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1 Introduction

The Standard Model (SM) effective field theory (EFT) [1, 2] is the right tool to describe

physics above the electroweak (EW) scale. Its use has been boosted in the last years [3]

in light of the null results (modulo a few non-conclusive anomalies [4–6]) in the search for

new physics at different facilities, and in particular at the LHC. The necessity of using

this framework across a wide range of energies has also triggered the computation of the

one-loop renormalisation group equations (RGEs) for the dimension-six operators [7–13].

The RGEs in the theory valid at energies below the EW scale where the top quark, the

Higgs and the W and Z gauge bosons are integrated out, usually referred to as LEFT, are

also known [14]; as well as the matching between the SMEFT and the LEFT at up to one

loop [15, 16]. Likewise, the desire of connecting the SMEFT to ultraviolet (UV) models

has stimulated different works on the matching procedure [17–26]; including more recently

the first basis of dimension-six operators suitable for off-shell integration [27].

All the aforementioned works assume that neutrinos are Majorana fermions. Notwith-

standing the good motivation for this option — in particular lepton number (LN) is only an

approximate symmetry of the renormalisable SM Lagrangian — it should not be forgotten

that there is absolutely no experimental evidence that neutrinos are not just Dirac particles
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as all the other SM fermions. There is even theoretical support for this.1 However, the

SMEFT that includes the right-handed (RH) neutrinos N , also known as NSMEFT [31, 32],

has been explored to a smaller extent; see refs. [33–41] for phenomenological works. The

off-shell basis of the NSMEFT has only recently been worked out in ref. [42], where the

NLEFT and the tree-level matching between the two EFTs are also presented. More im-

portantly, only the gauge dependence of the RGEs of only very small set of operators are

known [43, 44].

Our aim in this paper is to compute the one-loop RGE matrix of the NSMEFT Higgs

operators in full detail and to discuss the phenomenological implications, particularly

in light of the recent XENON1T observation of an excess of low-energy electron recoil

events [6].

The article is organised as follows. In section 2 we introduce the NSMEFT and discuss

the generic structure of the RGEs. In section 3 we thoroughly discuss the matching of the

UV divergences onto the EFT. We obtain the corresponding counterterms and derive our

main result, namely the 5 × 5 anomalous dimension matrix to one loop, in section 4. In

section 5 we discuss some phenomenological implications. In particular, the aforementioned

XENON1T anomaly might point out to a large neutrino magnetic dipole moment; we

demonstrate that it leads to irreducible Higgs and Z invisible decays and we quantify

their magnitude. We conclude in section 6, while appendix A is dedicated to different

cross-checks of our computation.

2 The lepton number conserving Standard Model effective field theory

We denote by e, u and d the RH leptons and quarks; and by L and Q the left-handed (LH)

counterparts. The gluon and the EW gauge bosons are named by G and W,B, respectively.

We represent the Higgs doublet by H = (H+, H0)
T , and H̃ = iσ2H

∗, with σI , I = 1, 2, 3,

being the Pauli matrices.

Our conventions for the covariant derivative and for the field strength tensors are

Dµ = ∂µ − ig1Y Bµ − ig2
σI

2
W I
µ − igs

λA

2
GAµ , (2.1)

and

Bµν = ∂µBν − ∂νBµ , (2.2)

W I
µν = ∂µW

I
ν − ∂νW I

µ + g2ε
IJKW J

µW
K
ν , (2.3)

GAµν = ∂µG
A
ν − ∂νGAµ + gsf

ABCGBµG
C
ν , (2.4)

where Y stands for the hypercharge and λA, A = 1, . . . , 8, are the Gell-Mann matrices;

while εIJK and fABC represent the SU(2)L and SU(3)c structure constants.

1For example, refs. [28, 29] show that the SM with only 3 Majorana neutrinos does satisfy the sharpened

version of the weak gravity conjecture by Ooguri and Vafa [30], presumably implying that such SM cannot

be consistently embedded into a quantum theory of gravity.
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0-Higgs 1-Higgs 2-Higgs

O1
DN = N∂2/∂N ONB = LσµνNH̃Bµν , ONW = LσµνNσIH̃W

I
µν OHN = NγµN(H†iDµH)

O2
DN = iB̃µν(Nγµ∂νN) O1

LN = LND2H̃ , O2
LN = L∂µND

µH̃ O2
NN = Ni/∂N(H†H)

O3
DN = ∂νBµν(NγµN) O3

LN = iLσµν∂µNDνH̃ , O4
LN = L(∂2N)H̃ OHNe = Nγµe(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 coefficients are hermitian. The CP-odd operators include

iBµν(Nγµ∂νN), iONB , iONW , iO1,2,3,4
LN , iOLNH , iOHN and iOHNe [42].

