.c. So all Wilson coe�cients are hermitian. The CP-odd
operators include iBµ⌫(N�

µ
@
⌫
N), iONB, iONW , iO1,2,3,4

LN
, iOLNH , iOHN and iOHNe [?].

1H ONB = L�
µ⌫
NH̃Bµ⌫ ONW = L�

µ⌫
N�IH̃W

I
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2H OHN = N�
µ
N(H†

i
 !
DµH) OHNe = N�

µ
e(H̃†

iDµH)

3H OLNH = LH̃N(H†
H)

and 2. The ↵i represent Wilson coe�cients. As we enforce LN conservation, there are no
dimension-five operators.

In this work we are only interested in the CP-even sector of the theory. Therefore, in
good approximation we can assume that Yu = diag(yu, yc, yt), while Yd = diag(yd, ys, yb)
and Ye = diag(ye, yµ, y⌧ ) without loss of generality.

In good approximation we can also assume that there is no huge fine-tuning between
the operators entering into the expression for the neutrino mass, m⌫ ⇠ YNv�↵LNHv

3
/⇤2,

so in particular YN can be neglected 2. This also implies that lepton flavour is conserved
in L4. For simplicity we focus on the regime in which lepton flavour is also conserved in
the N sector of L6. As a consequence, the three lepton families factorise (in particular
they evolve independently under the RGEs). We can therefore ignore flavour indices for

2Even if, as we show below, ↵LNH is generated radiatively and therefore YN ⇠ g2v2/(16⇡2⇤2) to keep
m⌫ small, YN is of order . 10�4 for ⇤ = 1 TeV, and hence much smaller than even the muon Yukawa.

/L ONNNN = (N cN)(N cN)

/L & /B
OQQdN = (Qc✏Q)(dcN)

OuddN = (ucd)(dcN)

4

𝒪NNH = (NcN) (H†H)
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�    (for simplicity)

LEP, 90’s; PDG, RPP 2018
ℬ(Z → ννγ(γ)) ≲ 3 × 10−6 ⇒ set αNZ = αHN = 0
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New Higgs decays



Higgs searches in h → γ(γ) + inv

Shape analysis: small signal on top of large background
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Butterworth, Chala, Englert, Spannowsky, AT, 1909.04665
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@  HL-LHC with �

ℬ(h → γ + pmiss
T ) ∼ 1.2 × 10−4

ℬ(h → γγ + pmiss
T ) ∼ 4.2 × 10−5

ℒ = 3 ab−1

7

Operator
↵max ⇤min [TeV]

Channel
for ⇤ = 1 TeV for ↵ = 1

OLNH 4.2⇥ 10�3 15 h ! � + pmiss
T

ONNH 5.3⇥ 10�4 1900 h ! �� + pmiss
T

ONA 0.21 2.2 h ! �� + pmiss
T

TABLE I: Maximum (minimum) value of ↵ (⇤) for ⇤ =
1 TeV (↵ = 1) allowed by the proposed searches quoted in

the last column. We have assumed lepton flavour universality

in couplings to N .

pendently by setting the remaining two to zero. (Note
that any other choice would lead to a more stringent con-
straint.) The sensitivity at the high-luminosity LHC can
be read in Tab. I. We remind the reader that all these
prospects apply only if ↵NA/⇤2 & 0.001 � 0.1 TeV�2,
depending on mN ; see Fig. 2.

V. CONCLUSIONS

In summary, we have studied the phenomenology of
the SMEFT extended with a light RH neutrino N in the
regime in which the latter decays almost exclusively into
a photon and a neutrino.

Using low-energy and LHC data such as measurements
of the W , Z and Higgs bosons; bounds on neutrino dipole
moments, measurements of SM di↵erential distributions
at the LHC (as implemented in Contur [51]), as well
as searches for single photons with missing energy [43];
we have singled out those directions not yet constrained.
They include mostly operators triggering new Higgs de-
cays, namely h ! � + pmiss

T
and h ! �� + pmiss

T
.

We have subsequently provided new search strategies
to be performed at the LHC sensitive to the aforemen-
tioned processes. For order one couplings, we have shown
that, with 3 ab�1 of data, these analyses can potentially
unravel new physics at scales ⇤ . 2 TeV (2000 TeV)
for lepton number conserving (violating) operators. For
comparison, let us add that searches for h ! NN trig-
gered by ONNH , with N ! qq` are expected to test
scales as large as ⇠ 100 TeV [27]. Likewise, top de-
cays into b`N , mediated by four-fermion operators and
with N long-lived, have been shown to probe only ⇤ . 1
TeV [24].
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Appendix A: Model

Let us consider the SM extended with two vector-like
fermions XE ⇠ (1,2)1/2, XN ⇠ (1,1)1 and a singly-
charged scalar ' ⇠ (1,1)1. The numbers in parentheses
and the subindex represent the quantum numbers under
(SU(3)c, SU(2)L) and the hypercharge, respectively. We
also assume that these new fields are odd under a Z2

symmetry under which all SM fields as well as N are
even.

The new relevant Lagrangian reads

L = XE(i /D � MXE )XE + XN (i /D � MXN )XN

+ (Dµ')⇤(Dµ') � M2
'
'⇤' � �'H('⇤')(H†H)

+


gXXEH̃XN + gLXE'L + gNXN'N + h.c.

�
.

(A1)

Let us focus on the regime MXE , MXN , M' ⇠ M � v,
gN ⌧ gL, gX . The new particles can be integrated out
before EWSB by matching (o↵-shell) amplitudes in the
UV to the corresponding amplitudes in the EFT. One
can easily check that tree-level operators vanish.

Therefore, we concentrate first on the amplitude given
by the diagrams in Fig. 4. Using p2, p3 and p4 as inde-
pendent four-momenta (p1 = p2 + p3 + p4), and to first
order in pi we get:



Further probes of  NSMEFT / NLEFT

CEνNS, beta and meson decays    
Bischer and Rodejohann, 1905.08699  
Han, Liao, Liu, Marfatia, 2004.13869  ->  also collider constraints  
Li, Ma, Schmidt, 2005.01543, 2007.15408


Displaced vertices from long-lived sterile neutrinos 
de Vries et al., 2010.07305 


Neutrinoless double beta decay 
Dekens et al., 2002.07182


Long-range neutrino interactions 
Bolton, Deppisch, Hati, 2004.08328
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https://arxiv.org/abs/2010.07305


Conclusions

If massive neutrinos are Dirac particles, or light sterile Majorana 
neutrinos exist, SM should be extended with RH neutrino � 


If New Physics exists at � , EFT is the appropriate description 
SMEFT → NSMEFT,   LEFT → NLEFT


Renormalisation of dim-6 NSMEFT operators at 1 loop


Matching NSMEFT onto NLEFT at tree level


Phenomenological consequences of new operators:  
new rare top and Higgs decays to be probed at HL-LHC

N

Λ > v
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Further directions

Completing RGEs in NSMEFT and NLEFT taking into account 
dependence on all Yukawas and full flavour structure


Matching NSMEFT onto NLEFT at 1 loop


Phenomenological studies of NSMEFT / NLEFT in different regimes
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Backup slides
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Running of  some operators in NLEFT
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νN = 0

Chala and AT, 2001.07732



Amplitudes for RGEs in NSMEFT

�νLN → H0
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Amplitudes for RGEs in NSMEFT

�NN → H*0 H0
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call the Higgs doublet by H = [G+
, (h + iG

0)/
p
2] and H̃ = i�2H

⇤, with �I , I = 1, 2, 3,
being the Pauli matrices. The Lagrangian of this model reads:

L = LSM+N + Lheavy , (2.1)
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Our conventions for the covariant derivative of a colour singlet field � and for the EW
field strength tensors are

Dµ� =
�
@µ � igT

I
W

I

µ
� ig

0
Y Bµ
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� , (2.4)
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J
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K

⌫
, Bµ⌫ = @µB⌫ � @⌫Bµ , (2.5)

where TI = �I/2 are the SU(2) generators.