R
R

R
R

ONN = (NγµN)(NγµN)

OeN = (eγµe)(Nγ
µN) OuN = (uγµu)(NγµN)

OdN = (dγµd)(NγµN) OduNe = (dγµu)(Nγµe)

LLRR OLN = (LγµL)(NγµN) OQN = (QγµQ)(NγµN)

L
R

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

OLdQN = (Ld)ε(QN)

LRRL OQuNL = (Qu)(NL)

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

We denote by N the RH component of the neutrino. The renormalisable Lagrangian

of the NSMEFT reads

L4 = −1

4
GAµνG

Aµν − 1

4
W I
µνW

Iµν − 1

4
BµνB

µν

+ (DµH)† (DµH) + µ2HH
†H − 1

2
λH

(
H†H

)2
+ i
(
Q /DQ+ u /Du+ d /Dd+ L /DL+ e /De+N /DN

)
−
[
QYdHd+QYuH̃u+ LYeHe+ LYNH̃N + h.c.

]
. (2.5)

The dimension-six interactions,

L6 =
1

Λ2

∑
i

αiOi , (2.6)

can be expressed in terms of a basis of effective operators. We choose the latter to consist of

the SMEFT operators in ref. [2] (which do not contain N) plus those in tables 1 and 2. The

αi represent Wilson coefficients. 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, yτ ) without loss of generality.
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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, mν ∼ YNv−αLNHv3/Λ2,

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 tables 1 and 2 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 off-shell or Green basis; see ref. [27] 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)

i/∂N = Y †NH̃
†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 †dH
†Q ; (2.12)

while for the bosons we have instead:

(D2H̃)i = µ2HH̃
i − λH(H†H)H̃ i − εijQjYdd− uY †uQi − εijLjYee−NYNLi , (2.13)

∂νBνµ = −g1
2

(iH†DµH + h.c.)− g1Y ffγµf , (2.14)

DνW I
νµ = −g2

2
(H†iDI

µH − iDI
µH
†H + Lγµσ

IL+Qγµσ
IQ) , (2.15)

DνGAνµ = −gs
2

(Qγµλ
AQ+ uγµλ

Au+ dγdλ
Ad) ; (2.16)

where f runs over all fermions. As a consequence, the following relations hold on shell for

the operators in grey in table 1:

O1
DN = 0 + · · · , (2.17)

O2
DN = −g1

2
OHN + · · · , (2.18)

O3
DN = −O2

DN + · · · , (2.19)

O1
LN =

(
µ2HLH̃N + h.c.

)
− λHOLNH + · · · , (2.20)

O2
LN = −1

2
YeOHN −

(
µ2H
2
LH̃N + h.c.

)
+
λH
2
OLNH −

g1
8
ONB +

g2
8
ONW + · · · , (2.21)

O3
LN = −O2

LN + · · · , (2.22)

2Even if, as we show below, αLNH is generated radiatively and therefore YN ∼ g2v2/(16π2Λ2) to keep

mν small, YN is of order . 10−4 for Λ = 1 TeV, and hence much smaller than even the muon Yukawa.
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O4
LN = 0 + · · · , (2.23)

O2
NN = 0 + · · · . (2.24)

The ellipses represent YN suppressed operators (which might include CP-odd ones) and/or

four-fermions, which we ignore.3

Under RG running the Wilson coefficients evolve as

~β ≡ 16π2µ
d~α

dµ
= γ~α , (2.25)

where ~α is a vector that collects the Wilson coefficients of the EFT basis and γ is the

so-called anomalous dimension matrix.

Given the previous discussion, we can anticipate the global structure of γ:

γ =



γSMEFT

× × 0 0 0

× × 0 0 0

× × × O(Ye) O(Ye)

× × O(Ye) × O(Ye)

× × O(Ye) O(Ye) ×



αNB

αNW

αHN

αHNe

αLNH

, (2.26)

where γSMEFT stands for the 59×59 matrix (ignoring flavour indices) accounting for the RG

evolution of purely SMEFT operators [10–12]. Because we neglect YN , N does not interact

with any other field at the renormalisable level. Therefore, operators involving N cannot

renormalise purely SMEFT operators, and vice versa. This explains the block-diagonal

form of the matrix in eq. (2.26).

The almost diagonal structure in the block of {OHN ,OHNe,OLNH}, only broken by

Ye, can be explained as follows. Let us define the symmetries Le : e → exp (iθe)e, LN :

N → exp (iθN )N and LH : H → exp (iθH)H. In the limit Ye → 0, L4 is completely

invariant under the simultaneous action of Le, LN and LH , therefore dimension-four loop

corrections to dimension-six operators cannot modify the e, N and Higgs numbers; not

even by equations of motion. However, OHN , OHNe and OLNH differ among themselves

in at least one of these quantum numbers.

The main result of this paper is the exact one-loop expression for the 5×5 lower block

in γ, the calculation of which we discuss in detail in the next sections.

3 Computation of the divergences

We use the background field method. Each of the gauge bosons is thus split into a back-

ground field and a quantum fluctuation that can only appear in loops in Feynman diagrams.

3While loops of bosonic operators can generate contact interactions, the latter cannot contribute back

to bosonic operators via equations of motion and they can therefore be consistently ignored.
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We work in the Feynman gauge. The latter is fixed only with respect to the quantum fluc-

tuations, therefore even non-physical quantities such as counterterms are manifestly gauge

invariant. Consequently, to order O(1/Λ2), any one-loop amplitude (and the divergences

themselves) can be unambiguously mapped onto the EFT basis of table 1. Note also that

because this Green basis contains operators related by field redefinitions, we can restrict

our calculations to (off-shell) one-particle-irreducible amplitudes.

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 − 2ε and absorb 1/Λ2 in the

Wilson coefficients in the expressions for amplitudes. Using FeynArts [45] together with

FormCalc [46] we obtain the following one-loop divergence to order O(p2):

iMloop =
i

48π2ε
g1αHNv1

(
p23γ

µ − pµ3/p3
)
PRu2ε

∗
µ . (3.1)

Here and in what follows v1 ≡ v(p1), u2 ≡ u(p2) and ε∗µ ≡ ε∗µ(p3). The most generic

divergence in the EFT depends only on O2
DN and O3

DN . It reads

iMdiv = iv1

[
α̃3
DN

(
pµ3/p3 − p

2
3γ
µ
)

+ 2α̃2
DN

(
γµp2p3 − γµ/p3/p2 + pµ3/p2 − p

µ
2/p3

)]
PRu2ε

∗
µ .

(3.2)

Upon equating Mloop and Mdiv, we obtain:

α̃2
DN = 0 , (3.3)

α̃3
DN = − 1

48π2ε
g1αHN . (3.4)

For the amplitude for νL(p1)N(p2)→ H0(p3) at O(p2) we obtain:

iMloop =
i

32π2ε
v1

[
(3g1αNB − 9g2αNW + 2YeαHNe) p

2
1 + YeαHNe/p1/p2

]
PRu2 , (3.5)

and

iMdiv = iv1

[
α̃1
LNp

2
1 +

(
α̃1
LN − α̃2

LN + α̃4
LN

)
p22

+
(
2α̃1

LN − α̃2
LN + α̃3

LN

)
p1p2 − α̃3

LN/p1/p2

]
PRu2 , (3.6)

which implies

α̃1
LN =

1

32π2ε
(3g1αNB − 9g2αNW + 2YeαHNe) , (3.7)

α̃2
LN =

3

32π2ε
(2g1αNB − 6g2αNW + YeαHNe) , (3.8)

α̃3
LN = − 1

32π2ε
YeαHNe , (3.9)

α̃4
LN =

1

32π2ε
(3g1αNB − 9g2αNW + YeαHNe) . (3.10)
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For the amplitude for νL(p1)N(p2) → B(p3)H0(p4) at linear order in the external

momenta we get:

iMloop =
i

64π2ε
v1

{
2
(
3g21αNB − 9g1g2αNW + 2g1YeαHNe

)
pµ1

+ 2
[(

3g22 − 2g21 + 4Y 2
e

)
αNB + 9g1g2αNW

]
pµ3 + g1YeαHNeγ

µ
/p2

+
[(
g21 − 6g22 − 8Y 2

e

)
αNB − 9g1g2αNW − 2g1YeαHNe

]
γµ/p3

}
PRu2ε

∗
µ , (3.11)

as well as

iMdiv = ig1v1

[
α̃1
LNp

µ
1 +

(
α̃1
LN −

1

2
α̃2
LN +

1

2
α̃3
LN

)
pµ2 +

(
2
α̃NB
g1
− 1

2
α̃1
LN

)
pµ3

− 1

2
α̃3
LNγ

µ
/p2 − 2

α̃NB
g1

γµ/p3

]
PRu2ε

∗
µ . (3.12)

Upon equating both quantities, we obtain the same values of α̃1
LN , α̃2

LN and α̃3
LN as before

(what provides a strong cross-check of the computation), as well as

α̃NB =
1

128π2ε

[(
6g22 − g21 + 8Y 2

e

)
αNB + 9g1g2αNW + 2g1YeαHNe

]
. (3.13)

The divergences at one loop and in the EFT for eL(p1)N(p2) → W 3(p3)H
+(p4) at

O(p) read respectively:

iMloop =
i

64π2ε
v1

{
2g2 (9g2αNW−3g1αNB−2YeαHNe) p

µ
1

+2
[
3g1g2αNB+

(
g21−6g22−4Y 2

e

)
αNW

]
pµ3

−g2YeαHNeγµ/p2

−
[
3g1g2αNB+

(
2g21−3g22−8Y 2

e

)
αNW−2g2YeαHNe

]
γµ/p3

}
PRu2ε

∗
µ ,

(3.14)

and

iMdiv = ig2v1

[
− α̃1

LNp
µ
1 −

(
α̃1
LN −

1

2
α̃2
LN +

1

2
α̃3
LN

)
pµ2 +

(
2
α̃NW
g2

+
1

2
α̃1
LN

)
pµ3

+
1

2
α̃3
LNγ

µ
/p2 − 2

α̃NW
g2

γµ/p3

]
PRu2ε

∗
µ . (3.15)