This model features a number of interesting properties. (i) Because of the Z2 sym-
metry, if the heavy particles are integrated out, no e↵ective operators arise at tree level.
(Note also that this symmetry turns the neutral component of XE into a dark matter
candidate, provided some mechanism at a higher scale — which does not modify the re-
sults below — is invoked to avoid direct detection constraints; we do not elaborate on this
aspect of the phenomenology though.) (ii) Because of this, it can be very easily shown
that in the IR only tree-level amplitudes are to be computed while matching at one loop 3.

3Indeed, any one-loop amplitude in the UV and in the EFT would read MUV ⇠ gUV /(4⇡)2 and
MEFT ⇠ ↵EFT [1 + gEFT /(4⇡)2], respectively. Matching MUV = MEFT implies therefore
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The last term in the right-hand side of the equation is formally of the same order as two-loop corrections
and hence negligible.
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Figure 1: (a) and (b) Diagrams for the amplitude hNNBi in the UV, to which O
2
DN

and
O

3
DN

contribute in the IR. (c) Diagram for the amplitude h⌫Nhi in the UV, to which
O

1
LN

, O2
LN

, O3
LN

and O
4
LN

contribute in the IR.

3 Matching

Hereafter, we assume for simplicity MXE = MXN = M' = M . Also, we focus on the
regime gX ⇠ gL ⇠ �'H ⌧ gN , and gN > 1 (but . 4⇡ to stay in the perturbative regime).
This way, the mass and loop suppression in operators involving N is compensated by the
large gN . On the other hand, purely SMEFT operators can be neglected.

Our process of matching consists of equating one-light-particle-irreducible amplitudes
computed in both the UV and the EFT at a scale µ = M inMS with space-time dimension
d = 4� 2✏. Following the discussion above, we only compute those amplitudes involving
N . Let us also note that, by virtue of Eq. (2.11), the amplitude involving just two N

fields, to which only this operator contributes, does not need to be computed. Likewise,
due to the absence of heavy particle couplings to e in the UV Lagrangian, it can be
trivially seen that ↵HNe = 0.

The operators O2
DN

and O
3
DN

can be matched by computing the amplitude given by
the diagrams 5 (a) and (b) in Fig. 1. We use the momentum of the incoming N and the
momentum of the B, pN and pB, respectively. In MS we drop terms proportional to
(1/✏+ log 4⇡� �), where � is the Euler–Mascheroni constant. The amplitudes in the UV
and in the EFT to order O(p2) read:
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p
2
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p
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⌘

5All Feynman diagrams in this article are produced with the Tik Z-Feynman package [54].
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Figure 2: Diagrams for the amplitude h⌫Nh�i in the UV, to which ONB and ONW con-
tribute in the IR.

� ↵
3
DN

p
µ
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� 2↵2

DN
p
µ

B/pN
+ 2↵2

DN
p
µ

N/pB

�
u(pN)✏

⇤
µ
(pB) .

(3.2)

We provide all details about the computation of this and the forthcoming UV amplitudes
in Appendix B.

The operators O1
LN

, O2
LN

, O3
LN

and O
4
LN

, as well as YN in the IR, can be matched by
computing the amplitude represented by the diagram (c) in Fig. 1. We take p⌫ and pN as
independent momenta. To order O(p2) we have:

iMUV =
igNgXgL
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The other two operators involving a single Higgs field are ONB and ONW . They can be
matched by computing the amplitude represented by the diagrams in Fig. 2. Taking p�,
ph and pN as independent momenta, the results in the UV and in the EFT up to order
O(p) read:

iMUV =
igLgXgNe
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2⇡2M2
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iMEFT =
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(cW↵NB + sW↵NW ) u(pN)PL

h
�
µ
/p
�
� p

µ

�

i
u(p⌫)✏

⇤
µ
(p�) . (3.6)

Here cW ⌘ cos ✓W and sW ⌘ sin ✓W , with ✓W being the weak mixing angle. (Let us
emphasise that in our convention, W 3

µ
= cWZµ + sWAµ, Bµ = cWAµ � sWZµ.) This
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↵NB

⇤2
=

egLgXgN

256⇡2cWM2
, (3.31)

↵NW

⇤2
=

egLgXgN

768⇡2sWM2
, (3.32)

↵HN

⇤2
=

g
2
N
(e2 � 4c2

W
g
2
X
)

384⇡2c2
W
M2

, (3.33)
↵LNH

⇤2
= �

gLgXgN

192⇡2M2


m

2
h

v2
+ 2(g2

X
� �'H)

�
, (3.34)

↵LN

⇤2
= �

g
2
N
(e2 + 2c2

W
g
2
L
)

384⇡2c2
W
M2

, (3.35)
↵eN

⇤2
= �

e
2
g
2
N

192⇡2c2
W
M2

, (3.36)

↵NN

⇤2
= �

g
4
N

384⇡2M2
, (3.37)

↵QN

⇤2
=

e
2
g
2
N

1152⇡2c2
W
M2

, (3.38)

↵uN

⇤2
=

e
2
g
2
N

288⇡2c2
W
M2

, (3.39)
↵dN

⇤2
= �

e
2
g
2
N

576⇡2c2
W
M2

. (3.40)

For convenience, let us also define ONA = cWONB + sWONW and ONZ = cWONW �

sWONB. For the coe�cients of these operators we obtain:

↵NA

⇤2
=

egLgXgN

192⇡2M2
, (3.41)

↵NZ

⇤2
=

egLgXgN(1� 4s2
W
)

768⇡2sW cWM2
. (3.42)

Finally, let us emphasise that the coupling constants of renormalisable operators in the
EFT can also be written in terms of the UV couplings; gIR = gUV +g

0
UV

/(16⇡2). However,
one can always reabsorb the one-loop corrections by redefining gUV ! gUV � g

0
UV

/(16⇡2).
This redefinition would propagate to all ↵ couplings, but the impact would be formally of
two-loop order. Still, for the sake of completeness, we have computed all renormalisable
EFT terms in Appendix C.

4 Sterile neutrino phenomenology

In the process of matching we have neglected mN . The only e↵ect of mN 6= 0 would
appear in the dimension-five operator N cNH

†
H suppressed not only by the loop factor

but also by mN/M , namely by ⇠ 10�3 if mN ⇠ 1 GeV and M ⇠ 1 TeV. (The operator
N c�

µ⌫
NBµ⌫ vanishes in this case because N is Majorana.) However, mN 6= 0 has a

huge impact on the phenomenology of N , because it allows the latter to decay into ⌫�.
The corresponding decay width must be computed after EWSB, namely in the ⌫LEFT,
obtained first by matching the ⌫SMEFT at the EW scale and after running down to
⇠ mN . The full list of ⌫LEFT operators involving N is given in Tab. 3 in Appendix D.
The operator that triggers the decay of N is ON�. For completeness, though, we provide
tree-level matching of all ⌫SMEFT operators to all ⌫LEFT ones in Eqs. (D.1)–(D.24).
The one-loop running of all ⌫LEFT operators generated in our setup, including ON�, is
also given in the same appendix. Altogether, we have:

�(N ! ⌫�) ⇡
m

3
N
↵
2
N�

(v)

2⇡v2

✓
1�

5e2

9⇡2
log

v

mN

◆2

. (4.1)
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Prospect on �  from the �  analysisαLNH h → γ + pmiss
T