This cross-checks again α̃1
LN , α̃2

LN and α̃3
LN and also leads to

α̃NW =
1

128π2ε

[
3g1g2αNB +

(
2g21 − 3g22 − 8Y 2

e

)
αNW − 2g2YeαHNe

]
. (3.16)

For N(p1)N(p2)→ H∗0 (p3)H0(p4) to O(p) in the external momenta, we have:

iMloop =
i

32π2ε

(
g21 + 3g22

)
αHNv1

(
/p1 + /p2 − 2/p3

)
u2 , (3.17)
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and

iMdiv = iv1

[ (
α̃2
NN − α̃HN

)
/p1 −

(
α̃2
NN + α̃HN

)
/p2 + 2α̃HN/p3

]
PRu2 . (3.18)

From equating these two amplitudes, we obtain the conditions:

α̃2
NN = 0 , (3.19)

α̃HN = − 1

32π2ε

(
g21 + 3g22

)
αHN . (3.20)

The one-loop divergence for νL(p1)N(p2)H
∗
0 (p3) → H∗0 (p4)H0(p5) at zero momentum

reads

iMloop =
i

16π2ε
v1

[ (
12λH − g21 − 3g22 − 2Y 2

e

)
αLNH − 3g1(g

2
1 + g22)αNB

+ 3g2
(
g21 + 3g22 + 4Y 2

e

)
αNW + Ye

(
3g22 − 2λH − 2Y 2

e

)
αHNe

]
PRu2 ,

(3.21)

while in the EFT at tree level we have

iMdiv = −2iα̃LNHv1PRu2 . (3.22)

This fixes

α̃LNH =
1

32π2ε

[
3g1
(
g21 + g22

)
αNB − 3g2

(
g21 + 3g22 + 4Y 2

e

)
αNW

+ Ye
(
2λH − 3g22 + 2Y 2

e

)
αHNe +

(
g21 + 3g22 − 12λH + 2Y 2

e

)
αLNH

]
.

(3.23)

Finally, upon computing the divergent part of N(p1)eR(p2)→ H−(p3)H
∗
0 (p4) at order

O(p), we obtain:

iMloop =
3i

32π2ε

[
g1YeαNB − 3g2YeαNW +

(
g21 − g22

)
αHNe

]
v1

(
/p3 − /p4

)
PRu2 , (3.24)

and

iMdiv = iα̃HNev1

(
/p3 − /p4

)
PRu2 , (3.25)

which leads to

α̃HNe =
3

32π2ε

[
g1YeαNB − 3g2YeαNW +

(
g21 − g22

)
αHNe

]
. (3.26)

We provide a completely independent cross-check of these results in appendix A.
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To conclude, for the Z factors of the fields we have:

ZH = 1 +
1

32π2ε

[
g21 + 3g22 − 6 Tr

(
Y 2
u + Y 2

d

)
− 2 Tr

(
Y 2
e

)]
, (3.27)

ZL = 1− 1

64π2ε

(
g21 + 3g22 + 2Y 2

e

)
, (3.28)

Ze = 1− 1

16π2ε

(
g21 + Y 2

e

)
, (3.29)

ZB = 1− 41g21
96π2ε

, (3.30)

ZW = 1 +
19g22
96π2ε

. (3.31)

Note that we use Ye to refer both to a particular entry of the Yukawa matrix and to this

matrix itself (when it comes inside the trace).

4 Anomalous dimensions

We remove the redundant operators (those in grey in table 1) using the relations in

eqs. (2.17)–(2.24). This shifts the Wilson coefficients αNB, αNW and αHN :

α̃NB → α̃NB −
g1
8

(
α̃2
LN − α̃3

LN

)
=

1

64π2ε

[(
3g22 − 2g21 + 4Y 2

e

)
αNB + 9g1g2αNW

]
, (4.1)

α̃NW → α̃NW +
g2
8

(
α̃2
LN − α̃3

LN

)
=

1

64π2ε

[
3g1g2αNB +

(
g21 − 6g22 − 4Y 2

e

)
αNW

]
, (4.2)

α̃HN → α̃HN −
g1
2

(
α̃2
DN − α̃3

DN

)
− Ye

2

(
α̃2
LN − α̃3

LN

)
= − 1

96π2ε

[
9g1YeαNB − 27g2YeαNW +

(
4g21 + 9g22

)
αHN + 6Y 2

e αHNe
]

; (4.3)

αHNe and αLNH (accidentally) remain unchanged.

This way, we fully determine the divergent Lagrangian

Ldiv =
1

32π2Λ2ε
~OT · C · ~α , (4.4)

where the vector ~O encodes the relevant operators, and the matrix C contains only SM

couplings. We use the latter to fix the counterterms in the NSMEFT Lagrangian

L6 =
1

Λ2
~αT · ~O +

1

Λ2
~OT · (ZFZ − 1) · ~α (4.5)

=
1

Λ2
~αT · ~O +

1

32π2Λ2ε
~OT · (KF +K) · ~α , (4.6)

where ZF contains the wave-function renormalisation factors,4 and we have introduced

Z = 1 +K/(32π2ε) and ZF = 1 +KF /(32π2ε). We obtain

K = − (C +KF ) . (4.7)

4Explicitly,

ZF = diag
(√

ZLZHZB ,
√
ZLZHZW , ZH ,

√
ZEZH ,

√
ZL(ZH)3/2

)
.
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Following e.g. ref. [47], it can be seen that the anomalous dimension matrix γ is simply

given by K. Thus, we finally get

γ =



91
12g

2
1−9

4g
2
2−3

2Y
2
e +Tr2 −9

2g1g2 0 0 0

−3
2g1g2 −3

4g
2
1−11

12g
2
2+5

2Y
2
e +Tr2 0 0 0

3g1Ye −9g2Ye
1
3g

2
1+2 Tr2 2Y 2

e 0

−3g1Ye 9g2Ye 0 −3g21+Y 2
e +2 Tr2 0

−3g1
(
g21+g22

)
3g2
(
g21+3g22+4Y 2

e

)
0 Ye

(
3g22−2λH−2Y 2

e

)
−9

4g
2
1−27

4 g
2
2+12λH−3

2Y
2
e +3 Tr2



αNB

αNW

αHN

αHNe

αLNH

,

(4.8)

where we have defined

Tr2 ≡ 3 Tr
(
Y 2
u + Y 2

d

)
+ Tr

(
Y 2
e

)
. (4.9)

We notice that, as anticipated in section 2, the operators OHN , OHNe and OLNH do

not mix in the limit of vanishing Ye. Also, these operators, which can be generated at tree

level in UV completions of the SM, do not renormalise ONW and ONB, which can only

arise at one loop. We also stress that some entries, e.g. the renormalisation of OHN by

ONW , are enhanced with respect to the naive dimensional analysis estimation by up to an

order of magnitude.

5 Some phenomenological implications

Among the variety of phenomenological implications, we would like to explore the possibil-

ity that the excess of low-energy electron recoil events recently observed by XENON1T [6],

which has triggered a lot of attention [48–71], is due to a relatively large neutrino magnetic

dipole moment. Following ref. [72] (see also ref. [52]), one can take µν ∼ 2×10−11µB, where

µB stands for the Bohr magneton. (This explanation necessarily assumes that the strong

astrophysical bounds [73], which are subject to a number of uncontrollable uncertainties,

can not be taken at face value.)

The neutrino magnetic moment can also be expressed as [43]∣∣∣∣ µνµB
∣∣∣∣ =

4
√

2

e

mev

Λ2
αNA(v) , (5.1)

where αNA = cWαNB + sWαNW , me represents the electron mass and e =
√

4παQED with

αQED the electromagnetic fine-structure constant. The non detection of new particles at

the LHC most likely implies that αNA is generated at a scale Λ &TeV. In what follows we

assume two benchmark values of Λ = 1 TeV and 100 TeV. We obtain

αNA ∼ 9× 10−6
(
9× 10−2

)
for Λ = 1 TeV (100 TeV) . (5.2)

Even if this is the only non-vanishing Wilson coefficient at the high scale, running down

from Λ = 1 TeV (100 TeV) to the EW scale, we obtain:

|αLNH(v)| ∼ 6× 10−8
(
2× 10−3

)
, (5.3)

|αHN (v)| ∼ 10−9
(
6× 10−5

)
, (5.4)

|αNZ(v)| ∼ 2× 10−8
(
7× 10−4

)
, (5.5)
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where αNZ = cWαNW − sWαNB. (We have assumed that all neutrinos have similar mag-

netic moment, so αHN is only suppressed by the tau Yukawa.)

An immediate consequence of this result is that the neutrino masses get a radiative

contribution of order δmν = |αLNH |v3/(2
√

2Λ2) ∼ 3× 102 eV (103 eV) for the new physics

scale Λ = 1 TeV (100 TeV). Most of this correction must be cancelled by the bare YN , im-

plying a fine-tuning of order O(103 − 104). This observation was already made in ref. [43].

The authors of this article obtain the RGEs of αNB, αNW and αLNH neglecting the Yukawa

terms. The equivalent block in our γ matches their result up to a factor of 2 in the mixing

of αNB and αNW into αLNH , which (slightly) weakens the amount of fine-tuning. Unfor-

tunately, we do not find enough details about the computation in ref. [43] to disentangle

the root of this discrepancy.

Irrespectively of this tuning, given the aforementioned numbers for the Wilson coef-

ficients and taking into account the three lepton families, we predict the following Higgs

and Z decays for Λ = 1 TeV (100 TeV):

Γ(h→ inv) =
3mhv

4

16πΛ4
α2
LNH ∼ 9× 10−14 MeV

(
2× 10−12 MeV

)
, (5.6)

Γ(Z → inv) =
m3
Zv

2

8πΛ4
(α2

HN + 2α2
NZ) ∼ 10−18 GeV

(
2× 10−17 GeV

)
. (5.7)

The expected Higgs and Z branching ratios are therefore

B(h→ inv) ∼ 2× 10−14
(
4× 10−13

)
, (5.8)

B(Z → inv) ∼ 5× 10−19
(
8× 10−18

)
, (5.9)

where we have used Γtotal
h ≈ 4 MeV and Γtotal

Z ≈ 2.49 GeV [74]. Unfortunately, these

numbers are so small that it is not feasible that they will be tested at any current or future

facilities [75].

On a different front, from eq. (4.8) it is also clear that OHNe generates a contribution

δmν to the neutrino mass too. For the tau flavour, requiring δmν < 1 eV, it can be shown

that αHNe . 2 × 10−6 for Λ = 1 TeV. If αHNe is rather generated at Λ = 100 TeV, we

obtain αHNe . 2 × 10−2. These bounds surpass by orders of magnitude the best bound

that can be set on αHNe using measurements of W branching ratios, which is O(1).5

6 Conclusions

We have computed the RGEs of all dimension-six Higgs operators in the NSMEFT at one

loop, thereby extending previous partial computations which did not include all the oper-

ators nor the Yukawa dependence. Thus, this work comprises a substantial step forward

5Note that assuming αNW = 0,

∆Γ(W → `ν) =
m3
W v

2

48πΛ4
α2
HNe ,

while experimentally this quantity is bounded to ∆Γ(W → `ν)/Γtotal
W < 2× 10−3 at the 95% CL [74], with

Γtotal
W ∼ 2.09 GeV. Altogether this implies |αHNe/Λ2| . 4.5 TeV−2.
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towards the description of new physics in terms of EFTs in the regime in which neutrinos

are Dirac particles.

In our basis, the only operators that do not mix among themselves under running are

OHN and OLNH , while the three operators OHN , OHNe and OLNH renormalise indepen-

dently in the limit of vanishing Yukawas (even at higher orders).

The operators ONB and ONW , which together contribute to the neutrino magnetic

dipole moment, renormalise OLNH via gauge interactions; all the others are Yukawa

suppressed. With this in mind, we have also analysed the consequences of the recent

XENON1T excess [6] being due to an anomalous Dirac neutrino magnetic dipole moment

µν ∼ 2× 10−11µB. We observe that:

1. A contribution to the neutrino mass of order 102–103 eV would be generated, requiring

a sensible cancellation between this and the bare mass to account for the tiny observed

mν ∼ 0.1 eV. This was already pointed out in ref. [43]. We however find a small

discrepancy with the result in this reference; see section 5.

2. Irrespectively of whether neutrino masses are tuned, OLNH would be induced radia-

tively triggering the Higgs decay to invisible h → inv with branching ratio of order

∼ 2× 10−14 (4× 10−13) for Λ = 1 TeV (100 TeV).

3. If the dipole moment of the electron and tau neutrinos are equally large, then one also

expects a new contribution to the invisible Z decay with branching ratio 5 × 10−19

(8× 10−18) for Λ = 1 TeV (100 TeV).

Unfortunately, even if the XENON1T excess survives in the long term, these numbers are

too small to be explored at current and near future facilities.

On a different note, we have shown that OHNe also renormalises the neutrino mass

term by δmν . Despite being Yukawa suppressed, we find that requiring δmν < 1 eV sets

a bound on αHNe orders of magnitude stronger than the current bound based on limits

from W → `ν.
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A Cross-checks

Our partial yet thorough cross-check consists in computing the gauge dependence of UV

divergences in the sector of αHN , αHNe and αLNH , evaluating by hand (with the help of

FeynRules [76]) each of the diagrams generated with QGRAF [77].
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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)

Figure 1. Relevant Feynman diagrams for NN → B.

We will make use of the following identities [42]:∫
ddk

(2π)d
1

(k2 −M2)n
= An , (A.1)∫

ddk

(2π)d
kµkν

(k2 −M2)n
= gµνBn , (A.2)∫

ddk

(2π)d
kµkνkρkσ

(k2 −M2)n
= (gµνgρσ + gµρgνσ + gµσgνρ)Cn , (A.3)

that lead to

A2 =
i

16π2ε
+ · · · , (A.4)

B3 =
i

64π2ε
+ · · · , (A.5)

C4 =
i

384π2ε
+ · · · , (A.6)

where the ellipses encode finite terms.

A.1 NN → B

The relevant diagrams are given in figure 1. The different contributions to the amplitude

read:

iM1 = g1αHNA1v1γ
µPRu3ε

∗
µ , (A.7)

M2 =M1 , (A.8)

iM3 = −g1
2
αHNv1

[
4B2γ

µ + (16C4 − 4B3) p
2
2γ
µ + (A2 − 8B3 + 32C4) p

µ
2/p2

]
PRu3ε

∗
µ ,

(A.9)

M4 =M3 . (A.10)

Here and in what follows v1 ≡ v(p1), u3 ≡ u(p3) and ε∗µ ≡ ε∗µ(−p2).
Summing over the four diagrams we obtain

iMloop =
i

48π2ε
g1αHNv1

(
p22γ

µ − pµ2/p2
)
PRu3ε

∗
µ . (A.11)
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H0N(p3)

νL(p1)

H0(p2)

(2)

H+
N(p3)

νL(p1)

H0(p2)

(3)

Figure 2. Relevant Feynman diagrams for νLN → H0.

The FeynArts/FormCalc convention for momenta differs from our setup involving QGRAF

and FeynRules. In the former, the momenta of incoming particles point in and outgoing

particles point out, while in the second all momenta point in. The momentum associated

to each particle also differs.

Thus, we have pFC3 = −pQG
2 , pFC1 = pQG

1 and pFC2 = pQG
3 . Having this in mind, it is

evident that this result agrees with eq. (3.1) in the limit Ye, αNB, αNW → 0.

A.2 νLN → H0

The relevant diagrams are shown in figure 2.6 We have:

M2 = 0 , (A.12)

M3 = 0 . (A.13)

Obviously, within our approximation this result agrees with eq. (3.5), which only depends

on αNB and αNW (and on αHNe through Ye).

A.3 νLN → BH0

The two relevant diagrams are those in figure 3. We obtain trivially

M1 = 0 , (A.14)

M2 = 0 . (A.15)

This again matches eq. (3.11) given our approximations.

A.4 eLN → W 3H+

In this case we have the two diagrams of figure 4, which lead to

M3 = 0 , (A.16)

M4 = 0 , (A.17)

in agreement (within our approximation) with eq. (3.14).

6In what follows the “missing” diagrams are either of order O(αNB,NW ) or O(1/Λ4). This is why we do

not display them.
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H0

H0

N(p3)

νL(p1)

H0(p4)

B(p2)

(1)

H+

H+

N(p3)

νL(p1)

H0(p4)

B(p2)

(2)

Figure 3. Relevant Feynman diagrams for νLN → BH0.

H0

H0

N(p3)

eL(p1)

H+(p4)

W 3(p2)

(3)

H+

H+

N(p3)

eL(p1)

H+(p4)

W 3(p2)

(4)

Figure 4. Relevant Feynman diagrams for eLN →W 3H+.

A.5 NN → H∗
0H0

We have eleven relevant Feynman diagrams for this amplitude. They are depicted in

figure 5. The different contributions read:

iM1 = g21(A2 −B3)αHNv1/p2PRu3 , (A.18)

iM2 = g22(A2 −B3)αHNv1/p2PRu3 , (A.19)

iM3 = g22(A2 + 2B3)αHNv1/p2PRu3 , (A.20)

iM4 = −g
2
1

2
(A2 + 2B3)αHNv1/p4PRu3 , (A.21)

iM5 = −g
2
2

2
(A2 + 2B3)αHNv1/p4PRu3 , (A.22)

iM6 = −g22(A2 + 2B3)αHNv1/p4PRu3 , (A.23)

iM7 = 2λH(A2 − 4B3)αHNv1(/p2 + /p4)PRu3 , (A.24)

iM8 = λH(A2 − 4B3)αHNv1(/p2 + /p4)PRu3 , (A.25)

iM15 = −g
2
1

4
A2αHNv1(/p2 − /p4)PRu3 , (A.26)

iM16 = −g
2
2

4
A2αHNv1(/p2 − /p4)PRu3 , (A.27)

iM17 = −g
2
2

2
A2αHNv1(/p2 − /p4)PRu3 . (A.28)

Summing over all them we arrive at

iMloop =
i

32π2ε

(
g21 + 3g22

)
αHNv1

(
/p2 − /p4

)
PRu3 . (A.29)
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B

H0

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(1)

W 3

H0

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(2)

W

H+

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(3)

B

H0

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(4)

W 3

H0

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(5)

W

H+

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(6)

H0

H0

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(7)

H+

H+

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(8)

H0

H0

B

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(15)

H0

H0

W 3

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(16)

H+

W

H+

N(p3)

N(p1)

H0(p4)

H∗
0 (p2)

(17)

Figure 5. Relevant Feynman diagrams for NN → H∗
0H0.

In this case, pFC1 = pQG
1 , pFC2 = pQG

3 , pFC3 = −pQG
2 and pFC4 = −pQG

4 . Using this information,

we match precisely eq. (3.17).

A.6 νLNH
∗
0 → H∗

0H0

21 diagrams need to be computed in this case. They are all shown in figure 6. We have:

iM9 = 4λHA2αLNHv1PRu3 , (A.30)

M10 =
1

4
M9 , (A.31)

M11 =
1

2
M9 , (A.32)

M13 =M9 , (A.33)

M14 =
1

4
M9 , (A.34)

iM15 = −g
2
1

2
A2αLNHv1PRu3 , (A.35)

iM16 = −g
2
2

2
A2αLNHv1PRu3 , (A.36)

M17 =M16 , (A.37)
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H0

H0

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(9)

H+

H+

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(10)

H0H0

H∗
0 (p4)

N(p3)

νL(p1)

H0(p5)

H∗
0 (p2)

(11)

H0H0

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(13)

H+ H+

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(14)

H0
νL

B

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(15)

H0
νL

W 3

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(16)

eL
H+

W

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(17)

H0
νL

B

H∗
0 (p4)

N(p3)

νL(p1)

H0(p5)

H∗
0 (p2)

(18)

H0
νL

W 3

H∗
0 (p4)

N(p3)

νL(p1)

H0(p5)

H∗
0 (p2)

(19)

H0

νLB

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(20)

H0

νLW 3

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(21)

H+

eLW

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(22)

H0

H0

B

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(24)

H0

H0

W 3

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(25)

H+

W

H+

N(p3)

H∗
0 (p4)

νL(p1)

H0(p5)

H∗
0 (p2)

(26)

H0

B

H0

H∗
0 (p4)

N(p3)

νL(p1)

H0(p5)

H∗
0 (p2)

(27)

H0

W 3

H0

H∗
0 (p4)

N(p3)

νL(p1)

H0(p5)

H∗
0 (p2)

(28)

H0

B

H0

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(30)

H0

W 3

H0

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(31)

H+

W

H+

H∗
0 (p4)

N(p3)

νL(p1)

H∗
0 (p2)

H0(p5)

(32)

Figure 6. Relevant Feynman diagrams for νLNH
∗
0 → H∗

0H0.

M18 = −M15 , (A.38)

M19 = −M16 , (A.39)

M20 =M15 , (A.40)

M21 =M16 , (A.41)

M22 =M16 , (A.42)

M24 =M15 , (A.43)

M25 =M16 , (A.44)

M26 =M16 , (A.45)

M27 = −M15 , (A.46)

M28 = −M16 , (A.47)
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W

H0

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(1)

W 3

H+

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(2)

W

H+

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(3)

W 3

H0

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(4)

H0

H+

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(5)

eR H+

B

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(8)

H0
eR

B

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(9)

H0

H+

W

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(10)

H0

B

H+

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(11)

H0

W 3

H+

eR(p3)

N(p1)

H∗
0 (p4)

H−(p2)

(12)

Figure 7. Relevant Feynman diagrams for NeR → H−H∗
0 .

M30 =M15 , (A.48)

M31 =M16 , (A.49)

M32 =M16 . (A.50)

As a result, we obtain

iMloop =
i

16π2ε

(
12λH − g21 − 3g22

)
αLNHv1PRu3 , (A.51)

in agreement (within our approximation) with eq. (3.21).

A.7 NeR → H−H∗
0

Finally, this amplitude splits into the ten diagrams of figure 7. We have

iM1 = 2g22 (A2 −B3)αHNev1/p2PRu3 , (A.52)

M2 =
1

2
M1 , (A.53)

iM3 = −2g22 (A2 −B3)αHNev1/p4PRu3 , (A.54)

M4 =
1

2
M3 , (A.55)
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iM5 = −λH (A2 − 4B3)αHNev1

(
/p2 + /p4

)
PRu3 , (A.56)

iM8 = −g21αHNev1
[
(A2 +B3) /p2 +

1

2
A2

(
/p3 − /p4

)]
PRu3 , (A.57)

iM9 = g21αHNev1

[
(A2 +B3) /p4 +

1

2
A2

(
/p3 − /p2

)]
PRu3 , (A.58)

iM10 = −1

2
g22A2αHNev1

(
/p2 − /p4

)
PRu3 , (A.59)

iM11 =
1

4
g21A2αHNev1

(
/p2 − /p4

)
PRu3 , (A.60)

M12 =
1

2
M10 . (A.61)

Thus, we finally obtain:

iMloop = − 3i

32π2ε

(
g21 − g22

)
αHNev1

(
/p2 − /p4

)
PRu3 . (A.62)

In this case, pFC1 = pQG
1 , pFC2 = pQG

3 , pFC3 = −pQG
2 , and pFC4 = −pQG

4 . So we easily see that

we match eq. (3.24).
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